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      To all the oceanographers, geophysicists and marine geologists—past and present—who have worked to help us understand the sea around us, and to the archivists who have made it possible to tell their stories.

      To Ronald Rainger and David van Keuren, who helped to pioneer the field of history of oceanography but found themselves prematurely sailing the seas of eternity.

      And to Ken, who has surfed all the waves I have generated.

    
  
    
      
        The growth of the profession of science to its present dimensions is not a sign of a spontaneous increase in the number of individuals gifted with natural curiosity, but of the realization of the value that science can bring to those who finance it. . . . Science uses curiosity, it needs curiosity, but curiosity did not make science.

        J. D. BERNAL, The Social Function of Science (1939)

        If oratorios could kill, the Pentagon would long ago have supported musical research.

        ERWIN CHARGAFF, Heraclitean Fire: Sketches of a Life before Nature (1978)

        It’s amazing to me that the public is viewed as being so stupid that we would believe that the Navy is suddenly concerned about global warming.

        MICHELLE WATERS, public comment C-36 on Marine Mammal Research Program Draft Environmental Impact Statement (1995)
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        Introduction

      
      “There’s no such thing as tainted money, except ’t ain’t enough”—so a senior colleague told me many years ago, when I was first raising money for my own scientific research.1 Like many jokes, this one contains a germ of truth and masks an anxiety: some money is tainted. And it suggests a serious question: what difference does it make who pays for science? Many scientists would say none at all. If scientists seek to discover fundamental truths about the world, and if they do so in an objective manner using well-established methods, then how could it matter who foots the bill? History, alas, suggests that it does matter. Few patrons have ever supported science for the love of knowledge alone; most have had orthogonal (or at least oblique) motivations, be they prestige, power, or the solution of practical problems, and the available evidence suggests that those motivations make a difference.2 On the positive side, patrons can encourage scientists to attend to neglected questions, consider matters from new angles and perspectives, or try a new approach. In medical research, we have seen how patients have positively influenced researchers who previously neglected important questions.3 Historians of technology have shown how the demands of industry and commerce can stimulate scientific innovation.4

      On the negative side, however, the interests of patrons may cause scientists to focus on immediate answers to pressing problems at the expense of fundamental understanding (which, as we shall see in this book, many Cold War oceanographers feared would happen to their field). The pressure of external deadlines can cause scientists to take shortcuts, make mistakes, or miss important elements of a problem. The needs of funders may also introduce bias into the design of scientific studies, as when scientists funded by the chemical or plastics industries choose test animals known to be insensitive to the potential effects of concern, or into the data interpretation, as when scientists funded by the tobacco industry fail to find the adverse effects of smoking that their independent colleagues find.5 Most worrisome, the demands of patrons may grossly distort science, as when, under the pressure of the Soviet government in the 1930s, Trofim Lysenko rejected advances in modern genetics in favor of an empirically inadequate theory of environmentally dominated inheritance, development, and growth, and used his political power to discredit colleagues who disagreed with him.6

      Most scientists would like to think that these sorts of problems and pitfalls are rare and that scientists—both individually and collectively—are sufficiently smart and self-aware to recognize and avoid them. We like to think of Lysenko as the exception that proves the rule—a grotesque intellectual expression of the broader horrors of Stalinism.7 Indeed, it is easy to compartmentalize problematic cases as anomalous, to assume that they are exceptions, or to think that they apply only in narrow domains where the interests of sponsors are overt or extreme. Sadly, these assumptions have been shown not to hold. There is empirical evidence to demonstrate that scientists have been overly optimistic about their ability to maintain their intellectual integrity, particularly in cases where the desiderata of their funders are obvious, as with tobacco or pharmaceutical research.

      This is not to suggest that the interests of funders are necessarily at odds with those of the funded. In many cases scientists and their patrons have a shared interest in gaining knowledge, which enables them to work productively together. Under such circumstances, the positive impact of funding is obvious—scientists get to do work they want to do. Any negative impact, however, is subtle and harder to discern. Oceanography during the Cold War is a case in point.

      
        The Transformation of American Ocean Science

        Before World War II, no American earned a living as an oceanographer investigating the oceans beyond coastal waters. Two institutions encompassed American oceanography—the Woods Hole Oceanographic Institution in Massachusetts and the Scripps Institution of Oceanography in La Jolla, California—and both were small, young, and poorly funded.8 In fact, neither was really “oceanographic,” because most of their scientists did their work at the seashore or in small boats that plied coastal waters. Woods Hole had no year-round staff and no regular external funding.9 Scripps had a scientific staff of eleven, kept barely afloat by the institution’s modest endowment income and funds from the University of California that covered salaries and operating expenses but left little for research.10 In 1940, Scripps launched its first expedition, to the Gulf of California, with a hard-won grant of $10,000 from the Geological Society of America. Money was so tight that the institution’s director implored his scientists not to stay away even a day longer than planned, for “we shall find ourselves in a deep pit when you return. . . . Funds are pitifully low.”11

        The same was true for marine geology and geophysics. The structure and composition of the ocean basins, pertinent to global tectonics, was of enormous interest to geologists, but a lack of access to the deep sea meant the topic was more speculation than investigation.12 In 1935, Lehigh University geophysicist Maurice Ewing helped to invent the field of marine geophysics by applying seismic techniques developed for shallow oil exploration to study the Earth’s deep crust. Ewing completed the first comprehensive geophysical study of the structure of a continental margin, but he hadn’t a clue what to make of his results.13 Conventional wisdom posited a sunken Paleozoic continent off the east coast of North America to account for thick Paleozoic sequences in the Appalachians, but the data revealed not a trace of it.14 Ewing turned to his Lehigh colleague, geology professor Benjamin L. Miller, but he couldn’t make sense of the results, either.15 Miller supposed, tentatively (and in hindsight wrongly), that “somewhere in the Atlantic Ocean, there [must be] extensive Paleozoic strata.”16

        Within just a few years, matters would change dramatically. As war spread in Europe and a US entry appeared likely, American military planners recognized that this second world war would not be like the first. Throughout human history, warfare had taken place on two-dimensional battlefields—the surface of the land or the sea (or, in the case of U-boats, just barely beneath that surface). The impending war would be fought not only on those battlefields but also in the air above and the sea below them. After World War II, the newly formed US Air Force would look to the skies, the upper atmosphere, and even outer space as theaters of warfare; the Navy would look to the deep sea. The earth sciences—particularly physical oceanography and marine geophysics—would become crucial for antisubmarine warfare, weather and surf forecasting, undersea communications, navigation, air-sea rescue, vessel design and testing, submarine-based ballistic missile launching, the tracking of atomic bomb fallout, and a number of other operational ambitions and concerns. As Roger Revelle put it in 1947 in a report to Navy officials, during the war “a knowledge of oceanography was proved essential,” and in the future an “increased emphasis on subsurface warfare in which a thorough knowledge of the medium is of prime importance” would lead to an even greater “requirement for oceanographic information.” And there was scarcely an aspect of the ocean that was not operationally relevant: “The Navy, which operates on, under, and over the sea will be improved in effectiveness and striking power by precise knowledge concerning every aspect of the oceans.”17 Revelle was a scientist trying to make the case for his science, but relevant Navy officials and political leaders apparently agreed.

        It is well known that the war economy provided unprecedented levels of research funding for American physics, particularly for the development of weapons systems. What is less known is how much was invested in understanding the environments in which those weapons systems would operate.18 It is not that the US military suddenly discovered the value of earth science: meteorology, economic geology, geodesy, and cartography had long associations with terrestrial military campaigns, and navies had long recognized the operational value of various forms of oceanographic data.19 Rather, it is that warfare itself was changing in a manner that required new kinds of scientific information, some of which could be obtained only with the help of innovative scientific research and nearly all of which increasingly seemed imperative.20 The result, as historian Jacob Hamblin has put it, was that over the next half century, oceanographic science became “unsurpassed in its interconnections with the American military-industrial complex.”21

        With the expansion of submarine and antisubmarine warfare, questions of the internal configuration and conditions of the deep ocean would no longer be the domains of science fiction writers and their imaginations or scientists and their speculations; they would be domains of knowledge essential to military operations. During the Cold War interest in the deep sea would intensify as the submarine-launched ballistic missile became an arm of the nuclear triad, and as the US Navy built a global listening system to detect Soviet submarines carrying ballistic missiles of their own. It would not suffice simply to put sophisticated weapons on submarines. It would also be necessary to understand the environments through which those submarines would have to travel and from which those weapons would be launched.22

        The result was an influx of money and logistical support that transformed American oceanography and marine geophysics and led to remarkable growth of scientific knowledge about the oceans, the seafloor, and the life associated with those domains. Scientists answered questions in which they had long been interested and also discovered some entirely new things. The Cold War was a not just a period of unprecedented growth in American oceanographic science; it was also a period of unprecedented growth in oceanographic knowledge.

        Not surprisingly, when oceanographers look back on the Cold War, they tend to see it as a golden age, a time when they had both funding and freedom and used them to great effect. In the spring of 2000, the US Office of Naval Research (ONR) sponsored a series of colloquia across the United States to celebrate that history. As part of the effort, the ONR commissioned oral history interviews with oceanographers and geophysicists whose research it had supported. Most of them sang the ONR’s praises, largely because of its support for basic research. Douglas Inman, a senior researcher at Scripps, put it this way: “They were the basic science supporters in this country. If you look at who supported basic science . . . after World War II, it was ONR.”23

        The view that the US Navy, and particularly the ONR, freely supported scientific investigations without regard to military utility has long been widely held. In 1948, for example, in the aftermath of political attacks on physicist Edward Condon, a writer in Fortune alleged a crisis in American science caused by increasing restrictions on scientists’ activities, decreasing intellectual freedom, and a lack of moral and financial support for basic research. The bright spot in this otherwise bleak landscape, the writer claimed, was the ONR, which “stepped into the breach created by the delay in establishing a civilian National Science Foundation, and was generously supporting pure research, with no strings attached, and a maximum of freedom for working scientists.”24 This early representation became the standard view, which over time developed into a prevailing narrative that Navy funding did not affect the science, except to make it possible. But was it true?

        As is typically the case, historical attention suggests a more complex situation.25 In his 1990 history, political scientist Harvey Sapolsky suggested that broad-ranging support of diverse research was characteristic only of the ONR’s first few years, before the creation of the US National Science Foundation and at a time when few officials in the Navy were paying much attention to what the ONR program directors were doing.26 Moreover, there is something peculiar about the claim that the ONR supported basic research without regard to salience—if this were true, it would stand at odds with its legal mandate to support research on behalf of the Navy mission. For ONR officials to have supported “pure research, with no strings attached,” would have meant that they were not actually doing their job; they might even have been guilty of misappropriating federal funds. Wouldn’t it make more sense to assume that they funded research that matched their goals, or that Navy funding involved various constraints, some innocuous but others perhaps not? After all, as biochemist Erwin Chargaff quipped in the 1970s, “If oratorios could kill, the Pentagon would long ago have supported musical research.”27

        Moreover, the ONR was one of several Navy bureaus that supported oceanographic and marine geophysical research during the Cold War. The other offices included the Bureau of Ships, the Bureau of Naval Weapons, the Hydrographic Office, and the Chief of Naval Operations.28 It would have been inconsistent with the goals—indeed, the legal obligations—of these bureaus to spend resources on activities irrelevant to their mission. When we broaden our compass to examine Navy support for research in general, we find a far more complex and thought-provoking story than the one that has been told to date.

      
      
        Why Oceanography?

        Historians of physics have long been interested in the impact of military funding on their science in the Cold War, and their work provides us with some orientation and guidance. In the mid-1980s, the impact of military patronage was addressed head-on by two of the most influential historians of modern physics: Daniel J. Kevles and Paul Forman. Forman suggested that military funding had dramatically altered the character of physics, causing its practitioners to drift from an earlier goal of fundamental understanding of the laws of nature toward a science of “gadgeteering” that was preoccupied with technical prowess.29 Kevles disagreed. He acknowledged the reality and significance of the military’s pervasive patronage but insisted that American physicists had “retained control of their intellectual agenda.”30 He also insisted that there is little sense in arguing about what scientists might have done in a different world: History is the story of what has happened, not what might have happened. In any case there is no essential definition of what constitutes physics—physics is what physicists do. So Forman’s claim that physics was “distorted” by Cold War concerns is not—and could not be—a historical claim.31

        Kevles’s argument had intuitive appeal to many historians of science, who reject essentialist notions of science and believe their job to be describing the world as it is, not as it might, should, or could have been.32 “Science” as a category is both flexible and the subject of ongoing diminution and augmentation, so the observation that science changed during the Cold War—or during any particular historical period we might examine—is not by itself profound. Moreover, thanks to the work of Kevles and Forman, as well as that of many other historians since the 1980s, the idea that American science changed dramatically in the second half of the twentieth century is no longer novel, either.33 What is of interest—and still not entirely resolved—is how it changed, why it changed in those particular ways, and how those changes were productive of our current states of knowledge and of ignorance. These are the questions I take up in this book.

        Since the debates of the 1980s, historians of science have greatly broadened their outlook; there is now a robust literature on the history of the diverse sciences during the Cold War, both in the United States and elsewhere.34 Nearly all historians agree that American science took a dramatic turn during and after World War II, a turn that in myriad ways changed the priorities and perspectives of scientific communities. Toward the end of World War II and throughout the Cold War, the US government poured unprecedented amounts of money and levels of logistical support into American science. Scientists often focus their attention on the National Science Foundation and National Institutes of Health as their most important patrons, but during the Cold War in many domains the lion’s share of the support came through the armed services. Much of this was to support areas of science, such as oceanography, that had been poorly funded or even had scarcely existed before. So this influx of funding mattered profoundly. One important way in which it mattered involves the question of the direction of science and who or what determines that direction.

        Most oceanographers welcomed the wartime infusion of military funding, correctly anticipating the opportunities that it would create, the work it would enable. But, as the stories told in these pages will show, paths of inquiry were also shifted—if not entirely altered—and sometimes blocked. Moreover, many scientists were concerned that an expanded relationship with the US Navy would cause them to lose control of their science—the very thing that Forman argues happened in physics.35 As World War II gave way to the Cold War and the US Navy became the principal patron of American oceanography, these concerns did not go away. Quite the contrary. They continued to express themselves in terms of anxieties—often privately felt, sometimes publicly expressed—and occasional open conflict over secrecy, the right to publish, and, above all, the question of who was setting the research agenda. The Cold War was a golden age of science in terms of the abundance of work that was made possible by generous financial and logistical support, but it was also a period of deep anxiety and profound conflict over the purpose and character of American science. These anxieties and conflicts—both personal and professional—animate the stories told here.

        Throughout the Cold War and even after it was over, the oceanographers whose stories are told in this book insisted that they were doing “basic research,” and it is true that for the most part they were not trying to solve specific operational problems. However, we will see in these pages that the Navy supported oceanographic work not qua basic research but because it was salient to specific problems the Navy was trying to solve. Even before the Cold War ended, scientists found that when those problems were solved—or resolved by other means—Navy support weakened and sometimes ended entirely. Research that was not salient was not funded, and therefore not done, unless other sources of support could be found. When the Cold War did end—and with it the geopolitical context that had justified the support they had been receiving and motivated much of the work they were doing—oceanographers found themselves scrambling to resituate themselves and their science, a project that did not always go well.

        Forman and Kevles were right in what they affirmed but wrong in what they denied. Oceanographers, like physicists, were by and large grateful to have the abundant funding that made it possible to answer important and long-standing questions in earth science. In this sense, the Cold War was indeed a golden age for American oceanography. But many oceanographers were deeply concerned about matters of intellectual control and worried that they might lose—or were already losing—control of their science. Oceanographers worked to take advantage of the opportunities represented by military funding to improve their understanding of the natural world, but at the same time they struggled to preserve the degree of autonomy that most of them believed was essential to the pursuit of knowledge.36 How did their goals intersect and interact with the aspirations of their funders, and how did they negotiate or adjust those goals when they needed to? The history presented here challenges the conventional dichotomies of autonomy and capture, intellectual integrity and corruption, pure and tainted. We will see that military support for oceanography and marine geophysics was both enabling and constricting. It resulted in the creation of important domains of knowledge, but it also created significant, lasting, and consequential domains of ignorance.

      
      
        Scope of This Book

        The primary focus of this book is on three institutions—the Scripps Institution of Oceanography, the Woods Hole Oceanographic Institution, and the Lamont Geological Observatory—that were the leading centers for oceanography and marine geophysics in the United States at the time (and remain among the most important institutions of their kind in the world). Roger Revelle would overstate the case when he claimed after World War II that Woods Hole and Scripps were the “only two institutions that have contributed in any way to military oceanography,” but they (and Lamont) did receive the greatest abundance of military funding, and a rich archival reservoir has made it possible to reconstruct what they were doing in (what I hope is) convincing detail.37 My concern is not with Scripps, Woods Hole, or Lamont as institutions per se, but as sites where both seminal scientific breakthroughs and painful contestations occurred. I therefore also include a discussion of the work at Princeton University of Harry Hess, who made key contributions to the theory of plate tectonics but also played a major role in challenging Navy data classification.

        My focus on these particular institutions should not be read as disparaging work done elsewhere. I have not, for example, looked at oceanographic research within the Navy, such as at the Hydrographic Office—although the Naval Research Laboratory makes several appearances. I discuss only in passing other academic institutions where oceanographic work was already being done in the 1930s, such as the University of Washington, or that became important centers for oceanography in the 1960s, such as Oregon State University and the University of Rhode Island. Centers of oceanographic work outside the United States play a role in the story only insofar as they highlight important points about American oceanography by comparison. In this sense, this book is not a history of oceanography; rather, it uses oceanography to address the question of the impact of funding on the subject, scope, and tenor of scientific work.

        I have not attempted to explore the Navy “side” to my story in an equivalent manner as the scientific “side.” Some readers may feel that I have given short shrift to the military perspective on the collaborations that drive this story, but that analysis has already been undertaken by Navy historian Gary Weir.38 That said, I have endeavored not to make the Navy monolithic, stressing throughout that the military side of this story is not only—and perhaps even not even primarily—represented by the Office of Naval Research.39 However, what mattered most for scientists was not what their military patrons really needed—if such a thing could be ascertained—but what scientists thought they needed and, more important, what scientists could persuade them to fund.40

        Finally, I have not attempted to compare the impact of Navy funding with other patrons of earth science, such as industry. If I had, this book would have threatened (even more than it has) to spiral out of control. In any case, it would have been a different book. In the conclusion, I do offer some general conclusions about what made the Navy a good patron from the perspective of many earth scientists, and even, to a certain extent, from my own perspective.

        Throughout this narrative, I have tried to understand how scientists took positive advantage of the opportunities presented to them in the Cold War and how they navigated the twin challenges of military expectations and military secrecy. Above all, I have tried to determine whether Navy patronage affected the content of the scientific work that was done and, if so, how. I want to show what scientists learned—and did not learn—on the Navy’s dime, and what difference it made that it was the Navy, and not some other patron, who paid for this work. To the extent that I am concerned with balance, it is that I am equally interested in the production of knowledge and of ignorance.

        The book also seeks to explain why, throughout this time period, oceanographers downplayed the impact of Navy funding. For, despite saying generally good things about the Navy as a patron, oceanographers have tended to de-emphasize the Navy role, as if it could just as well have been the Forest Service or the Post Office that funded them. During the ONR’s anniversary, scientists rarely identified anything particular about the Navy that they considered salient—other than the claim that the Navy funded basic research.

        The stories told here challenge that framework. I argue that the Navy role was highly salient. Most obviously, Navy priorities largely set the research agenda. The chapters that follow provide concrete examples of projects that were rejected because they did not fit “the mission profile,” including some that in hindsight are of obvious societal importance and intellectual significance. We will see how Navy priorities focused attention on particular natural phenomena that in some cases inspired productive lines of thinking and investigation, but in other cases thwarted them. We will also see how Navy control of information created large domains of classified knowledge not available to scientists who did not have a “need to know.” And we will see how fifty years of Navy sponsorship had cultural consequences that affected what scientists could do when the Cold War ended.

        Because some scientists might misread my intent, let me stress this: I am not saying that the oceanographers and geophysicists in this story were bad human beings or were necessarily ill-motivated. This book is not an exposé. Readers may conclude from chapter 8 that Charles Hollister broke the law when he used government funds to lobby for deep-sea disposal of nuclear waste, or from chapter 9 that scientists at Scripps made serious errors of judgment when they discounted both public opinion and the views of other scientific experts to push aggressively for a project that they wanted but that others found problematic. For the most part, however, the scientists in this history did not do anything wrong: no clinical subjects were exploited, no higher animals were sacrificed.41 To the extent that the American people knew about this work at the time, they had little complaint with it. On the contrary, during the Cold War, the need for an expansive, sophisticated military presence in the global oceans was broadly accepted, and some scientists were proud to acknowledge the link between their scientific work and the geopolitical exigencies of the Cold War.42 But many scientists downplayed—and some even lied about—the military linkages, insisting that the Navy was supporting them to do basic research even when that was manifestly not the case.

        Why did these scientists feel the need to insist that they were doing basic science, to downplay the interconnections between their research and military matters, and, above all, to insist that they had not lost control of their intellectual agenda? I suggest that they were, in fact, quite worried that if they had not yet lost control of their science, they well might.

        Chapter 1 begins by investigating a disturbing incident in the 1930s. Most people today are likely to assume that if anyone were to object to military funding of scientific research, it would be political liberals; certainly that was the case during the Vietnam War years. But in the late 1930s, a group of conservative faculty at Scripps objected to Navy funding on the grounds that it would threaten the autonomy of science. These men were part of the so-called freedom-in-science movement, which opposed government funding or direction of science as socialistic, a threat to scientists’ intellectual autonomy, and a threatening impediment to scientific progress. The conservatives lost this debate and were proved wrong: government funding flowed, and it did not lead to the socialization of science. But the conflict did create a lasting schism between the conservative faculty and the institution’s Norwegian director, Harald Sverdrup, who a few years later was accused by the same faculty of being a Nazi. This led to Sverdrup’s being denied security clearance and prevented from working on wartime classified military projects, undermining his leadership position at the institution. It also raised troubling questions as to whether he would be able to direct its programs after the war, since many of those programs would be at least partly classified or would rely on classified data. As a result, Sverdrup left both the United States and the field of oceanography. He had welcomed military funding as good for his science, but it proved bad for him personally.

        Chapter 2 dives into the question of whether scientific patronage can affect not just the questions asked but also the answers obtained, tracking the development of one of the most important theoretical advances of twentieth-century oceanography: the Stommel-Arons model of deep-ocean circulation. Before midcentury, it was a matter of considerable debate as to whether there were deep-ocean currents and, if so, what forces could drive them. The question was answered affirmatively by Henry Stommel’s pathbreaking work with physicist Arnold Arons on deep-ocean circulation driven by density gradients and the rotation of the Earth. Many senior scientists point to this work as exemplary of basic scientific research supported by the US Navy. However, Stommel’s work was not independent of military concerns. Not only was it linked to problems in sonar transmission, but the central insight on which it was based—the existence of the thermocline—was a direct outcome of operational work. If there is a relation to be discerned here between basic and applied science, it is the inverse of what is often asserted: basic science did not lead to application in this case; rather, an operational problem led to a fundamental scientific insight. Had Stommel not been paying particular attention to the thermocline—had he not been troubled by its existence in a way that few, if any, oceanographers before him had been—he would not have framed the problem in the way that he did. A specific operational problem led him to attend to something that others working on deep circulation had ignored, and this led to the insight that became the basis of his theoretical breakthrough.

        Chapter 3 continues investigation of the issue of scientific autonomy through the story of the “Palace Revolt,” a faculty mutiny at Woods Hole in the early 1960s. The revolt was triggered by the very developments that the apprehensive scientists at Scripps had feared in the 1930s: the role of the Navy in setting the research agenda and the prioritization of Navy needs over the interests of fundamental research. Feeling that their director was too responsive to Navy needs and too little invested in basic science, a group of Woods Hole faculty demanded that the trustees ask for his resignation. Their demand was rebuffed, the mutinous faculty driven out, and research at Woods Hole continued to be heavily directed toward science that, in the director’s words, “fit the mission profile.”

        Chapters 4 and 5 address the question of secrecy. It has long been an article of faith among many scientists that research must be free and open to operate or, at least, to operate optimally. Yet historically, a great deal of science has been done in secret. This was particularly true in the Cold War. Did it matter? In chapter 4, we follow Harry Hess, the Princeton professor credited with developing the concept of seafloor spreading, the crucial idea that laid the foundations for the theory of plate tectonics. Hess felt that secrecy was stymying his science, and he worked his Navy contacts to try to get key data declassified, but without success. In chapter 5, I follow marine geologists Bruce Heezen and Bill Menard, who were both thwarted by security restrictions in trying to interpret key data from the seafloor.

        Hess feared that military secrecy would be bad both for military officers who would not know what useful information existed and for scientists who did not have access to information that could advance their field. But he went further than arguing that secrecy was problematic in principle: he claimed that science was being impeded in practice, that advances were not being made because of military-imposed secrecy. Of course, it is impossible to prove that an advance was not made that under other circumstances could or would have been made, but in these two chapters, I argue that Hess was right: Navy secrecy stood in the way of the emergence of modern global tectonic theory.

        The impact of secrecy also helps to explain comments that appear otherwise astonishing. In 1966, on the eve of the plate tectonics revolution, George Woolard, president of the American Geophysical Union who was also working closely with the US Air Force on gravity measurements related to missile guidance, complained that earth science was “in a bad way.” Writing to National Aeronautics and Space Administration (NASA) director James Webb, Woolard griped that scientists needed an “earth program” comparable to the space program. He bemoaned that geoscientists had a bad history of “mixing fact with fiction in studying the earth, [and placing] too much significance . . . on limited data.”43 Woolard lodged this complaint at the very moment that data collection in earth science had reached a historical zenith. There was no dearth of data, but, for the reasons that Hess bemoaned, there was a startling dearth of knowledge about and access to that data, even among leaders of geophysical science.44 That dearth, I argue, had both social and epistemic consequences.

        Chapter 6 and 7 continue the argument that Navy patronage impeded scientific investigations that were not seen as pertinent to Navy needs. In chapter 6, I explore the history of the deep submersible research vessel Alvin, which has long been touted for its role in “basic science,” particularly the discovery of deep-sea hydrothermal vents and the remarkable biotic communities they sustain. But Alvin was not developed as a research vessel. It was developed to satisfy the demand for deep-submergence capacity to assist salvage operations and to develop a long-range active listening system to detect Soviet submarines. Although it may be hard to believe in hindsight, during the planning stages few Woods Hole scientists could imagine much scientific use for a deep-submergence vessel. But after Alvin became a research vessel, its early history and role in classified projects were whitewashed. Thus, I argue, contra earlier accounts, that scientists did not “paint their projects blue,” taking basic science and pretending it had military relevance. Rather, they “painted their projects white,” cloaking military projects under the cover of basic research. Chapter 7 explores how, even once Alvin became a research vessel, its agenda was still largely set by military demands, and projects that did not fit the mission profile were rejected even when they were of profound scientific interest.

        Chapters 8 and 9 consider what happened to oceanographers as military funding began to wane and they needed to find new patrons and a new context of motivation for their work. Chapter 8 follows the work of Charles Hollister, a marine geologist and dean of graduate studies at Woods Hole. When funding dried up for his research on deep-sea sedimentology, Hollister turned to the problem of radioactive waste disposal. For some years the US Department of Energy funded him to study the deep sea as a potential nuclear waste repository, but when the US government decided to focus instead on land-based disposal, he refused to accept that decision. Hollister became an outspoken political advocate for deep-sea disposal and an opponent of Yucca Mountain (the land-based alternative designated by the US Congress), writing opinion pieces, lobbying members of Congress, and appearing on television with the conservative pundit William F. Buckley to make his case.

        The final empirical chapter, chapter 9, considers the problem of the legacies of Cold War funding through the lens of a sad saga that took place at the end of the Cold War. In the early 1990s, a group of oceanographers proposed a clever but controversial project: Acoustic tomography of ocean climate. It was clever because the scientists realized that military underwater listening systems developed in the Cold War could be used to determine whether the world ocean—and by implication, the entire globe—was warming and thereby prove the reality of climate change. It was controversial because they failed to attend to the fact that the sound transmissions they proposed using had the potential to disrupt a number of forms of marine life, including several species of endangered whales. When cetacean biologists and whale aficionados raised this concern, the oceanographers responded in an arrogant and dismissive manner. The result was a painful, prolonged, and expensive conflict in which the oceanographers—trying to shift their attention from military to civilian projects—found themselves distrusted by civilians who questioned their motivations and doubted that the military tigers had changed their stripes. I argue here that motivations matter in framing not only what scientists decide to do but also in how they are viewed by others, and therefore whether they are seen as trustworthy.

        In the conclusion, I return to the motivating question of this book: What difference does it make who pays for science? The short answer is: a lot.

      
      
        The Production of Knowledge and Ignorance

        In my prior work on the history of debates over continental drift, plate tectonics, and anthropogenic climate change, I have been primarily interested in the production of scientific knowledge. I have queried how scientists decide when they have enough evidence of sufficient quality to say that a scientific question has been answered, as well as how they judge what constitutes “evidence” and “quality.”45 Here, I am interested in how military funding affected which questions scientists believed needed answering in the first place and how they went about answering them. I argue that, while Navy funding produced a great deal of scientific knowledge, it was also productive of considerable ignorance, not only by bringing some questions to the fore and pushing others aside, but also by structuring how scientists thought about the ocean and what they even thought the ocean was. The military context of motivation led oceanographers to view the ocean primarily as a medium through which sound was transmitted and men and machines would travel, and not as an abode of life. This, I argue, had significant, lasting consequences. Thus, I offer this work as a contribution both to the history of science—the study of the production of knowledge—and to agnotology, the study of the production of ignorance.

        To write this book has required delving into the history of these scientists’ work in considerable detail. As my longtime colleague Steven Shapin has put it (in a different context and with no pun intended), “The very possibility that history can contribute to the general understanding of human behavior arises from the depth of detail it can dredge up from the past.”46 This book has involved much dredging. Each chapter offers a detailed account of one particular discovery, research program, conflict, or failure in order to understand why the work was undertaken or the conflict erupted, and how and why it succeeded or failed.

        I have attempted to tell these scientists’ stories in their rich complexity in order to recover the texture of their lives qua scientists trying to understand complex phenomena that are vexingly difficult to access without expensive equipment and instrumentation, which in turn makes their work impossible without deep-pocketed patrons. This book is not one story, but a set of intercalated stories about a group of men and women (though mostly men) who worked to satisfy these patrons and sustain support for their research while maintaining their focus on the natural world and their own vision of what it meant to be a scientist. That challenge was not a trivial one: sometimes they succeeded, sometimes they did not. Sometimes they were happy; sometimes they suffered.

        Every history is a history of choices made and not made, paths taken and forgone. Every history of science is a history both of knowledge produced and of ignorance sustained. The world as we know it is one of many possible worlds; it is the task of the historian to understand how and why it came to be this particular world.47 Although the chapters in this book may be read individually, they are intended to be read collectively as narrative history, with each chapter illuminating one or more aspects of Cold War oceanography. Some chapters focus on a particular individual, and others on a particular development, discovery, or problem. Collectively, they attempt to paint a landscape of scientific work in a particular time and place. But while the time is the Cold War and the place is America, it is, more broadly, illustrative of the landscapes in which scientists strive to make durable discoveries about the planet we live on in a social and political world that is at least as complex and difficult to understand as the natural one.48

      
    
  
    
      
        1

        The Personal, the Political, and the Scientific

      
      For American oceanographers, the Cold War arguably began during World War II, when federal funds began to flow freely into academic science for the first time in US history.1 In time, the Navy would come to be a trusted and valued partner—praised by oceanographers for supporting their work generously and with relatively few constraints—and the Cold War would be viewed as a golden age in oceanography because of the enabling effects of Navy support.2 But the beginnings of Navy-academic relations were rough: leading scientists had doubts about the wisdom of hitching their intellectual horse to the armed services wagon. Chief among the issues raised by the wartime funding for ocean studies was the foundational question of the purpose of scientific research. Who would set the institution’s research priorities? Was science to be driven by the interests and curiosity of scientists or by the expectations of their patrons?

      This was not a new question—scientists had pondered it before—but it gained a new urgency as Navy funds began to compete with and then eclipse other sources. If scientists accepted Navy funding, to what degree would the Navy set the research agenda? Would the Navy direct their work?3 At the Scripps Institution of Oceanography in La Jolla, California, the issue came to the fore in the late 1930s. When the Navy approached Scripps to do work on its behalf, the institution’s brilliant and ambitious director, Harald Sverdrup, welcomed the prospect of a new and generous source of badly needed funds. But some of his staff feared that Navy patronage would alter the purpose of their research and cede control to outside forces and extrascientific considerations.

      This led to a major dispute, first about the role of Navy funding specifically, but then about larger questions of loyalty, intentions, and purpose. A debate that began about the politics of science ultimately became deeply and damagingly personal.

      
        Tensions over Money, Priorities, and Privileges

        When Harald Sverdrup (1888–1957) accepted the Scripps directorship in 1936, it was widely considered a coup for the institution. His name had come up repeatedly during the search process, but few believed that Sverdrup would be willing to leave his native Norway.4 After all, Sverdrup was much more famous than Scripps was (fig. 1.1).
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          Figure 1.1 Harald Ulrik Sverdrup, 1938.

          Image by Eugene Cecil LaFond, from the Eugene Cecil LaFond Papers, Special Collections and Archives, UC San Diego. Reprinted with permission of UCSD.

        
        Sverdrup was one of the leaders of the new field of dynamic oceanography, in which the principles of dynamic meteorology, which had revolutionized that field, were being applied to oceanography.5 Sverdrup had studied in Leipzig, Germany, with the founder of dynamic meteorology—Vilhelm Bjerknes—and then traveled with the great polar explorer Roald Amundsen on the Norwegian North Polar Expedition (1918–1925), better known as the Maud expedition, after the name of the ship.6 Using the principles of dynamic oceanography, Sverdrup had used the Maud data to analyze ocean-atmosphere interactions.7 Although his contributions rested firmly on the theoretical training he had obtained from Bjerknes, Sverdrup valued above all the “extensive and varied field practice [obtained] during my many years in the arctic . . . which brought me into the closest possible contact with nature.”8 In the Arctic, Sverdrup had come to believe in the necessity of collecting one’s own data, without which there was no way to understand the “accuracy of various methods and the . . . errors which would have to be considered” in interpreting them.9

        But the opportunities at Scripps to collect one’s own data at sea were scant (and to do so in the Arctic, nonexistent). Indeed, the scientific opportunities at Scripps were scant, tout court. Founded in 1903 as the laboratory of the Marine Biological Association of San Diego, Scripps Institution of Oceanography had twice changed its name: first in 1912, when it became part of the University of California, to the Scripps Institution for Biological Research, and then in 1925 to the name that would stick. But the latter change was mostly aspirational: no one in La Jolla was doing serious work at sea, and no one was teaching dynamic oceanography.10 Sverdrup was hired to change that.

        As director, Sverdrup found himself spending most of his time and energy worrying about money. In this regard, affairs at Scripps had changed little in the previous twenty years. During the early 1920s, director William Ritter (1856–1944) had relied heavily on the contributions of philanthropist Ellen Browning Scripps (1836–1932) and her younger brother E. W. (1854–1926). From 1903 to 1912, the Scripps siblings had provided nearly all operating funds for the biological station; after it became part of the University of California, they continued to match the state’s support. But although Ellen had decided as early as 1906 to create an endowment (in the long run becoming the institution’s largest donor), in the early years it was E.W. who gave the most money and had the most influence over the institution. He never created an income-producing endowment, though, preferring to support requests on a case-by-case basis.11

        Things had changed somewhat by the mid-1930s: Sverdrup could count on a regular budget for salary and operational expenses from the university. But despite a bit of help from the Rockefeller Foundation, funds for research were extremely limited.12 For specific needs, Sverdrup had to appeal to University of California president Robert Sproul (1891–1975), or to the latest Scripps scion, at that time Robert “Bob” Paine Scripps. And the institution was growing faster than its budget was. Money was a not just a source of worry but also a source of conflict, linked as it was to the problem of priorities.

        Sverdrup had been hired with a mandate to take Scripps to sea and to coordinate and balance the overall research effort. Since the institution already had a strong presence in biology, this meant strengthening the physical sciences.13 Sverdrup referred to this vision as “balanced” oceanography, but the biologists saw it differently; they perceived the increased emphasis on physical oceanography as a shift away from the institution’s earlier focus on marine life. In one of his first staff meetings in September 1936, Sverdrup tried to reassure his colleagues, suggesting that he “would have preferred that our name had been the Scripps Institution of Marine Sciences.”14 But this was slightly disingenuous. On more than one occasion Sverdrup made clear that—like many scientists trained in physics, in this case, the physics of the atmosphere—he considered the physical sciences to be more fundamental than the biological ones. Also like many physical scientists, he knew scant biology. In a lecture to the California Alumni Association in April 1938, he explained that although both physics and biology were part of oceanography, physical oceanography was the foundation of the discipline, because physical conditions ultimately controlled life. One could not understand plankton, for example, without understanding the circulation that controlled the nutrients on which they depended. As for his own knowledge of biology, when he came to a slide of a zooplankton, he bantered, “Don’t ask me what the creatures are called!”15

        Two Scripps biologists were particularly apprehensive about what Sverdrup’s leadership would mean: Denis L. Fox (1901–1983) and Claude E. ZoBell (1904–1989). Fox’s field was the biochemistry of marine organisms, and his focus the comparative biochemistry of carotenoids—the yellow, orange, and red pigments found in plants and animals. His degree in chemistry was from UC Berkeley; his PhD in biochemistry from Stanford. He had come to Scripps in 1931 as instructor of physiology of marine organisms (fig. 1.2); ZoBell was hired a month later and soon became Fox’s closest colleague.16 Born in Utah and raised in Idaho in modest circumstances, ZoBell received his bachelor’s and master’s degrees in bacteriology from Utah State University before completing a PhD at Berkeley.17
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          Figure 1.2 Denis L. Fox, 1935.

          Image by Eugene Cecil LaFond, from the Eugene Cecil LaFond Papers, Special Collections and Archives, UC San Diego. Reprinted with permission of UCSD.

        
        Fox and ZoBell were both laboratory scientists with a biochemical focus; neither was an oceanographer. Their materials came from the sea, but they did not go to sea. In the tradition of Scripps in its early years, and of many marine biological stations, they collected samples on the pier or the beach or from colleagues who went to sea.18 This wasn’t just a matter of activities but also of identity: photographs from the 1930s almost invariably show ZoBell in a white lab coat, usually near a microscope (fig. 1.3), and he viewed his role at Scripps as building the experimental program.19 His activity report for the year ending March 1936 stressed his efforts to build a “broad and firm foundation for future experimental work.”20
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          Figure 1.3 Claude E. ZoBell, 1952.

          Image by the Scripps Photographic Library, from the Scripps Institution of Oceanography Photographs, Special Collections and Archives, UC San Diego. Reprinted with permission of UCSD.

        
        Fox and ZoBell were also men of firm views. Fox’s concerns revolved around the institution and he sought on many occasions to ensure it ran with decorum.21 He wrote numerous memoranda: about tatty sign plates, proper conventions for numbering courses, and the need to enforce rules against sample collecting on the beach. He once complained to Sverdrup about a lack of proper stationery.22 He was especially fussy about academic titles and on more than one occasion asked to change his.23

        ZoBell’s concerns were broader: he was dedicated to the ideal of science as a public good.24 When his work in bacteriology of sediments led to a method to improve secondary recovery of petroleum, he took out a patent not to protect his own financial interest but to ensure that the benefits would be “dedicated to the public on a royalty-free basis.”25 But ZoBell was concerned about the institution, too. In his files he kept a reprint of a 1937 article by Scripps’s first physical oceanographer, George McEwen (1882–1972), which told the story of how Scripps had grown from its roots as a small biological research station to encompass the whole of oceanography.26 McEwen explained that at first the institution focused explicitly on biological matters, and physical conditions were studied secondarily, in relation to the life forms that they affected. But that soon led the institution into physical oceanography and meteorology. From there it was a short step to “recognition of the essential unity, physical, chemical, and biological, in the field of oceanography [that] has served to unite the interests of all.”27 This was the optimist’s view; the pessimist’s was that biological matters were being downgraded, even marginalized.

        Sverdrup was not uninterested in biology. His germinal work The Oceans (coauthored with chemical oceanographer Richard Fleming [fig. 1.4] and with Scripps’s first biological oceanographer, Martin Johnson) was subtitled “Their Physics, Chemistry, and General Biology,” and seven of its twenty chapters were dedicated to the latter.28 But it was clear from the book’s contents—as well as from Sverdrup’s comments—that the order of the sciences in the title reflected a view of their importance. Moreover, the book presented some areas of biology as part of oceanography while downplaying or entirely dismissing others.29 Plankton garnered considerable attention because, as the authors explained, one can investigate the dynamics of water masses from the distribution of plankton, and conversely, one needs to understand those dynamics in order to understand plankton. This made plankton an oceanographic topic. Marine microbiology and biochemistry were another matter: they could be studied more or less independently of the oceans. Fish were omitted entirely, presumably for the same reason. Oceanographers would later quip that meteorologists don’t study birds, so why should oceanographers study fish?30
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          Figure 1.4 Richard Fleming, 1935, coauthor with Harald Sverdrup and Martin Johnson of The Oceans.

          Image by Eugene Cecil LaFond, from the Eugene Cecil LaFond Papers, Special Collections and Archives, UC San Diego. Reprinted with permission of UCSD.

        
        Sverdrup confronted this tension directly in his plan for use of the new oceanographic vessel, the E. W. Scripps.31 He thought that the ship’s main efforts should be on the systematic study of a small geographic region in which all the represented branches of the institution would cooperate. This would include “large-scale ecological studies,” as well as bottom topography, sedimentation, and the study of the water masses and their movements, to engage “nearly all the members of the present staff.”32 Laboratory work would be subsumed under this larger oceanographic program.33 Sverdrup wanted biological experiments to be motivated by and to serve problems encountered at sea, but not to have a life of their own. He explained: “Laboratory experiments . . . will more and more be designed directly towards explaining features encountered in the ocean. . . . At an oceanographic institution the work at sea and the information obtained from the sea has to form the basis for all research.”34

        Fox and ZoBell were unhappy at being told that their research programs had to change, not because they were wrong or bad scientifically but because they did not fit in. And as time went on, the pressure to fit in increased. In his annual report of 1940, Sverdrup reiterated his expectation that Fox’s and ZoBell’s research could be better integrated into the overall program of the institution. “Several staff members have continued projects which have been in progress over a period of years, some of which are independent in their nature,” Sverdrup wrote, “others of which deal with questions which sooner or later will find their places in the common program. Of the latter I wish particularly to mention Mr. ZoBell’s studies in bacteriology . . . and Mr. Fox’s studies in the biochemistry of marine organisms.”35

        There is no reason to think that Sverdrup did not respect the quality of the work that Fox and ZoBell were doing, but there is reason to think that he viewed it as peripheral.36 This led to difficulties: awkward incidents and disagreements plagued Sverdrup’s relations with them and contributed to an overall atmosphere of distrust. When World War II broke out, Navy projects at Scripps became more important, and the FBI began security investigations of the scientists who would do the Navy work, this atmosphere of distrust would create serious problems. The years 1936 to 1941 were ones of normal academic disagreements; 1941 to 1943 saw the distrust generated by those disagreements transmogrified into a matter of national security. The personal, the political, and the scientific would become entangled.

      
      
        Trouble at Scripps

        In one of Sverdrup’s first meetings with his new staff, ZoBell complained about inequity between the physical and the biological research programs. If the biologists needed equipment, such as nets, the costs came out of their divisional funds, but equipment for physical sampling, such as Nansen bottles or thermometers, were purchased with funds allotted for boat work. Sverdrup told ZoBell he would try to ensure the biologists had the equipment they needed, but privately he was irritated, writing in a memo to the file, “I did not consider this a matter of such importance that it would be necessary to discuss it at a staff meeting.”37

        ZoBell was also troubled by his title, assistant professor of marine microbiology in charge of the Biological Program, the latter part to acknowledge the administrative work he handled. ZoBell found the title awkward and asked if it might be changed to chairman of the Biological Group. Sverdrup agreed and forwarded the request to University of California president Robert Sproul, who declined the request on the grounds that only departments had chairs. ZoBell received a perfunctory letter informing him that his title had been changed to assistant professor of marine microbiology.38 ZoBell was livid because the change made it appear that he had been demoted; he wrote back immediately to insist it not be implemented in the forthcoming university bulletin. However, when the bulletin next came out, it was just as he had anticipated.39 Sverdrup finally found a title with which ZoBell was content—assistant to the director—but it took more than a year to resolve, and considerable ink and effort were spent reassuring ZoBell that there had been no ill intent.

        Research support, titles—the obvious remaining issues for any academic were salary and promotion. ZoBell had been hired as an instructor in January 1932, but because of the financial strictures caused by the Great Depression, in 1933 the university denied him a promotion to assistant professor. In 1934, both Fox and ZoBell were recommended for promotion, but finances were again cited to deny them.40 In December 1938, Sverdrup recommended them for promotion to associate, but the recommendation was rejected on the grounds that the men had scarcely been assistant professors! Sverdrup came to the men’s defense, insisting, quite fairly, that they not be penalized because their earlier promotions had been delayed for fiscal reasons.41 But the request was turned down again.

        Fox and ZoBell did not know the efforts Sverdrup had made on their behalf—Sverdrup was a man to keep his own counsel—but they correctly perceived that they were not his favorites. That distinction went to his two young instructors in oceanography, Richard Fleming (1909–1989) and Roger Revelle (1909–1991). Although Sverdrup never wrote anything bad about the biologists, he often praised them faintly on the grounds that he did not know their fields. Of ZoBell, he wrote: “He is, I understand, highly thought of as a teacher. . . . He works very methodically and is able to present his research briefly and clearly.” Of Fox, he is “a good lecturer and I believe a good teacher. . . . [He] is highly rated in his special field.” In contrast, Sverdrup wrote of Revelle’s “unusually clear mind . . . and great ability as an independent worker.” Fleming belonged to “the group of young men at the Institution, who during the last years have brought new lines of thought and new ideas and whose services in the future can be expected to be of increasing value.”42 And it was these men—particularly Roger Revelle—who would help Sverdrup build the institution, with the help of the US Navy.

      
      
        Government Support versus Freedom of Science

        Like all seafaring organizations, the US Navy had to deal with “fouling”—the problem of ships’ hulls being damaged by marine organisms. Since 1932, ZoBell and his Scripps colleague W. E. Allen had been in contact with the Navy Bureau of Construction and Repair, which wanted to engage Scripps scientists in antifouling studies.43 In 1935, Navy representatives invited ZoBell and Allen to submit a research proposal on the “mechanics of the action of toxics in preventing attachments” of barnacles, mussels, and other marine organisms; in the spring of 1937, Scripps received its first grant, of $450.44 ZoBell and Allen would work with a representative of the Navy’s Bureau of Ships named W. Forest Whedon.45

        By December 1939, the project was thriving.46 In June 1940, the budget was dramatically increased: to $2,270, with additional monthly billing for secretary services up to $1,200.47 Compared to the institutional budget of $98,500, this was modest but measurable.48 Within a few months, the budget mushroomed to $12,000 per year.49 The expanded antifouling project was a watershed for Scripps in two respects: It was larger than any previous outside grant or contract, and it exceeded the yearly grant from the Ellen Browning Scripps Foundation, which at that time was about $10,000 per year.50

        The Navy had become the leading external patron of oceanographic research at Scripps, and its money had come easily, with the exchange of a just a handful of letters. Sverdrup was relieved to have such significant funding flowing in, helping to cover staff salaries and badly needed research assistantships for graduate students. In exchange, Scripps had to provide only space, expertise, and a promise that “in the case of the [Navy] research assistants, the regular staff members will have daily contact with their work.”51 But trouble was brewing.

        As the project expanded, Fox and ZoBell began to express reservations, particularly about who was actually in charge. Fox was troubled by Whedon’s role; he felt strongly that a faculty member should supervise the project. Sverdrup had described the contract as supporting the salaries of staff who were assisting Whedon, who had also been given an academic title. This implied (to Fox, at least) that Whedon was in charge.52

        In a staff meeting in February 1942, Sverdrup insisted that the project was a university project because all the participants were employed by the university, albeit “on special funds.” But this ignored Whedon, who employed by the Navy, not the university, and Fox and ZoBell were not assuaged.53 Sverdrup assured them that the students involved would report to their academic supervisor, who in turn “takes over responsibility of tendering report to Bureau of Ships via W[hedon].” Fox and ZoBell were not convinced.54 In their view, graduate students were working for the Bureau of Ships.

        Another issue was secrecy and publication. Would the Navy allow their results to be published? What would happen to students working on the project if they were not able to publish their findings? In his notes on the staff meeting, Fox recorded: “Publishability of research? [Sverdrup] thinks so with scientific results, for scientific world, with permissions of Navy. Can apply only to what student is doing for Bureau of Ships. If student thesis applies directly to the fouling problem, permission to publish is [definitely] necessary.”55 The scientists would have to find a way to segregate the “scientific” work from the “Navy” work—to create a kind of intellectual apartheid. How would they do that? The distinction proposed was whether the results applied directly or only indirectly to the fouling problem; the latter could be freely published. Either way, the Navy’s permission would be needed.

        These concerns were formalized in a memo signed by Fox, ZoBell, and the three other professors, who insisted that the head of any student’s research committee always be “an academic staff member.”56 ZoBell followed up the next day with a more pointed memorandum, underscoring the urgency for academic research to remain under academic direction: “[The project] places the institution in an embarrassing position to expect its staff members to serve under the direction of one who is neither an academic staff member nor of recognized scientific standing. By the same token, we would object to working under the direction (either implicit or implied) by the hireling of any other governmental bureau or agency.”57 ZoBell and Fox already saw their autonomy shrinking as Sverdrup built on his vision of an integrated oceanographic program; now it would shrink further. Moreover, ZoBell argued that the separation of research into “academic” and “Navy” domains was hardly unproblematic. There was no sharp line to be drawn between them, and the threat of loss of control, even over the academic portions, was real: “The work of several staff members is already concerned with sedentary organisms. If we accept . . . student assistants on any of these projects, the results can be construed as belonging to the Navy, and publication may require the formal approval of the Navy.”58

        In retrospect, ZoBell’s insight sounds like a harbinger of complaints lodged in the 1960s against military funding of university research from the left wing of the American political spectrum or in the 2000s against corporate funding.59 Like later opponents of military funding of academic research, ZoBell’s opposition was based on a commitment to academic freedom and concerns over the twin threats of secrecy and state control. However, unlike that of later critics, Fox and ZoBell’s stance emerged not from the left of the political spectrum but from the right.

        Both Fox and ZoBell were members of the Society for Freedom in Science (SFS), founded in 1939 in opposition to the left-wing British Association of Scientific Workers. The latter advocated state direction of science for the public good, whereas the former was dedicated to ensuring liberty in scientific research, by which they meant the freedom of scientific workers to choose their own research topics and “to work separately or in collaboration as they may prefer.”60 In a later letter to Fox, SFS secretary John R. Baker lamented the growing influence of Marxism among European scientists. “The movement against freedom is now very powerful in Britain,” he wrote in 1944, “being repeatedly and loudly voiced by first-rank scientists (e.g. Bernal, Haldane, Hogben, Watson Watt).”61

        Explicitly anti-Marxist, the SFS took its intellectual lead from British philosopher and professor of physical chemistry at Manchester University Michael Polanyi, whose reprints were distributed to members. Polanyi critiqued state direction of science for the common good as meretricious: its intent, to serve society, was good, but its effect, to damage science, would be bad. Moreover, it was premised on a logical error: eliding the distinction between pure and applied science. For Polanyi, these were different enterprises, requiring different intellectual stances. Applied science advanced by finding new ways to attack old problems. It required a willingness to try approaches lacking obvious relation to what had gone before, and it flourished when interacting with ideas generated in the outside world. Pure science, in contrast, advanced by increments, each step building on the one before, which required isolation and detachment from the world at large. It had to be allowed to follow its own internal dictates, which accounted for the academic tradition of withdrawal from the “real” world: “Scientific thought can only flourish in a scientific atmosphere,” Polanyi wrote. “Academic seclusion represents, therefore, an indispensable framework for a single-minded application to systematic science.”62 Applied science could be directed, but pure science needed to be left alone.63

        Fox had taken Polanyi’s concerns to heart. Along with the Polanyi reprints, he kept in his files a clipping from the San Diego Union Tribune that quoted Polanyi stating that, in the context of Marxism, war, and emigration, Britain and the United States were the “keepers of science.” It was up to British and American scientists to carry the torch of intellectual freedom.64

        Consistent with these principles, ZoBell withdrew from the antifouling project and, during the war, worked on a project funded by the American Petroleum Institute on the role of bacteria in petroleum generation.65 In contrast, war changed Fox’s mind. In July 1943, he declared himself “ready and willing to contribute to the Navy’s project . . . any services and consultation which our training and experience might afford of value.”66 Following Sverdrup’s suggestion, the antifouling project was divided into two parts; paint (Navy) and organisms (academic), with Navy funds paying for the former and university funds for the latter.67 In practice, this became a formality: Fox was soon testing the antifouling efficacy of mixtures of hydrophobic materials and detergents applied to planks of wood hung off the Scripps pier; his reports and letters reveal no indication as to which parts of the project belonged to academia and which to the Navy.68 But while he may have come to terms with the Navy, he had not come to terms with Sverdrup.

      
      
        World War II Comes to Scripps

        By 1940, the antifouling studies were only a small part of the war work that oceanographers were undertaking on behalf of the US Navy.69 A new civilian scientific agency, the National Defense Research Committee (NDRC), was interested in the role that oceanographers, physicists, and geophysicists could play in subsurface warfare. By the summer of 1941, the NDRC had established two new laboratories. One of these, to be run by the University of California, would be located at Point Loma, fifteen miles south of Scripps. Its focus would be the application of underwater acoustics to antisubmarine warfare. John T. Tate (1889–1950), vice chairman of NDRC Division C, wanted Sverdrup to head the program.70

        Sverdrup began to work two or three days a week at the Point Loma laboratory—by then renamed the UC Division of War Research—supervising a small oceanographic division. He and Richard Fleming conducted a variety of studies tracking currents and water masses off the California coast, developing instruments for measuring temperatures at sea, and analyzing records from the bathythermograph (BT), a new instrument for measuring temperature as a function of depth in order to enhance sonar capability and improve ocean acoustic surveillance of enemy submarines.71

        Meanwhile, Sverdrup had also been asked to develop a program to train Army Air Force (AAF) meteorologists for war duty. Joseph Kaplan (1902–1991), chairman of the Physics Department at the University of California at Los Angeles (UCLA), had long argued that the AAF needed an officer corps trained in weather forecasting. The Nazis had sent Luftwaffe personnel to Norway for meteorological training; two of the scientists who had helped to educate the Germans were Vilhelm Bjerknes’s son Jacob (1897–1975) and Jürgen Holmboe (1902–1979), both of whom had fled Norway after the occupation and landed at UCLA. By June 1941 Kaplan had them teaching for the Allied cause. By summertime, he had convinced Sverdrup to join them.72

        Sverdrup had agreed to train forecasters because he had been excluded from more sensitive (and more scientifically rewarding) work on underwater sound. In fact, when the Point Loma facility was launched in July, a Military Intelligence Division (MID) investigation had also been launched. By September the FBI had concluded that Sverdrup should not be trusted with state secrets. A confidential memo from the War Department to Lieutenant Colonel J. Edgar Hoover (1895–1972) of the FBI summarized: “Mr. Sverdrup has a fine scientific record . . . but, in view of conflicting reports as to his loyalty, there is considerable doubt as to the advisability of his employment on the National Defense Program.”73 J. Edgar Hoover concurred.

        When interviewed by the FBI, the vast majority of Sverdrup’s associates had firmly defended his integrity and loyalty. At the California Institute of Technology, a prominent physicist pointed out that Sverdrup’s visibility in the international scientific community made it impossible for any serious character flaw to have remained undisclosed.74 In La Jolla, the manager at the local branch of Bank of America was certain that Sverdrup could be “relied on as to discretion, loyalty, and integrity.”75 The lawyer for the Scripps’ estate noted that at the time of the German invasion of Norway, Sverdrup was “grief-stricken over the plight of his country and country-men.”76 Lieutenant Colonel Kenneth C. Masteller of Camp Callan, California—a temporary Army base established in the hills above Scripps that would later become the campus of UC San Diego—had arranged for Sverdrup to speak of his Arctic voyages at the Camp Callan Service Club, and found him cooperative, loyal to America, and harboring “great resentment toward Germany for that country’s invasion of Norway.”77

        Why, then, would anyone doubt Sverdrup’s integrity or question his loyalty to the Allied cause? The answer came in an anonymous letter postmarked in New York City, reporting several persons as “suspected Nazi sympathizers”—among them Harald Sverdrup. The letter claimed that Sverdrup was a friend of Sven Hedin, the Swedish geographer, cartographer, and travel writer who mapped Marco Polo’s Great Silk Road for the Chinese government and actively supported the Nazis. Given the intimate size of Scandinavian intellectual circles in the 1930s—particularly Scandinavian explorers—it is likely that Sverdrup did know Hedin. But this was not the only charge.

        Based on information gleaned from people in La Jolla, George L. Shea, a commander in the Civilian Conservation Corps in Sacramento, California, accused Sverdrup of harboring communist sympathies. Among other things, he alleged that Sverdrup had “surrounded himself with . . . personnel, who, in their actions and statements, have indicated that they had advanced communistic attitudes.” Shea was particularly troubled by Lodewyk Lek (1905–1968), a Dutch-Jewish oceanographer who had come to the United States as a refugee from fascist Europe.78

        Born in the Netherlands to a wealthy diamond merchant, Lek had participated in the Dutch Snellius expedition (1929–1930) and then studied in Berlin under the great Alfred Defant (1884–1974), Germany’s leading expert in ocean-atmosphere dynamics.79 Like so many European Jews, Lek saw his plans derailed by political events, and he fled for the United States in 1936, applying for citizenship that year. In March 1939, he asked Sverdrup if he might work at Scripps (he also had a brother in La Jolla). Consistent with a policy of encouraging scientific visitors, Sverdrup said yes.80

        Lek’s academic credentials and oceanographic experience made it easy for Sverdrup to welcome him. His independent wealth no doubt helped as well—Lek had not asked for a salary—but for Shea that was grounds for suspicion. So were Lek’s personal habits. Besides being “provided with an exceptionally large amount of money,” Shea noted, Lek “has had at his residence . . . cars containing strange people from nearly half the states in the union coming to his house in the early evening, and remaining until late at night.”81 According to one neighbor, “various activities at the house, and the secretive manner of conducting these visits, have indicated that Dr. Lek was covering up activities he did not wish known.” In a previous residence, Lek had (allegedly) boarded up the lower portion of his house, and “late at night there were people in that lower section of the house, and apparently some type of activity going on.”82 Besides late-night visits from strange men, Lek and his brother were also accused of taking pictures with “high powered cameras of the type used by our military intelligence” and of sending out “a volume of correspondence.”83

        Lek and his French wife were said to be unsympathetic to the Allied cause. When the French-born wife of a retired US Army colonel called at the Lek’s house and mentioned the “calamity that had befallen both Holland and France,” Mrs. Lek (allegedly) replied that the French had got what they deserved. Shea concluded, “With both Sverdrup and Lek, there always seems to be extreme glee at the Axis successes.”84 Shea admitted that Sverdrup had never actually said anything disloyal, but there was an explanation for that: “He is too shrewd to say much of anything to anyone except those people that he definitely knows are dissatisfied with our American ideas.”85

        Shea’s case was one of guilt by association, leavened with nativism: Lek was foreign and suspicious, Sverdrup was foreign and associated with Lek, ergo Sverdrup was suspicious.86 Evidently oblivious of the internationalism of 1930s science—and ignoring the fact that people have long been attracted to the beauty of a place whose name means “the jewel”—Shea noted gravely that La Jolla, “for some strange reason, has had a large number of persons of foreign extraction.”87

        These accusations derived from hearsay, but they were seconded by a man who was in a position to know: a Scripps staff assistant named Stanley Chambers (1890–1967). Born in Nova Scotia, Chambers served in the Canadian Army in World War I; in later life he liked to be called “Captain,” after his military title. After immigrating to the United States in 1922, he settled in Coronado, California, and in 1924 was hired by George McEwen to take temperatures and current measurements off the Scripps pier.

        Shea had accused Sverdrup of communist sympathies, but Chambers was convinced that Sverdrup was a fascist. In a Military Intelligence Division interview, he insisted that Sverdrup was “pro-Nazi” but “too intelligent to make any public or semi-public avowal of his beliefs.”88 It was Sverdrup’s wife, Gudrun, who had let slip, making “utterances in both his presence and that of Mrs. Chambers of decided sympathy for the Nazi movement.” Chambers was unequivocal that Sverdrup “should not be trusted with information vital to this country’s defense because of his decided sympathies with Germany and the Nazi movement.”89 He found it significant that Sverdrup had spent World War I in Leipzig and claimed that on the night the Germans had begun their invasion of Norway, Sverdrup stated “that Hitler would show the world something.”90 Moreover, one incident that occurred at Scripps before the war had suggested to at least some people at Scripps that Sverdrup harbored Nazi sympathies.

        
          [image: ]

          Figure 1.5 The “Goebbels” letter.

          Reprinted with permission of UCSD.

        
        When Fox did not receive his promotion to associate professor in 1938, he did get approval for a much-desired sabbatical, which he arranged to take in Cambridge, England.91 Shortly before he and his family were to leave, there was a going-away party at which Sverdrup staged a little joke, presenting Fox with a “letter” dated Berlin, July 15, 1938. It expressed regret that the eminent “cognoscente of organic pigments” had decided to take his sabbatical in England, and implored Fox to come to Germany instead (fig. 1.5): “Your beautiful investigations of the pigments of organisms interest us particularly because we see therein a new method with the help of which the race pure Aryans may be unquestionably differentiated from the undesirable non-Aryan and mixed elements.” Offering Fox directorship of his own laboratory, well equipped with “spectrographs, and . . . female assistants,” the letter assured Fox that he would “work in closest agreement with the Race-Bureau.” Written in German, the letter was signed: “Heil Hitler! Goebbels.”92

        In hindsight, it is hard to fathom how Nazi race policies could be considered suitable material for going-away party humor, particularly given that Hitler had annexed Austria only four months before. However, like many educated Europeans (and Americans), Sverdrup admired German culture; perhaps he found it difficult to imagine that Nazi race policies would amount to anything. In a letter to Fox later that year, Sverdrup expressed his hope that “the sky will clear and that a European war will not come at all. I am an optimist, but I have had some difficulties in clinging to my optimism.”93 By May 1939, Fox was worried about the safety of his family, and he wrote to inform Sverdrup of his plans in the event of war, but Sverdrup was complacent, replying that he was “happy to know that all preparation can be made so that you can leave on short notice if a war should come, which I do not believe.”94

        It is not clear what Fox thought of Sverdrup’s “joke,” but it is unlikely that he found it humorous. Fox was British: he had moved with his family to California when he was four years old and had many relatives in England. In 1939, with war between England and Germany looming (as well as the threat that his hard-won sabbatical might be cut short), it is unlikely that Fox looked upon the Nazi threat with equanimity. As time went on, whatever humor Fox might have seen in the letter would likely have evaporated, and by the time he returned to the United States in 1939, Fox entertained serious doubts not just about Harald Sverdrup’s sense of humor but also about the political sympathies behind it.95 The available evidence indicates that the inside source behind Shea’s claims was not just Captain Chambers but also Denis Fox.

      
      
        Sverdrup Is Denied Security Clearance

        The Military Intelligence Division report was forwarded to J. Edgar Hoover with the recommendation that the government err on the side of caution. Given that there was a “wide variance of opinions as to [Sverdrup’s] loyalty . . . there is reasonable doubt that he should have access to secret matters.”96 For Hoover, there was no presumption of innocence.

        As word spread that Sverdrup’s clearance had been denied, leading scientists tried to get the decision reversed. John Tate wrote to A. H. van Keuren (1899–1962), the assistant chief of the Bureau of Ships, insisting that Sverdrup was “‘practically indispensable,” with “better qualifications for assisting us in oceanographic problems than any person living today.”97 The director of the Carnegie Institution of Washington pointed out that Sverdrup would not have been offered the position of Scripps director had many others not held him in the same high regard. Robert Sproul insisted that Sverdrup was “not only pro-America but anti-Nazi,” while the university’s great E. O. Lawrence insisted that Sverdrup held an “intense hatred of totalitarian governments.” Moreover, America needed him: “His knowledge and experience are vital to the submarine detection program. It would be no less than a calamity to lose his services at this time.”98 At Point Loma, Captain Wilbur J. Ruble, director of the Navy Radio and Sound Laboratory, described Sverdrup not only as the most valuable scientist at Point Loma but also “the only indispensable one.”99

        Ruble proposed a compromise: have Sverdrup supervise the work but have the data analysis done by “a loyal American citizen, Lieutenant Roger Revelle.” Revelle—who would go on to become one of the most important geoscientists of his generation—was already working at the Radio and Sound Lab and had been noticed by both scientific and military leaders.100 Sverdrup could have a desk in the same room as Revelle, and at the end of the day Revelle could put the classified data in Navy safes.101

        Admiral Van Keuren forwarded these materials to the Secretary of the Navy, requesting “reconsideration of the clearance of Dr. Sverdrup in order that he may be employed in connection with secret and confidential matters.” Van Keuren agreed that Sverdrup was “a distinguished scientist” and that there appeared to be “no question as to his loyalty to this country.”102 Vern Knudsen (1893–1974), the UCLA physicist who was supervising the scientific work at Point Loma, also wrote to the Navy Secretary, insisting that Sverdrup’s services were of “vital importance . . . in fact, irreplaceable.”103 Knudsen meanwhile was lining up the heavy artillery: Vannevar Bush (1890–1974), head of the US Office of Scientific Research and Development, direct adviser to President Franklin Roosevelt, and chief architect of the US military-scientific mobilization. On October 25, Bush wrote to Dr. Jerome Hunsaker (1886–1984), the first Navy coordinator for research and development, supporting Sverdrup’s presence at Point Loma.104

        Sverdrup was meanwhile taking steps of his own to remedy the situation. Although he had originally promised to stay at Scripps only three years, when war broke out, Sverdrup concluded that his future was in the United States, and in June 1940 he applied for citizenship.105 Thinking this might help his case, he cabled Tate to tell him that he had filed his “declarations of intention . . . with the Superior Court of San Diego on June 11 1940,” and that naturalization could “take place after June 11 1942.”106

        But the MID and the FBI had already drawn their conclusions; the Army now ratified them. A memo written in September summarized their view in a single sentence: “After a careful review of all reports and records available to this office, there appears to be evidence, as shown in the attached report, which indicates reason to question the loyalty of the person named below: Harald Ulrik Sverdrup.”107

        None of the scientists at the NDRC knew the reasons behind Sverdrup’s difficulties. Indeed, their proposed solutions reveal how little they knew. Thinking that the troubles stemmed from Sverdrup having relatives in occupied Norway, Knudsen proposed to Tate that Sverdrup sign a “statement or oath to the effect that whatever pressure may be exerted upon his relatives in Norway, he will not violate any confidences which would be injurious to the welfare of the United States.”108 Or perhaps a solution was to be found in the fact that Sverdrup had a half brother, Leif, who had come to the United States in 1914, fought in World War I, and was “now a colonel in the United States Engineer Corps . . . serving somewhere in the Pacific.”109 (Leif Sverdrup [1898–1976] was in fact one of General Douglas MacArthur’s chief engineers.) If there were concerns with relatives in occupied Norway, Knudsen wrote, “it would seem appropriate to ask that Sverdrup’s case be considered in the light of action which has already been taken in behalf of his brother Leif.”110 Knudsen also took the case to the US National Academy of Sciences, where President Frank Jewett assured him that Sverdrup would soon be cleared.111

      
      
        An Expanding Inquiry

        The files are silent as to the weight they gave to the various testimonies; one might suppose that the FBI would have weighed the testimony of distinguished scientists who knew Sverdrup well more heavily than that of minor figures who scarcely knew him at all. But there was a source of trouble close to home. While nationally prominent scientists were testifying on Sverdrup’s behalf, the FBI had gone to Scripps and found the two people who knew him on a day-to-day basis and were willing to speak against him: Denis Fox and Claude ZoBell.

        In 1941–1942, the FBI undertook an expanded investigation, which produced reports from four anonymous informants in La Jolla: W, X, Y, and Z. From the particulars it is clear that W and X were Shea and Chambers, respectively, whose earlier comments were reiterated in greater detail.112 New in this report were informants Y and Z, both identified as Scripps faculty. Informant Y was particularly sensitive to Sverdrup’s lack of sympathy for the English; informant Z had known Sverdrup for five or six years. Later documents identify them by name: Y was Denis Fox, and Z was Claude ZoBell.

        To Fox it was clear that Sverdrup and his wife were Nazi sympathizers, “to say the least,” but now that war was on, they were “cagey.” However, “every once in a while these feelings got the best of them, resulting in these outbreaks.”113 One outbreak occurred at the time of the invasion of Norway, when Sverdrup “turned white and stated, ‘G— D—it. I hate the English and hope Germany wins the war.’” Sverdrup, Fox claimed, “always took the attitude that the British were trying to spread the war to Norway, and has often indicated his dislike for the English.” He “expressed no sympathy for the Poles, and asserted that it is no one’s business what Germany does in Europe, and furthermore most intelligent people in the world realize that Germany runs Europe, anyway.”114

        Another outburst occurred when the son of a staff member asked Sverdrup how Norwegian science would be affected.115 “Lots of Norwegian scientists have no objection to German scientists in Norway,” Sverdrup allegedly replied. Gudrun volunteered that “Hitler would take all of Europe and the United States, and we would have the good old German government here.” Regarding Japan, “Imagine a little country like Japan giving this country a beating,” he (ostensibly) declared.116

        ZoBell had little concrete to offer—indeed, one of his complaints was that he saw Sverdrup only infrequently—but he took as suspicious the fact that Sverdrup had scarcely mentioned the war since its outbreak, even though he had had many opportunities to do so. ZoBell found this “most unusual, particularly in view of the fact that [his] wife . . . was reportedly very pro-Nazi in her conversations with her acquaintances.”117

        FBI agents also interviewed one Scripps faculty member who defended Sverdrup in great detail. Providing more than fifteen single-spaced pages of testimony, this informant knew Sverdrup intimately and made a point of explaining how Sverdrup’s personal and scientific philosophy might be misconstrued if taken out of context. Sverdrup, he explained, was a man who believed that all men needed “something besides themselves to work for,” to have a purpose larger than themselves, to be part of a larger whole. For Sverdrup that larger whole was science—particularly international science. Although he believed in democracy, he was not entirely uncritical of the American version of it because he found it overly individualistic. Although it was true that Sverdrup had spent four years in Germany, he found most German scientists “pompous.” His loyalty was not to Germany as a nation or culture but to the man he had gone there to work with: Vilhelm Bjerknes, a man of absolute integrity, who was “reported to be the center of anti-German intrigue in Norway at the present time despite the fact that he [was] . . . past 75 years of age.” Above all, Sverdrup was a man whose “life was his reputation as a scientist, and [he] would not do anything injurious to his reputation.” He did not care about money and had no incentive to be an agent of a foreign power unless he believed in the principles of that power.118

        Only one man in America knew Sverdrup that well, and probably only one man at Scripps at the time had that level of political and philosophical perspicacity: Roger Revelle. Revelle was well connected in La Jolla, so it fits that this report yielded a fresh set of leads there, all of whom seconded his favorable views. One informant suggested that people were misinterpreting Sverdrup’s homesickness, pointing out that when he first came to the United States “it had been very difficult for [Sverdrup] to adjust himself to the [contrasting] nature of the Norwegian and American people.” A second suggested that, like many Europeans and more than a few Germans, Sverdrup had at first been sympathetic to some aspects of the Nazi program but had soon changed his mind: “When Dr SVERDRUP first came here he . . . thought that HITLER had done some good for the German people since [he] realized the chaos in which the German people were left after the last World War and also considering the organic character of the German people.” But this changed after the invasion of Norway. Both Sverdrup and his wife, as well as their relatives in Norway, were now all opposed to Hitler and considered the collaborationist president of Nazi-occupied Norway, Vidkun Quisling (1887–1945), “a very low type of person.” A third allowed that they were irritated by the Sverdrups, explaining that everyone in La Jolla had become “oversaturated” with the way they “talked concerning the greatness of Norway,” but that did not mean they were Nazis.119

        FBI officials were delving deeply into Sverdrup’s views and eliciting more reflective comments than before, but the net result was no more consistent. Some said Sverdrup was definitely loyal, others that he was definitely suspicious. Much of the information collected was hearsay; the sum was highly contradictory.120 However, a new charge was added, a deeply serious one that spoke directly to the question of whether Sverdrup could be trusted with military secrets.121 It was about Sverdrup’s role in the antifouling studies. Noting that the work at Scripps had begun before the war, Chambers claimed that Sverdrup had “ordered research along this line to be discontinued and that the members of the Institute should turn their attention to experiments with the California sardine.” If these studies had resulted in the development of any preventative, that would have been “of the greatest military value.”122 (This, of course, was untrue: the complaint against Sverdrup was not that he had blocked the studies but that he had pushed them over faculty objections.)

        Finally, the FBI questioned Sverdrup himself, asking about his family background and education, his time in Germany, his beliefs, his relationship with Quisling (they had both attended the Norwegian War Academy), and his half brother Leif. Sverdrup had apparently gleaned—perhaps from Revelle—that his comments about the German invasion of Norway were an issue, because the two men told an identical story. On hearing that Quisling was to head the occupational government, Sverdrup had indeed said, “Thank the Lord,” not because he approved of Quisling, but because he knew that Quisling had no following.123 Sverdrup acknowledged that at first it was difficult for him and Gudrun to adjust to their new home, but they had come to like America and planned to stay. Sverdrup closed the interview by volunteering that “no amount of pressure on his relatives in Norway would in any way affect any confidential matter or information which he may have in his possession.”124

        The FBI was nothing if not thorough: agents were also working the case in Chicago, Boston, Los Angeles, San Francisco, and Seattle. Most of these leads turned up little new information; the exception came from the Boston field office.125 Agents there reported on interviews with a biologist and former Woods Hole director in Cambridge, Massachusetts, as well as with the institution’s current director. The former could only have been Harvard professor Henry Bigelow (1879–1967); the latter was Columbus O’Donnell Iselin (1904–1971).126

        Bigelow recalled that about a year and a half before, when military work was getting under way, “certain individuals . . . questioned the advisability of placing Sverdrup in the position of authority and confidence in these matters which involved secret scientific methods and formulas which in reality are the property of the Navy department.” Being himself highly patriotic, Bigelow insisted that he would have recalled had Sverdrup ever said anything even faintly disloyal—and he recalled nothing. He did recollect some trouble at Scripps “regarding a certain type of work sponsored by the Navy which involved employees who were said to have had Communistic sympathies,” but Bigelow was sure that Sverdrup “had nothing whatsoever to do with this particular group who were charged with those attitudes of a ‘pink’ nature.” Indeed, it was his impression that Sverdrup had been instrumental in cleaning it up.127 Bigelow concluded by noting that Sverdrup had told him that relatives had been imprisoned in Norway: in the past this would have been a source of shame, but “today it is an honor to be in prison in Norway.”128

        Like Bigelow, Iselin was mostly but not entirely reassuring. He agreed that Sverdrup’s respect for Germany did not extend to political developments there, but he did wish that Sverdrup were a US citizen. Iselin (wrongly) thought that Sverdrup had not applied for citizenship and attributed this to “Sverdrup’s long-standing intent to return one day to Norway, and become director of the Oceanographic Institute at Bergen.” Iselin may also have been the source of Bigelow’s comments about communists and pacifists, for he recounted that some students coming to Woods Hole from Scripps had expressed the feeling that if Sverdrup “were a good American citizen, he would have made some active effort to banish Communistic or Pacifist sympathy prevalent among the employees of the Institute.” This was, he alleged, why the Navy department had chosen to conduct its oceanographic work at Point Loma rather than Scripps. Iselin suggested that it was possible that Sverdrup, being essentially apolitical and focused on science, was unaware of the situation, but he would feel better if Sverdrup “were to make application for American citizenship.”129

        By February, the Navy had reached its decision, based on the FBI and MID reports. Navy summaries acknowledged that the “motivations and reliability” of the informants were not known, that much of what was being reported was rumor rather than evidence, and that the diverse accusations were contradictory. Nevertheless, the negatives were weighed more heavily than the positives. On February 11, 1942, the Navy recommended that Sverdrup be denied employment on classified matters. On February 23, the chief of naval operations wrote to the Navy Secretary that he was “unable to recommend” that Sverdrup be cleared. Three days after that, the Navy Secretary formally refused consent for Sverdrup’s employment.130

        The report concluded: “Reliable information reports that subject has made remarks which indicate sympathy with the Axis cause and that he is a close friend of a prominent Swedish Nazi [geographer Sven Hedin]. There is considerable doubt as to the desirability of disclosing to him vital or secret information relative to the National Defense Program.”131 On March 1, 1942, Sverdrup was informed that he would be denied further access to Point Loma.

      
      
        Weather Yes, Acoustics No

        Over the following few months, Sverdrup worked with Joseph Kaplan on the weather prediction program—training officers to make forecasts—but this was teaching, not research, and Sverdrup continued to look for ways to contribute his research expertise. In early May, he wrote to Vilhjalmur Stefansson (1879–1962), the polar explorer by then living in New York City, suggesting that they might offer their special knowledge of the polar seas to military leaders. Stefansson empathized, writing that it was “a crying shame that men like you . . . are not being employed to the full in . . . the war effort, especially as you are . . . eager to contribute. I myself am being employed, in the sense that I send one memorandum after another to Washington.”132 Stefansson subsequently arranged a meeting on Arctic problems with members of the US military’s Office of the Coordinator of Information, which Sverdrup attended, but nothing came of it.133

        Like Stefansson, Sverdrup kept himself employed, and the next day submitted a detailed, two-page letter to the Bureau of Aeronautics proposing a research program considering whether a man lost at sea could survive on plankton. Can plankton “be used by man for nourishment?” he wondered. “Would the salt adhering to it be harmful? Would the plankton themselves be poisonous? And what kind of net would be needed to catch them?” Sverdrup hypothesized that even if plankton were not particularly nutritious, or if not enough could be caught “to sustain a man for any length of time, it is believed that the small amounts caught will be important and that in all cases the psychological effect will be beneficial.” The bureau declined to pursue the idea.134

        Throughout this time, Sverdrup continued to believe that the obstacle to his obtaining clearance was his family in Norway. Writing to Sproul in June 1942, he noted: “You may have learned that . . . I had to leave the project at Point Loma, because Navy regulations do not permit a person with relatives in an occupied country to work with classified material. My case is not an isolated one, but I much regret the enforcement of the rule.”135 Sverdrup still did not know the true nature of the charges against him.

        The Navy, of course, was not the only armed service, and in 1942 the Weather Directorate of the Army Air Force—the sponsors of the officer training program—invited Sverdrup to direct a meteorological study for military purposes. It would have four parts:

        
          	1. Preparation of isothermal charts of the world’s oceans

          	2. Preparation of monthly average isothermal charts for specific oceanic regions, particular coastal regions, or “any part of the world as required to meet military needs and priorities”

          	3. Special studies of combined meteorological and oceanographical phenomena

          	4. Specific forecasts of combined meteorological and oceanographical conditions for specific military operations136

        

        The special studies and forecasts became the most important part of the project: using meteorological data to predict surf conditions on the beaches at sites of proposed amphibious assaults (including, ultimately, the beaches of northern France on D-Day). Sverdrup would run the project and the Army would provide funds for up to fifteen (human) computers and clerks, a contingency fund of $5,000, and money for Sverdrup to go to Washington four times in the fiscal year 1942–1943. Sverdrup would be assisted by Lek, who, though an alien, could be hired “on a temporary basis,” and by his newest protégé, Austrian-born Walter Munk (1917–2019), a brilliant graduate student who would become one of the leading physical oceanographers of his generation. Ten days later, a document was issued granting Sverdrup “restricted consent on oceanographic studies only.”137 The US military had found a way to employ Harald Sverdrup—as well as two other talented foreign-born scientists—by focusing on work that required less access to highly classified information than submarine acoustics did. But the story does not end there.

      
      
        A Third Round of Investigations

        In May, Robert Sproul received a letter from George Turner, a staff member at UCLA, transmitting information from informants wishing “to be of direct service to the nation.” The three-page letter outlined thirteen points of concern about Sverdrup and Scripps, information said to come from “about 5 on the faculty” of whom “two are well-known, [and] have talked with the government agents from time to time.”138

        Turner’s letter was a mix of old and new accusations, some consistent with the facts, some patently wrong. The letter repeated old charges about the comings and goings of Lek (who was accused of doing research on morphine!), about Sverdrup’s Germanophilia and Anglophobia, and about Gudrun Sverdrup’s “open admiration for Hitler.” In exemplary circular reasoning, the visits from the FBI were cited as evidence that something at Scripps was amiss.139 Most pointedly, the letter expanded on the earlier accusation that Sverdrup had impeded war work at Scripps: “At least two important undertakings, apparently very useful to the federal government, have been slowed down or side-tracked: the study of fouling organisms and sea-weed [for agar]. Progress in these investigations has been brought to a stand-still. . . . [An] American Inst[itute] of Petroleum’s offer of $36,000 for the investigation of pigmented marine muds [sic] seems also to have been involved in a policy of delay. In the matter of fouling organisms, the Bureau of Aeronautics has been interested.”140

        This was totally garbled. The petroleum project had nothing to do with “pigmented muds”—it was a study of the role of bacteria in petroleum formation and recovery, the project ZoBell moved onto after he quit the antifouling work (and which would later make his name).141 It was Fox and ZoBell who expressed reservations about the antifouling project and Sverdrup who had promoted it. As for agar, that was a project begun in earnest only in 1942–1943, and Sverdrup had endorsed it, too.142 And the antifouling studies had nothing to do with the Bureau of Aeronautics. Perhaps Fox and ZoBell were defensive about their earlier position and sought to turn the tables on Sverdrup, or perhaps Turner was a moron. But what did sound like a plausible complaint from Fox and ZoBell was the additional assertion that Sverdrup’s leadership was autocratic.

        Turner recounted the incident in which Fox and ZoBell had opposed Sverdrup on the organization of the antifouling study. Noting (correctly) that several faculty members had signed a protest over the authority given to Whedon, the complaint asserted that Sverdrup had ridden roughshod over the faculty. “The evening of Halloween, in the presence of nine men, including Navy officers, the director . . . declared Whedon to be the unanimous choice of the faculty.” Why was this relevant? Because, he alleged, Sverdrup’s autocratic style could “facilitate subversion.”143

        Sverdrup had been working intensively with Richard Fleming and Martin Johnson (1893–1984) on what would become their acclaimed textbook, The Oceans, and the faculty complained that “it has been increasingly difficult to have stenographic aid, as it is almost exclusively used to prepare the volumes being written or collaborated on by the director. As many as 4 stenographers and typists are solely occupied with this task over long periods.”144 It was unclear why this was relevant—other than perhaps to prove that Sverdrup ran roughshod over his faculty—but Turner’s offered two further pieces of circumstantial evidence that Sverdrup was engaged in questionable activities. One was an incident in which Sverdrup discovered a janitor in his office, examining the contents of the wastepaper basket. When Sverdrup demanded to know what the man was doing, he confessed that the FBI had instructed him to do this. Sverdrup “quickly dumped the papers into the fireplace where they burned. . . . The attendant resigned some weeks later.” The second incident involved telephones. Turner asserted that there had been “considerable listening by the telephone, made possible by the connections. It is said to come directly from the office of the director.”145

        Finally, there was one new charge: Prentice Hall, the publisher of Sverdrup’s other forthcoming book, Oceanography for Meteorologists (an outgrowth of the work with Kaplan), had contacted Turner with a request for an aerial photograph of the UCLA campus.146 Turner had “some recollection of this name in connection with un-American propaganda” and contacted Army intelligence. He was instructed not to send the photographs and subsequently found out that Prentice Hall was the subject of an FBI investigation. “It may or may not be coincidence,” he noted ominously, “that an important work linking oceanography with meteorology should be courted by this publisher. Galley proofs now at the institution might be of service to the enemy.”147 Turner had little or no direct knowledge of events at Scripps (or Prentice Hall), but equally clearly someone had been talking. Only five people had been involved in the dispute over Whedon, and only one—Denis Fox—was the sort to worry about stenography; it seems likely that Fox was deliberately spreading complaints and casting suspicion on Sverdrup.148 Two further events confirm that the source of Turner’s information was Fox and ZoBell.

        In June, ZoBell wrote directly to Sproul, questioning Lek’s employment at Scripps and stating that he was an “unsavory character,” an alien “not in sympathy with our defense program.”149 Three weeks later, Fox wrote to the FBI. The letter, dated July 9, 1942, was forwarded to the Navy from the FBI with “the latest pertinent information” about Sverdrup; it involved aerial photographs. The FBI summarized: “Dr. D. L. Fox, of the Scripps Institution of Oceanography . . . advised that the subject had received a communication from the Norwegian embassy in Washington, D.C., and that he and his wife left Washington on 6/19/42. SVERDRUP allegedly indicated his intention of making only a short trip, but Dr. Fox advised that both the subject and his wife had recently procured passport pictures. It is also reported from another source that the subject is in possession of aerial photographs of the San Diego coast.”150 Earth scientists routinely obtain and use aerial photographs, but Sverdrup, possessing photos of the Southern California coast, was meeting with representatives of German-occupied Norway. Perhaps he was planning to leave the country? He had gone at the request of the Norwegian embassy, but “the purpose of the trip . . . was unknown [and] a mystery surrounded the whole situation.” Fox claimed that Sverdrup had made arrangements for a “whole year in case of his absence [and it] is not known when or if the subject will ever return to the Institute.”151 A related memo, written by the Department of Justice to J. Edgar Hoover on August 15, confirmed that Sverdrup had the aerial photographs of San Diego in his possession when he went to Washington.152

        And there was a new charge, this one to do with Walter Munk. Sverdrup had invited Munk to work on the AAF meteorology project, but some felt that Munk was “not particularly professionally qualified for the task required.” The same objection was raised against Lek: “The proposed employment of these two men (Munk and Lek) was to be under a subterfuge so as they would be paid from the funds of the Institute rather than the War Department funds so as not to bring them under the jurisdiction of the War Department.”153 Who were the staff who deemed Lek and Munk unqualified to work on the AAF project? Stanley Chambers, Denis Fox, and Claude ZoBell.

        On November 15, 1942, Sverdrup’s partial clearance was revoked and his employment with the AAF terminated. A confidential memorandum on that same date states, “No further investigation is contemplated by this Division.”154 But in January 1943, investigations would begin yet again, although this time the results would be more favorable to Sverdrup.

      
      
        Roger Revelle to the Rescue

        Throughout the summer and early autumn of 1942, Sverdrup had worked on the AAF project producing isotherm charts of the world’s oceans and initiating research on combined meteorological and oceanographic phenomena—work that was important, but hardly commensurate with his scientific standing. He also taught aerology courses for AAF officers and contributed to Kaplan’s training program at UCLA.155 With his termination from the weather research, however, he was left working only in a teaching and training capacity.

        Meanwhile, Revelle was working inside the Navy, where he was gaining influence and developing connections. Throughout 1941–1942, Revelle had been at work on submarine acoustics at the Navy Radio and Sound Laboratory, where there had been various difficulties between Navy personnel and civilian scientists. In response, the Navy coordinator for research and development, Admiral Julius A. Furer, decided to create a new billet in the Hydrographic Office for an officer to coordinate civilian and military oceanographic research. In late 1942, Revelle was appointed to that position (fig. 1.6).
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          Figure 1.6 Roger Revelle.

          Image by Eugene Cecil LaFond, from the Eugene Cecil LaFond Papers, Special Collections and Archives, UC San Diego. Reprinted with permission of UCSD.

        
        Meanwhile, as the United States took the offensive in the war, the Joint Chiefs of Staff Committee on Meteorology began to worry about wave and surf forecasting for beach landings. Responsibility for developing forecasting methods lay with the AAF; in early 1943 the AAF’s results were presented to a new oceanography subcommittee of the Committee on Meteorology, with Revelle in attendance.156

        Revelle emphasized that the Navy as much as the Army had an interest in wave and surf forecasting. Indeed, he and many others considered it odd that the Army had taken the lead on the issue, anticipated troop beach landings notwithstanding. Revelle took advantage of discrepancies between predictions developed by the AAF and those of British Admiralty to suggest that Sverdrup—with his deep theoretical knowledge of air-sea interaction—could develop a scientifically grounded forecasting system that would yield better results than the empirical methods on which the AAF was relying. Revelle provided the committee with a copy of The Oceans, noting its status as the only complete textbook on the subject in English. In other words, the military had ignored the expert in its midst who could solve one of their most pressing problems.157

        Revelle won the day: in May 1943 Sverdrup was appointed chief civilian scientist on the wave-forecasting project.158 It was not just that Revelle had convinced the Army not to ignore the talent they had before them; Revelle had also finally convinced the Navy that the complaints against Sverdrup were spurious. Naval Intelligence issued a new report, one that for the first time contained positive testimonials from within the Navy.

        Revelle had been waging his campaign to clear Sverdrup’s name since the previous year. In March 1942, a remarkable new FBI report had been submitted, describing Sverdrup as “an outstanding advocate of the Governmental form of this country and to be absolutely reliable, honest, and trustworthy.” The report went on: “Unusually discreet. Wife and daughter are reported to be great ‘fans’ for this country and Government. Informants advise no grounds for suspicion of un-American or subversive activities.”159 The long report, which explained the importance of Sverdrup’s scientific work and extolled his character and personality, could have been compiled only by someone who was close to Sverdrup but also understood the US military. Just one person fit that bill: Roger Revelle.

        Sverdrup was now described as a man who had early on experienced a “complete conversion . . . to the American life and ways of living” and who “after his stay here for one year in 1924 or 1925 . . . built himself an American house in Norway, completely American in all details.” He was “of unimpeachable character . . . very much Americanized and devoted to the principles of this country.”160 The negative rumors about Sverdrup were dismissed as the groundless gossip of idle La Jolla housewives. Ellen Revelle, the unimpeachable hostess and scion of the original Scripps family, had invited the FBI agents into her home and insisted that she and Roger “knew of absolutely not one statement or action” by the Sverdrups “which could be conceivably interpreted as being un-American or indicating sympathies with any foreign power . . . Dr. Sverdrup and Mrs. Sverdrup were not pro-Nazi.”161

        Evidently, the Revelles had realized that their earlier tactic—of trying to account for statements that might seem on the face of it suspicious—was inadequate, and so they shifted their strategy to defend Sverdrup unequivocally and in every respect. No explanations, no apologies, just unconditional support, down to the character of the Sverdrups’ house. The report also included a new set of interviews, begun in January 1943 and continued through the early spring. Sverdrup was anti-Nazi and always had been. Chambers was jealous of Lek because Lek was rich. Sverdrup did know Quisling—they had been classmates at the War Academy in Norway—but it was well known that “Sverdrup viewed Quisling with disgust.” Regarding England and Germany, Sverdrup had resigned himself to the occupation of his home country and accepted that one had to consider the presence of both British and German forces as matters of “military necessity.” This could be misinterpreted as suggesting Nazi sympathies, but that would be entirely wrong: Sverdrup’s “hatred for the Nazis had been intensified since the death of his brother who was serving in the British army.”162 This was a reference to Sverdrup’s younger brother Einar, director of the Norwegian Spitsbergen Coal Company, which the Norwegians had evacuated and blown up in 1941. In 1942, Einar was asked by the British to lead a party of free Norwegian forces to reopen and defend the mines. Einar agreed, but when his ship entered the harbor, the Germans bombed and sank it. Sverdrup family members later recalled that Leif was angry that the British had not provided better air cover for the assault.163

        Revelle had come to understand that military officials were not particularly concerned with Sverdrup’s friends and family in Norway; rather, it was his associations with foreign scientists in the United States, particularly those with German or Japanese connections, that troubled them. This included Lek (who was Dutch-Jewish), but Naval intelligence had come to believe there was reason to doubt the “motives or reliability” of the individuals who had made the charges against Lek. A more serious concern was Sverdrup’s connection with the Japanese oceanographer, Koji Hadaka, of the Imperial Marine Observatory: Hadaka had come to Berkeley for a conference in the summer of 1939 and visited Scripps after the meeting. No doubt thanks to Revelle’s counsel, Sverdrup understood that this was a concern, and when interviewed again, he responded directly to the questions about his associations with foreign scientists. He claimed he had known no Japanese scientists prior to the Berkeley meeting but had exchanged reprints with them precisely because their work was of military importance to the United States.164

        Revelle’s access to information through his position at the Hydrographic Office was critical to Sverdrup’s ability to respond to charges that had never been presented. But perhaps most important was the effect of Revelle’s efforts within the military establishment, for officials in the Bureau of Ships now came to Sverdrup’s defense. An undated letter to the chief of naval operations from the Bureau of Ships acknowledged that the “existence of reports adverse to the loyalty and integrity of Dr. Harald U. Sverdrup has again been brought to the attention of the Bureau of Ships,” but the military dismissed these reports as unfounded. The bureau had known Sverdrup since 1940 and had already indicated its confidence in him by employing him on several projects. The letter also called attention to the “numerous signed statements from persons of unquestioned integrity which are favorable to Dr. Sverdrup’s character” and insisted that the derogatory reports against him were “without foundation.” The letter concluded: “The Bureau of Ships hereby reiterates its statement that there is no reason to question Dr. Sverdrup’s loyalty or integrity.”165

        On August 29, 1943, a letter to J. Edgar Hoover from the Office of the Chief of Naval Operations summarized the Office of Naval Intelligence files, concluding that there was no reason to exclude Sverdrup from the forecasting effort.166 After twenty-five months of investigations, the matter was finally settled. The Navy had confronted a wide range of conflicting allegations and concluded they were unfounded. From that point until the end of the war, both Sverdrup and Munk would work on meteorological projects for the Army and the Navy without further ado. By September, they had developed a new theoretical model for forecasting sea and surf conditions, one that Navy officers were satisfied was far superior to previous techniques.167 The value of the method in launching massive beach attacks was demonstrated at D-Day and in several other amphibious operations.168

      
      
        Was Sverdrup Disloyal—And Does It Matter?

        Harald Sverdrup was a man who kept his own counsel and left no diary of his Scripps years, so we will never know exactly what he felt and thought during this time. We do know that what he did not say was held against him. We also know that there were plenty of other scientists to work on acoustics. Does it matter that he was denied security clearance for two years, or that ultimately he worked on forecasting rather than acoustics?

        Certainly, it mattered to him. Sverdrup wanted to contribute his expertise to the war effort, and it frustrated him that he was closed out of the most important efforts. His letters to Stefansson, his ideas about using plankton to save downed airmen, and, above all, his decision to become a US citizen speak to his desire to aid in the war effort and contribute to the liberation of his homeland. In later years, a nephew recalled that Sverdrup was “very upset” that his capacities had not been used to their full extent and felt that “he had much to contribute.” George Sverdrup explained: “The fact that Norway had been invaded and his family together with the others there were having such a difficult time added to the distress [and it] didn’t help to see Leif having such a prominent part in the war effort. Knowing Harald, I’m sure there was not so much envy as frustration.”169

        Snippets from Sverdrup’s personal letters betray this frustration. In a letter to Revelle in July 1943, when the sea surf and swell project was just getting under way, Sverdrup noted the difficulties he was still having: “I still have to write you personal letters because I do not know what official relations I have with the Navy.”170 When Sverdrup was elected to the US National Academy of Sciences in 1945 and Columbus Iselin wrote to congratulate him, Sverdrup replied that he hoped “as a member of the Academy I may be more useful in the post-war period.”171 Sverdrup was useful during World War II, but much of what he was asked to do was less than the maximum use of his talents. In a letter to meteorologist Carl-Gustaf Rossby, Sverdrup allowed that training weathermen was all right as an “emergency measure,” but he was certainly not enamored of it.172 Some of the work Sverdrup was asked to do—for example, compiling ocean isotherms—could have been done by an undergraduate.

        Perhaps more important, the clearance problem undermined Sverdrup’s own sense of leadership. In June 1942, he was trying to decide whether to stay in La Jolla to work on the AAF project or to go to Washington to work on behalf of the Norwegian embassy. This, in fact, was the reason for his trip to the embassy that had generated so much suspicion. In a letter to Sproul, he explained that he thought he could go; because everyone at Scripps was engaged in war work, his own presence was “not essential.”173 It is hard to imagine that Sverdrup was untroubled by being inessential.

        Sverdrup’s troubles clearly mattered to the institution he served and the science he helped to build, because soon after the war ended—and despite having finally obtained US citizenship—he left them both. In 1948, Sverdrup returned to Norway to head the Norsk Polarinstitutt. He continued to be highly active in administrative, educational, and humanitarian affairs: he led a Norwegian-Swedish-British expedition to Antarctica in 1951, organized the Norwegian famine aid to India in 1952, and, as dean of the natural sciences at Oslo University, spearheaded a major educational reform to reorganize Norwegian higher education on the American (rather than German!) model. As an educator, he became an advocate for the importance of the humanities in tackling problems which science had “no claim to answer.”174 But as William Nierenberg (1919–2000), who became Scripps’s seventh director in 1965, later put it, his scientific work was “not of the intensity or depth of what had occupied him at Scripps.”175 Once back in Norway, Sverdrup made few further scientific contributions to oceanography.

        Nierenberg attributed Sverdrup’s departure to his desire to have a greater influence on international affairs, his low academic salary in the United States, his homesickness, and his wife’s concern that their daughter not become “Americanized.”176 Historian Robert Marc Friedman, the biographer of Vilhelm Bjerknes (1862–1951), affirms that Sverdrup was deeply homesick throughout his stay in the United States and eager to return to Norway, particularly if he could help the country rebuild after the devastating Nazi occupation. Moreover, Friedman notes, Sverdrup had a “thick skin and developed very early an ability to absorb major disappointments and worse. . . . He experienced an even more bitter disappointment with the Norwegian government not fulfilling the promises for a research-based polar institute, but instead of complaining and accusing, he simply and quietly accepted other tasks that he felt were worthwhile.”177 If he felt he could continue to be productive in the United States, it seems unlikely that homesickness and patriotism alone would have caused Sverdrup to give up his hard-won US citizenship and reverse his studied decision to stay. And his salary in Norway would not have been higher than it was in California.

        It seems more likely that Sverdrup used homesickness as an excuse, rather than confront the reality that his leadership had been undermined (fig. 1.7). After all, the principal argument for remaining in the United States would have been the far greater opportunities to continue to pursue oceanography—and to build Scripps as the great scientific institution that it indeed later became. But those opportunities, Sverdrup knew, would for him be constrained, because the end of the war did not mean the end of security concerns. On the contrary, it was clear that those concerns would loom even larger and likely prove even more demeaning.
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          Figure 1.7 Harald Sverdrup, portrait by Paul Williams, 1946, around the time of his decision to leave the United States and return to Norway.

          From the Scripps Photographic Library Special Collections and Archives, UC San Diego, reprinted with permission of UCSD.

        
        Even before the war was over, scientists and Navy officers were taking steps to ensure continued Navy support into peacetime. Sverdrup, Iselin, Revelle, Fleming, and other leaders of American oceanography had no desire to return to impecunious prewar conditions; they wanted the relationship not merely to be maintained but also to grow and prosper.178 Following Vannevar Bush’s September 1944 announcement of the termination of the Office of Scientific Research and Development, the Navy organized several conferences to discuss the completion and disposition of NDRC subsurface warfare projects.179

        At one meeting in La Jolla in January 1945, Sverdrup, Fleming, Iselin, and physicist Lyman Spitzer (1914–1997), who had worked during the war on sonar (and would later champion the Hubble Space Telescope) discussed the important role that oceanography could play in surface and subsurface warfare. Among other things, they recommended that several UC Division of War Research oceanography projects be transferred to civilian laboratories.180 In at least two reports proposing postwar oceanographic work that could be done at Scripps, Sverdrup constructed tables specifying the Scripps research programs in one column and their military value in another to underscore the close linkage between oceanographic science and military operations (fig. 1.7).181 In various ways, civilian scientists made clear they wanted to maintain the continuity of scientific research and “insure continuous flow of information to the Navy.”182

        Moreover, oceanographers could not “go back to their ships,” as physicists who had worked on wartime projects could go back to their laboratories, because before the war they scarcely had any ships. Without Navy support, there would be little to go back to. Oceanographers wanted Navy support to continue, and the Navy had made it clear that it wanted to strengthen and extend the navy-oceanography link. Much of this work would be classified, so it would have been essential for Sverdrup to know whether the problems of the war years were fully resolved. Given that he had spent 1943–1945 on military work, it might have seemed that they were. The reality was otherwise—and Sverdrup knew it.

        First, there was the question of leadership. Sverdrup’s forecasting method had helped to enable beach landings under favorable conditions—a central military need based on oceanography and meteorology—but it nevertheless placed him on the periphery of military oceanographic research. Most of his colleagues and students had spent the war years on acoustics, and after the war, acoustic research would be of prime importance. Would Sverdrup be allowed to participate? Would he be a full partner? Could he be a leader? Even if the answers to the first two questions were yes, the answer to the third was probably no; he was behind in his knowledge and understanding. No doubt he could have caught up, but having spent the war on the sidelines, it was unlikely he would take a leadership role. If the answers to all three questions were no, then this meant a thoroughgoing marginalization.

        Second, clearance was not a yes-no proposition (any more than it is today), and there were persistent boundaries to Sverdrup’s participation in military-scientific projects. For example, in 1943, when Sverdrup’s Navy clearance was finally being approved, Revelle recommended the development of new manuals to aid submariners. Traditionally, the Hydrographic Office had produced “Sailing Directions”—pamphlets to provide mariners with information on surface waters. In light of the increasing importance of submarine warfare in the Pacific, Revelle called for the production of “Submarine Supplements to the Sailing Directions” with detailed information on subsurface conditions. As the Pacific War intensified, the production of submarine supplements became a top priority for the Hydrographic Office. Sverdrup played a leading role in compiling the supplements, but this work underscored the limitations to his security clearance, because he was not involved in the data collection—only its compilation.183 He received the temperature data from Richard Fleming, who was collecting the data aboard ships and submarines—and training Navy personnel to do so as well—and then passing on the results.184

        Sonar information also came to Sverdrup indirectly. At Woods Hole, Columbus Iselin and geophysicist Maurice Ewing (1906–1974) had compiled prediction manuals describing the bearing of ocean conditions on evasive tactics, including the greatest distance at which submarines could be evaded and detected (see chapter 2).185 But Sverdrup could work neither directly with sonar nor on Navy vessels that carried sonar equipment, so he had to rely on others to compile and present him with the necessary data.186 This might seem a small thing—nowadays few senior scientists collect their own data in the field—and some scientists might have been pleased to be supplied with large amounts of data that they did not have to take the time to collect. But Sverdrup was not such a scientist; he held to the principle of collecting his own data in order to fully understand it.

        By late 1944, agreements had been reached whereby much of the data on temperature profiles and bottom sediments would be transferred to Scripps and compiled by a team (of mostly women) there. Existing contracts with the Hydrographic Office and the Bureau of Ships would also be extended, but provisions still had to be made for work in the subsurface domain. The Navy, the NDRC, and UC agreed that the UC Division of War Research would be reconfigured as a new facility, the Marine Physical Laboratory (MPL), to be run jointly by the university and the Bureau of Ships.187 But Sverdrup’s suggestion that the new laboratory be made part of a new university-wide Institute of Geophysics was rejected; MPL was established instead at Point Loma on the grounds of the defunct Navy Radio and Sound Laboratory.188 Scripps could contribute to MPL activities through instrument development and related oceanographic work, but for the most part there were few direct ties between Scripps and MPL during Sverdrup’s years. It was only in 1948, when Revelle returned from the Navy and MPL director Carl Eckart (1902–1973) became the new Scripps director, that a much closer relationship began to develop.189

        Sverdrup and Scripps were also hampered by security restrictions in the area of deep-sea exploration and research in radioactivity and oceanography. Deep-sea dredging and sonar tests had demonstrated the existence of guyots—flat-topped seamounts—leading to renewed interest in the structure of the ocean floor.190 Meanwhile, wartime development of seismic refraction techniques and bathymetry provided new means to study its structure (see chapters 4 and 5).191 Although the scientific promise of these techniques was evident, they required use of classified instrumentation and access to ships, submarines, and strategic locations.192 The same was true of work that was expanding as a result of the atomic bomb.

        The use of atomic bombs in Japan in 1945 had created immediate consternation within the Navy, whose leaders scrambled to demonstrate the Navy’s continued relevance in the atomic age. In the autumn of 1945, the US government approved a joint Army-Navy project, Joint Task Force 1—better known as Operation Crossroads—to assess the effects of Pacific atomic bomb tests.193 Revelle was put in charge of the oceanography section, asked to evaluate the waves generated by the blast and their effect on the organisms and geology of Bikini Atoll. But Sverdrup was not invited to participate in Operation Crossroads, or in it its follow-up, the Bikini Scientific Resurvey of 1947.194

        Beyond Sverdrup’s limited participation in these major postwar initiatives, evidence suggests that the political economy of postwar oceanography weighed on his mind. He expressed concerns over secrecy, publication, and the costs of military support—indeed, some of the very concerns that Fox and ZoBell had expressed at a time that likely seemed a lifetime away.195

        In the fall of 1945, when the Navy Office of Research and Inventions—soon to become the Office of Naval Research (ONR), much praised for the support it rendered—began sending officers to discuss possible research contracts, Sverdrup’s feelings were mixed. In November, he told a Berkeley colleague categorically that Scripps would not accept any contract that restricted freedom in any phase of its work. In contrast, writing to UC vice president C. A. Dykstra just a month later, he maintained that “key men in any research group need full cognizance of possible military applications of their work. That will stimulate their research and draw attention to other new opportunities.”196 Sverdrup was clearly conflicted, having experienced firsthand the constraints and—in his personal case—indignities of military work, but equally witnessing the military and scientific significance of the work done. Military work had created major new opportunities for oceanographers, and the Navy had become the source of all the most significant of those opportunities.197

        The Navy’s limitations on Sverdrup’s access to subsurface work may have had implications for the new Institute of Geophysics being developed at UCLA and later expanded to the La Jolla campus. The institute brought together the scientists who had worked on the officer training program—Jacob Bjerknes, Jürgen Holmboe, and Joseph Kaplan—to offer new opportunities for research and education in meteorology and ocean-atmosphere interactions, but they could offer little in the way of marine geophysics, in part because of security issues.198

        One letter proves that Sverdrup’s problems had not gone away and that he knew it.199 In 1946, Richard Fleming accepted a position with the Hydrographic Office as chief of the Division of Oceanography, where he would have a substantial influence on Navy support for oceanographic research. In August 1947, he wrote to Sverdrup to ask whether Scripps could prepare reports on bottom sediments for the Navy. The work could be done, he suggested, under an existing Hydrographic Office contract on submarine geology.200 At the bottom of the letter, however, Fleming penciled in a handwritten note: “This work would probably have to be classified, as the areas and the publications are CONFIDENTIAL. This may cause you some difficulties. —Richard.”201

        Sverdrup must have been uncertain how to reply, because he delayed uncharacteristically in responding. Two months later, Fleming reminded him that they had “never decided” on the submarine geology program; he offered to visit in November to discuss it. If the visit occurred, there is no record of it. Perhaps that is because, just around that time, Sverdrup made the decision to return to Norway.202 Did Sverdrup leave because of the security issue? We may never know for sure, but consider this: How could Sverdrup continue to lead Scripps if he were unable to participate in its major research initiatives? How could he judge his faculty’s work—their prospects for tenure and promotion—if he were unable to read all their publications?

        Sverdrup’s decision to leave threw Scripps into disarray. Simmering tensions broke out into open dispute over who would be the next director (a dispute in which Fox and ZoBell would again play a major role). After a brief interregnum under physicist Carl Eckart, Revelle became director. His close links with the Navy appear to have been part of his appeal to both university administrators and Navy patrons; over the following decade Revelle would move the institution even farther in the direction of Navy sponsorship than Sverdrup had ever envisaged.203

      
      
        Conclusion

        American science in the nineteenth and early twentieth century was not independent of the federal government, and many leaders of American science had links to the armed services of one sort or another.204 But World War II represented a new level of involvement and unprecedented funding by the federal government, particularly by its military and security agencies.205 This had significant ramifications for the direction of, and at times even control over, scientific work.

        Henry Bigelow perhaps went too far when he argued that scientific projects funded by the Navy are “in reality the property of the Navy department.” Then again, perhaps not. When oceanographers joined military projects during the war and looked to the Navy to be their patron after the war, they were implicitly agreeing to a significant degree of Navy control over projects, publications, and personnel. The disputes at Scripps over the antifouling studies and the exclusions of Harald Sverdrup and Walter Munk from particular projects were troubling to these men and to their colleagues. But the larger historical point is not about the impacts of security restrictions on one man or several: it is about the impact of Navy patronage on their scientific discipline and the direction in which it became oriented.206

        In the decades following the war, American oceanographers would strive to put oceanography on a firm financial footing without sacrificing their intellectual integrity and autonomy. In 1948, it was not clear that they could or would succeed. One thing, however, was clear. American oceanography in the future would be very different from what it had been in the past, and the US Navy would be central to that difference.

        When Sverdrup left the United States, Scripps in particular and American oceanography in general lost an exceptional leader: a man of profound integrity and broad scientific vision. They lost a leader committed to fieldwork and the experience of nature in its rawest forms. And they lost a committed internationalist who knew and worked with scientists from around the globe, for whom science was always a collective and never just a personal project. When Harald Sverdrup went back to Norway, American science was the poorer for it.

        The lasting irony of this story is that the two men who did the most to damage Harald Sverdrup’s reputation—Denis Fox and Claude ZoBell—opposed him on the issue of military sponsorship of science. Sverdrup wanted military contracts for Scripps; Fox and ZoBell believed it threatened the freedom and autonomy of scientific research. Who was right? How much control did the US Navy exert on American oceanography in the years to come? What difference does it make who funds science? These questions guide the remainder of this book.
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        Seeing the Ocean through Operational Eyes: The Stommel-Arons Model of Abyssal Circulation

      
      Some scientists at Scripps in the 1930s were worried that Navy concerns might overwhelm their research agenda, but others welcomed financial support that they viewed as enabling them to do “their” science. What neither group seems to have anticipated was that focusing attention on operational problems might lead them, for better or worse, to view the ocean in a different way. And they certainly did not anticipate that looking at the ocean in a different way, because of operational concerns, would lead to a major theoretical breakthrough. But at Woods Hole in the 1950s, this is what happened. The operational problem was the effect of the thermocline on sonar; the breakthrough was the understanding of deep-ocean circulation.

      Throughout history, naval warfare had mostly been a matter of ships at sea—which is to say ships on the sea—and this had made the matters of winds, waves, tides, and currents of great salience.1 But these phenomena had been interpreted as essentially surficial; from a naval standpoint the deep sea was largely irrelevant. Scientists, in contrast, had long been motivated to understand the deep sea but for the most part lacked the means to do so. This did not prevent them from trying; nor did it inhibit their theorizing. In the nineteenth century there had been a great debate about the origins of currents: whether they were a surface phenomenon related to wind, or a deeper-seated phenomenon perhaps related to variations in temperature and salinity. Some military hydrographers, notably the nineteenth-century hydrographer Matthew Fontaine Maury, had engaged in these debates, but most Navy officers felt they had more pressing things to worry about.

      In the mid-twentieth century, this changed. The impact in World War II of subsurface warfare—and the emerging notion after the war that in the not-too-distant future nuclear-powered submarines would carry nuclear-powered weapons—made the conditions of the deep sea suddenly very pertinent. Indeed, in a future nuclear Navy, they might become decisive. For the first time in history, scientists and military officers found themselves with a shared interest in the deep sea, particularly the interrelated questions of the origin of (surface) currents and whether there might be deep-ocean circulation.

      From the military standpoint, an element of particular concern was sound and its potential role in subsurface warfare.2 Radio waves do not propagate through water, so for a fully submerged vessel sound was the only potential means of communication. It was also a potential means to detect the enemy or be detected by him. As early as World War I, scientists in Germany, Russia, and the United States had studied underwater sound transmission for its pertinence to submarine warfare, but no effective means of underwater communication or detection had been developed.3 In any event, early U-boats could not stay submerged for very long. Things changed with the invention of the snorkel and overall improvements in submarine design, which permitted submarines to go deeper and stay submerged longer. The topic of subsurface communication and detection became a major focus of the US National Defense Research Committee during World War II, inspired by the increased efficacy and exigencies of submarine warfare.4

      One key scientific advance was the establishment that the speed of sound in water depends on the water’s density, and that sound waves, like light waves, are refracted as they move through zones of different density. This results in the production of acoustic “shadow zones”—regions where sound waves do not penetrate—thus possibly allowing a submarine to avoid detection. And the density of water is in part a function of temperature and salinity. Access to accurate data on temperature and salinity changes with depth could therefore make the difference between hiding successfully from an enemy and being torpedoed.

      Sound refraction also creates acoustic “channels” in which sound waves travel efficiently—enabling effective long-distance communication. Because sound channels are caused by refraction, understanding them, like the shadow zones, also required knowing the spatial distribution of temperature and salinity. And so, starting during World War II and continuing into the Cold War, the Navy invested considerable resources into understanding temperature and salinity variation with depth. Key to this was the bathythermograph (BT), an innovative instrument that recorded temperature variation with depth.5 The BT was used during World War II to make hundreds of thousands of high-accuracy temperature-depth profiles—typically down to about six hundred to nine hundred feet—referred to as bathythermograms or BT profiles.6

      Before the development of the BT there were scant data on subsurface conditions, and of very variable quality. Now, for the first time, oceanographers had reliable, geographically extensive data on the conditions of the ocean at greater depth.7 This meant they could begin to revisit the long-standing questions of the driving force of ocean circulation and whether the great ocean currents were only a surface phenomenon or extended to depth. Nine hundred feet was not nearly the entire ocean depth, of course, but by the 1950s, means to explore the deepest portions of the sea were beginning to emerge. In 1955, Naval Electronics Laboratory oceanographer Robert Dietz (1914–1995)—later known for his contributions to plate tectonics (chapter 5)—was particularly excited about the bathyscaphe Trieste, a deep-sea submersible vessel invented in the late 1940s by explorer Auguste Piccard (and later made famous by Jacques Cousteau). Writing to Scripps colleague Henry W. “Bill” Menard (1920–1986), he suggested they might use the bathyscaphe to measure deep currents, “one of the most critical unknowns of physical oceanography.”8

      Deep-ocean interest was reinforced in the 1950s by the emergence of nuclear waste as a political and scientific problem.9 To many people, the ocean seemed a good place to dump high-level radioactive waste, but this rested on the assumption that there were no deep currents, or only very sluggish ones, so that radioactive waste put at the bottom of the sea would remain there.10 If strong currents swept the seafloor, then the wisdom of disposing of dangerous wastes in the deep sea was doubtful at best (chapter 8).11

      Thus in the 1950s, both the US Navy and the US Atomic Energy Commission invested substantial resources in the study of the deep sea. The result of this confluence of scientific, military, and political interest was a comprehensive research program at four academic institutions—the Lamont Geological Observatory (later Lamont-Doherty, today the Earth Institute) at Columbia University, the Scripps Institution of Oceanography, the Woods Hole Oceanographic Institution, and the University of Washington—which revolutionized the understanding of deep oceanographic processes. At Lamont, oceanographer Bruce Heezen (1924–1977) and his graduate student Charles Hollister (1936–1999) demonstrated the existence of “contourites”—sedimentary deposits formed by currents running along the topographic contours of the continental shelf. Hollister later demonstrated the existence of benthic storms capable of scouring the ocean beds and redepositing large amounts of sediment in very short periods of time.12 At Scripps, Walter Munk analyzed friction and wind data to lay the basis for the contemporary understanding of coupled ocean-atmosphere circulation.13 And at Woods Hole, Henry Melson Stommel (1920–1992) and Arnold Arons (1916–2001) constructed the first generally accepted mathematical model of abyssal circulation, which demonstrated that there is deep-sea circulation and that density differences are central to it.14

      The Stommel-Arons model of abyssal circulation still provides key elements of our basic theoretical framework of ocean circulation: density-driven circulation combined with the Earth’s rotation. Cold-water sinks in relatively limited areas, but there is an upward flow of water throughout the abyssal ocean. Density-driven circulation combined with the Earth’s rotation also explains the existence of western boundary currents and the phenomenon known as “westward intensification”—the strengthening of the western arms of ocean currents. The Stommel-Arons model predicted that these currents—already recognized at the time in some of the world’s oceans—had to be a general phenomenon, an insight often cited by oceanographers as a rare example of a successful prediction in their field.15

      But this profound scientific breakthrough did not come simply from thinking harder or more clearly. Nor did it come from collecting more or better data. It came from Henry Stommel’s paying attention to a natural phenomenon—the thermocline—that other oceanographers had mostly ignored but whose understanding had proved critical to successful sonar operation. To appreciate his breakthrough, we need to step back into the long history of debate about ocean circulation.

      
        The Problem of Ocean Circulation

        For centuries, scientists and mariners sought to understand ocean circulation, particularly the great surface currents that were crucial to sailing ships.16 Historically, there were two major schools of thought: one, that winds were the driving forces of ocean currents, and the other, that density differences were. The equatorial current—widely recognized in the sixteenth century as traveling from east to west—was obviously consistent with prevailing easterly winds, which could be explained by the rotation of the Earth.

        Less easy to decipher was the Gulf Stream. In the eighteenth century, it was known that ships could make the trip across the Atlantic fastest if they went out along low latitudes and returned at higher ones; some interpreted this as a northward deflection of the equatorial current when it collided with the Americas on the western side of the Atlantic. However, Benjamin Franklin had shown that the surface waters in the Gulf Stream were warmer than in the adjacent waters, suggesting that temperature variations (and the density differences they produced) might be causal. It also meant that temperature measurements could be used to reveal currents, providing a substantial incentive for mariners to make such measurements.17 But they were vexing to do: thermometers generally broke when submerged to any extent or overestimated temperature because of pressure on the bulb, and a thermometer lowered to great depth would in any case re-equilibrate as it was retrieved. Various devices were invented and approaches tried—such as wrapping thermometers in lamb’s wool—but most were more ingenious than successful.18

        In the late eighteenth century it was discovered that Antarctic waters were colder at the surface than at depth—the reverse of what had been seen everywhere else. In 1787, the Irish chemist Richard Kirwan (1733–1812) proposed that sinking of these cold (and therefore dense) surface waters could drive deep circulation. Benjamin Thompson, Count Rumford (1753–1814), took up the idea, and in the work that is generally credited as the first developed concept of density-driven circulation, proposed that cold air blowing over the polar regions cooled the sea’s surface layer; this cold, dense water would sink, displacing warmer water at depth and forcing it toward the equator. Equatorial waters would then flow along the surface to replace the sunken polar waters, creating a giant convective system. Rumford’s ideas were embraced by the great Alexander von Humboldt (1769–1859) and by Emil von Lenz (1804–1865).19 In 1845 Lenz proposed a simple and influential model in which cold deep water derived from the polar regions merged in two major zones of vertical upwelling on either side of the equator (fig. 2.1).20

        In North America, the concept of density-driven circulation was championed by Matthew Fontaine Maury (1806–1873), the controversial superintendent of the US Naval Observatory who would resign his service in 1861 to join the Confederacy (President Andrew Johnson pardoned him in 1868). Maury’s treason has made him a contested figure in history, but in his day he was arguably the world’s leading hydrographer. His 1855 Physical Geography of the Sea provided the first comprehensive scientific discussion of the deep sea, as well as the first proposal for density-driven circulation to be widely noticed in the United States.21
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          Figure 2.1 Lenz’s model of meridional circulation, 1845.

          From E. Lenz, “Bermerkungen über die Temperatu des Weltmeeres in verschiedenen Tiefen,” Bulletin de la Classe physico-mathématique de l’Académie impérial des Sciences de Saint-Pétersbourg 5 (1845): 67–74.

        
        Maury focused attention on a key difference between the ocean and the atmosphere. In the atmosphere warm air rises and cold air sinks, driving atmospheric circulation. However, in the ocean, ceteris paribus, the warmest waters are at the surface, a thermodynamically stable configuration. Ergo, no circulation, but for one thing: salinity. Therefore, the salt content of the ocean—known to vary substantially in some surface waters—must be a factor in ocean circulation. In hindsight, Maury’s important contribution was to call attention to the haline component of what we now call the thermohaline circulation, but it was not viewed that way at the time. In the United States, his work was discredited by his treason; in Britain it ran up against James Rennell (1742–1830) and the 4° theory and then subsumed in a bitter scientific feud known as the Carpenter-Croll debate.22

      
      
        James Rennell, the 4° Theory, and the Carpenter-Croll Debate

        James Rennell was the leading British geographer of his day; his 1832 Investigation of the Currents of the Atlantic Ocean provided the first detailed and systematic treatment of Atlantic surface currents.23 His work persuaded most of his readers that the major currents, like the Agulhas and Gulf Stream, were driven by winds modified by interaction with land masses with density differences playing little if any role.24

        Why did Rennell discount density effects? At the time, most people assumed that seawater would behave like fresh water, experiencing a density maximum near 4°C (39°F)—and most deepwater measurements came out around that value—so it began to be assumed that all deep water was 4°C; historian Margaret Deacon has labeled this the “4° theory.” If the 4° theory were correct—and deep waters were more or less uniformly at their density maximum—then there would be no significant differences to drive circulation.25

        Meanwhile, scientists were also debating whether there was—or even could be—life in the deep sea. Most natural historians tended to assume that without light and nutrients there couldn’t be life at depth; this was broadly linked to a static picture of the deep sea.26 Matters changed in the late 1850s when a broken cable retrieved from 1,200 fathoms during the laying of the transatlantic telegraph line was found to have marine animals clinging to it.27 In August 1868, British naturalist C. Wyville Thomson (1830–1882), professor of natural history at Queens’ College, Belfast, and William B. Carpenter (1813–1885), vice president of the Royal Society (which supported the venture), sailed on HMS Lightning to look for life in the deep sea.

        Thomson and Carpenter found that the distribution of temperature with depth was not as expected. Not only did temperature frequently fall below 4°; it also varied dramatically, sometimes over short distances. Deducing that earlier workers must have failed to account for pressure effects on their measurements, they contacted the firm that manufactured the Admiralty’s meteorological instruments. The result was the Miller-Casella protected thermometer, in which an outer bulb filled with alcohol protected an inner mercury-filled measuring device.28 With the new thermometer in hand, Thomson and Carpenter went back to the North Sea on HMS Porcupine.29 The 1869–1870 voyage disproved the 4° theory, showed that there was life in the deep sea, and convinced Carpenter that there was density-driven circulation.

        In the Lightning observations, Thomson and Carpenter had found warm water—in the upper 40s Fahrenheit—at depths as great as five hundred fathoms (approximately three thousand feet). Yet only a few miles away, temperatures fell to 32°F. Associated with these different thermal regimes were different sets of fauna; this indicated that the temperature contrasts were not instrumental artifacts. On Porcupine, they replicated this result. In each region, depth had little effect on temperature—the cold regions were cold throughout, and the warm regions warm throughout—and each thermal region had a distinctive faunal community. This suggested that the measurements were revealing different water masses, at different temperatures, with different nutrients.30 Following Rumford, Humboldt, Lenz, and Maury before him, Carpenter became an advocate of density-driven deep circulation. Still, most British scientists remained loyal to Rennell, whose earlier arguments were being defended by geologist James Croll (1821–1890).31

        Croll is a hero to many climate scientists for his early advocacy of the link between orbital variations and Earth climate cycles—an idea later developed by Milutin Milankovitch (1879–1958), whose name it now carries—but Croll rejected the density-driven circulation that is now thought to play a significant role in climate.32 Croll had shown that the Ice Age was not a single episode of glaciation but a series of glacial and interglacial periods; he proposed that they were caused by variations in the eccentricity of Earth’s orbit, which altered the climate by altering the pattern of wind-driven circulation. To give up the theory of wind-driven circulation was thus to threaten his account of climate change. Croll let things get personal, viewing Carpenter as an enemy whom he attacked in a series of acrimonious and dismissive articles in Nature and elsewhere, published in the early to mid-1870s.33 Scientific opinion remained focused primarily on wind-driven circulation.

      
      
        The Scandinavian School

        In the late nineteenth century, things began to shift as physical oceanography received new impetus from Arctic explorers, particularly the Scandinavians Fridtjof Nansen and Roald Amundsen. In the Fram expedition (1893–1896), Nansen completed the first pack-ice drift across the Arctic and discovered that the direction of the ice drift diverged from prevailing wind directions by 20° to 40°. Suspecting the Coriolis force—articulated by French natural philosopher Gaspard Coriolis (1792–1843) but as yet unapplied to ocean dynamics—Nansen placed the problem before a brilliant Swedish oceanography student, Vagn Walfrid Ekman (1874–1954). Ekman demonstrated mathematically that the drift of the Fram was consistent with wind-driven currents modified by the Coriolis effect, an effect that now bears his name: the Ekman spiral.34 This pathbreaking work—with its attention to the geostrophic effects (i.e., the interaction between pressure gradients and the effects of Earth’s rotation)—became a cornerstone of the new dynamic oceanography, further developed by Bjørn Helland-Hansen (1877–1957), Johan Sandström (1874–1947), and Harald Sverdrup.

        The foundation of dynamic oceanography was an analogy between the atmosphere and the ocean. Sverdrup’s mentor Vilhelm Bjerknes had demonstrated that atmospheric air masses moved under the effects of baroclinicity: differences in pressure controlled primarily by temperature and modified by the effect of Earth’s rotation. By analogy, the ocean could be understood as water masses moving under the influence of pressure differences that were caused by temperature, salinity, or both, and modified by the Earth’s rotation. This defined a research program, and the Bergen school—as it came to be known—developed the equations needed to calculate ocean dynamics.35 However, researchers lacked the data needed to solve them. Advances would require improved instrumentation to obtain better data. This came (in large part) in the form of the Nansen bottle.36

        In response to the long-standing difficulty of obtaining accurate deepwater temperature measurements, Nansen had invented a self-sealing insulated bottle to collect deepwater samples and measure their temperatures in situ with a pressure-protected thermometer. Early results of dynamic calculations, based on measurements obtained with Nansen bottles, suggested that density-driven circulation might not be inconsequential, particularly in the middle layers. Meanwhile, the question of deep circulation had been taken up by German-speaking scientists in a series of late nineteenth- and early twentieth-century expeditions: Gazelle (1874–1876), Valdivia (1898–1899), Gauss (1906–1907), Deutschland (1911–1912) and, above all, the German Atlantic Expedition of 1925–1927, better known by the name of the ship Meteor.37

        The Meteor expedition was the brainchild of Austrian oceanographer Alfred Merz (1880–1925), the third director of the Institut für Meereskunde in Berlin, founded in 1900 (and closed in 1946, having been destroyed during World War II). Merz had worked with the Imperial Navy during World War I preparing tidal charts to aid in submarine warfare. Merz was a passionate advocate of systematic data collection as essential to advancing theoretical understanding; most of his early work consisted of detailed time-series measurements on lakes, which he considered a model for open-ocean processes. He also closely followed the Bergen school.38 Merz’s dream was an extended German expedition to the Pacific and Atlantic Oceans—along the lines of the HMS Challenger expedition—but the fiscal realities of the 1920s limited his ambitions. He achieved instead a focused study on the South Atlantic, emphasizing bathymetric, temperature, and salinity measurements. Sadly, Merz contracted pneumonia on the first leg of the expedition and died in Buenos Aires at the age of forty-five; the work was continued by his student George Wüst (1890–1977).39 In later years, Wüst summarized the intellectual state of affairs at the time: there was empirical evidence of deep circulation, but theoretical understanding “remained very schematic.”40

        Educated in Berlin in the early 1910s, Wüst had traveled to Bergen 1913 to study with Helland-Hansen, then returned to Berlin to be Merz’s assistant. In preparation for the Meteor work, Wüst and Merz compiled and analyzed data from prior expeditions, particularly the Deutschland. In 1921, Wilhelm Brennecke had published the results of that expedition, which showed that the deep Atlantic was filled with cold, dense waters.41 He suggested that these derived from two discrete polar regions: the Weddell Sea (adjacent to the West Antarctic Ice Sheet) and the North Atlantic above 60° latitude, with the former being colder and denser (fig. 2.2).
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          Figure 2.2 Brennecke’s diagram, 1921, of the Atlantic “Teifenzirkulation.”

          From Wilhelm Brennecke, “Die ozeanographischen Arbeiten der Deutschen Antarktischen Expedition 1911–1912,” Aus dem Archiv der Deutschen Seewarte 39, no. 1 (1921): 216.

        
        Brennecke’s model was similar to Lenz’s, but it had greater subtlety and detail. The Antarctic bottom waters, for example, did not rise back to the surface at the equator, as Lenz had supposed, but appeared to penetrate north as far as 10° to 20°, slipping below the North Atlantic deep layer. Similarly, the cold waters from the North Atlantic penetrated south past the equator at depths of 1,000–3,000 meters.42 Brennecke established the principal patterns of meridional circulation in the Atlantic and identified what we now call Antarctic Bottom Water and North Atlantic Deep Water, but, as historian Eric Mills has noted, rather than see themselves as building on what Brennecke had done, Merz and Wüst saw themselves as refuting it.43

        Part of the problem was jealousy: Brennecke published his results in 1921—a decade after the completion of the Deutschland—just as Merz and Wüst were completing their magnum opus, Der atlantische Vertikalzirkulation, published in 1922.44 Not prepared to let Brennecke steal their thunder, Merz and Wüst argued that most of the results emphasized by Brennecke could be extracted from the data of the Challenger expedition. Moreover, they challenged Brennecke’s picture of ocean circulation by calculating the expected pressure field from the distribution of temperature and salinity (but without geostrophic corrections). Their conclusion? A general northward circulation above 1,000 meters and a southward one below about 1,400 meters (fig. 2.3). But that was all. The pressure gradients did not appear to be sufficient to drive large-scale circulation.45

        
          [image: ]

          Figure 2.3 Merz and Wüst’s model of ocean circulation.

          From Alfred Merz and Georg Wüst, “Die atlantische vertikalzirkulation,” 1922, from Die Atlantische Vertikalzirkulation. Zeitschrift der Gesellschaft für Erdkunde zu Berlin, Jahrgang 1922, 1–35.

        
        As with Carpenter and Croll, the debate between Wüst and Brennecke became bitter. In 1922 the editor of the Zeitschrift der Gesellschaft für Erdkunde was so fed up that he declared the controversy closed; he would publish nothing further on it.46 But there was a deeper problem, which Eric Mills has noted: Merz’s and Wüst’s analysis was born obsolete. They had calculated a static pressure distribution, ignoring the geostrophic effects that Ekman and others had demonstrated.47 Moreover, their work was superseded by British oceanographer George Deacon (1906–1984), who in 1937 published Hydrology of the Southern Ocean, based on both the German work and his own data collected on the British Discovery expeditions, particularly Discovery II’s 1932–1933 circumnavigation of Antarctica.48 Deacon explicitly proposed Antarctic Bottom Water originating in the Weddell Sea as a major component of a global circulation. Then World War II put the whole matter on hold.

      
      
        Ocean Circulation after World War II

        When European oceanographers regrouped after World War II, the question of ocean circulation was high on their agenda, particularly for Alfred Defant (1884–1974), who had succeeded Merz as director of the Berlin Institute. An Austrian trained in geophysics and meteorology, Defant became the leading German-speaking oceanographer of his generation and a staunch advocate of the dynamic method.49

        In his 1945 text Physical Oceanography, Defant reviewed the previous hundred years of thinking on density-driven circulation and explained why, despite some evidence, arguments for density gradients as a large-scale driving force remained unconvincing. Germans, he argued, were still thinking primarily in terms of the Lenz model, which had assumed “an upward directed component near the equator” to explain the presence of cold near-surface waters there.50 This was too simplistic. Defant underscored that it was a mistake to press the analogy between ocean and atmosphere too strongly (for the reason Maury had earlier stressed): the atmosphere was warmed from below, a thermodynamically unstable situation that caused warm air masses to rise and drive convective overturn, but the ocean was warmed from above, a thermodynamically stable configuration. As Defant put it, “Conditions are not favorable for the development of powerful [density-driven ocean] circulation systems. In any case they can be only of small vertical extent and they will be entirely incapable of filling the whole of the oceanic space from the poles to the equator.”51

        Although his argument began along the same lines as Maury’s, it diverged on the matter of salinity effects, again for thermodynamic reasons. Increase in salinity acts in concert with temperature decrease: circulation is favored when cold waters are salty and warm waters are fresh. But on Earth, evaporation produces warm, salty waters, so the thermal and haline effects act in opposing ways.52 Defant did not ignore the possibility that in polar regions, waters could be so cold as to be dense enough to sink, with or without increases in salinity, but like most others before him, he thought that the effects would be minor and local. Drawing on the meteorological tradition that had inspired dynamic oceanography—and picturing the ocean as a mirror image of the atmosphere—he distinguished between the oceanic “troposphere,” or the warm surface layer strongly influenced by the atmosphere, and the oceanic “stratosphere,” composed of nearly uniform masses of cold, deep water below. He allowed that there must be some sinking of very cold polar waters “due to their low temperature and in spite of their low salinity,” and that sinking probably “reaches down to great depths.”53 But how widespread was this effect? And how great were the depths to which the polar waters would sink? The data were inadequate to answer these questions, and so, in the absence of data to demonstrate an effect, Defant assumed there was none.54

        Defant’s views were shared by Harald Sverdrup, who by 1942 was working with Defant’s former student, Lodewyk Lek (chapter 1).55 In The Oceans, Sverdrup characterized the state of knowledge of deep circulation as one of ignorance. There were some data to indicate density differences at depth and some to indicate currents but not enough to pin down the relationship, if any, between them. “It is impossible to tell,” he concluded, “whether the distribution of density causes the currents or the currents cause the distribution of density.56 Like Defant (and countless other scientists before and after him), Sverdrup took the absence of evidence as evidence of absence and concluded that any deep currents were likely to be “so weak that they are negligible.”57

        Sverdrup calculated the degree of accuracy that would be needed to determine if density differences were sufficient to drive deepwater flow; his answer was temperature measurements accurate to 0.02° C and salinity measurements accurate to 0.02 percent. For near-surface samples, this had been achieved in the 1930s with reversing thermometers, and in the 1940s with the BT, but accurate deepwater temperature measurements and high-precision salinity remained elusive. Moreover, full understanding would require extensive measurements in time and space to allow for the full range of regional and seasonal variability. Sverdrup concluded that resolution would await much more extensive and more accurate data collection. He was wrong. After nearly two centuries of measuring, theorizing, and, in some cases, bitter argumentation, what made the difference in understanding ocean circulation was not more data but a different way of thinking about the problem. And that different thinking was inspired by a specific World War II operational problem: the effect on sonar of the ocean thermocline.

      
      
        Henry Stommel and the Problem of Abyssal Circulation

        Brilliant, creative, funny, original, and unpretentious, Henry “Hank” Melson Stommel was a man who teemed with ideas and possessed a unique ability to get to the physical essence of a problem. An unscientific poll of oceanographers in 1979 rated him the most famous oceanographer in the world, primarily for his work on abyssal circulation.58

        In a letter nominating Stommel for an honorary degree in 1959, one colleague noted that he had the virtually singular distinction of making a theoretical prediction in oceanography confirmed by observation: the prediction of a deep boundary current on the western side of the Atlantic moving toward the equator—essentially a countercurrent to the Gulf Stream—verified in 1957.59 As Stommel’s collaborator Arnold Arons later noted, it was common for oceanographers to devise a posteriori explanations for observed phenomena, but almost unknown for them to predict an unobserved one.60 Among some oceanographers today, the lore is that Stommel is the only oceanographer to do this.61

        Like many smart people, Stommel was independent minded, strong willed, and more than occasionally impatient—a price he felt “one pays for intelligence and imagination.”62 He never hesitated to refuse service on a committee he considered pointless, or to express his distaste for actions he considered foolish or misguided. He frequently turned down administrative appointments and felt that scientists made such poor administrators that Woods Hole should establish a training course for careers in geophysics administration—akin to hospital administration—so the work could be done by competent professionals rather than incompetent scientists.63 In his files, Stommel kept several copies of a painting of Michael Faraday declining the presidency of the Royal Society.

        Stommel also lived with myriad tensions and contradictions. He expressed misgivings over the application of science to warfare, yet his fame was based on work funded almost entirely by the US Navy. Philosophically, he was committed to personal autonomy and viewed scientific research as an expression of individual curiosity and creativity, yet he became a driving force behind several highly political, big-science projects of the 1970s.64 He accepted that large-scale data-gathering enterprises were necessary—indeed, he believed that all previous oceanographic advances had been rooted in new and better data—yet he worried that large enterprises were risky to individual autonomy and creativity. His scientific hero (besides Faraday) was John Swallow (1923–1994), the gentle and modest inventor of the neutral-buoyancy float, a “full sized observer in the old-fashioned one-man way.”65 Yet Stommel’s most important contribution would be based not on observation, but on insight.

        As strong and perhaps contradictory as his views were, they rarely generated ill will, perhaps because of his wry sense of humor. In the 1960s, when a bitter dispute broke out between faculty and Woods Hole director Paul Fye (1913–1988), Stommel tried to make the faculty case with satire (chapter 3). In 1990, when he thought Woods Hole was tipping too far in the direction of computation at the expense of fieldwork, he proposed a new design for the institution’s letterhead: replacing the graceful research vessel Atlantis with an ungainly computer monitor (fig. 2.4).66
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          Figure 2.4 Stommel’s proposed new letterhead for the Woods Hole Oceanographic Institution.

          From Henry Melson Stommel Papers, 1946–1996, MC-06, “Correspondence, 1990,” Data Library and Archives, Woods Hole Oceanographic Institution. Reprinted with permission from Woods Hole Oceanographic Institution.

        
        Stommel built his exceptional career on no formal education in oceanography. Growing up in Brooklyn, New York, where his mother settled after divorcing his father, he attended a public school populated largely by the children of Jewish and Scandinavian immigrants, where he saw that “application to school work was our only escape from uncertain employment.”67 He spent a year at the prestigious Townsend Harris High School, a competitive public high school in Queens, before the family moved to Long Island. He earned a scholarship to Yale, receiving his BS in astronomy in 1942. For the next two years, he concurrently worked at the Yale Observatory and took courses at the Divinity School, deciding between a career dedicated literally to the heavens or only metaphorically so.

        In 1944, he was offered a position at Woods Hole, where money was pouring in for military oceanographic work and qualified scientists were in short supply. He joined as a research associate working with geophysicist Maurice Ewing (1906–1974), analyzing bathythermograms.68 Ewing was proud of the concrete value of this work for wartime military operations; later, as director of the Lamont Geological Observatory, he would foster extensive ties with the Navy (chapter 5).69 But Stommel had misgivings, recalling later that he “was troubled by the morality of killing in war.” He rationalized his involvement in antisubmarine warfare as “the least immoral of any military application of science that I could do,” insofar as it “did not involve civilian targets.”70

        After the war, Stommel would make his name with an analysis of western boundary currents. His 1948 paper “On the Westward Intensification of Wind Driven Currents” demonstrated that westward intensification was a direct consequence of the variation of the Coriolis effect with latitude. This insight explained the strength and location of the Gulf Stream and predicted a deep countercurrent traveling toward the equator under the Gulf Stream. This prediction was confirmed in 1957 by Stommel’s hero, John Swallow, along with Valentine Worthington (1920–1995), using Swallow’s neutrally buoyant floats to make the needed measurements at the appropriate depth.71

        In Arons’s view, the paper “launched a new episode in physical oceanographic work” that emphasized the connection of the world’s oceans at depth and the fact that the atmosphere and ocean form a coupled resonant system.72 It certainly launched Stommel’s career. “Though it all seems too obvious and compelling in retrospect it is well to note that Bjerknes, Ekman, Defant, Sverdrup and [Carl-Gustaf] Rossby had not perceived the connection with westward intensification in a bounded basin. It was the youthful Henry Stommel who did,” Arons recalled.73 Ekman had incorporated the Coriolis effect into his analysis of the relation between winds and currents, but no one had incorporated its variation with latitude, even though the latter was well known. Moreover, this would be just the first step in a comprehensive, pathbreaking reconsideration of the problem of ocean circulation. To understand how the youthful Henry Stommel—a onetime aspiring astronomer without a PhD—was able to solve a problem that had eluded the oceanographic greats, we need to look more closely at Woods Hole in the years just after World War II.

      
      
        Postwar Woods Hole and Its “Basic Task”

        The immediate postwar years were an anxious time for all American scientists as they wondered whether wartime military largesse would continue (and some hoped it would not), but the anxiety was particularly acute for oceanographers. Few Americans before the war had ever made professional careers in the field. The issues that plagued Sverdrup at Scripps—whether a continued wartime largesse would help or hinder him personally—also affected Stommel. Lacking a PhD, he particularly wondered whether he would be able to pursue a career in an expanded, more professionalized environment. In 1950, he asked Columbus Iselin for advice: should he go to Scripps for an advanced degree? Iselin replied: “The essence of your problem is whether or not a married man has any business fooling around in an obscure field like oceanography. Whoever heard of a professor of physical oceanography, except in Germany? Things may be different in the future, but past performance would indicate that your children are bound to starve.”74

        Iselin thought the future would be different, but he also thought that Stommel did not need a PhD to be part of it because he had already learned “on the job.” Moreover, at Scripps he would always be “one step behind Walter Munk,” who was working on a parallel track but with superior mathematical skills.75 It would be better to stay at Woods Hole, Iselin advised, and wait for a university position to open: “Have a talk with . . . anybody else whose opinion you value, but don’t sign yourself up as a student at Scripps. What can they teach you?”76

        Evidently, Stommel believed the folks at Scripps could teach him something, because he wrote to Sverdrup asking to be taken on as a PhD student. Sverdrup rejected him. Stommel thought Sverdrup disliked the fact that he had written a popular book (Science of the Seven Seas); more likely Sverdrup rejected him because he (Sverdrup) had already made the decision to return to Norway (chapter 1). In any case, Stommel did not gather a favorable impression when he visited. He greatly respected Munk, but that was about it: “All the other people here who are actually looking at and thinking about ocean circulation . . . are junior assistants of the Tuna Commission or something,” he concluded dismissively.77

        Stommel stayed at Woods Hole, and his children did not starve. On the contrary, he became one of the principal beneficiaries of the “basic task contract,” which in 1950 had already been supporting his research for four years. Indeed, less than a year after the end of World War II, Woods Hole signed a contract with the Office of Naval Research to continue investigations begun during the war on oceanographic questions relevant to Navy concerns.78 Officially the title was “military defense oceanography”; Woods Hole staff called it the “basic task.” Its stated goal was to increase “our knowledge of oceanographic phenomena.” In practice the contract formalized the relationship forged between Woods Hole and the Navy during the war: one of mutual interest in shared concerns but with a primary focus on aspects of physical oceanography relevant to military operations.79 For the following two decades, military defense oceanography would be the basic task of Woods Hole.

        If oceanographers saw the US Navy as a good patron—and despite the troubles at Scripps during the war, nearly all of them did—the basic task contract illustrates why. The Navy wanted to increase oceanographic knowledge and so did oceanographers. It seemed natural, and even obvious, that the relationship forged in war should be continued in peace to mutual benefit. If Woods Hole would change as a result, those changes would be for the better, as the institution would be able to pursue oceanographic investigations with a vigor and consistency that was previously impossible.

        As historians Susan Schlee and Gary Weir have documented, Navy funds transformed Woods Hole just as they transformed Scripps. Both institutions had been established by private philanthropy, and at both government funds had come to eclipse endowment resources. At Woods Hole in 1951, for example, institutional research funds amounted to $140,000; government grants and contracts (almost entirely from the armed services) amounted to $1.5 million. Like Scripps, Woods Hole was now a different place. A previously unimaginable level of funding would make it possible to do science that had long been imaginable but not achievable.80

        The Navy was inevitably more interested in some aspects of oceanography than others; not all oceanography could be characterized as “military defense oceanography.”81 Three areas received particular attention: dynamic oceanography, surface and internal waves, and abyssal circulation. By 1957, Stommel was in charge of the Internal Waves and Abyssal Circulation Group. He summarized his progress in a report to the ONR: “Considerable progress has been made toward developing a theory of the abyssal circulation. . . . A general scheme showing the distribution of deep water currents on a world-wide basis has been developed theoretically.”82 This must rank as one of the great understatements in the history of science, for 1957 was the year in which Stommel began to solve a problem that had vexed scientists for centuries.

      
      
        The Stommel-Arons Model of Abyssal Circulation

        In October 1957, Henry Stommel reviewed the state of knowledge of abyssal circulation in the pages of Nature. Stommel attributed the impasse on the issue of deep-ocean circulation to insufficient empirical evidence: “So very little positive knowledge exists about the nature of the deep circulation that it is possible to maintain entirely different points of view.”83 Russian scientists, he noted, believed “that the abyssal circulation is essentially produced by the wind . . . and that the deep flows are almost always in the same direction as surface currents.”84 It was, of course, not only Russians who held those views, but Stommel was perhaps trying to soften the blow to his Anglophone colleagues of what he was about to say: it was no longer reasonable to hold such views. Referring to himself in the third person, Stommel explained why, providing in a single paragraph the theoretical idea that would alter scientific thinking:

        
          These views are quite the opposite of those expressed by Stommel, who regards the deep circulation as an essentially heat-driven and salt-driven engine, and [that] in general . . . the surface and deep flows are in opposite directions. . . . This theory predicts that in the deep water the mean meridional components of velocity are everywhere directed poleward except in the western boundary streams, which connect the slow central flow to regions of formation of deep water.85 It is thus possible to predict the deep counter-currents under the Gulf Stream. Similarly, we can expect to find a very narrow intense northward current between 3,000 and 5,000 m. over the Tonga-Kermadec Trench, which feeds the entire Pacific with deep water. One hopes that the adherents of these two rival theories of abyssal circulation will be able to develop them quantitatively and in sufficient detail so that future direct measurements . . . will effect a clear-cut decision in favor of one or the other. It is in this way that science progresses.86

        

        Everyone accepted that there was wind-driven horizontal displacement of water masses, tied to Earth’s rotation. But was there also a significant vertical component? That was unresolved. Rather than perpetuate the impasse, Stommel took a novel approach. He said, in effect, let us assume that there is. We can to do this by conceptualizing the ocean as composed of two layers, across which there is vertical transport. If we do, we find that the rest of the ocean circulation falls out surprisingly simply. In a long paper published the same year, “Survey of Ocean Current Theory,” he explained. The key conceptual innovation was “dividing the ocean into two layers by a level surface at mid-depth, say 1500 or 2000m and specifying the vertical mass transport across this level surface as a function of geographical position. . . . A pattern of geostrophic flow can be constructed in each layer to absorb (or give up) the water required for the vertical transport across the level surface, and a western boundary current fitted where needed.”87 In other words, forget for a moment about the winds. Forget about the downward motion of cold polar waters in the North Atlantic and the Weddell Sea. Imagine instead a general upward vertical diffusion throughout the abyssal ocean: if one presumes that there is such vertical transport, then one can calculate the currents required to accommodate it.

        Stommel was flipping conventional wisdom on its head. When most oceanographers thought about vertical transport, they imagined it downward—the sinking of dense water in a few unusually cold areas. Stommel was turning this literally upside down and imagining a general upward diffusion throughout the abyss. He illustrated this in a series of sketches showing flow controlled only by vertical transport, flow controlled only by horizontal transport, and flow controlled by a combination of both. The latter, he argued, was closest to the empirical evidence. This suggested that it was unhelpful to think of the ocean as having two different forms of circulation—wind driven and density driven. It was more useful simply to envisage circulation, in which the horizontal effects were in part dependent on the vertical transport, and vice versa. Crucially, if one specified the horizontal transport, the rest of the picture would be “determined.”88 Put another way, “arbitrary assumptions about the vertical velocity structure in the ocean are attended by the most far-reaching implications concerning the form of the horizontal current pattern” (figs. 2.5 and 2.6).89
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          Figure 2.5 Stommel’s figure 9, from his “A Survey of Ocean Current Theory.”

          From H. A. Stommel, “A Survey of Ocean Current Theory,” Deep Sea Research 4, no. 3 (1957): 160. Reprinted with permission from Elsevier.
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          Figure 2.6 Stommel’s figure 10, from his “A Survey of Ocean Current Theory.”

          From H. A. Stommel, “A Survey of Ocean Current Theory,” Deep Sea Research 4, no. 3 (1957): 160. Reprinted with permission from Elsevier.

        
        Stommel disavowed any aspiration to have his conceptual model interpreted as a theory: “These considerations, and the pictures derivable from them, are not theories,” he insisted. “They merely provide an interpretive tool, and indicate what flow patterns must be associated with various distributions of vertical transport across level surfaces.”90 Stommel no doubt wished to deflect potential criticism that his model was mathematically underdeveloped, and over the following ten years he worked with colleagues to dignify his model sufficiently to call it a theory. More than that, he worked to show that it was true.

      
      
        From an Interpretive Tool to a Theory of the Ocean

        How did Stommel transform his speculative concept into a persuasive and accepted scientific theory? His first step was to test it experimentally. In an article published in Tellus in 1958 and coauthored by Arons and Woods Hole colleague Alan Faller (b. 1929), Stommel pursued his concept with a simple experimental setup, designed to simulate what he saw as the key element of ocean circulation: fluids on a rotating sphere.

        The relevant parameters were established by his earlier work: that ocean circulation could be described as a simplified regime in which “(a) the flow in the whole layer is steady and geostrophic, except and only (b) at the western boundary where a narrow, intense western boundary current is permitted to depart markedly from geostrophy; and moreover (c) this system, which would otherwise be at rest, is driven by a distribution of sources and sinks of fluids (various driving agents such as the wind can be expressed in terms of source and sink distributions, so this is no real restriction).”91 In other words, if the ocean is a dynamic system in which fluids are moving, those movements can be analyzed in terms of sources of water (where water flows into a region) and sinks (where water flows away).

        The use of the term sink in this context can be confusing; in everyday life, a sink is something in which water drains down. For readers familiar with contemporary concepts of thermohaline circulation (in which cold waters sink in polar regions), the term reinforces the commonsense impression that in a sink waters move downward. Stommel is not using the term in that way. Rather, in this discussion a source is anything that brings fluid into any area under consideration, and a sink is anything that removes it. (This is comparable to contemporary discussions of sources and sinks of carbon dioxide in the atmosphere.) Therefore, westward-flowing currents are a source of ocean water into the western sides of basins and eastward-flowing currents are a sink. The same reasoning applies in the vertical dimension. In the Weddell Sea, cold polar waters move down into the abyssal ocean: this is a source of cold, deep water. Upward vertical diffusion is a source of cold water into the upper reaches of the seas. Thus, wind is either a source or sink, depending on which way the wind drives fluids, and the same is true for density differences. Moreover, these driving agents may operate in the vertical or the horizontal dimension.

        Why was it important to build a physical model, particularly given the obvious complaint that a bench-scale model could hardly reproduce the complexities of the world ocean? Stommel explained that some of the implications were so “contrary to intuition that it would be reassuring if they could be partially tested by model experiments.”92 The models were not intended to replicate the real ocean, nor could they prove that the ocean behaved in a particular way. But they could increase the plausibility of the proposed conceptual scheme. Implicit was that they might be more convincing to field-based oceanographers than mathematical formalisms would be.93

        Before constructing the actual experiment, or even doing the math, Stommel knew what he expected to find: “Before we had carried out any mathematical analysis or experimental work, we could see that our regime led qualitatively to some rather remarkable deductions.”94 It was as if he had already done the experiments in his head and found that “the only permissible circulation pattern . . . is one in which zonal geostrophic flow extends from the source to the western boundary, thence down the western boundary in a narrow, intense boundary current to the radius of the sink, and thence, in another zonal geostrophic flow to the sink.”95 Moreover, the idea that the correct solution was the simplest one was not, in this case, correct. If the Earth did not rotate, water would simply flow directly from sources to sinks, wherever they were. But the Earth does rotate, and the flow path that results is “very circuitous.”96 In fact, it is about as circuitous as possible, tracking three sides of a closed form (fig. 2.7).
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          Figure 2.7 Stommel, Arons, and Faller’s figure 2, illustrating how, due to the Earth’s rotation, the flow path from a source to a sink in a bounded basin is exceedingly indirect. If Earth did not rotate, fluids would flow directly from source to sink. But Earth does rotate, and so the fluids follow a “circuitous” path, tracking three sides of the closed form and yielding a western boundary current.

          From Henry Stommel, A. B. Arons, and A. J. Faller, “Some Examples of Stationary Planetary Flow Patterns in Bounded Basins,” Tellus 10, no. 2 (1958): 181 (fig. 2). Reprinted in accordance with Taylor and Francis open-access policies.

        
        One could also imagine the source at a particular locale, such as the apex of a radial sector (e.g., the pole). A western boundary current is again created, only in this case water flows back toward the source throughout the basin and the return flow is distributed. Finally, imagine a source at the western edge of the rim. In this case, the interior flow is again throughout the basin and in toward the center, as one might expect, but the return flow is again along the western boundary. In other words, the strongest current is toward the source—not what one might intuitively suspect. Crucially Earth’s rotation leads to a western boundary current irrespective of the location of sources and sinks (figs. 2.8 and 2.9).
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          Figure 2.8 Stommel, Arons, and Faller’s figure 3, illustrating the flow pattern in a bounded basin, assuming a source near the pole. Note that again the flow path is circuitous, and again a western boundary current is created. In this case the return flow is distributed throughout the basin. Note the possibly counterintuitive result that the return flow is toward the source.

          From Henry Stommel, A. B. Arons, and A. J. Faller, “Some Examples of Stationary Planetary Flow Patterns in Bounded Basins,” Tellus 10, no. 2 (1958): 181 (fig. 3). Reprinted in accordance with Taylor and Francis open-access policies.
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          Figure 2.9 Stommel, Arons, and Faller’s figure 4, illustrating the flow pattern in a bounded basin assuming a source at the western edge of the basin, close to the equator. Note that the flow pattern is exactly the same as in figure 2.8. Thus, contrary to what one might expect, the flow pattern is independent of the location of the source. Crucially, in all cases Earth’s rotation yields a western boundary current irrespective of the location of the source and sink.

          From Henry Stommel, A. B. Arons, and A. J. Faller, “Some Examples of Stationary Planetary Flow Patterns in Bounded Basins,” Tellus 10, no. 2 (1958): 181 (fig. 4). Reprinted in accordance with Taylor and Francis open-access policies.

        
        To test their thought experiment, Stommel, Arons, and Faller set up the physical experiment, using a design proposed by their Woods Hole colleague, William von Arx (1917–1999) (chapter 3). They began with a seven-foot-diameter rotating tank (fig. 2.10). To simulate the effect of a radially shaped ocean basin, they used wooden partitions to isolate a pie-shaped sector, with a width of 60°. The tank contained a set of quarter-inch slots at various positions in the walls—so that mass could be introduced or removed—and covered so as to prevent wind stress on the surface and simulate only the effects of sources and sinks, which is to say, only the effects of density-driven circulation. Mass could be added from a large can of dyed water connected to the main tank by a tube; a small can of additional water was connected to the large can to maintain the hydraulic head.
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          Figure 2.10 Stommel, Arons, and Faller’s figure 6, showing their experimental setup. Note the fluid “source” in the upper portion of the photograph.

          From Henry Stommel, A. B. Arons, and A. J. Faller, “Some Examples of Stationary Planetary Flow Patterns in Bounded Basins,” Tellus 10, no. 2 (1958): 184 (fig. 6). Reprinted in accordance with Taylor and Francis open-access policies.

        
        With this setup, they mimicked the conditions in each of three idealized cases. First, they created a source and sink at an arbitrary point at the eastern side of the basin. Then they created a source at the pole with a sink in the basin center; then a source at the southwest corner with a sink at the pole; and then a source at the southwest corner with a sink in the basin center (fig. 2.11). The results were as predicted: in every case, the basin exhibited a western boundary current with return flow, and in the latter two cases toward the source. Conceptualization, mathematical analysis, and physical experiments aligned.
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          Figure 2.11 Stommel, Arons, and Faller’s figures 7–10, photographs of the flow patterns in the physical experiments.

          From Henry Stommel, A. B. Arons, and A. J. Faller, “Some Examples of Stationary Planetary Flow Patterns in Bounded Basins,” Tellus 10, no. 2 (1958): 185–86 (figs. 7–10). Reprinted in accordance with Taylor and Francis open-access policies.

        
        How did these experiments relate to the whole ocean? In some sense they merely confirmed what was already accepted about surface circulation, but the territory Stommel had staked was not the surface but the abyss. He therefore had to return to the question of vertical transport, and for this he returned to the first topic in oceanography he had confronted when he joined Maurice Ewing at Woods Hole in 1944: the thermocline. Its existence was a perplexing aspect of ocean dynamics and critical, as well, to the operation of submarines.

      
      
        The Ocean Thermocline and Vertical Diffusion

        Dynamic oceanographers had analyzed the ocean by drawing heavily on analogies to the atmosphere, but (as Maury and Defant had stressed) there was one crucial difference: the atmosphere is warmed from below, which fosters convection, but the ocean is warmed from above, which hinders it. Convection can therefore drive circulation in the atmosphere and foster mixing in a manner that in the ocean it cannot. But there is a significant complication. If the ocean were entirely thermodynamically stable, and therefore entirely unmixed, the temperature would drop gradually with depth. But that is not the case. In the ocean, the upper 50 to 200 meters are generally warm (typically 5°C–30°C), and the deep ocean is close to freezing (the source of the confusion behind the 4° theory). Between them is a zone of rapid temperature drop known as the thermocline.

        The thermocline had been sedulously studied during World War II for its importance to antisubmarine warfare, which lay in the crucial fact that the velocity of sound is density dependent. As temperature drops rapidly through the thermocline, the density of water increases and sound waves are refracted, just as light is refracted as it travels through media of different density. From a military perspective, this was a fact of surpassing significance, because refraction of sound waves through the thermocline produces acoustic shadow zones where submarines may rest undetected. Moreover, while temperature falls with depth, salinity generally increases (because surface layers are diluted by rainfall); these countervailing effects produce a zone of minimum velocity—the “sound channel”—in which sound waves can be very effectively transmitted (fig. 2.12).97
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          Figure 2.12 A typical temperature-salinity profile, as prepared during World War II, with computed sound velocities showing a steep temperature drop just below the surface layer and a corresponding drop in velocity. Note the velocity minimum at 2,000 feet, created by the countervailing effects of decreasing temperature and increasing salinity.

          From Carl Eckart, 1946 (reprinted 1968), “The Refraction of Sound,” in Principles and Applications of Underwater Sound, NDRC Division 6, 11 (fig. 1).

        
        The sound channel proved effective in determining the position of a submerged submarine or an airman downed at sea (the airman could release a small explosive and the sound waves detected, even at great distance) and became the basis of a new military navigational system—Sound Fixing and Ranging, or SOFAR.98 After the war, this became the basis of the US Sound Surveillance System, or SOSUS, the system of underwater cables and hydrophones used to detect and track Soviet submarines throughout the Cold War (chapter 9).99 It would not be unreasonable to say that, from an operational standpoint, the analysis of the thermocline and its effects on sound transmission was the most important wartime development in oceanographic science.

        Woods Hole had been a center for temperature and salinity studies on behalf of antisubmarine warfare; the thermocline was the focus of Maurice Ewing’s work when Stommel joined him in 1944. The bathythermograph, the instrument used during the war to create temperature-depth profiles, was developed at Woods Hole, one of two US centers for the collection and analysis of bathythermographic data (the other was the University of California Division of War Research, where Sverdrup’s troubles arose, as recounted in chapter 1). The detailed study of the thermocline was a major focus of military-scientific interest in oceanography and an early domain in which the practical value of theoretical scientific understanding was cogently demonstrated. (It also became a domain of women’s work, as male adventurers considered the landlocked task of data compilation too dull to merit their attention.)100 By the end of World War II, the thermocline was one of the most well documented of all ocean features, as BTs were sent to ships and submarines around the globe. Many thousands of BT records were compiled into charts, atlases, and sailing directions.101 It is perhaps not surprising, then, that Stommel focused attention on the thermocline. What is surprising is that so few others did.

        Stommel called the thermocline “one of the mysteries of the sea,” for it was not at all obvious why there should be one.102 Why wasn’t the transition between surface and deeper layers gradual? Why was the water immediately below the thermocline so cold, even in the tropics? Defant, Lenz, Wüst, and Sverdrup had all argued that any adequate theory of ocean circulation had to account for the presence of cold water at depth, but Stommel insisted that it had to account for the presence of cold water nearly everywhere. As he pointed out, “the really deep water, between 4,000 feet and the bottom at 18,000 feet, is close to freezing, even in the tropics. This must mean that most of the water in the oceans flows [toward the middle and low latitudes] from regions near the poles. However, there are no strong currents in the deeper regions of the ocean. The great wind-driven currents are confined to the upper quarter of its depth.”103 The presence of cold water throughout the ocean meant that water must be being moved from the poles to the rest of the abyssal ocean, but how? Clearly something was missing from the prevailing thinking.

        Here, Stommel’s independence served him well. Most colleagues had only praise for Sverdrup’s magnum opus, The Oceans, but Stommel felt that it was entirely too definitive. He took particular exception to its preface, in which Sverdrup and his coauthors argued that it was better to present a clear interpretation, even if wrong, then a muddle of conflicting speculations. Stommel strongly disagreed. He felt that this approach discouraged the reader from thinking independently and offered young scientists “few hints that there was much left to do.”104 How would a student know which of these clear statements were actually definite?105 Stommel particularly objected to this line: “At the risk of premature generalization, we have preferred definite statements . . . to conflicting interpretations, believing that the treatment selected would be more stimulating.” Stommel considered that “deadly.”106 Oceanographers often referred to The Oceans as “the Bible,” and Stommel found it just about as dull. And to his thinking, no scientific work should be viewed as sacred.

        Like Sverdrup a decade before, Stommel recognized that the deep currents were too weak to measure by current meter, and in any case, there was no way to get instruments to the required depths. The answer would have to be theorized. In a characteristic pattern, Stommel at first outlined a qualitative solution and then developed it quantitatively. In his 1957 report challenging Russian thinking, Stommel had already answered the question. The key assumption—laid out in this early sketch—was vertical transport. But it was not just any form of vertical transport; it was upward vertical transport throughout the ocean. Stommel’s analysis began by inviting the reader to presume upward vertical flow throughout the abyss.

        What was the justification for this radical presumption? And why did Stommel make this presumption where no one else had? The answer can be found buried in the middle of a paragraph in the middle of that original 1957 comment:

        
          The general picture emerging from . . . various descriptive studies is that the general flow of water below 2,000-m depth in the ocean is directed from quite limited areas in the northern North Atlantic and from the shallow shelf areas surrounding Antarctica into the Indian and Pacific Oceans. The regions where water is supplied by sinking to the level beneath 2,000 m. are doubtless quite small, and probably intermittent. On the other hand, the upward flow of water out of the deep ocean evidently occurs in a very widespread manner all over the ocean, and it is presumably this upward flow which prevents the hot water at the surface from gradually working down into the deep water (even at the tropics the warm surface layers are relatively shallow and the temperature of the bottom waters is less than 3°C).107

        

        The key insight here—made seemingly in passing—is the requirement of upward flow throughout the ocean to explain the thermocline. Without upward flow, there would be no thermocline. The existence of the thermocline is the key fact underpinning the entire model. Stommel had referred to his presumption of upward vertical flow as arbitrary—“arbitrary assumptions about the vertical velocity structure in the ocean”—but it was not arbitrary at all. It was based on demanding: Why is there a thermocline? And how it is sustained?

        Instead of asking, as others had done, why deep water is so cold, Stommel asked how the warm surface layer stays warm. His answer was “upward flow which prevents the hot water at the surface from gradually working down into the deep water.”108 In short, the fact of the thermocline meant that there had to be upward flow to maintain it. Here was the explanation simultaneously for the characteristics of both the deep ocean and the thermocline: the upwelling of water throughout the abyssal ocean. Upward diffusion both mixed the abyssal ocean and prevented surface waters from mixing; this created and sustained the observed thermal structure. The Stommel-Arons model hung on the existence of the thermocline. Put another way, it hung on attending to the thermocline where others had not (fig. 2.13).
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          Figure 2.13 Robinson and Stommel’s figure 3, from their “The Oceanic Thermocline and the Associated Thermohaline Circulation.”

          From Allan Robinson and Henry Stommel, “The Oceanic Thermocline and the Associated Thermohaline Circulation,” Tellus 11, no. 3 (1959): 305 (fig. 3). Reprinted in accordance with Taylor and Francis open-access policies.

        
        Stommel developed these ideas mathematically in an article coauthored with Woods Hole colleague Allan Robinson (1933–2006), published in Tellus in 1959. The authors began by noting that, since the acrimonious and unproductive Carpenter-Croll debate, many authors had approached the topic of ocean circulation with trepidation; many textbooks dealt with the subject only indirectly. And because it was easier to calculate the (large) wind stress than the (small) density effects, researchers had tended to minimize the significance of the latter. It was time to change that.109 Rather than assume that density differences were insufficient to have an effect, they would assume there was an effect and calculate what it had to be.

        The parameters of their mathematical model followed their physical one: a bounded basin driven by a meridional temperature gradient at the surface on a rotating sphere, represented mathematically by a Coriolis parameter varying with latitude. Solving the relevant equations, Stommel and Robinson were able to show that a deep circulation could be generated by the observed meridional differences in surface temperatures, from equator to poles, and that there must be an upward vertical component of flow to maintain the thermocline. Moreover, one could calculate its value: 3.1 × 10–5 cm/sec. Not a large number, to be sure, but in terms of ocean dynamics and integrated over the entire ocean, a significant one. In a separate letter in Deep Sea Research that same year, Stommel calculated that integrated value: 90 × 106 m3/sec. That was a large number.110 The upward flow was the sink that permitted the downward advection of dense waters elsewhere. The “sink” consisted of water moving upward, which permitted the polar regions to be a “source” of cold water to the abyssal sea.

        Stommel accepted the empirical evidence collected by Wüst, Deacon, and others that deep waters were created only in two areas: the North Atlantic and the Weddell Sea.111 This suggested a picture of abyssal circulation dramatically different from the earlier models of Humboldt, Lenz, and Brennecke: it was not a conveyor belt, on which coherent water parcels sank at the poles, maintained their identity, and rose at the equator. Rather, parcels lost their identity—like the dye of his experiments—as the water within them diffused throughout the entire abyssal ocean (fig. 2.14). That there were only two small sources of cold water and the entire abyssal ocean was the sink might have seemed a bold—even crazy—claim. But the thermocline was the proof, because without the abyssal sink there would be no thermocline.
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          Figure 2.14 Stommel’s model of abyssal circulation based on the dynamics of a fluid on a rotating sphere. Two point sources—the North Atlantic and the Weddell Sea—and a distributed “sink” (the entire ocean)—are connected by western boundary currents. The distributed sink is required to maintain the thermocline; the western boundary currents are required to connect the focused sources with the distributed sinks. The picture Stommel drew in a horizontal plane based on the tank experiments—of a concentrated western boundary current and a distributed return flow—could be applied to the vertical plane as well.

          From H. A. Stommel, “The Abyssal Circulation,” Deep-Sea Research 5 (1959): 82 (fig. 2). Reprinted with permission from Elsevier.

        
        Stommel and Robinson’s claim that the ocean was mixed was not just an assumption—it was based on temperature and salinity data—but at the same time, they had no way to measure the mixing of the ocean. In their model they included a mixing parameter, admittedly not based on any measured property. As Stommel explained, the model contains “a parametric treatment of the mixing processes embodied in an “eddy thermometric conductivity parameter χ. This parameter is assumed to be constant over the entire ocean basin. . . . Thus we envisage the ocean as being slowly and evenly stirred by some physical process which we cannot specify.”112 Stommel did not attempt to obscure the fact that his thermal circulation worked only if one presumed the ocean were mixed. This was rather different from what most others had assumed—(and indeed, different from misunderstandings of thermohaline circulation prevalent today). In Stommel’s calculations, it is not the density differences that mix the ocean, but the mixing of the ocean that permits small density differences to have an effect.

        The illustration in figure 2.14, published by Stommel in 1959 (in yet another paper with the title “The Abyssal Circulation”), contains all the important elements of what would come to be known as the Stommel-Arons model, but Stommel was dissatisfied by its essentially qualitative nature. “The above presentation is in the nature of a tour-de-force,” he wrote, suggesting that it was more a feat of ingenuity than of labor: “One cannot pretend that it describes the abyssal circulation accurately in detail.”113 For that he turned to Arnold Arons.

      
      
        Quantifying the Stommel-Arons Model

        Stommel was sensitive about the gaps in his formal training and addressed them by finding collaborators with complementary skills. Allan Robinson was one; Arnold Arons was another. A physical chemist by training, Arons had come to Woods Hole during the war when his PhD adviser, Harvard chemist E. Bright Wilson (1908–1992), suggested he join the Underwater Explosive Research Laboratory at Woods Hole (for more on Wilson, see chapter 3). Arons worked on a variety of problems related to the propagation of shock waves through water, culminating in the analysis of wave propagation at the atomic bomb blasts at Bikini Atoll. In 1946, he became a professor of physics, first at the Stevens Institute of Technology and then at Amherst College, where he was renowned as a teacher who insisted on connecting mathematical formulas to the ideas they represented. Throughout his career, he maintained close relations with Woods Hole, spending summers there throughout the 1950s and gradually shifting his interests away from shock waves in the oceans to the oceans themselves. In 2000, Frank Press (1924–2020), president of the National Academy of Sciences and science adviser to President Jimmy Carter, recalled that Arons was an inspiration to him of “how to be a good scientist.”114

        Arons had come to Woods Hole—and to know Henry Stommel—primarily because of the atomic bomb. In 1950, he had been invited to participate in studies sponsored by the Naval Ordnance Laboratory on the dispersal of “falling particles in a liquid”—nuclear fallout—and the question of whether dense particles (from an underwater bomb blast) could trigger the movement of density currents.115 This project led to discussions with Stommel and William von Arx about the work of Dutch geologist Philip Kuenen (1902–1976), whose recent experiments had demonstrated the role of density currents in creating submarine canyons (chapter 4).116 Arons had also contributed to a highly classified project investigating the base surge produced by “a large explosion in shallow water harbors.” In a letter to Woods Hole director Edward “Iceberg” Smith (1889–1961), Arons suggested that Woods Hole take up scale-model experimental studies of the sort developed by Kuenen, which would contribute to understanding both the blast effects in water and the potential cratering effect of “a 20 kiloton charge detonated in about 40 ft of water” (the first bomb dropped on Hiroshima was an approximately fifteen-kiloton-equivalent charge).117 Around this time, Stommel and Arons began to work together.

        The Stommel-Arons model was laid out in a five-part paper published over the course of twelve years. The most critical were the first two parts, published in Deep Sea Research in 1960.118 Stommel and Arons provided the mathematical treatment for the concept developed in the rotating tank experiments: a system driven by sources and sinks, in which flow is geostrophic, except at the western boundary, where an intense current develops. The source could be any driving force—including displacement of water masses by wind—but their focus was the “sink,” defined as the upward transfer of fluids throughout the abyssal ocean (fig. 2.15).119
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          Figure 2.15 Stommel and Arons’s figs. 6 and 8, circulation patterns. Note the match to the experimental results illustrated in this volume’s figures 2.8 and 2.9.

          From H. A. Stommel and A. Arons, “On the Abyssal Circulation of the World Ocean—I. Stationary Planetary Flow Patterns on a Sphere,” Deep Sea Research 6 (1960): 146 (fig. 6), 148 (fig. 8). Reprinted with permission from Elsevier.

        
        The model hung on two key points. One, as already noted, was the existence of the thermocline, which justified the assumption of a distributed sink across the whole ocean. The other was the evidence provided by Wüst and others for two sources of cold water: the North Atlantic and the Weddell Sea. Connecting the sources and sinks provided the conceptual picture that they developed mathematically: a treatment that confirmed the requirement for intense western boundary currents and predicted that these currents would develop no matter where the source of the water was. Indeed, one of the most important results of the model is that it does not much matter where the source lies. Whether the source is at the equator or the pole, a western boundary current is required to satisfy the requirements of geostrophy and conservation of mass.

        In the second paper, they pursued the question of the residence time of deep waters, a question that greatly concerned the Atomic Energy Commission (see chapter 7).120 They showed that the residence time of deep waters was likely to range between 200 and 1,800 years—consistent with the diverse conclusions of their colleagues, but not very reassuring if one were hoping to dump radioactive waste in the deep sea.121 They also addressed the question of the sensitivity of the thermohaline circulation to changes in either the location or the density of the sources of deep water. The answer was not particularly sensitive, because the driving force is not the density differences per se, but the upward flux that maintains the thermocline. The “ultimate cause of the abyssal circulation” is the “thermocline which . . . as a result of surface heating and applied wind stress, demands a certain upward flux at mid-depth.”122 They concluded: “This way of looking at the abyssal circulation is quite different from the traditional view which implies that the magnitude of the abyssal circulation is determined essentially by the amount of winter cooling at the polar regions and hence that a warming of polar regions of only a few degrees would largely stop the abyssal flow. From our point of view a warming of polar regions of one or two degrees would not affect deep transports except possibly to shift the location of the sources, and to reshuffle the western boundary currents.”123

        With these papers, the tour-de-force had been transformed into a quantitative scientific theory. Attending to the thermocline had led Stommel and Arons to a new and convincing theory of the ocean and, with it, to the resolution of a question that had vexed scientists for centuries. But there is at least one more important contribution that should rightly be viewed as part of this story—not least because of its importance to Stommel’s lasting influence in oceanography today: his analysis of whether ocean circulation could display different stable regimes and his conclusion that it could.

        In a paper in Tellus in 1961—today with more than one thousand citations—Stommel argued that a thermohaline convective system could exhibit two different stable regimes: one in which temperature differences dominated and one in which salinity differences dominated. As Sandström and Defant had stressed, in the ocean temperature and salinity differences work against each other—because warm waters tend to be saltier—and warm surface water overlying cold deep water presents a stable situation that can be altered only if the surface waters become very cold or very salty. For this reason, they (and others) had been skeptical about thermohaline effects. Because heat transfer tends to be faster and more efficient than the processes that change salinity—mainly evaporation, but also mixing, diffusion, and the creation of sea ice—in the natural world, as currently constituted, temperature effects dominate. Thus, it had been reasonably assumed that warm waters would tend to stay near the surface and cold waters to remain at depth. Ergo, no thermohaline circulation.

        But one could imagine a different situation in which salinity differences predominated. Moreover, it was a relatively simple matter to calculate the relative effects of temperature and salinity on density to determine how likely such a situation might be. In a series of thought experiments, Stommel imagined adjacent basins with different temperature and salinity conditions and solved the equations representing heat and salinity transfer between them. In the case where two connected vessels were connected by a capillary tube at the bottom (through which deep, dense water could move) and an overflow connector at the top (through which shallow, less dense water could move), there were two stable solutions to the equations: one in which temperature effects dominated and one in which salinity effects dominated. (Philosophers would say the problem was underdetermined, mathematicians that the solutions to the equations were nonunique). This suggested that two different stable regimes could exist in nature: “The fact that even in a very simple convective system . . . two distinct stable regimes can occur . . . suggests that a similar situation may exist somewhere in nature. One wonders whether other quite different states of flow are permissible in the ocean or some estuaries and if such a system might jump into one of these with a sufficient perturbation. If so, the system is inherently fraught with possibilities for speculation about climatic change.”124

        These possibilities—fraught indeed—are of heightened concern today, as we move into a climatic regime that has not existed on Earth for at least one hundred thousand years.125 Their recognition is part of the lasting legacy of Henry Stommel (fig. 2.16). Nearly all oceanographers know that. But what most scientists don’t know is that this is also part of the lasting legacy of Cold War military defense oceanography. Our modern understanding of deep-ocean circulation was made possible not just by military funding but also by the ways in which operational concerns forced attention to the thermocline. The military didn’t simply foot the bill for Henry Stommel’s work; military concerns forced scientific attention. Military defense oceanography created a context that led Stommel to pay attention to an aspect of the ocean that just about everyone else had ignored.
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          Figure 2.16 Illustration by Wallace Broecker, Dorothy Peteet, and David Rind of the two stable modes of ocean circulation and their possible relation to global climate change, based on the insight of Henry Stommel.

          Broecker et al., “Does the Ocean-Atmosphere System Have More Than One Stable Mode of Operation?” Nature, May 2, 1985, based on Stommel (1961). Reprinted with permission from Springer Nature.

        
      
      
        Conclusion

        Scientists frequently overstate the novelty and significance of their findings—the better to secure tenure and promotion, if not a place in history—but Stommel’s and Arons’s description of their view as “different from the traditional” was a major understatement. Theirs was one of the major advances of twentieth-century earth science. Their model was radically different from what had prevailed over the better part of the previous century, and it answered a question that had been debated for longer than that.

        The Stommel-Arons collaboration had the effect, as Stommel put it, of turning a concept into a theory, because it put the model on a physical basis—the goal of all dynamic oceanography. It helped to specify in detail predictions that laboratory experiments suggested and to confirm them on physical grounds: poleward flow of interior waters, intense currents along both the western and the southern and northern boundaries, deep currents flowing toward (rather than away from) sources, and western boundary currents not necessarily connected to sinking currents.126 The flow of water toward sources was counterintuitive, but Stommel and Arons demonstrated that the effects of Earth’s rotation required it. Perhaps most important, the predictions were testable, and in the years and decades that followed they were tested and found to be correct. As oceanographer Bruce Warren wrote in his obituary of Arnold Arons in 2001: “It has taken more than thirty years to check the many major ocean basins for the rudimentary Stommel-Arons predictions, and they have always been vindicated. . . . They constitute the most observationally useful theorizing that anyone has ever done about the large-scale ocean circulation.”127

        The Stommel-Arons model proved powerful not only because it answered a long-standing question in oceanography but also because it made specific, testable predictions about the natural world that turned out to be true. Today, scientists continue to debate the details of the thermohaline circulation, particularly its effect on climate.128 In discussions of the potential impact of global warming, the effect of thermohaline circulation on the strength and location of the Gulf Stream has come to be a major point of concern, even fear. It has inspired dystopic anxieties and a bad Hollywood film.129 But while scientists continue to argue about the details, no one disputes that there is thermohaline circulation, and for that we largely have Henry Stommel to credit.

        The Navy did not force Henry Stommel to think about the thermocline. It did not order or instruct him. No particular pressure was put on him to do the work that he did, much less in the way that he did it. We cannot know whether, in a different context, he might have developed the same theory, albeit perhaps not in the same way, for it is impossible for any historian to explain precisely how and why someone comes up with a new idea or creative solution to a long-standing problem. What we do know is that Navy finance made it possible for Stommel to work on the question of deep-ocean circulation in a sustained and focused manner, creating the conditions that made his work possible, but the influence was not just financial. It was also conceptual. Other oceanographers before him—with access to the same data and better formal training—failed to do what Henry Stommel did. He did it by paying attention to something that other people had ignored. That something was the thermocline, and it came into focus when and where it did because of military defense oceanography.

      
    
  
    
      
        3

        Whose Science Is It Anyway? The Woods Hole Palace Revolt

      
      The years Henry Stommel spent at the Woods Hole Oceanographic Institution in the late 1950s and early 1960s should have been the happiest of his professional life, and in many ways they were; he loved his work and had the resources to do it. But there was a problem, and it was the same one that had troubled scientists at Scripps in the late 1930s and early 1940s: the question of the autonomy of scientific research. The issue expressed itself though money: where it came from, where it should come from, and how it affected the work done at the institution. It erupted at Woods Hole in an episode in the early 1960s that participants in hindsight called the “Palace Revolt.”1

      Throughout the 1950s, the US Office of Naval Research generously supported physical oceanography at Woods Hole and elsewhere, and scientists almost uniformly recall the period as a golden age. Looking back, oceanographers are generous in their praise of the ONR for both its fiscal largesse and its genuine interest in scientific matters.2 Most ONR program directors were trained as scientists; they understood what their academic colleagues were trying to achieve, and the projects they funded were typically loosely managed. Working with ONR support, Woods Hole scientists by and large had a sense of autonomy. They pursued the questions that interested them, without having to spend undue time or energy writing grants, worrying about funding, or complaining that they did not have enough of it. No wonder they were happy.

      The task of raising money at Woods Hole fell largely to the institution’s director. Just as Harald Sverdrup had spent time in the late 1930s and early 1940s convincing Navy patrons of the value of oceanographic work at Scripps, director Columbus Iselin did so at Woods Hole. As historian Gary Weir has shown, Iselin—a patrician’s son who grew up sailing in New England—had cultivated close ties with Navy officials.3 Maintaining these ties during and after the war enabled him to expand Woods Hole dramatically and permitted his scientists to do their work with little distraction. Oceanographer George Veronis (1926–2019) recalled, “During my entire stay at Woods Hole we all worked under a large grant that Columbus Iselin had with the ONR, so I never paid much attention to funding.”4 Arnold Arons agreed. “Columbus had ONR in his pocket,” he laughed, and if you had an idea, you just “went to Columbus.” He would tell you to go ahead, and the money would follow.5

      Historical evidence suggest that this was not mere lore—Woods Hole scientists in the 1950s rarely had to write a grant proposal. The basic task contract in military defense oceanography was but one example of the large block grants that Iselin negotiated with the ONR, grants that permitted scientists to do their research without distraction. The grants were defined broadly, and because so many aspects of oceanography had potential military pertinence, it was easy for most Woods Hole scientists to fit what they were doing under that rubric. This was particularly so for those working in physical oceanography, meteorology, and air-sea interactions. When Valentine Worthington—a senior scientist in physical oceanography—retired in 1981, he wrote a final report expressing his appreciation for “more than thirty years of almost uninterrupted support.”6

      Stommel also benefited from many years of almost uninterrupted support. We saw in chapter 2 how his attention to the thermocline—a focus of military attention—stimulated a key idea, central to his groundbreaking work on abyssal circulation, so we might presume that his relationship to military defense oceanography was unproblematic. He had a research topic of significance that challenged him intellectually and fit well into an institution trying simultaneously to advance understanding of the oceans and satisfy Navy patrons. The same was true for Veronis, and for William von Arx, the oceanographer who designed the rotating tank that Stommel and colleagues used for their circulation experiments. But these men were not, in fact, professionally content. All three—as well as several of their colleagues—were troubled by what they saw as excessive influence of the Navy on institutional priorities and a drift away from the basic science commitment that had inspired Woods Hole’s creation. All three men would play a major role in the Palace Revolt.

      
        The Origins of Woods Hole

        In the early 1920s, US scientists from academia and government wanted to expand the institutional basis for oceanographic research in the United States. A series of conversations culminated in 1924 with the Interagency Conference on Oceanography, which brought together representatives of all relevant the major US government agencies and many academics. The following year, Frank Lillie (1870–1947), the biologist who directed the Marine Biological Laboratory at Woods Hole, Massachusetts, began conversations with the Rockefeller Foundation about funding a new institution for oceanography to be built alongside his biological lab.7

        In 1927, the US National Academy of Sciences established a committee on oceanography to “consider the share of the United States of America in a worldwide program of oceanographic research.”8 Oceanography had been dominated by the British, Germans, and Scandinavians, and it was represented in America only weakly and primarily on the West Coast: at Scripps, which (as we saw in chapter 1) had only just changed its name to indicate its oceanographic aspirations, and at the University of Washington, which would soon rename its marine station at Friday Harbor to the Oceanographic Laboratories at Friday Harbor.

        Among other things, the academy’s committee recommended the creation of a permanent independent research laboratory on the East Coast to “prosecute oceanography in all its branches”—biological, physical, chemical, and geological. At Scripps this would be called “balanced oceanography”; at Woods Hole it would be called “integrated oceanography.” Whatever the name, the intent was clear: to create a prominent academic institution on the East Coast to help build the American scientific presence in oceanography. The scientists’ vision was realized in the founding in 1930 of the Woods Hole Oceanographic Institution, next door to the Marine Biological Laboratory.

        These scientists wanted their new oceanographic institution to be dedicated to “fundamental” or “basic” science, by which they meant research intended to advance understanding of the ocean without regard to specific utility.9 Applied oceanographic research, particularly in relation to navigation, already had an American home in government agencies such as the Navy Hydrographic Office and the US Coast and Geodetic Survey, and a European home at several universities and institutions doing work related to fisheries and weather forecasting.10 Moreover, the Rockefeller Foundation was willing to support basic research—indeed, it was actively doing so across America—so it seemed both desirable and plausible that the new institution focus on basic science.11

        A $3 million grant from the Rockefeller Foundation, with which the new institution would be launched, was a vigorous endorsement of the scientists’ vision. Still, 1930 was a tough year to begin a major initiative in a science as expensive as oceanography, as the United States and the world slid into economic depression. Most of the initial grant went to construction. With only a meager budget for research activities, no year-round staff, and no regular external funding, Woods Hole remained small and, frankly, insignificant throughout the 1930s.12

        World War II changed the fortunes of Woods Hole as it did for Scripps, as Iselin assured his Navy contacts that his scientists had something to offer them. The institution embarked on diverse projects in underwater sound transmission, photography, and the propagation of explosive charges. As historian Susan Schlee has put it, “A lack of funds had traditionally been the limiting factor for both public and private marine research. . . . Then, suddenly, that problem was gone.”13

        Moreover, as Schlee has also pointed out, oceanography emerged from the war not merely “a bigger, richer field” but also “one of changed proportions, aims and allegiances.”14 Before the war, the principal applications of the marine sciences were navigation, fisheries, and weather forecasting; during the war it had become clear that far greater resources could be found in support of naval warfare. When the war ended, Woods Hole scientists, like those at Scripps, sought to continue research under Navy auspices. The establishment of the ONR in 1946 facilitated and formalized that goal, and throughout the 1950s Stommel, Veronis, von Arx, and many others at Woods Hole were funded almost entirely by the ONR.

        Most Woods Hole scientists were pleased to have the financial and logistical support with which to build their careers as oceanographers. As Iselin had noted, before the war, only in Germany (or perhaps Scandinavia) could an oceanographer have reasonably hoped to feed a family. Things were different now.

        The simple fact that they would be able to have careers as oceanographers was obviously a fine thing for the men who had worked on Navy oceanographic projects during the war. But did any of them have misgivings about helping to build or deliver weaponry, or perpetuating the military-scientific alliance? Many physicists had spoken publicly—and in some cases startlingly openly—about their feelings of moral responsibility and even guilt for their role in the destruction wrought at Hiroshima and Nagasaki. Science, some thought, was not meant to be applied to such ends, and they argued for a reconfiguration of postwar science.15 Others defended what they had done when facing the exigencies of World War II but questioned whether the large military-scientific complex under construction in the 1950s was compatible with scientific ideals. Cornell physicist Philip Morrison, for example, argued, “We cannot tie science to the military and hope to see it used for peace, no matter how ingeniously we write the contracts.”16

        Oceanography was far less publicly visible than nuclear physics, and there was no comparable public conversation about oceanographers’ role in the war. Perhaps this is because few people outside of the field knew much about oceanographers’ wartime work, so oceanographers were not forced to confront its moral ramifications in the way that physicists were. However, in private, some of them expressed concerns. Henry Stommel had his doubts about applying scientific research to killing; William von Arx had misgivings about the match (or mismatch) between military and scientific leadership. Military leadership was a poor model for science, von Arx suggested, because military leadership was top down and science needed to be bottom up. Science should not proceed “by fiat” but should be driven “by individual enthusiasms among the people who are actually doing the work.”17

        Stommel and von Arx appear to have been in a minority, at least to the extent that they were willing to articulate their unease. Throughout the late 1940s and early 1950s, any real or perceived conflict between military patronage and scientific ideals at Woods Hole remained mostly unexpressed. This began to change, however, in the mid-1950s as the institution searched for a new director and scientists wondered what new policies or philosophies might follow. Whatever freedom and flexibility they had enjoyed in the past, they anticipated changes ahead.

      
      
        The “Ghost” of Military Justification

        The issue of the “freedom of science” was expressed primarily in individualistic terms; for Stommel and his colleagues, freedom meant their ability as individuals to determine their own research agendas and have that research unfold according to an interplay of their own interests and the “internal” logic of science.18 In the mid-1950s, the issue of individual autonomy came to the fore, when Woods Hole meteorologist Joanne Malkus (1923–2010) attempted to recruit a young oceanographer, Kirk Bryan (b. 1929), to join the meteorology group.19 Bryan would later become internationally known for helping to develop the first general circulation model of the atmosphere; indeed, some consider him the founder of numerical ocean modeling. But Bryan’s work had already gained the attention of the Woods Hole group; Malkus wrote to Arnold Arons to enlist his support to recruit him. She stressed that Woods Hole already had an outstanding group in geophysical fluid dynamics—including Stommel, Veronis, and her husband, Willem Malkus (1923–2016)—which Bryan could join and strengthen. In making the case, she was quick to stress that joining this group did not mean that his research priorities would be dictated: “Naturally I am not implying that Dr. Bryan’s endeavors would be externally prescribed if he came here—this is antithetical to Woods Hole philosophy (which I sincerely hope will be perpetuated with the new Director)—he would be quite free to permit his interests to evolve in any topic whatsoever.”20

        Malkus was one of only three women scientists at Woods Hole in the 1950s and one of a handful of professional female geophysicists anywhere (fig. 3.1).21 As an undergraduate, she had entered the University of Chicago in 1940 and joined a meteorological training program established as part of the war effort. After nine months of intensive training, she became an instructor in military weather forecasting, returning to complete her bachelor’s degree in 1943 and master’s in 1945. While completing her PhD, she taught physics and meteorology at the Illinois Institute of Technology; earned a Guggenheim Fellowship to study cloud physics at Imperial College, London; and joined the scientific staff at Woods Hole in 1951.22
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          Figure 3.1 Portrait of Joanne Malkus, 1960, by Jan Hahn.

          © Woods Hole Oceanographic Institution; reprinted with permission.

        
        Like most women scientists of her generation, Malkus endured discrimination, hostility, and humiliations large and small. Her own thesis adviser—the great meteorologist Carl-Gustaf Rossby—was frankly dubious about a woman geophysicist and told her that she would “look both ridiculous and pathetic if [she] didn’t really ‘make it big’ after creating such a . . . spectacle . . . and exacting such an unfair sacrifice from [her] husband and child.”23 (Years later, when she had made it “big,” Rossby acknowledged that the sacrifices were worth it, but she—thrice divorced—was no longer sure.)24 Nevertheless, she forged a place for herself in meteorology, helping to explain Atlantic cyclogenesis. Later, as Joanne Simpson, she became the first woman president of the American Meteorological Society. On the occasion of her death, Greg Holland of the National Center for Atmospheric Research offered this assessment: “There is zero doubt that there has never been a more capable woman in meteorology, and she would also be in the top five of all meteorologists in history, no matter the gender.”25

        Malkus’s research on cloud formation and cyclogenesis was financed by the armed services for its relevance to military operations and weather forecasting, so she was perhaps sensitive to the perception that her work might be directed by others.26 If so, it was not because of her gender or because of Rossby’s conspicuously qualified support. Alan Faller also raised the question of research autonomy in a conversation with William von Arx in 1957.27 Faller had just been appointed in the meteorology department at Chicago and sought advice on developing his research program. He had been encouraged by a program officer to apply for an Air Force research contract, but he worried what strings might be attached. “Presumably these funds would be on a very broad basis (not restricted to immediate application) and would therefore be desirable,” he wrote in a letter to von Arx.28 The latter agreed that autonomy was indeed the salient question. However, von Arx turned Faller’s concern around, arguing that external support would increase his stature and therefore his autonomy within his department: “You’ll have autonomous control of your work and the credit of contributing to the financial well-being of the laboratory.”29 But Faller was not convinced; a few months later he was still pondering the matter: “I am inclined to feel that an Air Force contract would be desirable if it fell into the undefined category of pure research and [if it] could be relied upon for continued support.”30

        Von Arx agreed that these were the crucial ifs. He suggested that perhaps it would be better to get money from the National Science Foundation, which was just starting to expand into oceanography: “If NSF gets money enough for continuing support of research we will be free of the necessity for ‘justifying’ research in terms of military need. While this has never been troublesome in ONR contracts, it’s always there in a ghostly sort of way—and who likes ghosts?”31

        This was an apt characterization. ONR funding was generous, particularly in physical oceanography, but everyone knew that the Navy expected results. Even if in practice those results were off in the future, at least in principle they had to exist. But naval expectations were not just about long-term promise; the Navy also expected to be able to call on scientists to help with tasks as they arose. In the archives, one finds frequent inquiries to ONR-funded oceanographers from officers in other naval bureaus and bases—such as the Bureau of Ships—soliciting assistance or advice or requesting participation on a committee or advisory panel. One was not merely being paid to do the science of one’s choice; one was being paid to be a scientist who was, at least from time to time, on call. In this respect, oceanographers did serve, as sociologist Chandra Mukerji has emphasized, as a reserve labor force.32 Did this constitute direction? Von Arx felt that it did. Drawing on the then-fashionable work of sociologist David Riesman, he concluded that scientists had become “other-directed.”33 (Stommel would later describe the relationship more ominously as “Kafka-like”: someone seemed to be in control, but it was not clear who that someone was nor from whence their power emanated.)34

        Von Arx may have been unusual; most oceanographers do not seem to have objected to being at least in part other-directed, and many were happy to be of service—recall Denis Fox in 1943 declaring himself “ready and willing.” Of course, there are always gaps between what people say and what they do, as well as between what they say in public and feel or express in private. But so far as the evidence permits us to judge, most oceanographers do not seem to have thought that their Navy connections significantly affected the direction of their scientific work. To the contrary, Woods Hole scientists in the 1950s largely felt quite free to follow their interests. In the early 1960s, however, it appeared that might be about to change, and several of them expressed the view that there was, indeed, a problem.

      
      
        “Need to Know” Science

        In 1958, chemist Paul Fye took over as Woods Hole’s fifth director. He would serve an unprecedented nineteen years, shepherding an enormous expansion and professionalization of the institution, enabled by Navy support. During the war, Fye had worked in naval ordnance, and in 1942 was recruited to the Underwater Explosives Research Laboratory housed at Woods Hole. His focus was on improving underwater ignition and increasing the explosive power of depth charges, depth bombs, and torpedo warheads. According to Woods Hole history, the laboratory became an “institution within the Institution,” and many scientists who worked there during the war maintained Woods Hole associations afterward.35 In 1948, Fye joined the US Naval Ordnance Laboratory, where he served as chief of explosives research (1948–1956) and then associate director for research (1956–1958).

        With his education as a chemist and experience in ordnance, Fye was perhaps an unlikely candidate to lead an oceanographic institution. With his extensive administrative experience and close links to sources of Navy funding, though, he might be viewed as just the man to develop the institution at a time when funding was becoming both more abundant and more complex and accountability coming more to the fore. As Woods Hole trustee and former president of Bowdoin College James S. Coles (who had also worked during the war at the Underwater Explosive Laboratory) recounted in 1977: “In 1940, the scientific staff [at Woods Hole] had numbered 18 (of whom 15 were part-time). The annual budget was $104,400. The plant consisted of the Bigelow Building, and one small dock for the 142-foot ketch Atlantis and the 40-foot workboat Asterias. By 1957, there were 65 full-time scientists and technicians, plus 106 support personnel, 8 buildings, 2 research vessels, and 2 docks. Operating costs in 1957 were $2.5 million, and $2.4 million of this came from the Federal Government with the attendant complications of red tape, contracts, and auditors.”36 Given this huge increase in size and budget, as well as the shift from private to public funding, the trustees believed that the institution needed to be put on a more businesslike footing. Fye was hired not for his scientific credentials but for his administrative talent, energy, and decisiveness.

        Woods Hole scientists were initially receptive. Some were concerned that he was not an oceanographer nor even an earth scientist, but overall most concurred with von Arx’s assessment: “He’s a good guy, who knows his own mind—no nonsense—but is fair in that he talks things over with others before coming to any firm conclusions.”37 Joanne Malkus was also receptive at first, telling Arnold Arons that morale at the institution had been lifted by “the choice of the new director.”38 Over the following two years, however, staff opinion changed. Some would come to see him as autocratic and unfair. Von Arx came to view him as a bureaucrat ready to sell the soul of the institution to the US Navy. Malkus, Veronis, and several others would leave Woods Hole in frustration and discontent.39

        The trustees had appointed Fye in part in the hope that he would increase private philanthropic support, a goal the staff shared (and which, in the long run, he accomplished), but his immediate vision emphasized prompt responsiveness to Navy needs. He articulated this vision under the rubric of what he called “need-to-know” science. This was a peculiar turn of phrase, for in military circles “need to know” generally referred to security: people obtained clearances to access classified information only if they had a demonstrated need to know that information. For scientists, both the term and the attitudes it signified were unpleasantly associated with Los Alamos and its infamous policy of compartmentalization. As the phrase’s originator General Leslie Groves explained in his postwar memoir, Now It Can Be Told: The Story of the Manhattan Project, “My rule was simple and not capable of misinterpretation—each man should know everything he needed to know to do his job and nothing else.”40 For scientists who believed that creativity necessitated letting one’s intellect range widely, the idea was unsettling even in wartime. In peacetime—and in an institution founded to pursue basic research—it was offensive.

        Fye’s use of the term was also ill chosen, because what he had in mind was different from its Manhattan Project connotations. He was not advocating compartmentalization, but rather that the institution focus its work on topics that that addressed societal needs, concerns, and problems, in this case, the part of society represented by the armed services. Woods Hole should prioritize its research questions according to society’s need to know the answers to those questions. In oceanography, need-to-know science was what the Navy needed to know.

        Fye articulated his vision in a memorandum addressed to the Woods Hole Executive Committee on January 20, 1961, and later shared with the entire staff and the trustees. It carried the seemingly innocuous title “Policies for the Woods Hole Oceanographic Institution in the 60s.” But its length—eight pages, single spaced—indicated that its intent was no mere statement of operating procedures; it was a mission statement for the institution. Its opening made clear that a rift had already developed: “It has become clear within the past year that there are important differences of view within the Institution about [its] future development. . . . It is therefore necessary at this time to clarify certain basic policies.”41

        Fye placed developments in oceanography in the context of changes in American science, implying that the changes he was proposing were not idiosyncratic—not a matter of preference, personal or institutional—but the direction that history was taking American science. The argument generated so much fury that it is worth quoting at length:

        
          During the past twenty years we have seen one pastoral province of science after another rudely invaded by an urgent “need-to-know.” These pastoral provinces had been fields of inquiry and investigation having little direct relevance to immediate needs of the world. For example, during the 30s the field of geophysics involving ionospheric measurements was a tranquil area in which investigators conducted their studies in an unhurried fashion with little concern for applications. It had many features of the ideal for academic research—no pressure, no applications visible.

          Suddenly, an application of great importance emerged: radar. Quickly the field was invaded by scientists and engineers unknown to the established investigators. Not only were applications quickly made, but understanding in the whole field progressed much more rapidly than before. Thus was created an urgent requirement for knowledge completely foreign to the workers in this field—a “need-to-know” all about the fundamentals of electromagnetic propagation which was real and demanding to a degree far greater than had heretofore been experienced in this field.42

        

        Fye’s characterization of the history of ionospheric physics was preposterous—incredible to anyone familiar with the history of radio—but while his history was muddled, his point was not. The reference to the “pastoral” provinces of science was an allusion to Sinclair Lewis’s best-selling novel of the 1920s, Arrowsmith, in which the hero, Martin Arrowsmith, refuses to compromise the intellectual integrity of his research in the interest of more rapid application. Forgoing the worldly rewards that would accompany compromise (as well as the company of women and associated rewards), he retreats with a single male colleague to the pastoral provinces of Vermont, where he will be able to work in unsullied intellectual isolation.43 Fye’s message was unmistakable: pastoral science was a romantic, literary, and, above all, outdated concept.

        Fye listed the provinces of science that had been transformed in the twentieth century by the need to know: nuclear physics, astrophysics, and, now, oceanography. He argued that the time lapse between basic discovery and application was becoming shorter, comparing the “52 years [that] elapsed from the discovery in 1830 of the fundamental law of electrical induction by Michael Faraday until the first electric motor was built by Westinghouse” to the “5 years [sic] from fission to A-bomb.”44 With slightly opaque logic, he argued that oceanography had reached the point at which application was coming first: “Today the requirements of the Polaris submarine crew go beyond present-day oceanography and application has run ahead of discovery.”45

        The Polaris program—with its submarine-launched ballistic missiles—was poised to become the third leg in the US nuclear triad. It was also high in the consciousness of naval officers and certain oceanographers for the demands it would place on oceanographic knowledge of the deep sea (chapter 5). Presumably, this was what Fye meant when he argued that application had run ahead of discovery: Polaris was going ahead despite incomplete knowledge of the ocean floor, needed to site missile launchings. Oceanographers would have to catch up, give the Navy the information it needed, and do so quickly.

        Many people—then and now, and of diverse political leanings—might agree with Fye that scientific research should be responsive to the needs of the society that supports it. Indeed, a distinctive feature of this story is that World War II saw a reversal of political affiliations on this point: in the 1930s it was typically leftists, like socialist geneticist J. D. Bernal, who argued that science should be guided by the needs of society, and rightists, like neoliberal chemist Michael Polanyi, who argued that science must be left to its guide itself (chapter 1).46 These debates also invited the question of who was to decide what society most needed to know. (This was one reason neoliberals wanted to leave it to “science,” lest governments answer the question in ways they did not like.) Oceanographic knowledge was potentially relevant to many societal needs, including mineral resource exploitation, food supply, hazardous waste disposal (and not just nuclear waste), and even recreation, but Fye’s sights were set on a particular category of necessary knowledge: knowledge needed by the nuclear Navy.

        Much of this was related to the emergence of the deep ocean as a theater of warfare. As Fye reminded his staff, historically “the Navy’s primary mission had been considered to be on the surface and [in] the air above it. The third dimension below the surface was of decidedly secondary importance. Submarines were primarily commerce raiders and not necessarily better than other means. Prenuclear submarines were not true submersibles. . . . Knowledge of conditions in the oceans was [therefore] chiefly useful for sonar purposes—useful but not vital.”47 Matters had changed dramatically because of the expectation that nuclear weapons would soon be carried on nuclear-propelled submarines:

        
          [It is] affirmed by daily pronouncements by high Navy officials [that] the nuclear-propelled undersea craft fills a vital need in our major deterrent capability and will become the principal naval vessel of the future. Suddenly there is recognition of a need for great increase in our knowledge of the oceans—including everything about them. For the undersea is now the new “atmosphere” in which the Navy will be conducting its chief operations on an increasing scale, in which it is already traveling through hitherto inaccessible seas. On a growing scale, the military missions of the Navy will be undersea missions because the advantages of concealment and surprise [and] of navigation and of smooth operation are overwhelming in an age of high vulnerability of surface targets to detection and destruction.48

        

        That argument alone would have been enough to disturb some Woods Hole scientists, far as it was from Henry Bigelow’s vision of an oceanographic institution dedicated to basic research. But Fye was concerned not only (or even primarily) with the scientific needs of the Navy but also with its political and instrumental need to find a mission in the nuclear age:

        
          The Navy has been searching for a real naval mission ever since the war. Bikini spelled the end of an era. . . . The Navy needed a new medium and it has found it within the sea. It has strong Congressional support to develop its new role aggressively. Already the undersea ships and armaments have outpaced our understanding of the medium in which they function. . . . The “need to know’ about the oceans has jumped an order of magnitude in the past year or two, and the need will be satisfied in one way or another just as it has been in other fields.49

        

        If anyone harbored the idea that this could be viewed as a both-and rather than an either-or proposition, Fye disabused them, concluding unequivocally that “the pastoral tranquility of oceanography is a thing of the past.”50

        Fye’s history was in several respects questionable: the Navy had decided years earlier that the deep ocean was its frontier, and Lamont director Maurice Ewing would surely have objected to the characterization of his sonar work as “useful but not vital.” But Fye’s larger point was both clear and correct: the Navy was not supporting science because of a generalized conviction of its overall value, the belief that basic research might inadvertently yield something useful, or because it wished to have scientists available as a reserve labor force—although these considerations no doubt contributed to making the case. There was something far more specific, concrete, and immediate at stake: the need for oceanographic information essential to the Polaris program.

        Fye had been active throughout 1960 and early 1961 mobilizing oceanographers to work on Polaris. In a letter to Lamont’s assistant director, he emphasized the urgency of the program, which would “accelerate greatly the kind of research that is urgently needed in support of the fleet ballistic missile systems.”51 Some scientists and scientific institutions would naturally resist the changes taking place, but Fye suggested that in doing so they would be threatening their own futures: “It may be found that the existing institutions cannot adjust their philosophy or methods to cope with the new dimensions and pace of this field. To some, the attractions of the pastoral life are irresistible. It is often more difficult to change the philosophy and methods of existing institutions than to build new ones.”52

        Fye was not asking his scientists to change; he was telling them to, and the remainder of his memo was therefore in the form of a directive. Repeatedly using imperative syntax, he spoke of the “important contribution to national and world security that oceanography must make,” the pressures that “must and will be satisfied,” the new institutions that “must be created,” and the “decision of basic philosophy and policy which must now be made.” It was not a choice but an instruction, a presentation of the reality to which Woods Hole scientists had to adapt. In principle, Fye concluded, they could try to continue the “traditional methods of individual inquiry and operations,” but in practice that “alternative is not really available to us unless we purposefully plan the decline of the Institution we love.” He concluded in no uncertain terms: “Not interpreting my mandate to be one of liquidating WHOI, I have no alternative as a conscientious director but to recommend a planned but rapid expansion that will permit the Institution to fulfill its destiny.”53

        Fye acknowledged that greater planning and stricter organization could undermine creativity, but, tellingly, he discussed the issue not in terms of the advance of scientific knowledge, but in terms of weapon development: “Creativity is essentially a personal and private process. The innovative research worker is keenly sensitive to his environment. Even though he has a firm conviction that research will pay big dividends, he can quickly be diverted to areas of low risk and small thinking if management shows more interest in the small gains of soon-to-be obsolete weapon improvement than in free-wheeling endeavors that may produce wholly new and unique weapons systems.”54 These lines were excerpted from an earlier speech that had included a strong defense of creativity and stressed the need for researchers to control their own tools. But in that speech, Fye had been speaking in the context of oceanographic institutions managing their own ships (rather than the Navy managing them), not in the context of individuals choosing and designing their research programs. Freedom in science played no role in Fye’s Weltanschauung, and so he concluded by asking his staff for “a broad policy and purpose which rests on a general consensus and which is understood by all.”55 The “consensus” was in fact a directive.

      
      
        The Scientists’ Response

        No one contested whether Fye’s characterization of Navy needs was correct; the issue was the policy and purposes of Woods Hole. With his discussion of the elements of “concealment and surprise,” the “vulnerability of surface targets to detection and destruction,” and the imperative of “wholly new and unique weapons systems,” Fye sounded more like a Navy officer than a scientist. Where was the discussion of basic science, of the role of the investigator, of what it meant to do scientific research? Where were the discussions of the differences between civilian and military research, basic and applied science, science and engineering? These categories were deeply salient for most Woods Hole scientists, yet in Fye’s framework they disappeared. Fye claimed that he cared about basic science, but his message suggested he was indifferent to its pursuit.

        No one denied that world had changed; the question was how to respond to that change. Many technical issues related to the Polaris program were already being addressed or could be addressed in military facilities, such as the Naval Research Laboratory and the Navy Electronics Laboratory. Surely Woods Hole’s role ought to be different? Fye’s directive made it unclear how, though. What did it mean to be an independent scientific research institution if the agenda was set by the needs of the armed services? Just a few years before, in 1955, the Woods Hole Scientific Advisory Committee had warned against the risk of becoming too much the servant of the Navy: “The Institution must not become a satellite Navy Laboratory, which might result in it being put in the position of being controlled by Navy demands for hardware rather than by Navy support for basic research in oceanography.”56 It seemed to many faculty—including Stommel, von Arx, Malkus, and Veronis—that Fye was asking them to do the very thing the committee had warned against.

        Columbus Iselin had also been concerned about the direction Woods Hole was taking. After more than a decade of vigorous efforts to bring Navy patronage to Woods Hole, he had come to believe that the Navy orientation was invariably short term and would not serve the interests of oceanographic science in the long term. In a lecture written in July 1958, he argued that the Navy was inevitably more interested in development than research, in getting specific systems built and tasks accomplished rather than learning more about the oceans. This was to be expected—the Navy had a job to do, and that was fine. But oceanographers had a job to do, too, which if not confined to basic research certainly included it. Dependence on Navy funding would inevitably shift the balance in oceanography away from basic and toward applied research. Iselin thought that to some degree it already had, in that “many of the desks in the Navy department that are supporting oceanography are in effect asking for assistance in development programs.” When a scientist helped the Navy, he typically did learn “something new in an area of his science,” but he seldom had “the opportunity to look at the more subtle and little understood phenomena.” The Navy was “pouring in more and more money,” but overall basic research was on the decline.57

        Iselin accepted that the Navy would and should be oceanography’s dominant patron for some time to come, because “almost any kind of knowledge about the sea may in the long run turn out to have applications to the Navy’s mission.”58 But the research effort needed to be “protected from oceanographic engineering, which is what the Navy mainly wants without understanding the difference.”59 Solving operational problems was simply not science.

        Many Woods Hole scientists loved Iselin in part because of their feeling that he had protected them against the threat of ocean engineering—the threat that Navy needs would take over their institution. Now Fye was asking them to depend more rather than less on the organization that Iselin had concluded could not be expected to support basic research.60 For scientists used to doing their research without being bothered by financial and political matters—and who had been taught to believe in the intrinsic value of basic research without having to defend or justify it—this was shocking. Some felt that Fye was asking them to betray their core values and commitments; others, that it was a betrayal of the institutional principles on which Woods Hole had been established. Either way, it was bad.61

        The scientists discussed at length what to do. They met with the director and with one another, wrote letters and memoranda, held evening meetings, and lobbied the trustees for support. They spoke of anxiety and apprehension, of deep concern and declining morale, of frustrated ambitions, and even of thwarted dreams. According to Stommel’s wife, Elizabeth, he could not sleep at night during this period and would come home from work “ranting and raving” about what was happening.62 Finally, in November, things came to a head, as the scientific staff of Woods Hole formally rebelled. It was the start of the Palace Revolt.63

      
      
        The Palace Revolt

        Even before the circulation of the “need-to-know memo,” Stommel had been growing uncomfortable with Fye, whom he had initially considered affable, if uninspiring. Now he viewed him as a threat to the institution. In the summer of 1960, Stommel composed a five-page letter of complaint to the three members of the Board of Trustees whom he most trusted: Iselin, geophysicist Athelstan Spilhaus (1911–1998; inventor of the bathythermograph), and Harvard chemist E. Bright Wilson. Stommel requested that Fye be relieved of his authority, suggesting that if the present situation were “allowed to persist indefinitely [it] would have grave consequences.” With an emphasis on the past tense to underscore how things had changed, Stommel continued: “My first fifteen years at the Oceanographic Institution were very happy—it was a delightful place to work—and I have a deep respect and affection for my colleagues. Nothing less could have impelled me to compose this missive.64

        Stommel suggested that Fye was attempting to run Woods Hole as a military outfit rather than a research institution. Among other things, he had appointed as second in command a man whom the staff thought of as “somewhere between a ‘cold fish’ and a psychopathic personality.’” He had established the Scientific Policy Committee but then proceeded to ignore it and then dissolve it. His behavior and decision-making process had changed “from candid to secret.” Fye claimed that the reason for discounting and then disbanding the committee was that he was disappointed by a “lack of ‘positive’ response; Stommel saw him as rejecting any views that diverged from his own and accused Fye of disbanding the committee “because he fears it threatens his authority.”65

        Fye had implemented a procedure to review scientific progress that had offended just about everyone. His use of phrases like “clean house,” “prune,” and “remove dead wood” had “resulted in a certain atmosphere of uneasiness,” a feeling confirmed by the “inquisitorial” tone of the review process. Woods Hole scientists increasingly had “the feeling that they are working merely in someone else’s laboratory.”66 This must have been particularly difficult for Stommel to stomach, as early in his career he had chosen not to work for Maurice Ewing for just that reason: “Doc” Ewing told you what to do, and you were expected to do it.67

        Many people clashed with Maurice Ewing (chapter 5), but no one ever doubted that he was a brilliant scientist who he had earned the right to direct a research institution. The same could not be said for Fye. Referring to Fye as “A” and the Scientific Policy Committee as “C,” Stommel asked for “A” to be replaced, on the grounds that he did not understand the science that he was supposed to be directing and therefore had “no basis for valid value judgments on the type of research being carried on at the institution.”68 He was like “the amateur mountaineer who has dismissed his guides because he does not trust them or because they irritate him.” But it was not the guides who were at fault, and thus, “one concludes that A should be replaced.”69 Some staff scientists had already decided to accept other jobs and Stommel predicted “more will go.”70

        Navy support had increased the flow of funds into the institution, but what was the point of money if not used to advance science? Fye claimed to want to put the institution on a more orderly basis and sound financial footings, but Stommel didn’t see it that way: “There is a feeling of uncontrolled and unplanned growth: a mere scrambling in Washington to take any and all money from any source, even if it constitutes a prostitution of professional aims and standards.”71 Stommel had said it: Fye was prostituting their science, turning his beloved institution into a whore.

        It is not clear whether the trustees responded, but matters definitely worsened after Fye issued his “need-to-know memo.” Before the memo, Stommel had addressed his concerns privately to the trustees; now he confronted the director directly. His emotions were running high, but Stommel tried to maintain a dignified tone. He began by suggesting that there were two issues at stake: autonomy and purpose. Some scientists like to work alone and others in teams, Stommel argued, and both should be not just permitted but also encouraged. Similarly, some science is “directly related to social needs [and] some science is ‘pure’ and pursued for its own sake.”72 Again, both were legitimate. Fye, however, with his pejorative discussion of “pastoralism,” seemed to reject both pure science and solitary scientists. Stommel defended both. For Stommel, the pursuit of knowledge was a form of individualism—an expression of curiosity, creativity, and personality. Denigrating one denigrated the other. Not all pure science was done by solitary individuals, Stommel argued, but most of it was, and this should remain the central focus of the institution: pure science, done primarily by individuals (or small groups) who decided for themselves what to do and how to do it. No matter how urgent the needs of the Navy, Stommel insisted, they “do not over-ride the need for general development of the science. . . . Young scientists are very much aware of this, and tend to shy away from purely applied naval sciences. My own students are very suspicious about the source of money for work at Woods Hole.”73

        Student views are not much preserved in archives (except insofar as those students later become famous teachers, researchers, or administrators), but von Arx’s discussions with Faller certainly reveal a concern by one young scientist over how funding (both having and lacking it) might affect his career. Likewise, Malkus’s reassurances about autonomy suggest that she believed that if Woods Hole came to be viewed as a place where scientists lacked autonomy—forced to work only on applied projects in large teams—it would negatively affect recruitment.

        Stommel noted that two of Scripps’s best geophysicists—Walter Munk and Gordon MacDonald (later an adviser to President Richard Nixon)—had made their reputations not on the applied work they had done, however useful that work might have been, but on their contributions to basic science, particularly their seminal textbook, The Rotation of the Earth, which “is unconcerned with national defense needs—and . . . establishes their reputation as none of their applied work can.”74 He continued: “Young men are anxious to establish an individual personally and internationally recognized reputation. There[fore] you also need to reserve a place in your institution for a few outstanding individuals, who are completely on their own, and respected, and some of whom are avowedly ‘pastoral.’ We are not all hurrying together on a great well-regulated four-lane highway into a glorious future. I think there is still jungle and undergrowth and unexplored territory where we need individual pathfinders on foot.”75 Stommel offered a solution. Divide Woods Hole into two parts: the Division of Defense Studies and Applied Oceanography and the Division of Oceanographic Sciences. The former could be run by “the best engineer you can find . . . the whole being efficiently organized,” but the latter, in separate physical quarters, would be just the opposite: “loosely organized in an academic fashion, so as to accommodate the solitary investigator and also the man who wants a team in pure science.”76 Stommel had no quarrel with engineering—he was happy to let Fye have it—so long as the engineers stayed out of his way and their work was not mistaken for or conflated with science. Science, Stommel insisted, was constituted by individual investigators pursuing research “subject to no pressures or supervision—in the full meaning and spirit of academic life.”

        In later years, Stommel would spent time in a conventional academic department and develop a much more jaundiced view of the spirit of academic life, but his point did not depend on the actual conditions of scientific life elsewhere. His point was simply that basic science should be pursued at Woods Hole in an academic fashion, and the best way to do that was to support the most creative and productive individuals. “That is what [Roger] Revelle did for [Walter] Munk when he set up the Institute of Geophysics at La Jolla. Support . . . is what makes scientists productive.”77 Woods Hole had lost Ewing and Rossby, Stommel suggested, because they were not offered sufficient autonomy and support.78 He continued: “In 1940, W.H.O.I. was too small a place to contain the aspirations and ambitions of Rossby [and] in 1950 W.H.O.I. was too small to hold Maurice Ewing. . . . Above all, these men wanted personal autonomy.”79

        Fortunately, it was not too late to build an institution that could sustain scientists of their stature, and so Stommel asked Fye to consider not what scientists could do for Woods Hole but what Woods Hole could do for scientists. That, he insisted, was “to offer an outstanding individual complete support, all the machinery, an assured minimum budget, money with no strings, a high degree of autonomy to do his own hiring, and set up his own sub-kingdom, and then not to interfere in any way at all. . . . Strong individuals . . . demand their freedom as a birthright—and all you have to do to keep them is to give it to them.”80 Stommel’s arguments would likely have seemed to Fye more utopian than realistic, but the comments about Munk were largely true: Munk had been given an institute, he was given largely free rein, and his international reputation was based far more on his theoretical work than on the applied problems to which he had attended.81

        For Stommel—as for the biologists who had resisted Sverdrup’s vision at Scripps—the crux of the matter was autonomy. This was linked to the motivation for doing scientific research, which was not national defense. (Indeed, Stommel pointed out that many of these men—Rossby, Sverdrup, Munk—were not US citizens!) The motivation for these men was “to build a part of science all their own, in their own image. It is not so much fame, nor power, nor duty, not civic-mindedness, not disinterested curiosity (all of which do play a role) that motivates their work. What makes them go is a deep-seated drive to wrestle personally with the unknown and to create understanding in their own terms where before there were not even questions.”82

        No doubt Stommel was describing himself, but many of his colleagues would have largely agreed. At least they would have hoped that the quest for understanding was the driving force in their scientific life. Thus, Stommel concluded, have two divisions, “separate[d] physically, morally, [and] financially,” and allow the scientific division to be filled with “solitary pastoral scientists.”83

      
      
        Of Shepherds and Sheep

        In his letter to the trustees, Stommel had referred to scientists who had already left, including Willem and Joanne Malkus, who had gone to UCLA for a year and were deciding whether to stay in Los Angeles.84 Joanne Malkus joined Stommel in his complaint. Like Stommel, she wrote both to Fye and to the trustees. To Fye, Malkus argued that what a particular science needed depended on the nature of that science and its state of development. Given the undeveloped state of oceanographic and atmospheric science, it required an open-ended and relatively unstructured approach to research. Referring to a monograph she had recently completed—and that was soon to appear in the first volume of The Sea, a great compendium of oceanographic and geophysical advances edited by Cambridge geophysicist Maurice Hill (1919–1966)—she explained that it was written “with the decision-making problems of responsible persons like yourself clearly in mind.”85

        Her 116-page chapter, titled “Large Scale Interactions,” summarized the state of research in air-sea interaction with an emphasis on theoretical advances made during and since World War II. These advances spoke to the issues that concerned Fye: how to solve problems whose answers society needed to know. In meteorology, that need was weather forecasting. The dilemma, however, was tension between the short and long terms. Improvements in empirical weather forecasting might yield short-term benefits but would do little to improve the field in the long term. That would require a more theoretical approach, to strengthen the foundations of meteorology as a basic science.

        Theoretical advance required rigor, but empirical work required comprehensiveness, and there was generally a trade-off between the two. Unlike some theoreticians, Malkus was not dismissive of descriptive work, particularly if intended to solve immediate problems, such as weather forecasting. Indeed, she argued that the practical demands of weather forecasting had provided an important stimulus to the science: “The practical importance of the weather and the sea in man’s daily life have . . . provided motivation and means of attacking problems which pure curiosity-driven science might have avoided as too difficult or too costly.” Nevertheless, she believed that the most important advances of her generation had come, and would continue to come, through rigorous, quantitative, basic research focused on fundamentals. This required tempered expectations of rapid practical benefits: “In general . . . the more formal and rigorous the approach, the less useful are the results in the practical sense of forecasting or controlling a planetary phenomenon; at present, even the convective motions in a coffee-cup-sized laboratory cell are only on the threshold of tractability. The challenge is to isolate simplified, prototype problems of this sort, whose rigorous treatment provides key insights into the complexity of natural geophysical systems.”86 Malkus acknowledged what all empiricists know—that fundamental principles don’t necessarily help you decide if it is going to rain tomorrow, find an ore deposit, or predict an earthquake. But, she argued, at Woods Hole the goal should be to advance science in the long term, and therefore society would be “best served by the deepest emphasis being placed on basic research.”87 And basic science required the right environment, which was “hardly that of engineering firms, the brave new gadget technologies, nor even of a government laboratory, despite all the virtues we know these to possess.” Perhaps scientists did not need their environment to be “pastoral,” but they certainly needed it to be “scholarly.” She concluded: “Of those who best served the ‘need to know’ in nuclear development, nearly all the outstanding names are those of scholars, of men who rarely left the academic world and who produced their great efforts in a scholarly environment.”88

        Like Fye, Malkus was a better scientist than historian—neither the atomic nor the hydrogen bomb was built in an academic laboratory—but she was an insightful analyst of the trade-off between reductionism and holism, and between theoretical and practical goals in studying complex natural systems. Like Stommel, she envisaged fundamental science as the necessary foundation if science was, ultimately, to serve practical goals.89 Indeed, this was the standard rationale for federal support of basic science in the period after World War II, the rationale that had underpinned Vannevar Bush’s vision for American science and justified the creation of the National Science Foundation: that undirected scientific investigation would advance the practical interests and material welfare of American society. Often referred to in hindsight as “the linear model,” it insisted that basic science necessarily preceded “application,” because “basic science” was the thing that was being “applied.”

        Fye’s argument, of course, was that an operational program—like Polaris—might identify areas in which the necessary science was lacking. However, if one accepted the linear model, then one could defend basic research simply by arguing that one’s science was young and therefore not yet ready for rapid development. Thus Malkus invoked the notion of research and development to suggest that what Fye wanted was development, but the sciences at Woods Hole were not ready for that: “Only the follow-up or development has generally been done by accelerated programs at large laboratories. Oceanography is not ready for the follow-up stage because the fundamental ideas upon which to base such a follow-up have not evolved. It’s really that simple.”90

        Malkus’s position was neither original nor surprising; it was precisely the sort of claim one could have heard any American scientist making in defense of basic research at this time, and Fye would have heard such arguments many times. What was surprising was the vehemence with which Malkus made her case to the Woods Hole Board of Trustees.

        Like Stommel, Malkus had addressed Fye politely and respectfully, but in truth she was livid. She explained why in a letter to E. Bright Wilson, the Harvard chemistry professor and Woods Hole trustee to whom Stommel had also looked for support.91 Wilson seemed a likely champion, as he was a distinguished chemist who had coauthored a landmark textbook with Linus Pauling on the application of quantum mechanics to chemistry. More than that, he had written a book, An Introduction to Scientific Research, that addressed the very issue at stake: the driving force of scientific progress. Wilson placed that drive in the initiative of the individual investigator.

        Having worked during the war on microwave spectroscopy and explosives, Wilson was not dismissive or disrespectful of applied work, but like Malkus and Stommel and many others, he considered it a different kind of work. When it came to what he called “fundamental investigation,” he was unequivocal in rejecting control, management, and planning. Paralleling the anticommunist arguments of Michael Polanyi and his followers in the British Society for Freedom in Science (chapter 1), Wilson argued that basic science could not be planned. Science was a process of discovering new things: how could one plan to discover what one did not yet know existed? He wrote: “From time to time the proposal is put forward that pure science should be planned ‘by some master board of strategists’ which would direct workers to those fields where gaps were thought to exist. The utter folly of this idea is apparent to anyone with the slightest knowledge of the history of science. How could any board have directed anyone to discover radio, or X rays, or penicillin at the time no one even suspected that these things existed?”92 Fye’s “need-to-know memo” was certainly suggestive of a master strategy, if not a board of strategists, and the Woods Hole scientists who had read Wilson’s book not unreasonably concluded that he shared their view. Moreover, Wilson had described the necessary conditions for successful applied research to thrive and had specifically warned against pitfalls into which Fye seemed to be falling: “It is very easy to develop the habit of making decisions about programs and handing these to subordinates as dictates, without passing on the information upon which the decisions were made. This is not merely bad for morale; it very frequently leads to foolish and useless undertakings which a closer meeting of the minds would have avoided. . . . The necessity is very great for strong measures to prevent a chasm from growing between the director and the staff.”93 This was precisely the pattern of behavior of which they were accusing Fye.

        Assuming, therefore, that Wilson would come to their aid, Malkus wrote openly of her low opinion of Fye. She wrote that she had tried in her letter to him “to emphasize only constructive aspects” rather than argue the details of the science at stake, because he was “not well enough versed in earth sciences to comprehend how far off the mark he is, and [because] his reaction to criticism, actual or imagined, is usually most unhappy and is more likely to give rise to a struggle to win the point or issue involved rather than to think again about it.”94 She considered his administration “an unqualified disaster,” and she let loose a barrage of criticism:

        
          [Fye has shown] little interest in learning the types of problems that the marine scientists face or in comprehending the type of personality or mind that is attracted or necessary to face these problems. He is not excited by the oceans nor by oceanographers’ excitement with them, but is more impressed by recognition, status, publicity, and the external drapery, not just in addition to, but at the costs of getting on with the work in oceanography. He has therefore dealt with the staff with misapprehension and mistrust, . . . with manipulation insufficiently hidden when communication failed (as it usually did), with a show of force in the face of criticism, with stubborn attention to irrelevant details where either a broad view or “hands off’ was in order, and with apathy in important matters requiring directorial action because he failed to recognize them as important.95

        

        Fye was driving scientists away: “The best and most creative staff [have been] harassed the most, several to the point of no return. The majority of those who gave W.H.O.I. its quality and reputation of leadership in marine sciences have already left or are now seriously considering leaving.” Reiterating Stommel’s point that a scientific institution “is known and evaluated in terms of its best men and not by the average,” Malkus insisted that Fye was driving out the best, who were more “aware and more disturbed” by what was going on than their more “pedestrian” colleagues. In any case, the best people “have the good offers and opportunities to move elsewhere, which the hacks will not be able to do.”96

        Malkus wrote to Stommel a few days later, optimistic that Wilson would help, in part because he was “the smartest and most influential” of the trustees and in part because she believed—based on his book—that he shared their philosophy of science. She wanted Stommel to know what she had said in case Wilson followed up with him:

        
          I am sure [Wilson] will now try to check up and find out via other people whether I am just a hysterical female exaggerating the situation or whether there is a general opinion to this effect and whether there is any grounds for such an opinion. I thought best that I should be the one to stick my neck out and make the first move by putting things in writing because I am not, like you, an oceanographer in any way bound to WHOI and I really shan’t be too harmed either personally or professionally if I do not go back there—although at the moment I surely hope to.97

        

        In a memo to colleague Melvin Stern (1929–2010), Stommel summarized the situation with his characteristic wit. If Fye rejected pastoralism, what did he want instead? On the bottom of a copy of the need-to-know memo, Stommel scrawled: “The dictionary does not define pastoral research, but if one may paraphrase its definition of pastoral drama: A poem, drama, etc. (science?) of rustic simplicity in which the speakers (scientists?) assume the characteristics of shepherds. Hence, its opposite, to which we are exhorted to aspire is: ‘A science . . . in which the scientists assume the characteristics of sheep.’”98 Neither Stommel nor Malkus were prepared to be sheep.

      
      
        The Revolt Fails

        Even before he had heard from the scientists, Wilson had written to Fye inquiring what the need-to-know memo was supposed to accomplish and correctly anticipating that it would “stir things up a bit and not necessarily with a happy result.”99 Wilson agreed that Woods Hole should continue to expand, but he also thought things were already going fast in that direction and saw little need to press the point. Moreover, he unequivocally defended the idea that individual investigators drove major advances in science:

        
          I must confess that the flavor of your [memo] rubs me a little bit the wrong way. Perhaps this is because I am an old-fashioned scientific individualist. I still think that this is the way science advances for the most part. Of course, in some fields, such as parts of physics, enormously expensive machines are considered necessary and these can only be operated by teams. But even here it is the lone investigator who makes the really important advances. . . . The development of radar for wartime purposes was of course a team enterprise, but it was not the engineers and technical people invading a cozy scientific area in a sleeping state, but rather the other way around. It was hordes of pure scientists who were rudely extracted from their pleasant occupation and put to practical work which had been neglected and botched by the practical people.100

        

        Wilson acknowledged that oceanography needed “great team efforts with much money and many ships and many routine workers collecting temperature and other measurements.”101 But that wasn’t the best role for Woods Hole: “I am very happy to let other institutions expand as much as they want and do as much practical work as they can. My ambitions for the institution are that it will be the place where the basic understanding of the ocean and its problems is achieved, and I am quite positive that this will come from one man’s brain and not from sixteen somehow linked together by millions of dollars of government money.”102

        “I don’t like the heavy emphasis on application and military application in particular,” he continued. “We earn our bread and butter in this way and have to keep doing it both for money and patriotic reasons, but I would hope we do not lose sight of the fact that we are fundamentally a scientific and not an engineering laboratory.”103 Finally, he concluded presciently, “You have been provocative and . . . people are going to object to the tone . . . these remarks are likely to make people mad.” But despite expressing views quite parallel to those of Stommel and Malkus, Wilson took no action on their behalf.

        Over the next several months, additional faculty wrote to the trustees to complain about Fye’s leadership, organization and vision. By late fall, memos were flying and passions were running high. In November, the senior scientific staff requested a meeting with the Board of Trustees to discuss “the ineffectiveness of the administration and direction of the institution,” about which they were “seriously disturbed.” The memo was signed by twenty scientists, including several who had strong Navy ties: Richard Backus, Alan Faller, Brackett Hersey, Bostwick Ketchum, William Schevill, George Veronis, Allyn Vine, William von Arx, Vaughan Bowen, and—at the top of the list—Henry Stommel.104

        The memo was a single sentence long, asking for an audience with the trustees. Prior to the meeting von Arx had prepared a much longer letter detailing the faculty’s concerns, but the group had deemed it best to wait and discuss details in person, so von Arx sent the letter to Wilson as an expression of his personal views.

        The six-pager outlined four major points of concern. First, the administration seemed detached from the faculty, “totally unaware of their scientific dreams and ambitions.” Second, the staff felt that their work was neither understood nor appreciated. Third, the staff felt excluded from institutional decision-making. Here, von Arx quoted directly from a passage in Wilson’s book in which he warned of the habit of directors of making decisions without sharing the information on which they based them. Fye had done precisely that, and the result was precisely what Wilson predicted: bad morale. Fourth and finally, Fye was trying to expand the institution in pursuit of “economic bounties” at the expense of the basic science mission. To remain intellectually nimble, von Arx argued, the institution should remain small rather than “allow[ing] ourselves to become overblown with people and to amass equipment that inevitably will steer the course of our efforts towards large-scale undertaking of a survey or developmental nature.”105 He concluded with an explicit rejection of the need-to-know concept and an affirmation of the primacy of basic science: “We think the Institution should be careful to avoid any policy that could tend to divert its primary concern from the accumulation and dissemination of pure knowledge.”106

        Staff discontent was congealing around two issues: management and vision. George Veronis wrote a letter to the chairman of the Board of Trustees, Noel McLean (1907–1984), focusing attention on the first.107 Veronis repeated the charge that Fye had failed to communicate with the scientific staff, causing apprehension and demoralization. Veronis wrote: “The director . . . does not have the competence to run an organization as large as WHOI. The supporting evidence is composed of myriads of small incidents many of which are not serious taken by themselves but the sum of which presents a devastating argument.”108

        Biologist Bostwick Ketchum (1912–1982) wrote to trustee James S. Coles (1913–1996), a physical chemist who had worked with Fye during the war and at the time was president of Bowdoin College. Ketchum viewed himself as an ally of Fye—describing himself as more “moderate” in his views than some—but he, too, had signed the “no-confidence” memo because he believed that the problems had become “more that Paul can cope with alone.” Fye had done an excellent job handling the “relationships between the Laboratory and the outside world,” Ketchum felt, but matters within the institution had been neglected: “Paul has been so engrossed with external problems that he has lost the intimate contact with the scientists which is necessary in a director of an institution. . . . [He] must be relieved of some of his responsibilities.”109

        Ketchum agreed with Stommel that there were two different types of work going on at the institution, guided by two different philosophies, which he characterized in terms of free versus directed research.110 Contrasting his biology group with that of geophysicist Brackett Hersey’s in underwater sound, he wrote:

        
          My group is run as nearly as possible on the academic tradition, with each staff member having complete freedom to develop his own research as he sees fit. . . . The contrasted philosophy is more or less one of programmatic research, though when this word is used those whom I consider to be in this category violently object. It is clear, however, that Hersey’s group, which is the largest in the Institution, is run quite differently from mine. I would certainly object to imposing these ideas on the Institution as a whole, and perhaps he would object to [me] imposing [mine]. This, however, is the fundamental philosophical problem which must be solved.111

        

        Von Arx also wrote to McLean, in a four-page, single-spaced letter returning to what he considered the “fundamental philosophical” problem: the freedom of scientists to set their own research agenda. Bluntly, passionately, and at length, von Arx defended a vision of unfettered research conducted by a modest number of investigators and resisting “political, military and industrial coercion.”112

        The institution could of course “expand freely and thus become a large, highly organized research mill with departments and sub-departments very like any government laboratory,” but given how many other laboratories were already doing that, the result would almost certainly be “mediocrity.” It would also “invite increasing preoccupation with applied research, which is already too much in evidence.”113 The alternative, which von Arx defended, was to “redirect ourselves on a course consistent with our heritage.” He wrote:

        
          We have grown to be respected throughout the world for our leadership in new fields, far beyond the military “need to know,” or the clamorings of industry. Since there are already many laboratories being formed or expanded to satisfy the military and industrial needs of our country I think it behooves W.H.O.I. to stand somewhat apart, to re-dedicate itself to academic pursuits. The pursuits are for the greater part the product of individual minds motivated by curiosity and bear no specific relation to other concerns than the general advance of scientific knowledge. Scientific knowledge of a truly basic character is hard to come by. . . . We should not surrender our position of leadership in its pursuit.114

        

      
      
        Paul Fye Responds

        On December 12, Fye called a meeting to discuss the events of the previous months. He began by acknowledging the discontent, although he claimed that the memo to the trustees had come as a complete surprise, thinking that his efforts to address faculty concerns had been effective. It was time to address them once and for all.

        Fye’s comments to staff were long and detailed—the transcript ran to thirteen single-spaced pages—but the overall message was simple: he was doing the job that the trustees had hired him to do. If the faculty thought otherwise, they did not understand the realities of the institution. He had been hired by the trustees “with a directive . . . to make certain changes,” which he described as follows: “to build the necessary organization, to tend toward active building of the professional staff from adequately trained scientists rather than on an apprentice system, to develop proper titles and salary scale for the research staff, to establish reasonable scientific review of our work and our publications and to evolve a far-sighted long-range plan for the development and improvement of the Institution”—in other words, to professionalize the place.115

        The faculty seemed not to appreciate the multifaceted commitments and responsibilities that had kept him busy during the previous two years, including congressional hearings, serving on government committees, seeking private financing, dealing with customs issues, and more. Staff criticism of the amount of time he spent away from Woods Hole, he insisted, revealed their ignorance of what his job entailed.

        To address the need for closer supervision of internal matters, Fye had asked for and been given authorization to create a new position of associate director to help with internal and day-to-day management while he attended to external and long-range issues. In addition, he proposed an internal reorganization, establishing a set of committees to address contested issues: Organization, Professional Status, and Computers. Finally, a staff council would participate in technical decisions and review the work of all other committees. These changes would assist the scientific staff to do their work while he did his.

        Fye concluded by reminding the faculty that they shared responsibility for the troubles at Woods Hole—for complaining behind his back at evening meetings, for making contradictory and irreconcilable demands on the director, and for acting intemperately. He asked for self-restraint in the interests of the institution, as well as in the interests of being able to hire the kind of person needed in the new position of associate director: “I ask for restraint not . . . for selfish reasons [but] for your own self-preservation. If the turmoil of the past month continues it can lead to a large measure of self-destruction and can do a great deal of harm to the institution. I just suggest we stop rocking the boat until we are in quieter waters.”116 At the end of what must have been a very long speech, he finally addressed what Stommel, Malkus, von Arx, Veronis, and others felt to be the essence of their complaint: the institution’s intellectual direction. Fye had focused his comments on organization and communication; he closed with an attempted reassurance that he was not in disagreement over the importance of basic science. On the contrary, the funds he and others had raised were making basic science possible on an unprecedented scale, and the political situation enabled them to do both basic and applied science so long as they “kept their heads” and did not get overly emotional about it:117

        
          The kind of science we are all interested in is assured of support for years to come. We can write our own ticket in a manner and with a freedom never before possible. The monies and facilities now available need not, if we keep our heads, pressure us into a position of prostitution of pure science or of our true missions. Over a year ago I wrote as part of a statement for our Development program: “The Woods Hole Oceanographic Institution is, first of all, a laboratory devoted to basic research. This means a concentrated devoted effort on the part of dedicated individuals in the search for new knowledge. Factual knowledge alone is not sufficient—but rather by basic research we mean the pursuit of the kind of new knowledge that enhances our understanding of nature. Pursuit of this kind of understanding is a creative act of the highest type and it is most important the complete freedom and sympathetic support be given those gifted individuals who are capable of carrying on this type of research. We firmly believe that the challenge of the future in oceanography can be met only by research that truly asks the why and how of nature, simply for the purpose of understanding.”118

        

        Fye had a point—there was more money for basic oceanographic research than there had ever been before—but whether his scientists were being given the “complete freedom and sympathetic support” they wanted was precisely the question at hand. That, and whether it was possible not to be forced “into a position of prostitution of pure science or of our true missions” when an interested party was footing the bill.

      
      
        Prostitution or Pragmatism?

        Fye did not say that he made these recommendations for reorganization with the approval of the trustees, but the evidence suggests that he had. Already in the summer, the trustees had discussed the need for an associate director to handle more of the day-to-day operations of the institution. More important, in communications among themselves they made clear that they considered the faculty complaints naïve and overblown.

        James Coles, the Bowdoin president, argued to Wilson that Fye had done an excellent job in presenting the institution to the outside world: “This essential work—interpreting science to the lay public and the business man, making future plans and finding funds for support of scientific research—is something which I believe Paul does very well.” If there were other areas in which Fye was less able, then the trustees should find some way to “compensate,” but they should not overreact. As for the “need-to know memo,” Coles addressed it in a postscript, brushing it aside as simply a poor choice of words: “Please overlook the “Need-to-know.” This might better be called ‘Desire-to-know.’ Careful reading is necessary to recognize the basic emphasis of fundamental science.”119

        Coles dismissed the scientists’ concerns as sour grapes, focusing particularly on one man, William Schevill (1906–1988), a cetacean biologist who had done extensive work for and with the Navy on mammalian sound: “Just between us girls,” he began, presumably referring to the gossipy character of what he was about to say, “my own impression of Schevill has never been high, and I wonder if he might not be one of those men who, frustrated with his own work or career, finds compensation in criticism of the institution.”120

        Trustee Harvey Brooks (1915–2004) was similarly critical of the scientists, whom he considered naïve, if not irresponsible. Writing to McLean in December to discuss Fye’s speech to the faculty, Brooks concluded: “It is a pretty impressive document, neither too aggressive nor too apologetic. I am very hopeful that it will have the effect of calling the more sober heads to a real sense of responsibility.”121 And despite what he had written in his book, Wilson was not, in fact, prepared to take the scientists’ side. Writing to Ketchum about von Arx’s memo, he wrote simply, “I must admit to being a little astounded.”122 The scientists, he felt, had grossly overreacted.

        On December 19, the faculty finally had the opportunity to meet with the trustees, but the decision had been all but made. Prior to the meeting, the trustees had told the faculty that their complaints were too various and in some cases too contradictory to be credible; they suggested it would be best if only a handful of faculty attended, with one appointed speaker.123 The faculty rejected the suggestion—they were not prepared to have only one person represent their complex concerns—but they did prepare a text to be read at the meeting by physical oceanographer Bill Richardson, with shorter, supplemental comments by others.124

        Perhaps because Fye had focused his comments on communication and organization—or perhaps because the deeper issues seemed too difficult to broach—the prepared text focused on communication: between staff and director and between staff and trustees. In the past the staff had not felt the need to address the trustees directly because the director was adequate to the task, but this was no longer the case. Fye was not only unable to speak on their behalf; he was incompetent to act as their director.125 Acknowledging that they could not be objective about themselves—and no doubt realizing that it was impolitic to question the trustees’ oversight—the faculty moved directly to the question of the director’s competence. As oceanographers often did when seeking vision and wisdom, they turned to the words of Roger Revelle.

        In 1955 Revelle had been asked for advice about the choice of a new director for Woods Hole. In his long and thoughtful reply, Revelle placed scientific stature above all other considerations: “The number one requirement for your new director is that he should be a first-rate scientist. He should be a welcome participant in scientific discussions anywhere in Europe and America and should be able to furnish an inspiring example of scientific insight to his colleagues at Woods Hole.”126

        The faculty accepted that Fye was not that kind of a leader, but they did expect him to “provide the environment into which scientific leadership could be introduced or from which it would evolve. He had a good deal of personal charm and considerable experience in administrative duties. He liked Woods Hole and seemed generally eager and sincere in his desire to improve the stature of the institution.”127 But he was “miscast” as director and “not big enough for his job”:128

        
          He has administered the institution with such a degree of uncertainty and with so little confidence in himself and in members of his staff that the net result has been a general frustration and lowering of morale of everyone. Most of our criticisms of Dr. Fye can be traced to these characteristics of uncertainty and lack of confidence. . . . Under the best of conditions, when all available information is in, he is indecisive, often taking months to announce a decision which was apparent from the start. When issues are less clear, the uncertainty shows itself in behavior which is characterized by irresponsibility, vacillation, and even duplicity.129

        

        This was a strange complaint. Elsewhere, scientists had called Fye arrogant and autocratic; now they were saying he was vacillating and uncertain. Perhaps they were chastened by his speech and accepted that the man was trying to serve their interests. Or perhaps it was a tactical decision to focus on Fye’s competence rather than on their real concern—his vision—for conspicuously missing from the prepared group presentation was any discussion of the event that had triggered the rebellion: the need-to-know memo and the perspectives it revealed. Perhaps the faculty had concluded that the question of vision—the raison d’être of an institution such as Woods Hole—was simply too difficult, too contentious, or too political to address. Perhaps competence seemed a more objective ground on which to build a complaint. Whatever the reason, it was a mistake, because the resulting impression was that the two faculty who addressed institutional purpose were offering a minority view.

        The first was von Arx, who asked simply for intellectualism to come first: “The world is changing around us, but the nature of scholarship and research is altered only in its outward appearances: in larger, more complex equipment, for example. Unless these tools and the administrative machinery needed to manage and finance them are firmly regarded as accessories to research, they will become our masters.”130 Von Arx reiterated this theme in private the following day to George Veronis: “I do feel that the major issue is a misunderstanding of the laboratory’s mission by the trustees, and that this misunderstanding gave us . . . Paul Fye.”131

        The other scientist who spoke at the meeting concurred with von Arx, emphasizing that the personal issues about Fye concerned him less than “the issue of over-riding importance,” the future direction of the institution. Notes from the meeting do not reveal this speaker’s identity, but it was someone who knew Rossby and was determined to protect scientific pastoralism. It is unlikely that this was anyone other than Henry Stommel: “It was Dr. Rossby who described Woods Hole as a ‘scientific hotel,’ where any capable scientist with an inborn drive to try his hand at solving the ocean’s problems is welcome to come and work. Its charm, uniqueness and great scientific productivity lies in the personal independence afforded to its staff. Self-generated efforts flourish in an atmosphere that is somewhat idyllic, remote from external political and military pressures and internal administrative concerns. Such a haven of intellectualism is rare indeed today, even in the universities. I feel that we must struggle to preserve this atmosphere at all costs.”132

        Overall, however, the impression was given that the central complaint was Fye’s style, not his goals. Moreover, suggesting that Fye’s incompetence arose from his lack of confidence was counterproductive, because the trustees’ response was a series of actions designed to bolster his authority. Not only did they decline to dismiss him; they appointed him president of the Woods Hole Corporation. They also made it clear that anyone who was not prepared to accept Fye’s leadership should look for work elsewhere:

        
          The Executive Committee [of the trustees] has carefully considered and weighted all that has been said . . . and all that has come to its attention. It has done likewise for the program outlined by the Director . . . This program and its effective implementation by the Director have the unqualified support and confidence of the Executive Committee. This is a policy decision. . . . The Committee expects the full and complete cooperation of the staff. . . . The Executive Committee is prepared to accept resignations without prejudice of those who feel it will be impossible to cooperate in the future fulfillment of this policy. . . . Those who cannot in good conscience support the Institution should go elsewhere.”133

        

        The Palace Revolt had failed.

      
      
        The End of the Palace Revolt

        The Woods Hole trustees had hired Fye knowing full well that he had made his name in explosives, not oceanography, and they had hired him with a mandate to move Woods Hole forward into what they saw as a more modern, more professional form of management. Perhaps, like the leaders of the University of California, they also supported the political goal of a science allied to national-security concerns, particularly as the Cold War became increasingly frigid. In this respect, the scientists had been naïve: the trustees did not care whether Fye was excited by the oceans, they cared whether he could run the institution in a pragmatic manner in line with the demands of the times. Indeed, in notes from the trustees’ meeting on the question of who might plausibly serve as the associate director that Paul Fye had asked for, Wilson wrote, “Not von Arx. Idealistic.”134

        In his 1955 letter, Revelle had argued that a good leader must be “a good gambler . . . willing to take many chances and have the will to make his important bets come off. Good gambling in this sense is perhaps another term for good judgment. The real test of a politician, a bureaucrat, or a director is the ability to forecast the future, which often means that he works hard enough to make the future come out the way he predicted.”135 Fye was not a great scientist, but he was an effective gambler. He had taken a chance—holding firm in his views in the face of faculty opposition—and he had won.

        As for the staff, their losses were clear and devastating. Many were shocked by the speed and severity of the trustees’ response. Veronis blamed himself for failing to articulate his concerns clearly: “On that fateful day [December 19] the atmosphere of terrible embarrassment and nervous anxiety paralyzed my own mental processes and generally made the meeting ineffective and valueless. I am sure that no one was functioning normally at that time. . . . The point I wish to make is this: Because of the emotionally ridden atmosphere we never did communicate with the Committee.”136

        Records reveal only one trustee who shared the scientists’ dismay: Alfred C. Redfield (1890–1983). A distinguished biologist, Harvard professor, member of the National Academy of Sciences, and one of the original staff recruited by Henry Bigelow in the 1930s, Redfield was known for discovering that the ratio of major nutrients in plankton is the same as in the oceans in which they live and could therefore be used as proxy for ocean nutrient content. Redfield had missed the December meeting and wrote to McLean that he was “shocked and disillusioned,” by both the content and the tone of the letter they had sent. The scientists who had come to speak to the trustees “included some of the most competent, level-headed, and devoted members of the staff,” yet their concerns had been dismissed, and they were “presented a take-it-or-leave-it program without any request for comment [and] are magnanimously given the privilege of resigning.”137

        Some of the institution’s best scientists had come to the trustees in good faith but were “adroitly sidetracked by an administration more interested in defending its power, past actions, and policies than in benefiting by the experience of its staff.” The predictable outcome was “frustration and humiliation,” which did not bode well for the trustees’ stated goal of permitting “the staff to carry on scientific work under the best possible conditions.”138 Quite the contrary. Some would likely leave. Redfield himself was considering resigning from his trustee position: “I cannot, in good conscience, support an institution which is managed in the spirit of this manifesto, either by defending its policies or encouraging any scientist to become its employee. I would be relieved if you can show me in what manner I misjudge the situation.”139

        In his comments to staff, Fye accepted that he bore responsibility for the state of the institution, but he also insisted that the staff shared the blame: “Those of you who have refused to accept responsibilities when asked, who have not carried through jobs which needed doing, either at all or only with repeated prodding, and those of you who have stirred up conflicts rather than searching for compromises must surely, in a small way, share this failure with me.”140 In his copy of Fye’s remarks, von Arx wrote in the margins: “refused only w/ clear good reason, viz Joanne.”141

        “Joanne” was, of course, Joanne Malkus. By the time her promised manuscript appeared in The Sea the following year, she had added a dedication that was a scarcely veiled attack on Fye. By implicit comparison to Columbus Iselin, Malkus made clear her opinion that Fye was no friend of science: “This effort is dedicated to Columbus O’D. Iselin, to whom the writer owes her interest in the area and her opportunity to pursue it without restriction. His efforts have provided a stimulating atmosphere of broad inquiry into the earth sciences. . . . His glorious confidence in us all has given each of us the necessary self-confidence to tackle difficult problems, while at the same time his own humility in the face of the sea’s complexity has imbued us with the necessity of continuous self-criticism in our attempts to understand its behavior.”142 The trustees had stated that anyone who was not prepared to accept Fye’s leadership should tender his or her resignation, and Joanne and her husband, Willem, did; they made their move to UCLA permanent and did not spend summers at Woods Hole.143 And they were not the only ones. Melvin Stern—the recipient of Stommel’s shepherds and sheep memo—went to the University of Rhode Island. George Veronis went to Yale. William von Arx became a professor at the Massachusetts Institute of Technology.

        In 1965, von Arx concluded sadly that the problems at Woods Hole had come to characterize oceanography as a whole. In an essay entitled “A Science in Bondage,” he wrote: “The Navy’s need-to-know about the ocean environment has prompted the establishment of several government laboratories wholly dedicated to the problems of undersea warfare and many of the larger contracts for research in private laboratories and universities for environmental observations and prediction are funded, and directed, through the military establishment. Some very good science and good scientists are involved in these efforts but the question of truly intellectual desire-to-know research is largely set aside.”144

        As for Henry Stommel, even before the trustees’ decision, he had decided to accept an offer from Harvard, although not without deep misgivings. A man who loved Woods Hole—both the institution and the place—it was extremely difficult for him to imagine living and working anywhere else. He accepted the professorship, but Harvard made him miserable. Working in the Division of Engineering and Applied Physics, Stommel found few congenial colleagues. Two years later, he lamented to Allan Robinson: “There is much more to oceanography than mathematics, but I just cannot seem to find anyway to foster interest [at Harvard] in these other areas. . . . It has been very lonely for me at the Division. I detest living in suburbs. Cambridge is very dismal. Dean Ford is a prick. Did you ever notice how ludicrous it is to walk up and down the halls and see all the professors sitting in their offices with open doors, like expensive whores, or stall-merchants in an Eastern bazaar? And so on and so on, but there it is.”145 After three years, Stommel moved to MIT, but he never adjusted to Cambridge (during his tenure at MIT he lived in Falmouth and commuted). Nonetheless, so long as Fye was at Woods Hole, he would not consider returning. In 1978, Fye finally retired, and Stommel returned to Woods Hole, where he spent the remainder of his career.

        In a letter to Wilson in early 1962, Veronis described the preceding two years as “a depressing period for all of us here,” especially because “Willem [Malkus] and Hank were the two really shining lights at Woods Hole.146 In the decades that followed—after Veronis had also left—ocean-atmosphere interactions would be recognized as a crucial domain of scientific investigation, critical both to applied and basic science, but little of this work would be done at Woods Hole. The irony of this was not lost on von Arx, who recalled in 1991 that “meteorology once flourished at WHOI, [with] Veronis, . . . Malkus, et al. . . . [but that program] is now gone.”147

        At Woods Hole, the question of curiosity versus mission-curiosity science would be settled in favor of the latter, but only over considerable faculty objection, which helps to explain why faculty continued to insist that they were doing curiosity-driven science. Had they not so insisted, they would have had to acknowledge something that they found troubling: that the reality of their science was something different from not only from what they ideally wanted it to be but also from what they thought it needed to be to flourish.

      
      
        Was Oceanography Distorted?

        There has been considerable debate among historians of science over how to think about the role of the US military in the Cold War period. Most of this debate has taken place with reference to physics, where historian Paul Forman has argued that military values and priorities changed the field, pushing it off the path it was on before World War II and promoting a science of gadgetry and technical virtuosity. In response, Dan Kevles argued that “physics is what physicists do—or have done,” and that changes in American physics after World War II signified “not the seduction of American physics from some true path but its increased integration as both a research and advisory enterprise into the national-security system.”148

        Kevles’s description of physics as increasingly integrated into a national-security system applies a fortiori for physical oceanography, but this does not negate Forman’s question: how was physics changed by this new situation? Science is always changing—what we identify in hindsight (and to some extent anachronistically) as “science” in the seventeenth, eighteenth, and even nineteenth centuries was very different from what we came to see as science in the twentieth, and science is evolving still in the twenty-first. It is not essentialist to attempt to identify and evaluate these changes. As historians, we should be interested in how science has changed and why.

        In historical assessments of twentieth-century American physics, the complex question of how and why physics changed has sometimes been flattened into the word distortion, to the question of whether physics was distorted by its assimilation into the national-security enterprise. In response, some historians might argue that the word distortion is inappropriate, even irrelevant. The shape of a living brachiopod may be distorted as its fossilized version is turned into rock, the sound of a human voice may be distorted in a telephone call, and the filters of time distort our memories of events. But the events of history are what they are. They are not distorted versions of some other set of (counterfactual) events. In this sense, Kevles is right that physics is what physicists have done, just as history is whatever has happened.

        But there is another way to consider the matter: that the word distortion does make sense in the Cold War historical context, because it was a word—and a concept—that scientists themselves invoked. It is, as sociologists would say, an actor’s category, a term that had meaning to the people who used it. American scientists had values, aspirations, and ideals that were challenged and in some cases undermined by the integration of their sciences into the Cold War leviathan. We can talk meaningfully talk about distortion in this sense, because it is in this sense that scientists talked about and experienced it.

        Oceanography in the mid-twentieth century was changing in ways that some welcomed and others resisted, and, crucially for this argument, that some of those who resisted viewed as distorting. If Henry Stommel was particularly aggrieved by the events of 1961, it was because they were part of a larger pattern that disturbed him. As a member of the Scientific Policy Committee at Woods Hole in 1958—the committee that Fye later disbanded—Stommel had put his name to a memorandum (signed also by Columbus Iselin, Bostwick Ketchum, Brackett Hersey, Joanne Malkus, William von Arx, and, ironically, Fye himself), which explicitly asked whether military concerns were dominating the activities of the institution to an untoward degree. The question under consideration was the expansion of Woods Hole. The committee favored expansion, but only at a pace that did not “exceed [that by] which the excellence of the scientific program can be maintained.”149 Above all, they warned, expansion should not deflect the institution from its basic scientific mission, a deflection that they already to some degree detected: “BE IT RESOLVED that . . . this expansion not be permitted to distort further the emphasis on direct military and development aspects compared with the basic science and to this end the Trustees shall endeavor to obtain additional financial support for independent institutional work in oceanography.”150

        “To distort further”—those are their words. This perceived distortion was the outcome of an unequal funding environment, with funds flowing freely from the armed services to support work of value to them, but little available for “independent” work.

        Historians may argue that “basic” or “pure” science—unaffected by social concerns—has never actually existed, but we cannot deny that the category of basic science had salience for the men and women who invoked it. We may similarly argue that the notion of distortion implies a Platonic ideal that could never exist in practice, but the evidence nonetheless shows that at least some oceanographers experienced military patronage as distorting.

        Most of the Woods Hole Scientific Policy Committee felt that it was fine to serve the nation’s national-security needs so long as those did not crowd out basic science. However, some staff were prepared to go further, arguing that the institution should not pursue military projects at all. In a memo outlining topics for discussion with the new director, William von Arx’s number-one item under “policy questions” was “Should totally classified research and development be a permanent part of the institution’s scientific program?”151 Von Arx’s use of the word permanent acknowledged the extensive military work that had been pursued since World War II and the continued role of Navy funding, but it implied discontent at the fact that what had begun as a response to national emergency had started to look like a permanent state of affairs.

        To these men (and one woman), oceanography was not whatever oceanographers happened—or were pressured—to do; it was a science dedicated to understanding the oceans in their full physical, biological, and chemical complexity. It was the mission that Henry Bigelow laid out in the 1929 report of the National Academy of Science Committee that led to Woods Hole’s creation. It was a science that had already thrived in Europe for some time and that they saw themselves as building in the United States. What Paul Fye and his supporters among the trustees wanted was something different. To the scientists of the Palace Revolt, what Fye and the trustees wanted was a distortion.

        Trustee James Coles had tried to dismiss William Schevill’s complaints as sour grapes, but no one could say that of Henry Stommel. Moreover, his work fit Fye’s vision of need-to-know science, as did that of von Arx, Malkus, Veronis, and most of the others involved in the Palace Revolt. Nearly all received Navy funding, and nearly all did work relevant to military operations and aspirations. Nor is there any evidence that they were forced to take on tasks against their will. But this raises an important question: if they received Navy support to do work they wanted to do, what exactly was the problem?

        One way to answer this question is by comparison with Lamont. No one went to Lamont without knowing, and at least to some degree accepting, the autocratic leadership of Maurice Ewing and his commitment to Navy-scientific collaboration. Lamont was not changed by Navy funding; it was created by it. But Woods Hole, like Scripps, was changed. Many scientists experienced those changes as mostly for the better, but even those who did expressed concerns for the future: that military funding not be permitted to undermine scientific autonomy, a problem that had not yet manifested but that might still. It was about a tipping point that had not yet been reached but they feared soon would be. Their anxiety was anticipatory, and, as von Arx had put it, about issues that were lurking in a “ghostly” way.

        When Henry Stommel looked back on his career thirty years later, he concluded that things had been better in the past. Much of the joy and spontaneity was gone, he felt, and scientists were much more directed by external programs than by their own ideas. They had indeed become other-directed, with more money but less freedom. Stommel concluded wistfully: “They left us alone as long as we were poor.”152

        Autonomy was a theme to which Stommel consistently returned. On receiving the William Bowie Medal from the American Geophysical Union in 1982, he emphasized the importance to him of being able to do “unfettered research.” In his notes for his acceptance speech, he wrote:

        
          I must thank my lucky stars for being born in the century and this country where the Federal Government public has taken such a benevolent interest in supporting scientific research. It was only by the support of agencies such as the Office of Naval Research and the National Science Foundation that it was possible for me to spend a lifetime exploring the ocean, on ships, in the laboratory, and in my mind. . . . Let me affirm that the freedom to work in science on one’s own, with congenial colleagues, unfettered by supervision, with a scientific problem in one’s mind when he goes to bed and when he awakes next morning, to be able to give undivided attention to unraveling some puzzle of nature, is a privilege beyond compare. I have only one regret: I was born at the wrong time to witness a transit of Venus.153

        

        Stommel had sounded a similar note in 1977 when he received the Ewing Medal from the American Geophysical Union. In preparing his acceptance remarks, he struggled with the right way of expressing gratitude for a prize named in honor of a man whose influence he had endeavored to escape. It was not that Stommel disliked Ewing as a man, but he strenuously objected to his approach to science. After several attempts, Stommel found the right words: “‘Doc’ Ewing . . . really was a boss. . . . Working under such strong leadership is not my style, [so] I found something else to do at Woods Hole as soon as I could.”154 He concluded: “Most of human history has not afforded men much chance to pursue their curiosity—except as a hobby of the rich or within the refuge of the monastery. We can count ourselves fortunate indeed to live in a society and a time where we are actually paid to explore the universe.”155

        Henry Stommel was indeed fortunate, but in part because the bit of the universe that interested him also interested the US Navy. This was not merely luck—after all, he had studied astronomy and divinity and had been drawn into oceanography as part of the war effort. Stommel found important questions to be answered in the science of oceanography, but the fact that he became an oceanographer was a result of the historical circumstances of his life. Moreover, his “luck” was not without its price, and that price, as he noted more than once, was some measure of personal autonomy.

        In his later years, Stommel became an active promoter of several large-scale collaborations in oceanography, which he considered necessary to advance the science, but he retained misgivings about the consequent loss of autonomy. In a conversation with MIT professor Carl Wunsch just two years before his death, Stommel asked, “How can scientists find joy in their work if their tasks are set by others? And if they don’t find joy, will they put their hearts into their work?” If joy were not sufficient justification for free inquiry, there was also the question of productivity: “History has shown that you don’t necessarily increase the food supply by collectivizing the farmers.”156 Three decades after the Palace Revolt, Henry Stommel still believed in pastoral science.
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        Stymied by Secrecy: Harry Hess and Seafloor Spreading

      
      Harry Hess was one of the most important geologists of his generation. His concept of seafloor spreading paved the way for the theory of plate tectonics, which in the late 1960s became the first generally accepted global tectonic theory in the history of science.1 Hess’s ideas were inspired by new information about the shape and structure of the seafloor, particularly in the Atlantic, acquired by scientists working under Navy sponsorship. From an empirical perspective, these data were a new element in the debate over crustal mobility, something that had been lacking in earlier discussions of the theory of continental drift.2 But the Navy did not collect bathymetric data for their relevance to tectonic theories; it collected them for their relevance to navigation, to the locating of hydrophones used to detect Soviet submarines, and to the submarine-launched ballistic missile (SLBM) program—and so the data were highly classified. This troubled Hess, who thought that data classification was stymying his science.

      Bathymetry had always been important to mariners, but in the Cold War it took on a new, urgent significance in relation to the nuclear triad. By the late 1950s, engineers had achieved a high degree of accuracy in targeting and guiding intercontinental ballistic missiles, but it was no use knowing the precise location of Moscow—and being able to launch a projectile on a high-precision trajectory to it—if you didn’t know where you were when you fired it.3 If missiles were to be launched from submarines, those boats would have to know just exactly where they were. Missiles might also one day be launched from seafloor installations, which would require detailed data on bottom topography and conditions. It would also require the Navy to occupy these sites; data collection could help the United States to establish “rights” to those locations. A 1963 report on bathymetric investigations in the Indian Ocean—“a potential launch site for a Polaris A3 missile” as well as for bottom-mounted launchers—put it this way:

      
        The acoustical properties and the bathymetry of the ocean floor are dominant factors influencing all undersea warfare operations and plans. . . . They determine where the deep submersible can hide and where bottom-mounted sea-based deterrent systems can be located. . . . Possible sea-based deterrent systems located on the ocean floor and the Navy’s potential requirement to establish proprietary rights to the ocean floor by occupying it with manned stations require the type of data provided by this program. Questions such as: where can good foundation sites be found, what are the ocean floor’s dynamic sedimentary processes, and where can a system on the floor hide, are being answered.4

      

      If these data were crucial to military operations, they were also crucial to understanding the structure of the ocean floor and the processes by which it formed, so Harry Hess tried to convince the Navy to declassify them. Given the haphazard nature of scientific discovery, he argued, one needed the input of as many creative minds as possible. By limiting the number of scientists with access to information, classification decreased the chances of a major discovery. In short: secrecy was a prescription for impeding progress. Insofar as science was crucial to the national defense, impeding science impeded defense, too.

      Hess was in line with scientists and analysts of science, past and present, who have held the free exchange of information and ideas to be both a requirement and a defining characteristic of modern science. Robert Merton articulated this view in his classic essay “The Normative Structure of Science,” in which he argued that both the raw materials and the results of scientific inquiry are communal property, and the handmaiden of community is communication: “The institutional conception of science as part of the public domain is linked with the imperative for communication of findings. Secrecy is the antithesis of this norm; full and open communication its enactment.”5 Merton linked open communication to democracy, which he held to be uniquely conducive to a flourishing spirit of scientific inquiry.6

      Merton’s essay became famous in part because it articulated what everyone believed but rarely bothered to state; the requirement of open communication had been generally taken by scientists to be self-evident. It was understood as the ideal that undergirded scientific societies, with their annual meetings and published proceedings and the peer-review process. It was the feature invoked to distinguish early modern science from hermetic and alchemical traditions, shrouded as they were in secrecy and mystification. It was also often said to distinguish academic from industrial research, cloaked as the latter often was in claims of propriety and trade secrets.7 Little wonder that as American science in the 1950s was pursued under conditions of secrecy and data confinement, scientists would worry. Hess and others were striving to advance science under conditions they believed were inimical to it. Were they right?

      On the face of it, it seems not, for despite his complaints, Hess succeeded in laying the foundations of modern geophysical theory. American geoscientists in the 1950s routinely lamented the security protocols imposed on them in the Cold War even while they accepted military contracts and worked under conditions in which scientific information was subject to governmental review and its dissemination restricted, so perhaps their complaints were pro forma.8 Perhaps the anticipated difficulties never developed.9

      Or perhaps Hess and Merton were wrong about the conditions required for science to flourish. After all, despite scientists’ widely held conviction that “science flourishes best in conditions of the open and public exchange of ideas, methods, findings and interpretations,” as epidemiologist David Michaels has recently put it, historians have found science flourishing under a variety of restricted conditions.10 Charles Gillispie has documented secret science projects related to munitions and ordnance in revolutionary France (although it appears the projects were more of a secret than the science that drove them).11 Loren Graham, Sonja Schmid, Sigrid Schmalzer, and others have analyzed the various branches of science that flourished in conditions of constrained communication in Soviet Russia and Maoist China.12 Peter Westwick and Peter Galison both concluded that American scientists in the Cold War found ways to operate successfully within the constraints of secrecy by holding classified conferences and creating classified peer-reviewed journals.13 More recently, scholars have noted that many areas of biomedicine and biotechnology operate today under conditions of at least partial trade secrecy.14 Given this, Michael Aaron Dennis has gone so far as to say that the conventional equation of science with openness—the “unrestricted exchange of information and knowledge without regard for the race, creed, sex, or national origins of those involved in the exchange”—is “patently false.”15 And Sheila Jasanoff has argued that the assumption that secrecy is necessarily bad should itself be interrogated, that openness and transparency in science cannot be treated as absolute goods or assumed to be natural. Like “most good things,” she holds, “even scientific openness has to be purposefully cultivated and judiciously deployed in order to serve its intended functions well.”16

      Clearly, there are situations—both military and civilian—in which secrecy is justified. The problem is the difficulty of evaluating just what the impacts of secrecy—or openness—are in any given case. During the Cold War, the University of Chicago sociologist Edward Shils (1910–1995) argued that the effects of military secrecy would take years to be uncovered, if they could be discerned at all: “Only after many years, if ever,” he wrote in 1956, “will it be known which crucial bits of knowledge lay hidden by classification and had to wait for a long time to be rediscovered by someone else who then made use of them for some important discovery.”17

      Cold War physicists often claimed they could separate abstract questions about the fundamental constitution of matter and the universe from concrete problems of weapons design and construction, carving out protected epistemic territory around the former.18 Whether or not the physicists’ view can be defended, in oceanography no such distinction can be sustained. As historian Jacob Hamblin has concluded, in oceanography there was little, if any, meaningful separation between military secrets and scientific information.19 The information about the nature of the seafloor that bore on theoretical questions was the same information that served the Navy’s operational interests, and it came in the same form. Given this, it seems implausible that secrecy had no effect.

      We have already seen how security considerations affected Harold Sverdrup during World War II (chapter 1), a story that complements the well-known destructive effects of Cold War anxieties on the careers of physicists Robert Oppenheimer and Edward Condon.20 We have also seen how it created tensions at Scripps, Woods Hole, and Lamont over questions of scientific meaning, purpose, direction, and autonomy (chapters 1 and 3). Clearly secrecy affected scientists, but did it affect science? Did Cold War secrecy alter the development of our knowledge about Earth? To prove that something was not learned is a near-impossible historical task, and to try to explain why something was not discovered risks charges of presentism and whiggishness.21 Yet it is possible to show that scientists at the time believed that something was being thwarted. It is also possible to show that data were left unexamined and lines of inquiry abandoned because of the prevailing research conditions. As Robert Proctor and Londa Schiebinger have argued, it is not just knowledge that is socially constructed but also ignorance.22

      To study the production of ignorance—or the obstruction of knowledge, as Hess would likely have preferred—requires both positive and negative considerations. Which ideas were pursued and which ones abandoned? What was funded or not funded? What did not happen that people at the time thought could or should happen?23 Hess believed that work was being stymied—that advances were not being made—because of military-imposed secrecy. Is it possible that he was right?

      Conventional wisdom among earth scientists is that the prodigious amount of data on the shape, structure, and characteristics of the seafloor, collected under the auspices of the military, laid the foundations for plate tectonics.24 On this view, Hess was wrong: military secrecy either had no adverse effect, or whatever obstacles it created were small in comparison to the overwhelming positive effect of abundant funding and logistical support. In this chapter, I argue that conventional wisdom is wrong and Hess was right: that Navy secrecy stood in the way of the emergence of modern global tectonic theory. To evaluate this possibility, we need to understand the work that Hess and his colleagues were doing on global tectonic questions before conditions of secrecy were imposed.

      
        Seafloor Studies before World War II

        Described as a man who thought about geology from the time he woke up in the morning until the time he went to bed at night, Harry Hammond Hess (1906–1969) was one of the most accomplished geologists of the twentieth century. Known today primarily for the theory of seafloor spreading—first presented in his 1962 paper “History of Ocean Basins”—in his day Hess was known as a versatile adept whose career encompassed geology, geophysics, university administration, naval reserves, and government advisory committees; one colleague said that he lived “five lives simultaneously.”25 Besides generating a prodigious output of scientific work in mineralogy, petrology, geophysics, and tectonics, Hess served as chair of the first National Academy of Sciences’ Committee on Radioactive Waste Disposal, head of the Earth Sciences Division of the National Research Council, chairman of the Space Science Board, and president of the Geological Society of America. As a Navy reservist he rose to the rank of rear admiral. A brilliant synthesizer, he was credited by colleagues with great intuition and a prodigious capacity for retaining detail whose relevance he would later distill. He was also a skillful politician who knew how to avoid trouble: as chairman of the Princeton geology department from 1950 to 1966, he eschewed arriving before 10:30 a.m., knowing that by late morning most people would have sorted out their petty problems without him.26

        Hess began his career as a mineralogist and petrologist focused on ultramafics: rare terrestrial rocks that are unusually rich in iron, magnesium, and calcium. Between 1933 and 1942, he published numerous articles on the mineralogy, petrology, and structure of layered mafic intrusions.27 These igneous intrusions have remarkably distinct and persistent compositional and mineralogical banding, including peridotite layers—iron- and magnesium-rich rocks composed almost entirely of olivine and pyroxene. They also contain layered structures and cross-bedding reminiscent of sedimentary rocks—stimulating questions about how minerals crystallize within magma chambers—as well as economically valuable concentrations of copper, nickel, chromium, and platinum group elements. The Bushveld Igneous Complex in South Africa, for example, holds the world’s largest known concentrations of platinum. Layered mafic intrusions could thus be viewed as an ideal object of earth-scientific interest, seamlessly blending intellectual and economic promise.

        Many geologists at the time believed that layered intrusions were a microcosm for Earth as a whole. Their upper layers were compositionally similar to common crustal rocks, so they thought perhaps the lower (peridotite) layers would be equivalent to deep crustal or even mantle rocks. Moreover, there was something peculiar about the peridotites in the lower layers. Apart from their occurrence in layered intrusions, peridotites were known only from island arcs and orogenic belts, where they occurred in highly deformed “ophiolite complexes”—lithological suites composed of ultramafics, basalt, and marine sediments—interpreted by some to be remnant pieces of the seafloor. The peridotites in ophiolite complexes were always altered to hydrous mafic minerals, including serpentinite asbestos—hence they were referred to as serpentinized—as were most of the peridotites in the layered intrusions. This suggested, as Hess put it in the circumspect manner characteristic of American geologists of his era, “a number of definite relationships between ultramafic intrusions and tectonics.”28

        The link between petrology and tectonics was a second focus of Hess’s early career and the area in which he achieved lasting fame: the structure and tectonics of ocean basins. In the 1930s, Hess had been invited to participate in gravity measurements in the Caribbean under the mentorship of the Dutch geodesist Felix Vening Meinesz (1887–1966). Vening Meinesz had achieved world renown with the invention of a novel pendulum gravimeter that could make accurate measurements under unstable conditions, including at sea, and he had demonstrated its efficacy in a series of landmark submarine expeditions to the East Indies in the 1920s.29 In the 1930s, Hess collaborated with Vening Meinesz to extend this work to the West Indies and use it to think about global tectonics processes.

        Terrestrial gravity measurements had revealed that the Earth’s continental crust rested in hydrostatic equilibrium on a denser substrate—a condition known as isostatic equilibrium or isostasy. (This was reflected in the fact that terrestrial gravity is in most places more or less the same, despite significant differences in elevation and the density of local rocks.) However, Vening Meinesz had discovered that most of the oceanic crust was out of equilibrium. In particular, there was a large, conspicuous belt of negative gravity anomalies—that is to say, a zone in which gravity was lower than normal (–100 milligals to –200 milligals)—parallel and adjacent to the Java Trench on the southern side of the Indonesian Archipelago and curving around the eastern side of Malaysia and the Philippines.30 It was nearly five thousand miles long but rarely more than sixty miles wide, bordered on either side by smaller positive anomalies.31 Earthquake epicenters were concentrated along its axis, which lay about one hundred miles inland from a parallel belt of active volcanism; the negative anomaly belt always fell on the seaward side of the region’s active volcanoes (fig. 4.1). Clearly, there was a connection between ocean trenches, volcanism, and disturbances of the gravity field, but what, exactly, was that connection?
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          Figure 4.1 Map from Vening-Meinesz’s East Indian work, showing gravity anomalies, trench, earthquake epicenters, and volcanism. (a) Volcanism and negative gravity anomalies; (b) earthquake epicenters.

          From F. A. Vening-Meinesz, Gravity Expeditions at Sea 1923–1930, vol. 1 (Delft, Netherlands: Geodetic Commission), 1932.

        
        Supporters of Alfred Wegener’s theory of continental drift had an answer: two pieces of crust were converging, with one sliding beneath the other. Vening Meinesz’s measurements were consistent with the idea: the negative anomalies could be the result of low-density crustal material being pushed down and displacing the denser substrate below. If true, it would mean a profound rethinking of prevailing geological and geophysical theory. One way to test the idea would be to see if similar relations held in other places.

        In 1928, Vening Meinesz was invited under the auspices of the Carnegie Institution of Washington and the US Coast and Geodetic Survey to measure gravity in the Caribbean aboard the USS S-21 submarine. The expedition was publicized in the New York Times and Scientific American and widely discussed. The scientists had found a remarkable parallel between East and West Indies: in both regions a belt of negative anomalies in an area of unusually deep water was associated with earthquakes and active volcanism.32

        The idea for Vening Meinesz’s American visit had come from William Bowie (1872–1940), chief of the geodesy division of the US Coast and Geodetic Survey and a leader in the fledging American Geophysical Union (AGU). At the Survey, Bowie had been involved in terrestrial gravity measurements in aid of geodetic control, showing that gravity measurements could be used to correct for effects that distorted geodetic measurements. But in this era, before offshore oil exploration, there was as yet no recognized practical use for gravity measurements at sea. If marine gravity investigations were to continue, they needed to be in academic hands. Bowie proposed that the work be continued by the Carnegie Institution, using the ship Carnegie, but in 1929 the ship burned in a tragic fire. Bowie turned to Princeton professor Richard Field (1885–1961).

        Field was chairman of the AGU’s Committee on the Geophysical and Geological Study of the Ocean Basins, and in 1938 he became the AGU’s first president. (Previously AGU was a committee of the National Research Council, so its leaders were chairmen, not presidents.) He was also a sedimentary petrologist who since 1927 had been studying reef formation in the Bahamas, where he had used gravity measurements to help interpret subsurface reef structure. Since the early 1930s, he had been active on behalf of the AGU in fostering cooperation between earth scientists and the US Navy Hydrographic Office. With moral support from Bowie and logistical support from the Hydrographic Office, Field invited Vening Meinesz to return to the United States for further gravity work in 1932. The S-21 expedition had been intended simply to demonstrate the feasibility of gravity measurement at sea; the second expedition would be more scientifically ambitious. Field offered the assistance of a bright young man who had just finished his PhD at Princeton working on ultramafic rocks: Harry Hess.33

      
      
        The Navy-Princeton Gravity Expedition

        On the S-21 expedition, Vening Meinesz had found a strip of negative anomalies north of Puerto Rico and Hispaniola; Vening Meinesz and Hess found that it did not continue westward but stopped abruptly near the eastern edge of Cuba. Over the Bartlett Trough, a region of deep water running west-southwest from the eastern end of Cuba toward the Yucatán, they found a complex pattern of positive and negative anomalies. Over the Bahamas, they found generally negative anomalies. Hess was eager to give these data geological interpretations, but the most important scientific result was not so much the additional data, but the ideas that emerged from the interaction between these two men. Vening Meinesz was struck by the extreme parallel between the East and West Indies results; Hess was struck by the extreme intelligence of Vening Meinesz. Together, they began to develop and promote a geological interpretation of the geophysical data.

        Negative gravity anomalies meant concentrations of low-density materials; this could be achieved by a thickening of the low-density crust. Vening Meinesz and Hess proposed a mechanism: a large downfold, generated by surface compression, that displaced the surrounding high-density substrate. Such a downfold would produce a belt of regionally persistent negative anomalies—it would also mean great tectonic forces at play: “A great downward protuberance is developing, which causes a great mass-defect corresponding to the strong negative anomalies.” Vening Meinesz wrote: “Knowing that the root must have a cross-section of more than a thousand square kilometers [to explain the measured anomalies], we may realize the magnitude of the phenomenon.”34

        Vening Meinesz initially called this the buckling hypothesis but soon adopted a term suggested by his Dutch colleague, Philip Kuenen (who reportedly got it from the German geologist Eric Haarmann) and called the feature a tectogene.35 Hess embraced the tectogene concept. He read the gravity data as clear evidence of the relation of gravity anomalies to tectonic activity, arguing that the anomalies were caused by the tectogene, which in turn was caused by crustal compression, but what was causing the compression? An obvious answer was continental drift.36 But American geologists had for the most part rejected that theory, so Hess proceeded cautiously, speaking at this point only of indications, implications, and intimations: “The . . . negative strip has important geological implications. It supplies definite indications of a major orogenic belt; and intimates the way in which the earth’s crust yields to orogenic forces.”37 To that point, geologists had tried to understand mountains by mapping their visible structures, after they had formed, but geophysical data now offered a means to think about what was happening at depth while the mountains might be actually forming.

        Vening Meinesz and Hess had found virtually identical patterns on two sides of the globe, and this—along with the scale of the Indonesian anomalies—led Hess to conjecture that they had detected a global process: “This strip was continuous for the length surveyed: 5,000 miles. It implies that deformation of the earth’s crust is taking place in a single and continuous narrow belt. . . . The terminations of the negative strip were not reached in the region surveyed. Do these strips gradually die out laterally? Do they terminate against faults or shear zones? Or are they perhaps continuous around the world?”38 In the 1960s, this insight—that tectonism is localized in narrow but continuous zones—would become a linchpin of plate tectonics; these zones came to be understood as plate boundaries. But in the 1930s it was tricky for the young Hess to promote this radical idea. Vening Meinesz was more professionally established, but he was temperamentally more cautious than his younger colleague. Still, he agreed that the observed patterns reflected the local effect of regional stress and that processes involved the movement of large crustal blocks, perhaps even entire continents. He wrote to Hess in March 1933: “The gravity profile . . . west of Sumatra [may be explained] in the fact that the direction of stress, exerted by Asia . . . is here nearly parallel to the [gravity] strip, [which] causes Sumatra to override the ocean floor a bit, pressing it down.”39

        The scientists had also observed systematic positive gravity anomalies over the Gulf of Mexico, which Vening Meinesz suggested were also related to regional crustal compression—in this case, an increase in density: “I don’t see another explanation for them [except] a change of state because of the great lateral compression of the crustal material. This is of course very hypothetic[al].”40 What did he mean by “great lateral compression of crustal material”? Did he mean continental drift? In published work, Vening Meinesz rhetorically declined to “go into the difficult problem of the cause of these great tectonic phenomena,” but then he proceeded to do just that.41 He was “tempted to look for the cause, or at least one of the causes, of the relative movements in convection currents in the substratum.” This was the idea that the substrate between the crust was fluid: not necessarily liquid, but perhaps partially molten or at least sufficiently hot and soft so as to behave in a fluid manner and thus be susceptible to convective heat transfer—the mechanism promoted by British geologist Arthur Holmes (1890–1965) to drive continental drift. But Vening Meinesz pulled back from that temptation, concluding that the “whole question is yet too speculative to allow any definite statement.”42

        In the 1960s, earth scientists would accept mantle convection as the cause of crustal movement, but Vening Meinesz was thinking that tectogenes caused convection rather than the other way around. He assumed that the tectogene brought radioactive crustal material into the less radioactive substrate, which would heat it, triggering convection.43 However, by 1935, his thinking had changed. In 1934–1935, he completed a monumental expedition supported by the Royal Netherlands Navy—from Holland to Java via Cape Town and West Australia—establishing 226 gravity stations at sea and 20 more on land.44 He now saw that the positive anomalies measured over the Gulf of Mexico were a general feature of the open oceans; most of the seafloor was characterized by weak positive anomalies.

        The quantity and quality of these data seem to have changed his views on the cause-effect relations and strengthened his convictions overall. In a letter to Hess, Vening Meinesz suggested that convection was not just possible but required and might be the cause rather than the effect of the tectogene. Explicitly invoking Arthur Holmes, he implicitly invoked continental drift: “I cannot see another reasonable explanation than by admitting convection-currents in the substratum below the crust, rising below the continents and sinking below the oceans (they may perhaps be caused by temperature differences because of differences of radio-activity, as e.g. Arthur Holmes assumes).”45

        His reasoning was simple. The positive anomalies indicated denser materials at depth. The simplest explanation for a density contrast was thermal: the denser materials were colder. If they were, then they could be the sinking limbs of a convection current. Indeed, if convection occurred, they would have to be the sinking limbs. Because Holmes had invoked convection currents as the mechanism of continental drift, the implication was clear: gravity anomalies reflect tectonic instabilities driven by convection currents, which could drive large-scale crustal motion. In his widely read 1929 paper “Radioactivity and Earth Movements,” Holmes had cited the Banda Sea as an area where “subcontinental currents approach and throw the [oceanic] crust into compression.”46 Vening Meinesz now had data consistent with that suggestion.

      
      
        Tectogenes, Convection Currents, and Continental Drift

        In 1934, Vening Meinesz published his magnum opus on the Dutch gravity work, coauthored by J. H. F. Umbgrove (1899–1954), professor of Geology at Delft, and Philip H. Kuenen (1902–1976), geologist on the Dutch Snellius expedition of 1929–1930 and later famous for his work on submarine currents (chapter 5).47 The Dutch colonial presence in Indonesia had led to considerable detailed geological work on land, and the fifteen-month Snellius expedition had yielded the most detailed regional bathymetric survey completed to date: thirty thousand echo soundings and three thousand wire sounds, accurate to fifty meters, covering an area of sixty thousand square kilometers of the Indonesian Archipelago.48

        Umbgrove explicitly linked the Indonesian data to continental drift. He summarized the work of B. G. Escher (1885–1967), who had applied Holmes’s concept to the Indonesian province using Vening Meinesz’s gravity data as a guide. The picture he developed showed large convective cells sinking under the Java trench and generating volcanism in the island arc behind (fig. 4.2).49 A related perspective was offered by geologist G. A. F. Molengraaff—a well-known proponent of continental drift—who argued on geological evidence that the deep basins and island arcs had formed together as a consequence of regional crustal movement. The surface features—uplifted blocks and down-faulted basins—were the expression of ductile deformation at depth.50 Umbgrove noted that large-scale underthrusts might be caused by “a North-Western movement of the Australian continent as was supposed by Wegener,” stressing that his theory had “been acclaimed by numerous explorers of the East Indian archipelago.”51
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          Figure 4.2 Escher’s model of convection currents in the Indonesian archipelago. (a) Overall model of convection related to vulcanism and ocean trenches in Java; (b) detail: “three stages in the evolution of the section through Java and the belt of negative anomalies of gravity.”

          From B. G. Escher, “On the Relation between the Volcanic Activity in the Netherlands East Indies and the Belt of Negative Gravity Anomalies Discovered by Vening Meinesz,” Proceedings of the Koninklijke Nederlandse akademie van wetenschappen 36 (1933): 677–85. Reprinted with permission from the Royal Netherlands Academy of Arts and Sciences.

        
        Kuenen, however, was skeptical of Wegener’s theory. In Wegener’s original version of continental drift, the oceanic crust yielded in the face of drifting continents, implying that it was plastic. In a separate chapter on the relationship between bathymetry and tectonics, Kuenen argued that the bathymetry showed that the oceanic crust had substantial topography, so it must be rigid.52 Gravity anomalies and earthquake epicenters within the oceanic crust also “point[ed] to a [rigid] crust which is capable to transmit stress [sic].”53 Yet at the same time, Kuenen embraced the idea of convection currents. In hindsight this is tricky to understand: in the 1970s, convection currents would be interpreted as the cause of crustal motions—and leading geologists had already made that argument in the 1920s.54 But in the 1930s, many scientists viewed convection currents and crustal motion as separate problems; Kuenen was one of them. He believed on geological grounds that the deep troughs and negative anomalies were associated with compressive folding, and he accepted Vening Meinesz’s arguments that convection currents in the substratum could explain them. But this did not, in his view, necessitate continental drift.

        In Kuenen’s view, two facts of gravity surveys needed explanation: the narrow belts of strongly negative anomalies and the weaker but regionally widespread fields of positive anomalies over the open ocean. He believed the former could be accommodated by the tectogene hypothesis and the latter by a descending convection current.55 Because the oceanic crust is less radioactive than the continental crust, the substratum below the ocean must also be colder, he argued, on the basis of simple heat conduction. The difference in thermal regimes would set up convective heat transfer from the hot subcontinental regions toward the colder oceanic regions: “If the constitution of the substratum is homogeneous, this temperature difference must cause rising currents below the continents and descending currents below the oceans and so this distribution is in good harmony with the occurrence of fields of positive anomalies in the oceans. This corroboration is a notable support of the convection hypothesis.”56 In short, there would be global-scale convection beneath the crust, driven by the contrast in radiogenic heat between oceans and continents—along the lines that Arthur Holmes had advocated—and this would exert a drag on the crust and produce crustal compression. But while Holmes had linked convection to continental drift, Kuenen did not: “The convection-current . . . must exert a viscous drag on the crust and so we have to expect lateral compression in the crust.” But he did not assume that this would cause continental-scale crustal displacement.57 There were now three options on the table: continental drift without convection, continental drift with convection, and convection without continental drift.

      
      
        The Barracuda Expedition, Maurice Ewing, and the Atlantic Ocean

        The year 1936 saw the era’s third and last Navy-sponsored gravity expedition to the Caribbean region: the Navy–American Geophysical Union Expedition, from November 1936 to January 1937, on the USS Barracuda. Once again, the Navy provided the boat, logistical support, and radio time signals for accurate locating of the geophysical stations. The Hydrographic Office handled the organization, the American Philosophical Society provided the funds, and female computers at the Coast and Geodetic Survey computed the isostatic reductions of the gravity data.58 The geographic focus would be the Lesser Antilles, following a clockwise circuit encompassing the eastern Caribbean southward to Trinidad and Tobago and then west toward Curaçao along the coast of Venezuela.

        Hess would serve as lead scientist and supervise the soundings, joined by Maurice Ewing, who would take the gravity measurements. Ewing at the time was assistant professor at Lehigh University, just beginning what would become his pioneering work using seismic techniques developed in the Texas oil fields to study the ocean floor. The expedition thus brought together two of the brightest and most ambitious earth scientists of their generation, but their backgrounds and approaches could scarcely have been more different. Hess was a geologist, schooled in the traditional subjects of mineralogy, petrology, and regional geology but broadening his compass to include marine geophysics and pressing hard on the theoretical implications of his empirical observations. Ewing was a physicist, applying instrumental techniques developed by physicists and engineers to the domain of earth science and pushing the limits of data acquisition, but not particularly knowledgeable about the theoretical arguments taking place in geology at that time.

        In 1935, together with polar geophysicist A. P. Crary (1911–1987)—the first man to step on both north and south poles—and geologist H. M. “Mac” Rutherford, Ewing had completed the first comprehensive geophysical study of the structure of a continental margin.59 With funding from the Geological Society of America, moral support from the American Geophysical Union, and logistical help from the US Coast and Geodetic Survey, they had demonstrated that seismic techniques developed for shallow oil exploration could be used to study the crust in waters up to one hundred fathoms deep. The seismic data had proved capable of distinguishing formations and identifying specific horizons within the sedimentary sequence, and it provided the first quantitative measurement of depth to crystalline basement along the US continental margin—approximately twelve thousand feet at the edge of the continental shelf. It also showed that the depth to basement increased gradually, rather than abruptly or stepwise, suggesting warping and subsidence rather than faulting.60 Perhaps most important from a tectonic perspective, there was no sign of a sunken Paleozoic continent, which had been invoked to account for thick Paleozoic sequences in the Appalachians that displayed paleocurrent indicators from the east.61

        Negative results are always ambiguous: either the object or effect does not exist or it does exist but has not yet been found. Ewing and his geological colleagues took the latter view, supposing that somewhere in the Atlantic Ocean there were extensive but as yet unidentified Paleozoic strata.62 But they could just have legitimately read the data as refuting the theory of sunken continents, because the predicted sediments did not appear to be there.63 Given that continental drift had been proposed as an alternative to sunken continents, they could also have read the data as confirming continental drift. But in science, social and epistemic convention is to continue to believe what you have always believed until you are compelled to adjust—and Ewing and his colleagues did not feel so compelled, assuming, instead, that the sunken continent was out there somewhere.64

        In later years, Cambridge marine geophysicist Maurice Hill (1919–1966), son of Nobel laureate A. V. Hill, would write that two outstanding events before World War II formed the basis for the entire postwar development of geophysical exploration of the seafloor: “The development by Professor Vening Meinesz of the submarine pendulum apparatus and the application by Professor Maurice Ewing of the seismic technique to explore marine problems.”65 In Hill’s retrospective, the two developments had the common virtue of demonstrating the value and feasibility of geophysical work at sea. But at the time, they were viewed as pointing in divergent theoretical directions: Vening Meinesz’s work toward large-scale crustal mobility, Ewing’s against it. Hill’s Cambridge colleague Sir Edward “Teddy” Bullard (1907–1980) later downplayed the theoretical aspect (some might say theoretical failure) of Ewing’s early work, saying that his great achievement was to “show that you could do things at sea that no one had done before.”66

        In the 1960s, Bullard would become an advocate of plate tectonics, but in the 1930s he accepted the interpretation of Ewing’s results as unfavorable to any theory of large-scale crustal mobility. In any case, more work was needed. In 1937, Bullard applied to the Royal Society for funds to travel to America to learn Ewing’s techniques and apply them on the eastern side of the Atlantic as Ewing had done on the western. Bullard explicitly linked the seismic data to continental drift, but in a negative way. Ewing’s work, he suggested, “indicates that the edge of the continental shelf is not a great fault separating the continents from the ocean but is merely the edge of a rubbish dump of unconsolidated sediments. If this is so no extreme horizontal motions of the continents can have occurred.”67

        Not everyone agreed with Bullard’s interpretation of the basement data, however, or that unconsolidated sediments were rubbish. Reviewing the proposal, Carnegie Institution of Washington geologist W. B. Wright (1876–1939), one of Wegener’s most respected defenders in the United States, challenged the contention that Ewing’s data disproved Wegener’s hypothesis:

        
          I think the conclusions to be drawn . . . are over-stated. Such results would not disprove the horizontal motions postulated by Wegener, but merely show that the rupture, if any, took place along a geosyncline, presumably parallel to the Appalachians, which is where one would expect it to lie. The measurements will not decide whether the oceanic slope beyond the 100 F[atho]m line is of tectonic origin or merely the edge of sedimentation. . . . I foresee that a claim may some day be made that the Wegener hypothesis has been put to the test of experiment and disproved and wish to state now that I cannot see that the results will be any criterion for or against.68

        

        Nevertheless, Wright supported the proposal on empiricist grounds: “They will be none the less interesting. . . . The measurements are well worth making and will be extraordinarily useful to geologists.”69

        Later in his career, Bullard would be a strong advocate of sticking to one’s theoretical guns, but at this early stage in his scientific life—he was thirty—and in a scientific community where empiricist tempers reigned, he deemed it politic to retreat.70 He responded by disavowing theoretical ambition: “We are not seeking to prove or disprove Wegener, and whether we do so this year or not is a matter of no great importance, but if everything goes well we shall get some facts about the nature of the shelf which I think should be of interest.”71

        The revised proposal was approved and Bullard traveled to the United States in the summer of 1937, where he met both Ewing and Hess. He certainly would have discussed the Barracuda results—which Hess and Ewing presented that year at the annual meeting of the AGU and again at a symposium at the American Philosophical Society in Philadelphia in 1938. But he probably would not have garnered a coherent picture, for Hess and Ewing took very different stances toward their data.72

        Ewing presented the results of fifty-one sea stations and nine harbor stations in a map illustrating the distribution of gravity values. The results confirmed and extended Vening Meinesz’s and Hess’s earlier work: the narrow belt of intense negative anomalies continued eastward along the north side of Puerto Rico and then curved in a great arc down through Trinidad and Tobago and along the north coast of Venezuela. The anomalies always occurred above or immediately adjacent to the regions of greatest depth: 3,000–4,000 fathoms. As in Indonesia, the Caribbean belt was typically less than 100 miles wide but extended over a great length: in this case more than 1,200 miles. In Ewing’s words, “This negative strip is comparable with that found by the epoch-making survey of Vening Meinesz in the East Indies.” But he declined to press an interpretation.73 He expanded on the history of gravity measurement, the instruments and techniques, and the problems of measurement and data reduction, but he offered little in the way of interpretation, concluding weakly: “The large deviations from isostatic equilibrium which exist in the Meinesz belts may be considered as very exceptional features to be explained by stresses in the crust.”74

        Hess’s approach was different. He concentrated on linking the new geophysical data to the known geology of the Caribbean and looking for its tectonic significance. In his 1937 AGU presentation, he emphasized the coincidence of maximum negative anomalies with maximum ocean depths and their link to volcanism. The islands interior to the negative belt—Trinidad, Tobago, Barbados, Martinique, Antigua, St. Kitts, and St. Thomas—formed a zone of active volcanism and recent tectonism: they all contained either volcanic rocks or evidence of deformation of recent sedimentary rocks. Several also contained altered peridotites. Hess linked this to the tectogene hypothesis, suggesting that the peridotites were intrusions that had penetrated the upper crust along fractures generated by the crustal downbuckle: “Serpentinized peridotite intrusions occur all along the great negative strip of the East Indies, and similarly are present in the West Indies. . . . Where the crust is buckled down into the peridotite substratum, the conditions for the formation of this magma and its migration to the surface through the vertical limbs of the down-buckle are fulfilled.”75 Hess had a theory: in areas of gravity anomalies the crust is compressed, a downbuckle forms, and peridotites are generated and intruded along its limbs.

        Hess elaborated these ideas in the paper he presented in Philadelphia in November.76 His involvement in two major gravity expeditions, his interactions and correspondence with Vening Meinesz, and his personality all seem to have given him the confidence to interpret his findings boldly. He began the Philadelphia paper declaring: “Meinesz’s discovery of huge negative anomalies in the vicinity of island arcs is probably the most important contribution to knowledge of the nature of mountain building made in this century. . . . When the significance of the huge anomalies and the structures they indicate become appreciated, a radical change in some of our ideas on mechanics and processes of mountain building becomes necessary.”77

        Hess stressed that the consistency of the gravity results precluded their arising from instrumental error, observational inaccuracies, or incorrect assumptions about isostatic compensation. “There can be no doubt that the major portion of the anomalies present in the negative strip is due to an abnormal mass distribution in the Earth’s crust below the strip . . . Meinesz’s explanation . . . is that the Earth’s crust buckles downward in a huge vertical isoclinal fold, and thus the light material of the upper crust might extend downward to a depth of 40 to 60 km.”78 Hess also argued that his interpretation was both unifying and predictive. The tectogene idea resulted in “the coordination of many geologic facts previously merely a collection of observations with no apparent relationship to one another.” It “join[ed] together in a single structural entity observations which formerly fit into no definite pattern,” and it predicted “relationships that are to be expected (and have since in a number of cases been found).” For all these reasons, Hess was “completely convinced of the soundness of the theory.”79

        But was a giant downbuckle mechanically possible? To answer this, Hess looked to Kuenen, who had agreed that the “combination of the coincidence of both types of profiles and of the geological and seismological evidence leave no doubt about the identity of the phenomenon in the East Indies and the West Indies. So north of Porto Rico [sic] we are also led to suppose a downward buckling of the Earth’s crust.”80 But was it mechanically plausible that the crust would sustain an enormous downfold, penetrating tens of kilometers into the substrate rather than fracturing in large blocks or crumpling into a sequence of small, superficial folds? Kuenen hoped to answer this question by means of scale models.

      
      
        Kuenen’s Scale Models of the Crust

        In a 1936 paper titled “The Negative Isostatic Anomalies in the East Indies (with Experiments),” Kuenen presented the results of an experiment in which he simulated the effects of regional compression to see if they could generate a tectogene.81 Various workers had built scale models in attempts to re-create fold structures observed at the surface in mountain belts, but Kuenen’s work was different: he attempted to re-create a hypothetical feature at depth that could account for measured effects at the surface.82 He also attempted to scale his model realistically in terms of its aspect ratios and the strength of its component materials. As Hess described it: “The experiments performed by Kuenen are of particular validity because two factors have been taken into consideration which are commonly neglected in experimentation with geologic models. The first is that the strength of materials used has been chosen so as to be of the right order of magnitude for the scale of the model; and second, the crust of the model has been floated on liquid paraffin to supply the zone of no strength beneath the crust.”83

        Kuenen began with a glass aquarium and filled it with various combinations of layers of paraffin, petroleum jelly, mineral oil, and warm water, subject to horizontal compression by means of a plunger at one end. In a series of experiments, which he documented by photographs, he showed that one could generate both underthrusts similar to those observed in mountain belts and downbuckles of the sort postulated by Vening Meinesz. Indeed, his downbuckles were strikingly like the sketches of tectogenes that Hess had drawn before the experiments were performed. Moreover, by placing a weak layer on top, Kuenen could generate small folds on top of a much larger downbuckle, just as one saw small-scale folds on the Earth’s surface in mountain belts (fig. 4.3).
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          Figure 4.3 Kuenen’s experimental model of a how a crustal downbuckle could produce a negative gravity anomaly.

          From Ph. H. Kuenen, “The Negative Isostatic Anomalies in the East Indies (with Experiments),” Leidse geologische mededelingen 8 (1936): 169–214. Reprinted in accordance with Naturalis Biodiversity Center open-access policies.

        
        Kuenen never claimed that his experiments proved the existence of tectogenes. Rather, he viewed the experiments in heuristic terms, arguing that they were of greatest value “for checking . . . theoretical deductions and guiding further research.”84 Hess took a more assertive view. He saw the experiments as a “test of Meinesz’s theory” to which they offered “strong support.”85 They could also be used to make sense of prevailing geosyncline theory: the geosynclines observed in nature were the surficial expression of subsurface tectogenes; the geosynclines were sedimentary basins formed at the hinge of the tectogene. As the tectogene buckled downward, the surface was also pulled downward, and so sediments accumulated in what geologists recognized as geosynclines.

        In 1938, Hess synthesized this work in a widely cited paper whose title reflected his intellectual starting point but scarcely indicated its scope: “A Primary Peridotite Magma.” Ultramafic rocks were generated, he argued, by partial melting of mantle peridotite in zones of crustal buckling, as revealed by gravity anomalies. Crustal compression caused the downbuckle, generating heat and setting up stress fields that resulted in fractures along which the produced melts could migrate (fig. 4.4). Given the striking parallel between East and West Indies—the two places where this problem had been studied in detail—Hess saw no problem in generalizing to the rest of the world: “Apparently all mountain systems have had a tectonic history similar structurally to the present island arcs.”86
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          Figure 4.4 Hess’s 1938 model of the relationship between crustal buckling, ocean trenches, and negative gravity anomalies.

          From H. Hess, “A Primary Peridotite Magma,” American Journal of Science 35 (1938): 322–44 (fig. 1). Image © American Journal of Science. Reprinted in accordance with stated fair-use policies, available at http://www.ajsonline.org/site/misc/terms.xhtml.

        
        But how were the compressive forces that created the tectogenes themselves created and sustained? Most people, including Kuenen, assumed that the crust was too weak to sustain compressive stresses over geological time. A tectogene, if it could form, would be rapidly heated, melted, and dissipated. Hess needed a driving force that could maintain and sustain regional compression over geological periods. Kuenen’s models suggested that tectogenes could form, but they did not demonstrate how they did form. A tectogene was a mechanically possible response to regional compression, but what was the source of compression? Like earlier experimenters with scale models, Kuenen simulated horizontal compression with a plunger at the side of his apparatus without identifying the plunger’s real-life referent.87 Hess believed the solution could been found in the work of David Griggs.

      
      
        Griggs’s Convection Current Model of Continental Drift

        In 1938, David Griggs (1911–1974) was a newly appointed professor of geophysics at UCLA. His work focused on the behavior of rocks under the conditions of high temperature and pressure presumed to prevail in the Earth’s mantle. As a member of the Society of Fellows at Harvard, he had captured his colleagues’ attention by combining mathematical analysis, high-pressure experiments, and bench-scale modeling.

        Perhaps influenced by Harvard professor Reginald Daly (1871–1957)—one of North America’s few outspoken proponents of continental drift—Griggs took continental drift seriously. Like other American geophysicists, he accepted Harold Jeffreys’s criticism that tidal, Coriolis, and Polflucht forces were inadequate to drive continental drift. But unlike Jeffreys, Griggs took seriously the quantitative analyses of subcrustal convection provided by Vening Meinesz, as well as by European geophysicists A. L. Hales (1911–2006) and Chaim Pekeris (1908–1993). Griggs believed, as they did, that mathematical analysis could determine whether mantle convection was possible and could be a driving force of crustal motion.

        Vening Meinesz and Pekeris had calculated that convection in the Earth’s mantle could generate compressive forces of 3,000–5,000 kg/cm2—more than enough to exceed the laboratory-measured strength of granitic rocks of 2,000–3,000 kg/cm2—and therefore to deform crustal rocks. It had been shown experimentally that rock strength would increase with increasing confining pressure, but it was also assumed that it would decrease with increasing temperature, so these values were not implausible for deforming near-surface crustal rocks. Hales had calculated that a temperature gradient of only 0.1°/km would be sufficient to set up convection. This could be achieved either by a radioactive heat source at depth or simply if the core were more conductive that the mantle or crust. Assuming convection down to the core boundary at 2,900 km and movement by viscous flow, Pekeris calculated a rate of convective overturn of 5 cm/yr. Assuming convection only down to 1,200 km, Vening Meinesz calculated a rate of 1 cm/yr. Based on his own experimental work demonstrating pseudoviscous flow in limestone—presumably effected by recrystallization, or dissolution and precipitation reactions—Griggs thought the rates of motion would be higher, perhaps 10 cm/yr. Together these studies defined a range: 1–10 cm/yr.88

        Griggs’s analysis was focused on these quantitative constraints and the possibility of episodic convection. What caught Hess’s attention was a minor component of Griggs’s argument: a tabletop experiment, barely a few inches long. Griggs had read Kuenen and been impressed by his attempt to achieve “dimensional correctness,” especially as compared with earlier workers whose choices of materials were at best arbitrary and at worst misleading.89 Kuenen’s model relied on compression from the side; Griggs wanted to test the idea of crustal compression generated by viscous drag from below. Nor did Kuenen’s model take into account the time dimension; it was not dynamically similar. Griggs wanted to simulate the effect of convection currents in the mantle on the crust above in a manner that would account for the time-dependent nature of viscous behavior.

        Griggs took his lead from the great geologist M. K. Hubbert (1903–1989), who in 1937 had laid out a mathematical approach to model scaling, and from Harvard physicist Percy Bridgman (1882–1961), who had developed the concept of dimensionless products. Defining the model ratios as the ratio of the magnitude of the property in the model to the magnitude of the property in the Earth, Griggs realized that one could create a dimensionless product to determine the scaling factor for time—which in geology was the vexing factor.

        Griggs calculated that the time factor in Kuenen’s experiments was seventeen orders of magnitude less than in the Earth. This meant that a process requiring ten million years in the Earth would have to occur in the model in one-three-hundredth of a second. A process taking one million years would have to occur in one-three-thousandth of a second. No one could make a model operate that quickly, so the alternative was to scale a different parameter. Length and density could be adjusted only to a limited degree—certainly not by seventeen orders of magnitude. This left only one option: viscosity, which could be varied as required. Griggs explained, “This analysis shows us that by correctly choosing the value of the viscosity we may make a dynamically similar model to operate at any speed we desire, limited only by the viscosity of the materials available.”90 If, for example, one minute in the model were to represent one million years on Earth (τ = 1.9 × 10−12), and δ is the density ratio between model and Earth, λ the length radio, and τ the time ratio, solving the following equation gives the required viscosity ratio, ψ:

        
          ψ = δλτ = 0.35 × 2 × 10−7 × 1.9 × 10−12  =1.3 × 10−19.

        

        In other words: the materials in the model substrate had to have a viscosity nineteen orders of magnitude less than the expected viscosity of the mantle! This result determined Griggs’s choice: glycerin. Previous researchers had used sand, mud, plaster, wax, and various other solids or semisolids; Griggs now realized that a realistic mantle model would be liquid, even if the real mantle were not.91 To build a realistic model, one had to use what seemed to be unrealistic materials.

        With this insight, Griggs performed two experiments. In the first, he simulated compression from the side, akin to Kuenen’s work and most other earlier experiments, but he got a crucially different result, which was no tectogene, just thickening of the crust immediately in front of the advancing plunger: “The viscous drag of the substratum seems sufficient to prevent the transmission of compressive stresses for long distances through the over-riding crust, and causes local thickening of the crust instead.”92 In the second experiment, he simulated the effect of convection currents below. However, it was impractical to achieve a temperature difference comparable to the expected difference between the core and the crust of the Earth—thousands of degrees—so he simulated the effect of convection currents using rotating drums (fig. 4.5).93 In one simulation, the drums were placed in a small glass boxed filled with glycerin; the crust was simulated by a layer of cylinder oil mixed with fine sawdust. In a another simulation, Griggs used viscous water glass (an aqueous solution of sodium or potassium silicate) and oil mixed with sand, adjusting the proportions to achieve the viscosity required for the size of the model. The drums were rotated by small handheld pulleys.94
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          Figure 4.5 David Griggs’s 1939 model of mantle convection currents driving crustal motion, illustrating the “hypothetical correlation between phases of the convection-current cycle and phases of the mountain-building cycle.” (a) His theoretical picture; (b) stereogram of his dynamically similar physical model, with only one drum rotating, showing development of peripheral tectogene.

          From David Griggs, “A Theory of Mountain Building,” American Journal of Science 237, no. 9 (1939): 611–50 (figs. 15 and 16). Images © American Journal of Science. Reprinted in accordance with stated fair-use policies, available at http://www.ajsonline.org/site/misc/terms.xhtml.

        
        Griggs’s convection model yielded a very different result from previous experiments: underthrusts were developed in which the upper portions of the “crust” passively slid over the lower portions, which thickened and deformed. Griggs correlated these thrusts with structures seen in mountains, such as Alpine nappes. Moreover, if one drum was kept stationary and the other made to rotate fast enough, the oil layer above the rotating drum began to thin and then finally broke, and was “transported into the thickened crust [above the stationary drum]. Finally, the current sweeps all the crustal cover off and piles it up in a peripheral downfold.”95 This, Griggs concluded, was the most important result, for it “opens the attractive possibility of a convection cell covering the whole Pacific basin, comprising sinking peripheral currents localizing the circum-Pacific mountains and rising currents in the center.”96 This was hard to explain in text, so the professor from Los Angeles did something clever: he made a movie, which he presented at the 1938 annual meeting of the Geological Society of America.97 Harry Hess chaired the session.

        In the written version of the paper, published in the American Journal of Science the following year, Griggs acknowledged his debt to Hess and Holmes, and especially to Vening Meinesz’s “discovery of the great bands of gravity deficiency in the East and West Indies.”98 He saw his work as unifying gravity anomalies, crustal deformation, convection currents, and continental drift.99 So did Hess. Soon after the meeting, Hess wrote:

        
          Recently an important new concept concerning the origin of the negative [gravity] strip in island arcs has been reported by David Griggs. It is based on model-experiments. . . . By means of horizontal rotating cylinders, convection currents were set-up in a fluid layer beneath the “crust,” and a convection cell was formed. A down-buckle in the crust, similar to that produced in Kuenen’s experiments, was developed where two opposing currents meet and plunge downward. . . . If the buckle were formed entirely by tangential compression in the upper crust, it would be so weak and unstable that it could last for only a very short period of time geologically. [But] by means of convection currents the difficulty of maintaining the [downbuckle] can be removed.100

        

      
      
        The Revolution That Wasn’t

        It was the autumn of 1938 and Hess and Griggs had put together the pieces of a global tectonic theory that bore strong resemblance to the arguments made by Alfred Wegener in the 1910s and Arthur Holmes in the 1920s. Their theory, though, had greater emphasis on geophysical evidence of deep crustal structure and offered a quantitatively defensible model for convection currents as the driving force. Its key elements were a layered earth structure with a rigid crust, and convection in the underlying plastic or fluid mantle. The theory accounted for crustal thickening, regional gravity anomalies, deformation and volcanism in island arcs, and—apparently—large-scale crustal motions, which is to say, just about everything that a global tectonic model was expected to account for at the time. It was supported by data on a range of scales, from global geophysics to bench-scale physical modeling; it was consistent with the empirical evidence cited in the 1920s for continental drift; and it was consistent with arguments that had been “in the air” (and the literature) for two decades. Moreover, the values they achieved for the rate of crustal motion, one to ten centimeters per year, were consistent with what would later be demonstrated by other means.

        Admittedly, Griggs had not resolved all the prevailing differences of opinion. His model required convection currents to sink into the mantle below the zone of crustal thickening—that is, in the regions of negative anomalies where Hess had put his tectogenes. This was consistent with Hess’s requirement for compression and melting in these zones and with the picture drawn by Holmes, but it contradicted Vening Meinesz’s and Kuenen’s view that convection currents sank beneath the center of the oceans. Griggs had begged the question by focusing on the role of downward currents in generating trenches, mountain belts, and a downward pull on the crust, leaving the site of the ascending currents out of his picture. But he agreed with Hess and Holmes that convection currents were most likely rising in the oceans and sinking in regions close to the continental margins, finding the evidence for this in earthquake seismology. Seismologists including Beno Gutenberg and Charles Richter, he noted, “all agree that the foci of deep earthquakes in the circum-Pacific region seem to lie on planes inclined about 45° toward the continents. It might be possible that these quakes were caused by slipping along the convection current surface.”101

        The recognition of dipping zones of deep-focus earthquakes is generally attributed to K. Wadati and Hugo Benioff, who gained attention in Europe and North America after World War II. In the late 1960s, “Benioff zones” came to be understood as the sites of descending crustal plates and descending convection currents—the final, critical piece in the plate tectonic story.102 But Griggs’s comment shows that as early as 1938 geophysicists had recognized these zones, which some of them had interpreted as sites of crustal motion linked to descending convection currents.

        The most plausible way to resolve the remaining uncertainties was with more information from the sea. The dearth of data from the marine geophysical environment was why Vening Meinesz, Kuenen, Bullard, Hess, and Ewing had turned to their respective navies for logistical support. Navy support had enabled them to collect data that they would have otherwise been unable to collect, and the navies had imposed no restrictions on where it could be published or with whom it could be discussed. In the 1930s, there had been no reason to suppose that working with navies would be anything other than advantageous. But then the world went to war, and the conditions of scientific work changed dramatically. Secrecy became the order of the day; ideas and data that had been widely discussed among diverse colleagues were then discussed only narrowly, and in the United States, this meant a handful of American geoscientists with security clearances. Meanwhile, a new generation of scientists—mostly trained as physicists—came to work on the seafloor. Did this influx of men and means produce plate tectonic theory, or did it stand in the way of bringing to fruition the work of Vening Meinesz, Hess, and Griggs?

      
      
        World War II and Pacific Bathymetry

        In his work on the S-21 and the Barracuda, Hess had complained that the military chain of command made it difficult for a scientist on board to get things done, so the Navy made Hess a lieutenant in the Naval Reserve. Perhaps this was one of history’s small contingencies with large effects, or perhaps Hess would have joined the Navy anyway when hostilities broke out. Either way, on December 8, 1941, he took a morning train to report for active duty.103 He would serve for the duration of the war.

        Hess’s first assignment was working on submarine detection in the North Atlantic. Few details of this work are available, but Hess would no doubt have deepened his understanding and appreciation of military exigencies, including the rapidly expanding role of scientific information in submarine warfare. As we have seen in previous chapters, many civilian geophysicists and oceanographers would spend the war working on military projects—at Woods Hole, at Scripps, and at several NDRC facilities dedicated to subsurface warfare—and many came to appreciate Navy operational concerns. But as an active-duty officer, Hess had an experience that was direct and immediate. He was transferred to the Pacific and assigned to the transport ship USS Cape Johnson, rose to rank of commander, and participated in several Pacific landings, including Iwo Jima. One of Hess’s tasks had scientific meaning as well: echo sounding of the ocean floor.

        There was, of course, a long tradition in the Navy of being alert to scientific matters that could aid navigation—tides, currents, depth sounding—but this concern had focused on shallow waters and surface effects. The US Navy had supported gravity work in the 1920s and 1930s because scientists had asked, but there is no evidence that anyone in the service thought gravity data would prove operationally valuable.104 Echo sounding was different. Naval navigators had always worried about soundings in shallow areas, and increasingly some officers recognized that bathymetry could be used for navigation in the open ocean as well.105 Echo sounding arguably represented the first form of geophysical data collection about the deep sea that was of direct and substantive interest to both scientists and Navy officers.106

        Hess had long had an interest in the topography of the seafloor, in part because it was an obvious geological question as to how that topography had formed and in part because he had learned during the Barracuda work that the gravity data could not be interpreted without accompanying topographic information.107 Gravity depends on mass, which in turn depends on topography and rock density. (Rock density could be determined through sampling, and sampling revealed the ocean floor to be almost entirely basalt, so there wasn’t much rock density variation, but it was becoming clear that there was a lot of topographic variation.) So after completing the Barracuda measurements, Hess and Field asked Hydrographic Office officials to initiate a detailed sounding program in the area. Because bathymetric data were viewed as having a military function, scientific and operational motivations aligned, and the Navy agreed.

        In 1940, Hess published a new bathymetric chart of the Caribbean region, based on seventy thousand soundings collected on ninety Navy cruises (plus a much smaller number of additional soundings taken by the Woods Hole research vessel Atlantis, HMS Challenger, and scattered commercial vessels). This was twice the number of soundings collected on the Snellius expedition. A second paper, “The Floor of the North Pacific Ocean,” was published in 1942, based on work presented at the American Geophysical Union in 1940 before Hess had gone to war.

        Hess highlighted three major features. First, the North Pacific was surrounded on its northern and western sides by a ring of island arcs and trenches. The trenches were zones of maximum ocean depths—greater than four thousand fathoms—the only place in the Pacific where such great depths were found. Second, the arcs were areas of active earthquakes, volcanism, and serpentinized peridotites, comparable to what he and Vening Meinesz had seen in the East and West Indies. Third was the pattern of structural trends defined by Pacific islands and shallow plateaus. These features were abundant throughout the mid-Pacific, trending east-west across the ocean floor. Some of them had been previously mapped, but the degree of detail made it possible to see the consistent structural trend running across the open ocean (fig. 4.6). It was also possible to see that the Hawaiian Islands were an exception to the rule. Hess could now pursue the question of the character of the Pacific Ocean floor. He appears to have been profoundly happy both to have the opportunity to do science while serving his country and to do military service that served science. Indeed, this was science that would have been nearly impossible to imagine doing before the war—what historian Graham Burnett has called “royal science”—work whose scope could be achieved only with the support of states or monarchs.108
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          Figure 4.6 Map of the North Pacific Ocean.

          From F. J. Betz and H. H. Hess, “The Floor of the North Pacific Ocean,” Geographical Review 32, no. 1 (1942): 99–116. Reprinted with permission of John Wiley & Sons, Inc.

        
        On October 24, 1944, Hess wrote a long letter to his colleagues back at Princeton from the Cape Johnson, describing his oddly happy situation:

        
          We have been taking continuous soundings since we’ve been out and all sorts of things have come to light. The Captain has become a great sounding enthusiast. I think he is almost convinced we could navigate around the Pacific on sound alone—though I wouldn’t go quite as far as that. This is probably the only ship in the US Navy where one can find such phrases as the following in the Captain’s night order book: “Steer course 273° true until you hit the 2000 fathom curve then change to 298° and call me when we cross the 500 fathom curve.109

        

        Hess also reported the discovery of “an erosion surface (?) submerged about 700 fathoms extending over several million square miles in the west Central Pacific—there is a beautiful accordance of summit levels and many quite extensive flat topped areas at this level.”110 This was apparently Hess’s first scientific communication of a discovery for which he would later be celebrated: guyots—flat-topped submerged mountains—named in honor of Princeton’s first geology professor, Arnold Guyot. In “Drowned Ancient Islands of the Pacific Basin,” published in the American Journal of Science in 1946, he documented the existence of more than 160 guyots in the western Pacific between Hawaii and the Marianas. The depth to their tops varied but typically occurred near 750 fathoms below sea level, and they all had a characteristic wide, flat top and gently sloping sides (fig. 4.7). This profile suggested old, eroded volcanoes.
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          Figure 4.7 (a) Fathometer recorder trace of a typical guyot, 1946; (b) generalized geological sketch, 1946.

          From H. H. Hess, “Drowned Ancient Islands of the Pacific Basin,” American Journal of Science 244 (1946): 772–91. Image © American Journal of Science. Reprinted in accordance with stated fair-use policies, available at http://www.ajsonline.org/site/misc/terms.xhtml.

        
        Were guyots drowned volcanic islands? Were they important scientifically? The answer to the latter question was clearly yes, because they spoke to tectonic activity in the oceans. (In later years they would become important militarily as well, when the Navy placed hydrophones on them; see chapters 5 and 6.) The nineteenth-century concept of ocean basins as sunken continents had been largely rejected in both Europe and North America, but it was still unclear how the oceans had formed or whether they were tectonically active. If guyots were drowned volcanoes, this proved that the ocean basins had been active at some point in their history, and their eroded flat tops strongly suggested that they had sunk over the course of geological time—consistent with Darwin’s well-known argument that atolls formed as fringing reefs around sinking volcanic islands. Perhaps most important, guyots were a fact in a domain that had long been dominated by speculation; Hess believed they offered an opportunity to think anew about the ocean basins: “Since it is difficult to discuss any theory of origin of guyots against the background of misconception and ill-founded theories which at present confound geologic literature on ocean basins and the Pacific basin in particular, the writer proposes to wipe the slate clean and start on a new basis.”111

        Before the war, Hess’s discussion of gravity anomalies and tectogenes, and of Kuenen’s and Griggs’s experiments, strongly suggested that he was at least open to the possibility of large-scale crustal movements, perhaps even continental drift. Although Hess rarely referred to the latter explicitly—no doubt because of the hostile reception the idea had received in the United States—and never openly advocated it (a point he emphasized later, to establish his bona fides in taking on the issue in the 1960s), his detailed discussions and emphasis on Griggs’s work—even to the point of citing the expected rates of convective motion in the subcrust—at minimum implied its possibility. Moreover, because convection currents were the mechanism invoked by Arthur Holmes to account for drift, any advocacy of convection currents brought Holmes’s work to mind, as well as that of Molengraaff and Umbgrove. Hess had spent the prewar years in close communication with Europeans who took seriously the possibility of continental drift—or some theory along those lines—and his writings from that time suggest that he did, too.

        By 1946, things had changed: Hess’s guyot discussion was framed entirely in the context of a stable ocean. Moreover, the paper strikes a very different tone from his nearly breathless announcement eight years earlier of the need for “a radical change in some of our ideas on mechanics and processes of mountain-building.” Hess explicitly denied the possibility that the ocean floor was exposed mantle material, thereby denying the possibility of a weak ocean floor as would be required in Wegener’s formulation of drift (though not in Arthur Holmes’s). He concluded that the ocean floor was too strong to permit drift—the position advocated by most American geophysicists—and returned to the argument of Vening Meinesz and Kuenen that convection currents descended somewhere in the middle of the ocean basins. To this he added the guyots. If these were former islands, one would expect them to develop fringing reefs, but there were none. Hess therefore concluded that they must have formed before the evolution of reef-building corals—that is, in the Precambrian or early Paleozoic.112 That meant that the Pacific Ocean basin was very old and that current deformation was restricted to ocean margins. There was downbuckling and deformation along the edges, but the basin itself was static.

        These views were aligned with prevailing North American thinking. A static ocean basin with compression along the margins was the essence of geosyncline theory—the dominant American view of continental margins since the mid-nineteenth century. Hess was adding details—literally, attending to the margins—and speculating about mantle processes. But it was hardly the radical change in ideas that before the war he had not only anticipated but announced. The basic framework was entirely compatible with what most geologists already thought. In the absence of the influence of Vening Meinesz and his Dutch colleagues, Hess’s thinking had drifted back toward the North American mainstream.

        Meanwhile Hess was anticipating the war’s end. In 1944 he had written to colleagues: “There are a great many more such interesting facts turning up. I don’t know their meaning. I’ve hardly had time to stop and think about it yet. It will have to be just another one of the many things I am piling up to do ‘after the war.’”113 Hess did indeed pile up a great deal of data, much of which he was able to share with colleagues, and some of which he was able to publish.114 Yet beneath the surface of his upbeat message was an underlying anxiety: most of the data collected during the war were secret and could not be published.

        Hess was looking at data from many sources, but American bathymetry formed the core: he estimated that 95 percent of the data he was using had been obtained by US Navy vessels. It was not merely that the war had provided reason to collect these data but also that it had sent ships to areas far from normal shipping routes.115 Some of these traversed areas that turned out to be scientifically significant. Navy involvement had made it possible to do things that simply would not otherwise have been done. But what would happen after the war? Could the data be used for scientific purposes? Or openly discussed?

        While at war, Hess had written the Report of the Committee for Geological and Geophysical Study of the Ocean Basins for the American Geophysical Union. Most of the committee members were either fighting or involved in war work, and Hess noted that “much of this work is secret or confidential and cannot be elaborated on during the war.”116 Ideally, it would be made public once the war ended. But he foresaw two looming problems. The first was declassification: considerable work would be required to declassify data and make it available. The second was access: even if data were not classified, they might simply disappear into the bowels of military bureaucracy: “A great amount of information has been gathered by the Navy which will be of value in the research fields of interest of this committee after the war. . . . Some concern is felt that information will be lost or mislaid in the course of being assigned to vast government archives at the end of the war.”117

      
      
        Postwar Secrecy: The Classification of “First-Order Factual Information”

        When Hess’s life story was told for the National Academy of Sciences’ Biographical Memoir Series, his biographer skipped directly from the discovery of guyots to his later work on Project Mohole (a failed attempt to drill a hole to the Mohoroviĉiĉ discontinuity, the seismic boundary between the Earth’s crust and mantle), on the unit cell dimensions of minerals, on layered mafic intrusions, and, in the 1960s, on the analysis of pyroxenes from lunar samples. This presentation might lead a reader to believe that after the war, Hess returned entirely to civilian life, resuming his geological investigations of minerals, igneous intrusions, and the interior structure of the Earth.118

        This was untrue, but it fit the standard story, often told about physicists who worked on the Manhattan Project, that when the war ended scientists went “home” to their civilian laboratories and universities to a life of autonomous scientific research. If the military played a role after the war, it was simply as a newly generous source of funding for basic scientific research. But Manhattan Project scientists did not return to the lives they had led before World War II and neither did oceanographers. Hess resumed his research on minerals and layered intrusions, but he also maintained close contacts with the US Navy, particularly the Hydrographic Office, and he dedicated considerable time and energy to a problem of increasing concern: Navy classification of oceanographic data.

        Like many American scientists who participated in war work, Hess served in the postwar period on various panels and committees addressing the continuing value of scientific research for military preparedness and operations. One of these panels was the Navy working group on underwater navigation. Following directly from wartime experience, the group was asked to consider all possible scientific techniques that might aid submarine navigation.119 Navies had long been concerned with improved methods of navigation, but the advent of subsurface warfare had added a new dimension: a submerged submarine can neither see the sky nor receive an electromagnetic transmission. Future submarines would stay submerged longer and their needs for accurate navigational techniques would become more pressing. As the US Navy developed a nuclear fleet, in which submarines might stay submerged indefinitely, the need would become acute.

        The committee considered fifteen options, including echo sounding of ocean-floor topography, underwater beacons, free gyroscopes, triangulation from explosive sources at known locations, navigation from variations in Earth’s gravitational and magnetic fields, and the latitude effect on cosmic rays. The most likely to be useful in the widest variety of circumstances, they concluded, was topographic navigation. Engineered systems, such as underwater beacons, would require the submarine to be near an installation, but no matter where the submarine was on Earth, the ocean had topography. Finding one’s place relative to underwater topographic landmarks was, at least in principle, no different from what men had done for millenia on land and required no novel technology. With the discovery that the ocean had a vast, rich, and complex topography, topographic navigation could be rapidly realized. The Navy agreed and expanded work undertaken during the war. After centuries of looking up to the skies above them for navigation, mariners would now look down to the seafloor below.

        The result was a flood of what Hess referred to as “first-order factual information.” Between 1951 and 1963, the Navy accumulated extensive and detailed information on the topography of seafloor, including the mid-ocean ridges and trenches. Much of this was collected directly by Navy personnel on Navy ships, but it was also collected by academic scientists working with Navy support. As scientists at Woods Hole, Scripps, and Lamont launched major expeditions into the world’s oceans, echo sounding became routine. But there was a major problem: nearly all the data were classified.120

        Hess argued for the release of these data to the scientific community. His argument was simple: science helped the US military—something the military implicitly acknowledged through its financial support of science and its requests to scientists to serve on various relevant panels and committees—and so the military should help science. “Helping science” required not just money but also broad dissemination of information. In a long memo titled “Classification of Factual Material of the Oceans,” Hess defined “first-order information” as basic factual data, such as “water depth, temperature gradient, magnetic field, gravity data, etc., each coupled with a geographic position. These are the small building blocks on which scientific research depends and which ultimately may result in important theoretical conclusions.”121 Classification of such basic data presented “some very difficult and not fully recognized problems.”122

        Physicists often argued that they could demarcate basic science from its military applications; they could, after all, distinguish between the laws of physics they knew before they arrived in Los Alamos (and which could not be kept secret) and the bombs they subsequently designed there (whose designs, at least in principle, could be kept secret). Moreover, no country could go from the laws of nature to a functional atomic bomb without spending billions on engineering and infrastructure. But oceanographers faced a trickier situation.123 They were collecting basic facts about the Earth, such as depth of the seafloor, distribution of temperature and salinity in ocean waters, and intensity of the gravity and the magnetic field. These data were not readily accessible to scientists around the globe without a huge investment on the part of their sponsors, and, unlike the laws of nature, they could be kept secret until such time as other countries would make such investments. They were also the building blocks of geophysical theory. The information that scientists needed was the same as what the US Navy needed—and in the same form. It was what the Soviets needed, too. The data were hard to get, but once obtained, they could be used immediately, without modification or having to spend billions on engineering.124

        Hess did not deny this problem but argued that the benefits to science were worth the risk to security. He acknowledged that “declassification of information on soundings would be helpful to a potential enemy of the United States,” but the policy of blanket classification was “nevertheless . . . highly disadvantageous to our overall national interest. If such a policy were continued for a number of years . . . it could well be quite disastrous by greatly retarding the development of several sciences and by limiting to a very few people the scientific know-how in dealing with a number of problems.”125

        This was a familiar argument: that science requires the free flow of information and that society benefits from science. It was a difficult argument to evaluate, based as it was on a predicted gain in scientific knowledge weighed against the loss of information to an enemy. Moreover, one could argue that the relevant American experts had access to the data they needed, as nearly all leading geophysicists and oceanographers had security clearances. Hess anticipated this argument and found a response to it in the military concepts of compartmentalization and the need to know, which might be fine for the military but not for science:

        
          The argument has been used that all of the information is in fact available to all scientists who “need to know.” True, it is available, but for the most part they won’t know it exists or what exactly exists. Classified information does not get properly indexed. . . . But this is not the main difficulty. Those who “need to know” are an infinitely small number of our scientific population. The advances which could be made if the thousands of scientists, who could not prove the need to know, freely had this information are all squelched. . . . Inasmuch as great discoveries are very rare, we are in effect making almost absolutely sure that they won’t be made by the simple procedure of limiting factual information to a very small number of men. Statistically we have a foolproof means of impeding scientific discovery.126

        

        This was the crux of the argument. Even if data were in principle available, the labyrinth of Navy bureaus, desks, and departments kept a great deal of information out of sight and therefore out of mind. Moreover, discovery was a fragile and unpredictable matter, so how could one predict in advance which scientists might make good use of the data? The more people with access to data, the greater the odds that someone would use it to good effect.

        Hess’s assertion that there were thousands of scientists who might use the data might seem like academic hyperbole, but it wasn’t. While there were probably only a few hundred American oceanographers and marine geophysicists at the time, there were thousands of scientists who could make use of oceanographic data, and they fell into two identifiable categories. One category was geophysicists outside the United States, particularly the Europeans who had worked on marine geophysics before the war. Hess had thrived in his prewar interactions with Vening Meinesz, Kuenen, Umbgrove, and others; his correspondence with Vening Meinesz was the most scientifically detailed and sophisticated of any he ever had. After the war, Hess and Vening Meinesz exchanged the occasional letter, but they lacked the detail and scientific content of their earlier ones. There is no way to prove that secrecy caused the degradation of the quality of their correspondence, but, given Hess’s complaints, it seems likely that it played a part. In principle, they could have resumed the conversation, but Hess was no longer free to discuss the data informing his ideas. For a scientist it is difficult to explain what you believe without explaining why you believe it.

        A second category was American geologists. While many geophysicists and oceanographers worked closely with the US military in the 1950s and had security clearances—often at fairly high levels—few geologists did.127 Most land-based geologists working in traditional geological fields—mineralogy and crystallography, igneous and metamorphic petrology, ore deposits, sedimentology, paleontology, structural geology—would not have been thought by the Navy to have a “need to know” about the ocean. Yet from a scientific perspective, they needed to know quite badly: nearly everyone agreed that lack of knowledge about the ocean floor was the principal impediment to the development of global tectonic theory. (This had been widely cited as the major stumbling block in earlier debates over continental drift.) Geologists had played an active role in the creation of Woods Hole and in the transformation of Scripps precisely because they appreciated the importance of oceanography for geology.128

        Geologists wanted to know whether the ocean basins were different from the land and from each other. How did island arc-trench complexes correlate with deformation in the adjacent continents? How did the terrestrial evidence of orogenic processes and land-sea connections mesh—or conflict—with the evidence obtained at sea? These were critical questions, yet their full consideration was made impossible by the sequestration of marine data.129 Most of the world’s leading experts on tectonic theory did not have access to the ocean data; some did not know they existed. This would have included Hess’s own colleagues at Princeton, such as his friend and mentor A. F. Buddington, an expert on continental deep structure and petrology. What might Hess have liked to discuss with Buddington but couldn’t?

        Hess concluded his long memorandum by acknowledging the legitimacy of some classification but warning of military overreach. He allowed that not all soundings should be declassified, particularly if they would reveal the locations or purposes of military installations, but most of the ocean did not contain such facilities and one could not plausibly claim “that the whole North Atlantic is related to military or naval installations.”130 But the Navy did, in fact, claim that, and nearly all bathymetric data remained classified.

        In early 1952, the issue was raised at a meeting of the panel on oceanography of the Department of Defense Joint Chiefs of Staff Research and Development Board, chaired by Roger Revelle. The chief of naval operations had affirmed that all soundings north of 20°S would be formally restricted; Revelle’s panel protested. The decision had “resulted in an undue restriction on research activity in the field of basic oceanography by shutting out from such research those scientists and students who would normally engage in research in this field and is detrimental to the effectiveness of the Panel’s services.” They asked that “the blanket classification be rescinded and replaced by an order classifying only those areas of special strategic significance.”131 The vote was unanimous, albeit with the abstentions of committee members representing the Navy and the Coast Guard.132

        Revelle summarized the panel’s views to Earl Droessler, executive director of the Committee on Geophysics and Geography of the Research and Development Board of the Joint Chiefs of Staff—Revelle’s counterpart on the geophysics side—whom he enlisted to present a united front. Revelle noted that he and his colleagues understood, of course, that bathymetric information could be used by America’s enemies, but believed that the advantages—both to science and to national defense—of declassification “would, except in special cases, outweigh the advantages to a potential enemy.133

        Revelle—who had an undergraduate degree in geology—stressed the losses accrued from being intellectually isolated from colleagues in geology. A sounding was just a number at a point in space; scientific judgment was required to interpret it, as well as to extrapolate in areas where available data were thin. For this, oceanographers needed geologists’ help: “It is necessary to collate and extrapolate incomplete sounding data using geologic knowledge of the principles underlying the contouring of deep-sea topography. These principles are very inadequately known at the present time, and will best be developed if a wide-spread interest in the topography of the seafloor can be stimulated among competent geologists and geophysicists.” This required two things. One, geologists needed to see the data, and two, the scientists doing the work needed to be able to publish their results. Secrecy prevented both.

        Restricting data access to just a handful of people also stood in the way of the healthy competition that drove scientific advance, the competitive drive that arose when different scientists were working on the same problem: “Unless there can be competition among scientists to solve the difficult problems involved, it may take twenty years to do what otherwise might be done in five.”134 In physics or chemistry, Revelle suggested, it might be possible to gather the best minds in a few labs, but Earth was a vast and complex domain; the more people who could get at the data, the more likely they could make sense of them. He concluded, “New soundings should be classified only in limited areas (a) which are of great potential importance for Naval Operations and (b) where new knowledge of the seafloor which might be of evident and immediate importance to a potential enemy. Such areas should be carefully delineated after consultation between military personnel and civilian scientists who are aware of the Navy’s problems. Perhaps a board of review might be appointed to advise the hydrographer on these matters.”135

        Droessler forwarded Revelle’s memo to the chief of naval operations, assuring Revelle that the chief was receptive to his concerns. However, the chief wanted more than abstract arguments; he wanted concrete examples of cases where science had been impeded by classification. Droessler explained that officials at the Hydrographic Office were willing “to discuss de-classification of hydrographic data,” but they wanted to be “prepared beforehand by having definite examples of the restriction in research activities and retardation of the advancement of science due to present classification.”136 The Navy wanted evidence.

        Lamont was the academic institution with the largest research program collecting and using bathymetric data, so Revelle wrote to Ewing and asked him to state his views “about the classification of deep sea soundings and, if possible, to give me concrete examples of ways in which the Navy’s present classification policy has impeded research or teaching.”137 Ewing was at sea and not expected back until mid-May, so the letter was answered by his close colleague (and later associate director of Lamont), J. Lamar (Joe) Worzel (1919–2008).

        Of all the Lamont staff, none besides Ewing himself was more closely allied with the Navy, more solicitous of their concerns, or more dependent on them for support than Joe Worzel. (In later years, he would receive a distinguished service citation from Navy Secretary Paul Nitze for his work in the recovery of the lost USS Thresher nuclear submarine; chapter 6). Nevertheless, when Revelle asked for examples of classification impeding research, Worzel poured out his frustration over four and a half single-spaced pages.

        Worzel documented various specific examples of impacts on individuals, lines of investigation, and the development of new techniques. He discussed Lamont’s inability to recruit scientists into areas where publication was difficult, the inconsistent basis on which decisions about publication were made, the logistical bother of handling classified information with its negative impact on research and teaching, and the costs to the Navy itself when data were not shared among its own bureaus. One might imagine that a competitive scientist like Worzel would be pleased to have a data monopoly, but he in fact affirmed Revelle’s concern over the inability to discuss information with geologist colleagues who might help him make sense of it.

        Worzel began by discussing a specific individual whose work had been blocked by classification: Ivan Tolstoy, who had spent six months preparing a paper based on soundings in the North Atlantic only to be denied permission to publish. The data had been collected on civilian ships and covered no known strategic areas, so the scientists assumed they would get approval to publish. They were mistaken: the Navy classified the paper and refused to approve publication. Tolstoy tried to make the paper acceptable by decreasing the specificity of the data but to no avail: “Several modifications of the paper were attempted generalizing some of the specific information on which we thought the classification was based, but all of these were rejected, and the paper is now in a file sitting idle.” This was obviously bad for Tolstoy’s career, a point not lost on other scientists, “and we now find it virtually impossible to get any of them to work on topographic problems.”138

        Tolstoy was a rising young star at Lamont, having worked with Ewing in the late 1940s on the mapping of the Mid-Atlantic Ridge. In 1949, Ewing had submitted a request to the Hydrographic Office for charts to support this work, a request that was handled by Richard Fleming (coauthor with Harald Sverdrup of The Oceans), who was serving as chief oceanographer of the Hydrographic Office (chapter 1). As a fellow scientist, Fleming was sympathetic; he began his reply by praising Tolstoy for the respect he had garnered at Hydro: “Your Mister Tolstoy has made a very good impression in the Office and . . . his presence here and his work has, I think, considerably strengthened your case. Having someone working on the data and showing how the soundings can be interpreted and not just plotted on a piece of paper has aroused the interest of the people concerned with the oceanic soundings.”139 But Fleming was unable to help; the request was denied.140

        Worzel argued that classification didn’t just demoralize individuals like Tolstoy, it discouraged entire lines of investigation. For example, the Lamont group had recently developed a new technique of anchoring a buoy in deep water using a radar target, in support of accurate positioning for deep water soundings. Permission was denied to publish on either the data or the technique, so the group “abandoned further developments along these lines, and detailed soundings of significant areas in the deep sea have since been neglected by our group. Not only has this resulted in our neglecting an important phase of the sounding program, but others have not learned of this useful technique.”141

        Investigations of seamounts had also been abandoned. Ever since Hess’s guyot discovery, there was great interest to see whether they were unique to the Pacific or a general feature, but secrecy was standing in the way of study. Worzel explained:

        
          Several of our people have prepared details of a number of seamounts in the Atlantic for publication, only to abandon further projects on similar subjects when the classification of some of these other things has definitely indicated that they would not be cleared. This is plainly interfering with the comparison of seamounts in the various places in the Atlantic and also with those in the Pacific [and] with the development of submarine geology and oceanography, in that the study of the meaning of the shapes of these things which would be made in the process of publication of the work is not being made.142

        

        Worzel’s own work had been caught in the classification net, too. The Toro Seamount, 350 miles northeast of Bermuda, had been predicted on the basis of topographic echoes and subsequently found where predicted. With preliminary permission from the ONR, Worzel had begun work on an article, but he stopped when Lamont “received a letter from the Hydrographic Office ordering that all charts and papers about it be restricted because of its importance to subsurface navigation. We have recently written a request that this be declassified, as its importance to subsurface navigation is much less than its importance to submarine geology.”143 But the Navy did not weigh the benefit to science against the cost to the Navy; any loss to the Navy, actual or anticipated, was sufficient to justify classification. Moreover, the Navy seemed to apply its standards incoherently: “We cannot believe that this [seamount] is important to subsurface navigation, as there are two other seamounts within about 30 miles of this one which are published in public documents and even on Hydrographic Office charts which would serve the purpose equally well, so that we cannot see how one more makes any difference.”144

        The Navy’s inconsistent standard was of a piece with a lack of communication among its own departments. The Bureau of Ships had helped to fund the Lamont bathymetric work, so individuals there had written to the Hydrographic Office “to obtain the principles on which sounding matters were classified. They have been unable to get an answer.”145 Worzel did not expect the elimination of classification, but he wanted a consistent standard and to know what it was so he could plan accordingly.

        The Toro Seamount was a specific case, but classification also served as a deterrent to investigation of topographic features in general, squashing the spirit of curiosity and the chances for serendipitous discovery. Because it was so hard to publish, “possible submarine features hinted at by various other pieces of data are not investigated by us unless so obviously close to our course that it would be criminal negligence not to investigate them.” If a feature was off course, they would simply ignore it, given the low likelihood of being able to write about it, even if it turned out to be significant: “We would much rather utilize the ships’ time for other problems on which we can publish.” And because classified maps and charts required special handling, they were often deliberately left ashore, so that even when they were “in the vicinity of features requiring further investigation and could have done this without serious interference with our plans, we have neglected to do so.” On the whole, Worzel concluded, “our entire program of topographic investigations has been seriously hindered, and most students who could have been interested in this work have by-passed it for other things.”146

        Teaching was also affected, because it was difficult not to talk about what one knew, and trying to do so ended up being both misleading and vexing: “We cannot consider the Atlantic Ocean west of Longitude 37° as very strategic, nevertheless because these are restricted we cannot show them to our classes for discussion, and are forced to show charts which do not include many of the features which we know to exist, and obviously our discussions of the matter are not very intelligible. . . . This has made it impractical to discuss soundings of ocean depths with large bodies and geologists and geophysicists who are being trained at Columbia.”147

        Most of the Lamont staff at the time were trained in physics or engineering; in later years geophysicist Walter Pitman would stress that when he first went to sea he knew “absolutely nothing about marine science.”148 It is to Worzel’s credit that he acknowledged what he didn’t know about geology and welcomed help. But classification stood in the way of his getting that help: “We are unable to obtain advice on the meanings of the shapes even from some of our own colleagues in Columbia who have not been cleared by the navy. Their advice could be obtained free and would constitute a great body of authority which we are forced to neglect, as it seems impractical to request that all members of the Geology Department of Columbia University be cleared by the Navy.”149 He concluded: “Those of our people who have done studies on contouring of submarine features say that in general the contouring of features in the Atlantic by untrained geologists seriously violates geologic principles. This is caused by people contouring such features who have inadequate or no geologic training. . . . If this is true, obviously this science is being held back.”150

      
      
        The Navy Remains Unmoved

        The Hydrographic Office had promised Revelle a review of Navy policy, but if such a review took place, its only outcome was a clarification of policy, not a change in it. In a presentation to the Research and Development Board Panel in February 1953, representatives of the Hydrographic Office enumerated twelve criteria on which soundings might be classified. These included proximity to war channels and probable war shipping lanes, sonar detection devices and nonsubmarine sonar contact features and wrecks, features that would be of value in mine warfare and submarine evasive tactics, features that would permit enemy evasive tactics, and anything within five hundred miles of strategic land areas.

        The list also included the maddeningly vague items, “configuration of the bottom” and “bathymetric detail of certain strategic general ocean areas of use as a system of navigation of a submerged submarine.” Officers noted that matters could be worse: the last item had led only to a restricted classification, “even though operating forces of the Navy have requested higher classification.”151 But there was something far worse in this clarification: although there were many criteria that justified classification, there was only one official criterion for declassification, and it had nothing to do with science. It was the release of information on shallow features that could pose a threat to surface navigation.

        Revelle’s panel was not happy, and they pressed the point again, noting that a restricted classification was sufficient to block publication: “Through a RESTRICTED classification of basic oceanographic data, including bathymetry, many scientific papers were denied publication and distribution; as a result many critical comments and ensuing evaluations would not be forthcoming, effectively reducing over-all US oceanographic proficiency. Thus much of the incentive for research is removed and the attraction of additional scientists to this already underdeveloped field is greatly diminished. . . . Only by full, unrestricted, and casual scientific research do the really great advances in science occur.”152 The scientists’ objections were not based so much on the formal policies—sweeping though they may have been—but on the “implementation and interpretation of these policies by the Hydrographic Office.”

        The scientists complained that “an interpretation by the office, representing only the military point of view, [did not] give full consideration to scientific benefits.” Actually, it gave no consideration to scientific benefits, and so the scientists reiterated an earlier proposal that a joint advisory board “reflecting the scientific point of view” be appointed to “aid the Navy in carrying out a policy of maximum documentary security commensurate with a maximum of scientific, and resulting military, proficiency.” The scientific panel concluded by arguing that what was good for American science was good for the American military and therefore good for America: “The opinion of the Panel is that present Navy security policies with regard to classification of all basic oceanographic data . . . is unduly restrictive to the advancement of science by over-emphasis of security classification, and therefore detrimental to the military security of the United States.”153

        Revelle’s panel appointed a subcommittee to pursue the matter further: its chair was Harry Hess. A month later, Hess wrote his own confidential information memorandum entitled “Classification of Deep Sea Soundings.” He stressed that he fully understood the importance of these data to the Navy and was not unmindful of operational concerns. But once again, he tried to insist that there was a trade-off to be made, one in which the benefits of scientific advance should carry some weight: “All new information of oceanic depths undeniably has value to any potential enemy of the United States capable of naval operations. This is a valid reason for some level of classification on all such data. On the other hand, classification of any sort places a serious barrier in the way of scientific research on oceanographic problems and will tend to limit drastically, if widely applied, the total number of scientists actively engaged in such investigations.” Part of the problem, he suggested, was that the potential value to the enemy was “self-evident,” whereas the potential value to science was harder to articulate and so, without even realizing it, we “may ultimately lose more than we gain. . . . This does not mean that all soundings should necessarily be non-classified, but rather that sufficiently large areas of the ocean be available to all scientists in this country to permit unhampered basic investigations and free interchange of ideas.”154

        Hess drew on the classic argument from serendipity—that no one could predict where new discoveries would emerge—and added a twist: no one could predict who would make those discoveries. It was a utilitarian argument for making data as widely available as possible to ensure the greatest access by the greatest number of individuals: “The way to promote discovery is to have hundreds of scientists working in the field. A few will by chance turn up something quite unexpected. . . . It is these haphazard discoveries which pay large dividends in the long run. It is these which the Navy must in self-interest facilitate. It is much more important for us to maintain a technical lead in know-how than to hoard basic data.”155

        This unflattering comparison to hoarders might not have endeared Hess to his military counterparts. Nor were Navy officers likely to be impressed by the suggestion that any scientist was in the position to judge what the Navy must do in its own self-interest. But Hess certainly made one inarguable point: more data was being collected than used. Oceanographers working with or in the Navy frequently acknowledged that many research programs were organized more around the accumulation of data than around its use.

        In 1951, for example, in a cover letter to a budget request for renewal of the basic task contract at Woods Hole (chapter 2), Director Admiral Edward “Iceberg” Smith summarized the project as “the conduct of basic oceanographic research on a long-term basis.” The core activity, however, was not interpretation or explanation of oceanographic data, but its accumulation: “As in the past, the objectives of this work will be to stock-pile basic oceanographic phenomena.”156 What was the point of stockpiling information if you couldn’t use it when a relevant question arose?

        Even for scientists and officers with clearance, there was the additional problem of knowing what was available and then getting hold of it. People who might make good use of data often did not know it existed: “The Navy today has the majority of the oceanographic scientists in the US working for it through ONR, BuShips, BuOrd, etc., and [scientific] information is available to these men even if it is classified. [But] even among this group classification seriously hampers free interchange of information between widely separated institutions. Not that it cannot be exchanged, but largely because one is not aware that the other has it.”157

        A different man might have been grateful that he had access to a wealth of good data and left it at that. But Hess was courageous as well as generous, and he knew that his credibility with the Navy gave him an opportunity to raise issues that others could not. So for a third time in two years, at the end of 1953, he tried again, this time emphasizing the direct benefits to be had within the Navy from a freer flow of information.

        Writing to the Hydrographic Office—the office that had blocked the release of Worzel’s data—Hess recalled that in the early years, the office was doubtful that bathymetric charts had any practical use; now the office thought they were so important that no one could have them! But the Hydrographic Office’s secrecy was hindering surface vessels’ routine use of the charts:

        
          I fought a long battle from about 1932 onwards to convince hydrographers that [bathymetric charts] would be immensely useful to the Navy. When the hydrographic office started to produce them I felt justifiable pride. . . . [But] if some way cannot be found to make them readily available to the fleet, their value is largely lost. It takes years of practice before the bridge personnel on the ships will use the charts effectively. . . . This is a plea to maintain one form of operational efficiency and training at sea against the sincere viewpoint of men . . . to whom security for the information bulks larger than the operational problems.158

        

        Hess also argued not merely for the promise of unexpected discoveries in the future but also for the specific importance of bathymetric data for tectonic theory right then. Just as the men at Hydrographic Office desks might not understand the day-to-day value of bathymetric charts for sailors at sea, so men at sea did not understand the theoretical value of bathymetric data for earth scientists. In both cases, the risks of declassification were more easily perceived than the risks of overclassification. The net result was excess control of information that someone should be using:

        
          Officers with much experience on the operational side may not understand the adverse effects on tectonical developments caused by classification. It is very easy to see that certain types of information would be useful to an enemy of the United States. The tendency, therefore, is to classify such information. It is very difficult to see the hazards of withholding the same information from one’s own people. Only a few experts familiar with the information, how it can be used, and what essential progress will be impeded by classification can evaluate the case against classification. . . . The invariable result is that classification of information . . . is the rule. . . . There must be some way out of this dilemma.159

        

        Hess revisited Revelle’s suggestion that the Navy create a technical advisory board to “review and report on cases where differences of opinion on classification exist.” But if such a board was ever created, it has left no paper trail.160 Nor is there evidence to support Droessler’s claim that Navy policies were flexible and responsive. All the available evidence indicates the opposite: scientists were repeatedly stymied in their efforts to make the deep-sea data broadly accessible and convinced that this had adverse consequences for their science.

        Throughout these discussions, Maurice Ewing remained largely silent. When pressed for his views, he declined to criticize his patrons, saying that “all in all, a very good job is done of handling the difficult problem of classification, and in many cases I do not think that I could do a better job myself.” He claimed even to have been surprised at times by Navy leniency, writing in the mid-1950s: “Through my whole career of working in underwater sound and related problems, I believe that in the cases where the Navy and I have disagreed on questions of classification, I have been more conservative than they—that is, my recommendation was for higher classification than was actually used.”161 But in 1954, even he was driven to complain over the issue that Worzel had raised two years before: the discovery of the Toro Seamount.

        Lamont scientists had predicted the existence of the seamount from acoustic evidence, and in March 1952 they found it. But they had “abandoned hope for publication” when the Hydrographic Office immediately classified the soundings and the chart containing them and the inconsistency of military policies reared its head in a particularly galling way. Writing to ONR’s chief scientist Emanuel Piore, Ewing explained: “[Worzel] did not make an official request for clearance until a series of papers by J. Northrop of the Hudson Laboratories on similar topographic subjects began to appear. He interpreted the appearance of these articles to mean that policy for clearance of papers of this type had been changed, so he submitted the report . . . on 19 May 1954 with a request for clearance to publish it. . . . An article appeared in August 1954 by Northrop describing the same seamount, and shortly thereafter we received word that clearance on Worzel’s paper was denied.”162 It was painful to have a major discovery suppressed for security reasons but even worse to see it published by someone else. Ewing continued in uncharacteristically direct language: “This is a very serious situation, for it boils down to the fact that the opportunity to publish is largely governed by luck or by skill in negotiating for clearance.” The Hudson Laboratories had been created by Columbia to house certain highly classified projects, including several related to subsurface warfare (see chapter 6), and people who went there understood that the lion’s share of their work would be secret. But despite its Navy ties, Lamont was an academic institute inside a university, with graduate students who had to publish if they were to have careers. Ewing had no problem with short-term delays in publication, or even rare cases in which permission was denied entirely in “the interest of national security, but the life blood of our laboratory is the right to publish, and it is my obligation as director to see that a suitable proportion of our work is on subjects where publication is possible.”163

        Piore wrote back defending ONR policy, which, he insisted, was “that publication of research results is vital,” and “under normal circumstances the only contractual requirements is that we be sent a manuscript at the same time the manuscript is sent to the publisher.” Still, he acknowledged that “normal circumstances” did not always apply, that sometimes information was withheld, and that oceanography presented a particularly thorny situation:

        
          In some areas of some fields of research it is occasionally necessary to request that a paper be withheld from publication because of the military interest which may be revealed. We have faced this problem of classification of research results in many different fields and usually have been successful in finding a means to protect the scientific priority of the investigator in publication of his results while at the same time protecting the interests of national security. Often this has been a very difficult task, [and we] have had a particularly difficult time in the matter of a classification guide in the field of oceanography and of geophysical investigations of the ocean and ocean bottom which are so closely allied to many problems of great importance in Navy operations and strategy.164

        

        This was the essence of the problem: the same confluence of interests that made scientists happy to work with the Navy—that made them feel that the Navy was supporting them to do what they wanted to do—led to conflicts over classification. Piore referred back to Revelle’s efforts, noting that the ONR had tried to reach agreement on classification of ocean information with the various Navy agencies, and with the Research and Development Board, but that “no agreement satisfactory to the majority of the scientists . . . could be reached.” He advised Ewing to continue to work with his office on a case-by-case basis. Where classification was unavoidable, the ONR would try to suggest “a means for downgrading the paper to unclassified by the omission of such portions of it as may reveal military application,” and he promised that in the future no paper would be returned as classified without “a specific and detailed statement as to the reasons therefor[e].”165 For Piore, the solution to classification was either omission or explanation.

        Ewing was not mollified. No paper was ever submitted from Lamont, he insisted, unless they had “already debated very seriously whether or not it should be classified in the interests of the country, and have decided that it should not.” Given this, it was “extremely disheartening to have [a paper] unfairly classified and denied publication or have it put in cold storage for an indefinite number of months.” Ewing suggested that, rather than submit a complete report only to have it classified, scientists should be permitted to submit a “rather full outline, for clearance in principle and for comments and suggestions about things to be avoided or put in,” to make the final version publishable.166 In essence, Ewing was asking the ONR to trust experienced scientists to make the right calls. Indeed, he suggested that, because of his long experience, he was more qualified to pass judgment on matters of national security than the Navy officials. He reminded Piore that “Navy personnel who are dealing with these problems turn over a lot faster than we do. I have been in this business twenty years and most people at those desks in the Navy have not been there three years.” He concluded archly, “I think it might be well to tell those people to learn who they are dealing with and deal accordingly.”167

        In 1956 the Eisenhower administration launched a broad review of military classification policies to examine both unauthorized disclosures of information and overclassification. The Committee on Classified Information established by the Department of Defense concluded that military officials tended to overclassify, insofar as there was no penalty for that but potentially great penalties for the reverse. The committee called for a “determined attack” on overclassification “from the Secretary of Defense down.” But as former US senator Daniel Patrick Moynihan later noted in his historical account of secrecy in the US government, the defense secretary established no procedures for declassification, no mechanisms for avoiding overclassification, and no penalties for failing to do so.168 Consistent with this general pattern, at the Hydrographic Office matters remained unchanged.

        The importance of bathymetry to navigation was reiterated the following year when a group of Navy officials visited Lamont to discuss the usefulness of various geophysical techniques to aid in “precision navigation techniques.” The visitors listened to arguments about gravity and magnetics, but it was precision depth recording on which they were “sold.” Ewing wrote in a letter summarizing the visit: “They seem to be completely sold on the usefulness of precision depth sounding. . . . Their main purpose is to find some geophysical navigation techniques to supplement the dead reckoning (inertial navigation) systems now being developed. It seems that the DR systems, when developed, will only be capable of reliable operation for up to about 36 hours. What they seek, therefore, is to divide up the oceanic operating areas in such a manner that geophysical measurement check points are available every 200–300 miles for recalibration of the DR systems.”169 Bathymetry did this best. That was good for the Navy, but it was bad for science. So once again, the data remained classified.

        Two years later, Lamont marine geologist Bruce Heezen wrote to his colleague sedimentologist Kenneth Emery that he, too, had abandoned hope of publishing certain key information because of Navy restrictions. Emery had asked if he had contour charts of the abyssal ocean, to which Heezen replied that he did but “did not dare to submit them” for publication.170 Two years after that, a colleague at the Naval Electronics Laboratory made a similar inquiry. Heezen’s replied flatly: “I have never prepared a bathymetric chart of the entire Atlantic Ocean because of the classification problem.”171

      
      
        Hess Returns to Tectonics

        Why was Hess so bothered by secrecy when he had access to all the data he wanted? After all, some scientists might relish the competitive advantage of having nearly sole access to reams of propriety data. Hess was a generous man who cared about science as an enterprise as much as he cared about his own career; his efforts were on behalf of earth science as a whole, but the evidence suggests that he also had a personal stake, that when he argued the need for scientific minds to work together, he was arguing, at least in part, for himself. For if we return to the question of Hess’s work on tectonic theory, it becomes evident that, from 1939 to 1959, Harry Hess was stuck.

        Consider again his 1938 comment: “When the significance of the huge anomalies and the structures they indicate become appreciated, a radical change in some of our ideas on mechanics and processes of mountain-building becomes necessary.”172 In 1938, Hess believed that he and his colleagues were on the verge of a breakthrough, a new paradigm. But in the 1940s and 1950s, he made no progress. In fact, as we have seen, he retreated from his strong advocacy of convection currents to a conventional belief in a stable ocean basin. His thinking had gone from maverick to mainstream.

        Hess was well aware of the skepticism and even hostility that had greeted Alfred Wegener’s work, and he had perhaps taken the lesson that it was unproductive to push radical ideas in isolation. One needed support, yet support was precisely what Hess lacked after 1939. In the 1920s, continental drift had three active and respected defenders in the United States: Harvard’s Reginald Daly, Yale’s Chester Longwell, and the Carnegie Institution of Washington’s F. E. Wright (the reviewer of Teddy Bullard’s grant proposal). By the 1940s, however, Daly was aged and Wright and Longwell had softened their support in the face of collegial opposition. David Griggs had emerged as an important voice in the late 1930s, but after the war he left geophysics to found the RAND Corporation. He maintained close postwar connections with the Department of Defense, including serving in 1951–1952 as chief scientist of the US Air Force, but he no longer worked on tectonics.

        In his 1948 paper on the structural features of the western North Pacific, Hess had pointedly declined to discuss “highly speculative relationships such as those bearing on convection currents in the Earth and their possible connection with the formation of the arcs.” His reason? “Since the speculative material is bound to be controversial, it is hoped that separate presentation will limit controversy to the speculation without impairing the descriptive portion.”173 Hess’s attempt to demarcate description from speculation was understandable but fallible: he presented tectogenes as facts, whereas in hindsight they appear to be speculative (and erroneous). Nevertheless, his comments reveal how careful he felt he needed to be and how great he considered the likelihood that he (or anyone) would be attacked for challenging mainstream thinking. If wider release of relevant data might have helped to garner collegial support, Hess surely would have wanted it. Thus, it seems fair to conclude that, alongside a genuine concern for the progress of his science, Hess’s persistent efforts to get oceanographic data declassified were motivated in part by a desire to discuss the data with colleagues and enlist them as allies at least in that discussion, if not in a specific theoretical account.

        In 1960–1961, Hess worked with Scripps marine geologist Robert L. Fisher on a chapter on ocean trenches for Maurice Hill’s grand compendium, The Sea (published in 1963). Mounting seismic evidence pointed to a zone of crustal instability beneath the trenches; Hess now argued that the feature there was not a crustal downbuckle but the crust and upper mantle “moving [downward] together as a unit.”174 This was a critical innovation in his thinking: he had arrived at the concept that would soon be known as subduction. Yet he illustrated the descending crustal slab as vertical—despite the fact that the seismic data revealed a zone dipping at a relatively low angle toward the continent (fig. 4.8). Why did Hess insist that the crust and mantle were moving vertically when the seismic data showed otherwise?
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          Figure 4.8 (a) Supposed structure for a hypothetical trench-island arc, 1963. Note the inclusion of rock types and seismic velocities. (b)Fisher and Hess model of crustal and mantle buckling to create deep-ocean trenches and generate peridotite magma. Note that the downbuckle is still vertical, as it had been in the 1930s.

          From R. L. Fisher and H. H. Hess,“Trenches,” in The Sea: Ideas and Observations on Progress in the Study of the Seas, ed. M. N. Hill, 411–36 (New York: John Wiley & Sons, 1963), figs. 9 and 10. Reprinted with permission from Elsevier.

        
        As far back as 1938, Hess had recognized that the pattern of deep-focus earthquakes beneath arc-trench complexes indicated a rigid zone, capable of sustaining brittle deformation, dipping inland from the arc at approximately 45° (rather than distributed vertically below the arc or the trench). In their 1963 article, Hess and Fisher also noted that Hugo Benioff, first in 1949 and then more clearly in 1955, had explicitly “postulated an overthrust mechanism and showed that the deep earthquake foci lie along a plane dipping under Chile at approximately 40°.”175 Why didn’t Hess make the connection that Benioff’s dipping thrust plane was the down-going crustal slab?

        The final figure of the article offers the answer: Hess’s picture of the down-going slab is as close to his old tectogene as was possible without being the same (fig. 4.9). It is far more detailed—as Hess had by then thought through in much greater detail the rock types involved, the depth at which they would begin to melt, and the generation of his cherished peridotite magmas—but structurally, the picture is nearly the same. The only substantive difference is that the downbuckled slab is permitted to descend indefinitely until it is rendered unrecognizable by melting or mineralogical change.176 Moreover, by maintaining a vertical orientation for the compressed crust, the model predicts the occurrence of vertical faults, preserving the conduit for the peridotite intrusions that Hess first proposed in the 1930s. Despite Hess’s enormous creativity and courage in promoting seafloor spreading, the major features of his thinking were unchanged since the 1930s.
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          Figure 4.9 A widely circulated photograph of Harry Hess with his tectonic model, taken in 1961 at Princeton by Fritz Goro. Note how in the schematic sketch to which Hess points, the downgoing crust is vertical, as it was in his models from the 1930s.

          Reprinted with permission of the LIFE Picture Collection via Getty Images.

        
        In 1960, Hess finally broke through, when he wrote the first draft of his now-classic paper “History of the Ocean Basins” (later published in 1962), proposing the theory of seafloor spreading to account for the structure of the ocean basins and provide the driving force of continental drift.177 “Mid-ocean ridges . . . are interpreted as representing the rising limbs of mantle-convection cells. . . . The mid-Atlantic Ridge is truly median because each side of the convecting cell is moving away from the crest. . . . Continents ride passively on convecting mantle.”178 The trenches and island arcs that Hess and others had described from the East and West Indies were the regions where oceanic crust was pressed up against other crustal slabs; the peridotites were slices of ocean floor caught up in the process. The views he had long ago adopted could be put forward again with slight modification. Although Hess did not cite Wegener or Holmes, he did cite Griggs, Kuenen, Umbgrove, and Vening Meinesz. The foundations and inspirations from the 1930s were there for anyone to see.

        How did Hess come unstuck? By his own account, two lines of evidence were key. The first was the paleomagnetic work by British geophysicists P. M. S. Blackett, Keith Runcorn, Ted Irving, and others, demonstrating that the continents had moved relative to the magnetic poles and relative to each other. In Hess’s words, “One may quibble over the details, but the general picture on paleomagnetism is sufficiently compelling that it is much more reasonable to accept it than to disregard it.”179 This was a major new line of evidence bearing on the question of drift that had not been available in the 1930s. The second was Bruce Heezen and Marie Tharp’s demonstration—again in Hess’s own words—that “a median graben exists along the crests of the Atlantic, Arctic, and Indian Ocean ridges and that shallow-depth earthquake foci are concentrated under the graben,” which had led Heezen and Tharp “to postulate extension of the crust at right angles to the trend of the ridges.”180

        In chapter 5 we examine Heezen and Tharp’s work, along with the comparable work done in the Pacific by Bill Menard. This work was based heavily on classified data. For now, two points suffice. First, the paleomagnetic data came from outside the United States and outside domains of classified research. Second, while Heezen and Tharp’s data had been available to Hess for some time, Hess’s breakthrough came only after the work was published—that is to say, after it was possible to discuss the data and after colleagues were in fact discussing them (including famously, Robert Dietz, who published the seafloor-spreading idea around the same time and very nearly stole Hess’s thunder). The evidence does not allow us to say precisely how this mattered to Hess, but evidently it did. Having the data to himself had not sufficed.

        This is not really surprising. There is a reason that scientists spend so much time in conferences and workshops and travel the globe to present their work: these are the places where scientific results are mooted. It is not enough for scientists to observe a scientific fact or complete a laboratory experiment. They need to discuss their experiments and observations in order to determine and establish their meaning. As Bruno Latour and others have stressed, in the laboratory, data are just inscriptions; an earthquake is a line of ink on a piece of paper reeling off a seismograph. It is through social processes that the inscriptions acquire meaning.181 It is through discussions among scientists that a set of seismic data, recording the effects of earthquakes deep in the Earth along a plane dipping toward a continental margin, becomes a Benioff zone, and it is through yet more discussion that it becomes a subduction zone. An instrumental observation—indeed, any observation—is not a fact until a community of experts accepts it as such. Because classification rendered it impossible to discuss so much, many things that might have become facts did not.

        The person whose analysis of the adverse impact of classification was probably most accurate was Roger Revelle. In 1952, he argued that classification might cause it to “take twenty years to do what otherwise might be done in five.”182 The story told here suggests that he was too optimistic (Revelle generally was): the resulting work took thirty. Viewed through the long lens of history, thirty years is not a long time, but it certainly is from the perspective of one man’s life, or the life of a scientific community. Does this matter? It certainly did to Hess. He believed that work was being stymied by secrecy. The simplest explanation for this belief is that he felt that his own work was stymied by his inability to discuss it freely with colleagues outside the narrow circles of Navy sponsorship and security clearances. Hess thought it was true because it was true for him.

        Moreover, the reopening of debate over continental drift—and the expansion and transformation of the idea into the theory of plate tectonics—was not triggered by work done under the auspices of the US Navy. The paleomagnetic data to which Hess referred—which demonstrated that the continents were moving relative to the poles—was done in two laboratories in England. One of them was led by the physicist, communist, and Nobel laureate P. M. S. Blackett, who turned to paleomagnetism after World War II because he no longer wanted to work on weaponry.183 The bathymetric data from the mid-ocean ridges that suggested they were rifts was collected under Navy auspices, but neither of the two American scientists most responsible for the data collection and analysis—Bruce Heezen and Bill Menard—and therefore best placed to use it to answer the global tectonic question, made major contributions to the theory of seafloor spreading (chapter 5). Instead, Frederick Vine and Drummond Matthews in England, working with data independently gathered, confirmed Hess’s hypothesis and paved the way for plate tectonics.

        Given the thirty years that passed between 1938 and 1968, that the picture of crustal mobility given by plate tectonics in the 1968 was essentially the same as the one Hess and Griggs had drawn in 1938, and that the impetus for reexamining the question of continental drift came largely from outside the United States, the historical evidence supports the conclusion that secrecy did impede scientific work. For the better part of thirty years, the conditions of secrecy imposed on US science during World War II and maintained in the Cold War brought American theoretical thinking about the seafloor to a standstill.

      
      
        Coda

        Harry Hess had warned that it was not just science that would suffer from secrecy; the military would suffer as well. Navy officers were probably doubtful, but history suggests that he was right about this, too. In January 2005, the New York Times reported on its front page that a US nuclear submarine moving at top speed had crashed “head-on into an undersea mountain that was not on the charts.”184 One man was killed, sixty were injured (twenty-three seriously), and the commander—who was subsequently relieved of his command—was quoted as saying, “I thought I was going to die.” The interior of the boat “looked like a slaughterhouse” as blood splattered on the floor and instrument panels. “Some of the younger sailors said they had not realized how close they had come to dying until they saw the San Francisco’s mutilated bow at the dry dock here. ‘Your jaw just kind of dropped open, and you wondered why you were still alive.’ . . . As many as 10 sailors have asked not to return to submarine duty.”185

        The crash was in the western Pacific, southeast of Guam, the very region Hess had patrolled and mapped as a young lieutenant. According to the Times, Defense Department officials later reported that a 1999 satellite image revealed the mountain rising to within a hundred feet of the sea’s surface. Scripps professor David Sandwell noted that satellite radar data from the 1980s had also indicated a possible undersea mountain at the crash site. But the charts had never been updated.

        The initial Times report focused on a lack of resources with which to update charts made in the presatellite era, but a later analysis suggested that the situation was even more tragic. The hazard was noted on most charts of the area—but not on the one the captain had in his possession. The information that the captain needed was available, but he had not known to ask for it. It was just as Hess had warned. It is not enough for information to exist. People who need it need to know that it exists.

      
    
  
    
      
        5

        The Iron Curtain of Classification: What Difference Did It Make?

      
      Twenty-six years after Harry Hess suggested that tectonic disturbances were focused in narrow belts that might be continuous around the world, this insight would become a cornerstone of plate tectonic theory. Hess had worked on the regions we now understand as convergent plate boundaries. But that was only part of the story. Another part was the regions we now understand as divergent boundaries, and a key player in that story was Lamont marine geologist Bruce Heezen. Working with Lamont director Maurice Ewing and geologist Marie Tharp, Heezen produced the world’s first comprehensive map of the Atlantic seafloor, laying the groundwork to confirm the theory of seafloor spreading.1 The final part of the story involved the transcurrent faults now understood as the places where plates slide past each other, and a key player in that story was Scripps marine geologist William Henry Menard.

      Heezen and, to a lesser extent, Tharp were made famous by the reproduction of their map in National Geographic.2 They also became wealthy, collaborating with Menard—who was doing work comparable to theirs in the Pacific—to convert the maps into a children’s globe manufactured by the educational toy maker Creative Playthings.3 In later years, the maps would adorn the walls of geology classrooms and the hallways of earth science departments.

      The visual and conceptual centerpiece of the Atlantic physiographic map was the mid-ocean ridge and the dramatic way it was offset by a dense series of east-west bearing faults. The ridge had been recognized since the nineteenth century, but the Atlantic map demonstrated its scale and complexity, and the global map showed its continuity. The North Atlantic ridge was continuous with the South Atlantic ridge, which could be traced into the Antarctic and Indian Oceans and around the Southern Hemisphere into the South Pacific. One Columbia colleague described the map as “unique, and may[be] revolutionary. For the first time, on a single map, one man [sic] has attempted to present the fundamental physiographic provinces” of the ocean floor.4

      To make their maps—and the children’s globe—Heezen, Tharp, and Menard had to find a way to deal with the issue of data classification that had vexed Harry Hess. Shortly after the Atlantic map was published, Henry Stommel wrote to congratulate Heezen for running the gauntlet of Hydrographic Office secrecy: “It certainly is nice to see some studies on bathymetry coming out despite the H.O.’s Iron Curtain.”5 How did they manage the challenges of military secrecy? Or did they?

      
        A Scientific Career amid Personal Troubles

        Bruce Heezen (1924–1977) received his BA in geology from Iowa State University in 1948 and moved to New York to pursue graduate studies with Maurice Ewing. When Columbia University established the Lamont Geological Observatory in 1949 under Ewing’s direction, the timing was perfect for Heezen. He would spend his entire career there, studying seafloor structure and deep-sea sedimentation with abundant support from the Office of Naval Research, the Navy Bureau of Ships, and the American Telephone and Telegraph Company (AT&T).6

        Heezen was not obviously destined for success. A fraternity boy who enjoyed alcohol more than academics, Heezen had been studying geology and paleontology, anticipating an oil industry career. But his plans changed when he heard Ewing lecture on the geology of the seafloor. He approached Ewing, who invited him to join an upcoming expedition to the Mid-Atlantic Ridge on the research vessel Atlantis. This would be a historic cruise: the first major geological expedition to map the ridge in detail, what one geologist would later describe as the beginning of the “road to glory for Doc Ewing.”7

        The Atlantis work was a six-week expedition including Ewing, Ivan Tolstoy, geophysicist Gordon Hamilton, and future presidential science adviser Frank Press. Atlantis was a Woods Hole ship, and Columbus Iselin had instructed the captain to take particular care in his preparations, as “the scientific importance of the program is greater than any other which you have yet undertaken.”8 At an estimated cost of $26,000, it was also one of the most expensive. But it was money well spent, for the scientists made several major discoveries, including demonstrating the continuity of the ridge throughout the North Atlantic. They also found that the ridge did not follow a smooth curve, snaking down the center of the ocean as drawn in earlier maps, but was composed of distinct linear segments running nearly north-south, with east-west offsets (fig. 5.1).9 Contrary to plans, however, Heezen did not go. At the eleventh hour, Ewing sent him instead to lead a small cruise surveying the Hudson Canyon off the coast of New York.10
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          Figure 5.1 The Mid-Atlantic Ridge as mapped before World War II, based primarily on British and German work. This map was found in the logbook of Atlantis cruise 150 (1947) and is used as the frontispiece to Ewing and Tolstoy’s 1949 work.

          From “North Atlantic hydrography and the Mid-Atlantic Ridge,” Geological Society Bulletin 60, no. 10 (1949): 1527–40. Reprinted with permission of the Geological Society of America, permission conveyed through Copyright Clearance Center, Inc.

        
        The change of plans may have been the result of larger troubles. Heezen enjoyed an active social life, frequenting the theater, concerts, and operas, but he struggled with his coursework, earning mostly Bs. On at least one occasion he received an official university reprimand for unsatisfactory performance.11 His mediocre classroom work accompanied personal difficulties with love, money, and alcohol. Heezen saved numerous letters from unhappy women he had dropped unceremoniously, including one he owed money.12 He also saved newspaper clippings on medical advances in treating alcoholism and an uplifting poem on temperance, exhorting its reader to “drink not to elevation.”13 Alcohol may have played a role in an auto accident in December 1951; Heezen was sued for damages resulting from his “negligent operation and control” of his vehicle. The plaintiff’s lawyer offered to settle the matter amicably; six months later, Heezen’s lawyer was beseeching him to complete and return the relevant papers.14

        Heezen was sloppy about many things. Joe Worzel chastised him for repeatedly leaving the bathroom at Lamont in disarray and acting as if the cleaning woman were his “personal maid.” He reminded Heezen that he was “not in kindergarten anymore” and that “any well brought up person” would not behave this way. Worzel instructed him to modify his behavior “so that more drastic action does not have to be taken.”15

        Heezen may have been depressed. On one occasion he wrote to his parents—in dreadful and erratic handwriting—saying he had dropped plans to go to Bermuda over the holidays, which he described as a “device I had cooked up to engender some enthusiasm in myself. It didn’t work.” He needed to pass French and German and worried, “Unless I get fired up some more I will never even try.” His parents had suggested he take a break, and Heezen reluctantly agreed: “I suppose the suggestion that I come home for a while is good enough. . . . Hell, I just don’t know what to do.”16

        The bright spot in this gloom was going to sea, which Heezen described as his “one way to mental health. Active work on the ship keeps me happy.”17 He soon became known as someone who spent nearly all his time at sea—by his own reckoning as much as nine months out of every year—and the years after World War II were ones in which it was possible for an American oceanographer to do that.18 Squeezing coursework in between cruises, Heezen completed his PhD in 1952. Just a year later, he earned a listing in American Men of Science for demonstrating the existence of turbidity currents, underwater mudflows responsible for the rapid transport of large quantities of coarse-grained land-derived sediments into deep-ocean environments. He had not mapped the Mid-Atlantic Ridge, but he done something perhaps more important: he had prompted reconsideration of the entire question of what occurred in the deep ocean.

      
      
        The Demonstration of Turbidity Currents

        Submarine canyons—deep valleys incised into the continental shelves at their seaward edges—were one of those phenomena, like the ice ages and the rebound of the Fennoscandian Shield, whose existence geologists accepted as facts but whose origins were endlessly argued. When Columbia professor Douglas Johnson wrote a book on the subject in 1939, he outlined no fewer than eleven different hypotheses, explaining, “Few problems in the field of geomorphology have proven so baffling as that of finding a satisfactory explanation for the deeply submerged canyons indenting the seaward margins of many continental shelves. For over half a century the problem has been debated. . . . Yet there is today no consensus of opinion as to how these remarkable features were produced.” The search for a satisfactory explanation had proved “futile.”19

        Johnson was being a bit dramatic. In fact, there were two main theories on how the canyons formed. One was that they were drowned river valleys, carved out during ice-age low-sea-level stands. This had been proposed by Scripps marine geologist Francis Shepard (1897–1985) and was consistent with worldwide evidence of geomorphological effects produced by rising and falling sea level during glacial periods. The other, proposed by Harvard geologist Reginald Daly (1871–1957), America’s most prominent defender of continental drift, was that the canyons were scoured by underwater mudflows running down the continental slopes, so-called turbidity currents.20

        Neither man had direct evidence, but Daly had a strong indirect argument in a type of sedimentary deposit known as greywackes. These were thick sequences of coarse-grained, well-graded but generally poorly rounded sedimentary strata—the sort of clastic deposits one might expect to find in shallow-water environments—interbedded with much thinner layers indicating conditions of very deep water.21 Greywackes were well described in the stratigraphic record; Daly argued that they were deposited by turbidity currents. Large rivers could bring clastic deposits—mud, sand, and silt—to the edge of the continental shelf, where they could become overpressured, triggering underwater mudslides—turbid mixtures of seawater and sediments that would run down the continental slope. They would be laid down when these mud-choked currents met the abyssal plains. The deposits would be poorly sorted because they came from mudflows, but well graded because they would settle out slowly in the deepwater environment.

        This was a clever idea—today it is viewed as right—but most geologists preferred Shepard’s hypothesis because they believed that deep sedimentation was dominated by the steady rain of organic debris and very fine-grained clays derived from wind-borne dust. A few samples dredged from oceanographic expeditions in the late nineteenth and twentieth centuries had revealed clastic sediments at abyssal depths, but no one paid much attention to these anomalies. However, in the 1930s, Philip Kuenen (chapter 4) took up Daly’s idea, showing experimentally that it was possible for underwater turbid currents to develop and that they would deposit graded beds just like greywackes (fig. 5.2). These experiments were a proof of concept: they showed that turbidity currents could deposit coarse sediments into deepwater environments, but they did not demonstrate that they did. However, within a few years, the demand for a mechanism to explain deepwater clastic sediments would grow.
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          Figure 5.2 Kuenen’s experimental model of turbidite formation by underwater mudflows: (a) illustration of the experimental setup; (b) photographs of the experiment, simulating a submarine turbidity current.

          (a) From P. H. Kuenen and C. I. Migliorini, “Turbidity Currents as a Cause of Graded Bedding,” Journal of Geology 58, no. 2 (1950): 96. Reprinted with permission of University of Chicago Press; permission conveyed through Copyright Clearance Center, Inc. (b) From P. H. Kuenen, “Experiments in Connection with Daly’s Hypothesis on the Formation of Submarine Canyons,” Leidse geologische mededelingen 8 (1937): 327–52. Reprinted in accordance with Naturalis Biodiversity Center open-access policies.

        
        It was well known that underwater telegraph cables in the deep ocean periodically broke, and that sediments dredged by ships attempting cable repairs contained coarse sand and small pebbles. This suggested that some kind of submarine current had transported the materials into the deep ocean, perhaps breaking the cables at the same time. For this reason, AT&T sponsored deep-sea studies at Lamont. As the scientists sampled and photographed the abyssal plains, they found that coarse clastic sediments were common in the abyssal plains adjacent to the continental slopes.22 Daly’s hypothesis was a possible explanation for both the cable breaks and the deep clastic sediments associated with them.

        In 1950, Heezen and colleagues published their analysis of deep-sea clastic sediments in the submarine Hudson Canyon. They had completed a topographic and sedimentary survey of the seaward extension of the canyon, which extended for 280 kilometers past the edge of the continental shelf along the southeastward extension of the Hudson River (fig. 5.3). Beyond the detectable edge of the canyon, the topography consisted of a broad plain, gently sloping toward the southeast. Most of the sediments found there were foraminiferal oozes—the remains of marine plankton—but scientists also recovered unconsolidated silts overlying the basement rocks. Photographs revealed an eroded edge, suggesting that erosion was still occurring, even on the continental slope where currents had been assumed to be absent.23 This result was corroborated by sediment cores brought up by the Atlantis that same summer: one sample revealed well-sorted sands, interbedded with clay and globigerina (a type of foraminifera) ooze at a depth of 4,755 meters. This was far below the depths at which most geologists believed that clastic sedimentation occurred; it showed that terrestrial sediments were being transported into abyssal depths as predicted by the turbidity-current hypothesis.
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          Figure 5.3 The Hudson Submarine Canyon, 1951.

          From D. B. Ericson, Maurice Ewing, and Bruce Heezen, “Deep-Sea Sands and Submarine Canyons,” Geological Society Bulletin 62, no. 8 (1951): 961–66. Reprinted with permission of the Geological Society of America; permission conveyed through Copyright Clearance Center, Inc.

        
        In a pair of papers published in 1951 and 1952, Heezen and his coauthors suggested that the clastic sediments at the base of Hudson Canyon were deposited by turbidity currents.24 Wind could not transport coarse-grained sediments and ice rafting would not explain why the sediments were graded. Erosion during a prior low-sea-level stand would not explain why the sands were interbedded with deep-sea clays and oozes. Nor would it explain why faunal assemblages of the interbedded deposits were contemporaneous with equivalent deposits on the continental shelf. These observations “demanded a submarine origin for the canyons.”25

        In a brilliant piece of scientific detective work, Heezen and Ewing showed that a series of sequential cable breaks along the continental slope following the 1929 Grand Banks earthquake were consistent with an underwater mudflow traveling rapidly on the upper portion of the continental rise and slowing down where the topography flattened out at the base of the rise.26 The bedding in the resultant sediments was graded, just as in natural greywackes and in Kuenen’s experiments, and just as it was at the base of Hudson Canyon. It was a unifying explanation, bringing together seemingly disparate phenomena: an earthquake, a series of cable breaks, the presence of clastic sediments in the abyssal environment, and the origins of submarine canyons. They concluded that “large scale work by slump-generated turbidity currents is a fundamental process in submarine geology.”27

        Heezen had solved a major puzzle of both the structure of the seafloor and the geological record. “It was a happy day for me when I got your letter telling the wonderful news about your findings in the Grand Banks area,” Kuenen wrote to him in December 1953. “I had heard so much, not only of doubt, but even cocksure ridicule, concerning the turbidity current hypothesis . . . that I was beginning to think that it must be pigheadedness on my part [that I held to it].” One very famous oceanographer had claimed that it was impossible, and “we only have to find the mistake in [our] reasoning. But in spite of much verbiage he could not find it,” Kuenen wrote with satisfaction.28

        The work earned Heezen a position at Lamont as a research associate, where he focused on deep-sea topography and sedimentation. He was better equipped for the task than most at Lamont, who, like Ewing and Worzel, tended to be trained in physics and had little feeling for what submarine geological features might signify (chapter 4), and he found a congenial coworker in geologist Marie Tharp.

      
      
        Marie Tharp and the Mid-Atlantic Ridge

        Marie Tharp (1920–2006) was hired by Ewing as a general research assistant in 1948, the year that Lamont was established and that Heezen began his PhD studies. She had earned a master’s degree in geology at the University of Michigan and then worked for Stanolind Oil Company in Tulsa, Oklahoma.29 Her job at Lamont focused on assisting the (male) graduate students, but within a short time she was working primarily, and then exclusively, for Bruce Heezen.

        In 1953, Heezen and Tharp began to analyze Atlantic echo-sounding profiles. Following the then-common pattern, the woman did the detailed labor: the sedulous task of plotting ocean profiles from raw sounding numbers and compiling them into the physiographic map of the seafloor.30 Tharp also took on Heezen’s administrative and secretarial duties, managing his finances, correspondence, and even his health. When he developed a heart murmur in 1960—Heezen would die of a heart attack at age fifty-three—Tharp wrote to his physician to find out what restrictions he should observe. In her letter, Tharp described Heezen as her “‘mean ole boss,’ best friend and constant companion.”31 In later years, they would live and work together in a house in Nyack, New York, prompting speculation that they were more than just friends.

        Continuous sounding had been available since the 1930s, but the data were not highly accurate and were restricted to depths of fewer than 2,000 fathoms (12,000 feet). During the war, both depth and accuracy were greatly improved, and by the end of the war the full range of ocean depths could be explored. Lamont scientists had access to over 150,000 miles of continuous echo-sounding records; Tharp appears to have looked at them all.32 This work was supported by the ONR and the Bureau of Ships; Heezen and Tharp also had profiles sent to them from Woods Hole, the Hydrographic Office, Bell Laboratories (the research arm of AT&T), and the British Admiralty. A far more detailed picture of the ocean floor began to emerge as Tharp compiled the profiles across the Mid-Atlantic Ridge (fig. 5.4).
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          Figure 5.4 Control chart, showing coverage of precision depth recorder profiles, 1959.

          From B. Heezen, M. Tharp, and M. Ewing, “Special Paper #65: The Floors of the Ocean. I. The North Atlantic,” Lamont Geological Observatory, Columbia University, Geological Society of America, Palisades, NY, 1959 (plate 21). Reprinted with permission of the Geological Society of America; permission conveyed through Copyright Clearance Center, Inc.

        
        The ridge had been known since the Challenger expedition (1872–1876), when differences in salinity and temperature across it suggested that it served as a barrier to circulation. Its existence took on heightened significance when geologists began to debate Alfred Wegener’s theory of continental drift. Wegener’s supporters interpreted the ridge as the site where Europe and North America had broken apart; British geologist Arthur Holmes suggested that the ridge was a fragment left behind. But in the 1920s, the available picture of the ridge was primitive (see fig. 5.1). It was sharpened in 1938 when scientists on the Meteor returned to the site and produced a cross-section of the ridge that revealed “striking depressions” at its crest, a result that was published the following year.33 This might have been taken as evidence of a rift, but 1939 was not a good year for American scientists to engage with their German colleagues, and little discussion ensued.

        After the war, the Mid-Atlantic Ridge was high on Ewing’s scientific agenda. In the proposal for the 1947 Atlantis work, he noted the relevance of the ridge to the theory of continental drift (albeit confusing Wegener with Wagner): “The geological structure of this ridge is not at all well known, although most of the rocks forming the islands [where the ridge is emergent] are oceanic rather than continental in nature. Proponents of the Wagner [sic] hypothesis of continental drift consider the ridge as a fragment left joined as the continents of the Western hemisphere separated from Europe and Africa.”34 Ewing’s primary motivation for mapping the ridge, however, was not to test Wegener’s theory; it was to explore for submarine canyons, which, if Daly’s hypothesis were correct, implied strong currents that might disrupt cables or other military installations. It was also linked to a major military development: sound fixing and ranging (SOFAR), a technique developed during the war to use sound to determine the position of a submarine or a downed airman at sea (chapter 2). Ewing wrote: “[In] connection with . . . the SOFAR project in 1945, the USS Muir made a continuous recording of the soundings along the western flank of the ridge for several hundred miles. Extremely rugged topography was revealed, which has been interpreted as indicating the strong probability that submarine canyons similar to those found off the Atlantic coast of the United States have been carved into the flank of the Middle Atlantic Ridge.”35

        Historian Albert Theberge has stressed that the central depression on the Mid-Atlantic Ridge had already been noted in the 1930s by the Meteor scientists (and again in 1953 by Maurice Hill), and suggests that Heezen and Tharp took more credit for the discovery than warranted.36 The issue of credit is further complicated by gender. In later years Heezen would credit Tharp with the recognition that the cleft in the center of the ridge showed that it was a rift, but at the time her contribution was not acknowledged; the first published papers to focus on the cleft and its significance were authored only by Heezen and Ewing (fig. 5.5).37

        
          [image: ]

          Figure 5.5 Marie Tharp’s Mid-Atlantic Ridge profiles, 1959.

          From B. Heezen, M. Tharp, and M. Ewing, “Special Paper #65: The Floors of the Ocean. I. The North Atlantic,” Lamont Geological Observatory, Columbia University, Geological Society of America, Palisades, NY, 1959 (plate 22). Reprinted with permission of the Geological Society of America; permission conveyed through Copyright Clearance Center, Inc.

        
        Whatever the appropriate apportioning of credit, it is undisputed that Tharp noticed the similarity of the Mid-Atlantic Ridge with profiles across the East African Rift and highlighted the fact that earthquake epicenters on the ridge were clustered in the central 100–120 miles of a complex system that was otherwise 1,000–1,500 miles across (fig. 5.6). The concentration of earthquakes supported the rift interpretation, and if the ridge were a rift, then it might be the location at which two segments of Earth’s crust were being pulled apart.
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          Figure 5.6 Distribution of earthquake epicenters, 1959.

          From B. Heezen, M. Tharp, and M. Ewing, “Special Paper #65: The Floors of the Ocean. I. The North Atlantic,” Lamont Geological Observatory, Columbia University, Geological Society of America, Palisades, NY, 1959 (plate 29). Reprinted with permission of the Geological Society of America; permission conveyed through Copyright Clearance Center, Inc.

        
        These results were summarized in 1958 in the first release of the physiographic map of the seafloor and then in a 1959 special paper of the Geological Society of America. (Tharp was second author, Ewing third.) The map and paper were widely cited and reproduced and led Heezen and Tharp to produce similar maps for other oceans. Heezen was offered a permanent academic appointment at Columbia as an assistant professor of geology. (He became an associate professor in 1964; Tharp was offered nothing.) Colleagues from around the world wrote to congratulate Heezen (and to a lesser extent Tharp). Many specifically noted the accomplishment of building the unique map based heavily on classified data. As Stommel said, they had negotiated a bureaucracy worthy of its Eastern Bloc counterparts, overcoming the obstacles that had vexed Roger Revelle and Harry Hess. How had they done it?

      
      
        The Solution to Classification: Data Degradation

        In February 1954, Harry Hess was revising his lecture notes on submarine geology and wrote to Heezen requesting a figure “showing at least roughly the outlines of the North East Atlantic Plain.”38 Heezen replied that there was none, for there had been no Lamont work on the northeastern Atlantic plain since 1947, and he did not know what data the Hydrographic Office might have. “Since hydro started this dam[n] classification policy,” he wrote, “I have not been back to hydro so I don’t know what data they might have on it.”39 Actually, Hess clarified, he had meant to ask for a picture of the entire North Atlantic basin. “This would be a big help if you could send me a picture.”40 This idea—to make a picture of the whole North Atlantic—would provide part of the solution to the problem of the “damn” classification. The other part would be what Emanuel Piore suggested to Maurice Ewing: data omission and degradation (chapter 4).

        The physiographic maps were based on echograms—continuous linear records made with the sonic depth finder—collected on numerous cruises during and since World War II. The results had been plotted as two-dimensional profiles—cross sections from east to west across the ocean—and then generalized by Tharp into a three-dimensional picture. But the maps were in an important way very different from comparable maps on land: “The shape of all land features is a matter of recorded fact,” Tharp explained, but “the preparation of a marine physiographic diagram requires the author to postulate the patterns and trends of the relief on the basis of cross sections and then to portray this interpretation in the diagram.”41

        This was the truth but not the whole truth: the physiographic maps were also a device to evade security restrictions. In fact, they were the solution to the classification problem: a means to present data qualitatively without revealing the location of any particular datum or the quantitative details of any of them. Heezen and Tharp solved the problem of dealing with classified data by downgrading it, so that an overall picture emerged but the details on which it was based did not.

        Tharp presented it as a win-win situation: they solved the classification problem and presented their data in a “natural” way. “At that time,” she later recounted, “detailed contour maps of the ocean floor were classified by the US Navy, so we had to find another way of presenting our data. Packaging our information in the form of physiographic diagrams not only solved our publication problems but also provided a much more natural picture of the seafloor. The diagrams allowed us, for example, to capture the seafloor’s many textured variations, contrasting the smoothness of the abyssal plains with the ruggedness of the mountains along the ridges.”42 They also protected classified information by giving features names other than the ones by which were known in the Navy and, in some cases, by slightly shifting their positions.43

        This story has been told repeatedly as an example of how earth scientists found ingenious ways to evade security restrictions. One might wonder whether it is a post hoc rational reconstruction, but contemporary accounts support it. In 1960, Heezen wrote to a colleague at the Navy Electronics Laboratory: “Due to the Navy’s classification of contour charts, we . . . shifted emphasis to physiographic diagrams, which could show more information on texture without incurring the wrath of the classifiers, and for ten years now, this has been the basis of our studies in morphology.”44 Heezen and Tharp did not make physiographic maps because they wanted to; they made them because they had to, or at least because they couldn’t think of any other way to convey the information while evading the “iron curtain” of classification.

        Invention, however, does emerge from necessity, and the maps were very inventive, striking for their evocative detail and dramatic bird’s-eye view of what the oceans would look like were they drained of water. They are much more arresting than a conventional contour map would have been and much easier for a nonexpert to grasp. In later years, when Frank Press had his portrait painted on the occasion of becoming president of the US National Academy of Sciences—the first earth scientist to earn that role—he posed in front of the physiographic map of the Atlantic seafloor (fig 5.7). Facing the challenge of security restrictions, Heezen and Tharp had produced something perhaps even more impactful than might otherwise have been the case.
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          Figure 5.7 Frank Press in official NAS portrait, 1995.

          Image © Jon R. Friedman, reprinted with permission.

        
        From a scientific perspective, however, there were problems. One problem was that quantitative data been rendered qualitative. By his own admission, Heezen would have preferred to make contour charts, and it is easy to see why: they would have preserved the quantitative character of the data. Field scientists often defend the epistemic value of qualitative information, but no one would have defended the deliberate degradation of data unless there were no alternative.45 A second problem was that data degradation meant that there was no way for colleagues to know which interpretations were based on rich data, which were interpolated between sparse data points, and which were pure speculation. The maps gave the impression that the entire ocean floor had been mapped, but this was far from the case.46 Tharp joked about adding mermaids to the map, a reminder that the maps were not merely inventive but in some cases invented. Some portions were nearly made up, and colleagues without clearances had no way to determine which those were, or to judge the legitimacy of the interpretations.

        Heezen acknowledged this problem, albeit indirectly. In June 1959, two months after The Floor of the Oceans was published, Columbus Iselin again raised the issue of the impact on science of data classification. Like Revelle six years before (chapter 4), Iselin wrote to colleagues asking them to “jot down some thoughts on the problem of the classification of deep-sea soundings.” Heezen made clear that, despite having found a laudable work-around, he considered the Navy restrictions unreasonable. The topographic data were “vital” to basic research, but blanket classification of marine data left “less than 30% of the earth” available to scientists to investigate freely. Like Revelle, Hess, Iselin, and Ewing, Heezen accepted that the Navy “might have some legitimate reason to classify certain areas”; the question was how much data might be released without compromising US military advantage.

        His answer was quite a lot, if one recognized the different scales needed for military operation and scientific investigation. What scientists needed above all was to elucidate the big picture, such “questions of geology as: the origins of the continents and the oceans; continental drift; continental growth; convection currents; global shrinkage; global expansion; the origins of mountain ranges from geosynclines; the origins of petroleum deposits; future mining of the deep sea.” A solution, he argued, was to release soundings on a coarse scale—adequate for scientific work but too coarse to give away much to an enemy: “The release of world-wide grids of precision soundings on a 20–40 mile spacing could in no way endanger the military use of topographic detail in navigation and warfare, but would serve the . . . demands . . . for basic geological investigations.”47

        Heezen also noted that current practice lumped together a variety of different types of data, some of which could be released for scientific use without compromising Navy needs. For example, soundings made before the invention of the precision depth recorder were often of low quality and eventually would likely be discarded, so why not simply declassify them? In fact, it would be better for the Navy if it did, insofar as “the numerous errors and inconsistencies would not be complimentary to the Navy’s reputation if workers inexperienced in the use of such unsatisfactory data attempted to draw charts on the basis of this information.” Scientists should be given the chance to use the lower-quality data before they were discarded: “It would be a shame if all the compilations were assigned to the furnace still classified, for many of the gross features of topography could be worked out from them even though they are useless for the classified application.”48

        Heezen’s point about data quality was not only valid but also personal. All data are not created equal, and scientific interpretation requires assessment of data quality. Scrutiny, evaluation, and testing are the sine qua non of scientific research, but when data are classified, or when data obtained by various means are lumped together, assessment becomes impossible. This was the central dilemma of his physiographic map: few people could say how good the interpretations were, because few had access to the data on which they were based. Most of Heezen’s and Tharp’s colleagues trusted them, but it clearly bothered Heezen that his own map lumped together the good-quality data with the bad.

        On one level, it is not surprising that Heezen’s and Tharp’s colleagues accepted their maps: only a handful of scientists ever have the time, motivation, and expertise to check their colleagues’ work. Unless something very significant is at stake, the institutional rewards for doing so are scant. Moreover, as sociologist Harry Collins has stressed, no replication is ever exact, and Steven Shapin has stressed that all scientific knowledge contains an ineluctable element of trust.49 But it is one thing to say that scientific processes of replication and peer review are imperfect—that data are not always evaluated as crisply as we might like—and another thing to be in a situation in which data cannot be evaluated. No one claimed that what Heezen and Tharp had done was wrong; the question was which parts of the map were likely to be reliable and which parts less so, and then whether the resulting picture was accurate.

        Furthermore, geological science had been moving rapidly and assertively in the direction of greater quantitative specificity, but Heezen and Tharp moved in the opposite direction. The military context of seafloor topographic studies led them to produce something that was less rigorous than it would otherwise have been and that was in some sense old-fashioned. Perhaps more important for the historical argument, it was different from what Heezen himself would have done had he been given a choice or seen an alternative. It was not what Heezen wanted to do. It was what, under the circumstances, he had to do.

        We know this because earlier in his career Heezen had criticized a colleague for precisely the same maneuver. In 1953, he had written to Robert Dill, an oceanographer at the US Navy Electronics Lab, about a paper Dill had just published in the Bulletin of the Geological Society of America on the submarine Monterey Canyon. Heezen queried the contrast between the small number of sounding lines reported in the paper and the degree of detail offered in the contouring of the canyon. “It is obvious,” he wrote to Dill, “that you have much more information than you were allowed to show. For my own edification I would like to know how much more control you did have. The trouble with this classification problem is that the foreign reader looking at your map will wonder why you drew it the way you did not knowing how much more information you have but can’t tell about because of the naval security problem.”50

        The question of control is a basic scientific one, and from it follow several additional questions: What is this conclusion based on? How much evidence is there? How good is the evidence? How strongly does it support the interpretation? Heezen framed the problem in terms of foreign readers, but the same would have been true of any geologist without clearance, which meant most readers of the Bulletin.

      
      
        Epistemic and Social Difficulties

        While Heezen was becoming internationally famous for his Mid-Atlantic Ridge work, in Lamont circles he was becoming infamous for his difficulties dealing with Maurice Ewing. Colleagues often glossed the difficulties as personal—a clash between two strong personalities—but historical evidence suggests that their relations were strained at least in part because of conflicts over military matters. The troubles culminated in the late 1960s, when Ewing attempted to have Heezen dismissed from the university. The documentary record of the conflicts between Heezen and Ewing is so extensive, convoluted, and bitter as to make it difficult to determine what was really at stake. Heezen and Ewing argued about scientific priority, about diction and handwriting, and about Marie Tharp. Some of these difficulties may have been personal, but others were clearly professional. One matter in particular stands out: the handling of classified materials.

        Heezen had always been challenged to stay on top of details. Tharp’s assistance relieved him of nearly all administrative and secretarial work, but still he struggled. Perhaps he was dyslexic—in one memo he addressed Harry Hess, whom he knew well, as “Harvey”—but he was sloppy, particularly with respect to intellectual boundaries, including the sensitive matter of acknowledging and crediting his colleagues’ work.51 In 1957 he apologized profusely to Philip Kuenen—the man whose experimental work Heezen had spectacularly confirmed in Hudson Canyon—for suggesting that Kuenen had not suspected the “vast significance” of turbidity currents in deep-sea sedimentation, a characterization that was both wrong and insulting.52 In 1958, his signature work, “The Floor of the Oceans,” was nearly rejected by the Geological Society of America because of the disastrous state of the manuscript, which was full of slang, poor-quality illustrations, inconsistent captions and section headings, and numerous “careless mistakes and type errors.”53

        Heezen’s carelessness extended as well to university matters. He became persona non grata at the Columbia Geology Department library when at one point he had forty-one items that were years overdue. When Heezen’s secretary replied to the library that he would not be able to return the books for another three weeks because he was “extremely busy,” the librarian noted dryly “so are we all.”54 On another occasion, Heezen was reprimanded for charging expenses to accounts that he knew had no funds left in them.55

        Unpaid library fines are not a federal offense, but mishandling classified materials can be. When Ewing discovered that Heezen’s sloppiness extended to the handling of classified charts, he wrote a terse letter to “protest the arrangement made about the chart files in the submarine topography room” and the risk it posed:56 “Some of the files were not locked, and an arrangement was left so that a person without the proper clearance could get access to the keys. This is very serious. . . . Your general attitude toward the seriousness of this problem is not a credit to you, and could bring serious consequences to the Observatory and to me personally, as well as, of course, to you. This is not a matter to be treated casually. . . . I realize that it is difficult and vexing and all that, but still it is not to be trifled with.”57 Ewing asked Heezen to acknowledge the letter and to reply “making any comment you care to.” If he did, there is no record of it.58

        Few scientists were as conscientious as Ewing about maintaining security protocols. Roger Revelle, for example, left classified documents under his bed in La Jolla, and Harry Hess jumbled classified reports with reprints, class notes, and ordinary correspondence in his Princeton files.59 Indeed, on several occasions Ewing boasted to military officials about his institution’s aggressive policy on document destruction, which makes it difficult to assess how often arguments erupted on the topic. Still, Heezen seems to have been exceptionally cavalier, and evidence of continued tension can be found, particularly in an incident from 1964.

        Heezen had again left classified materials in unsecured conditions and received a terse note of complaint about it from the Lamont security officer. This time Heezen did reply, defending the procedures in his lab against the appearances:

        
          
            	1. The procedure for locking classified charts in map cases has not been abandoned.

            	2. Classified charts are not stored in open areas and are not accessible to anyone that comes into our department.

            	3. There are over 100 downgraded formerly classified charts that have not been stamped this situation will be remedied within the next few days.60

          

        

        Heezen considered the matter to be merely bureaucratic—that certain downgraded materials had not yet been stamped accordingly—and he asked his secretary to order a rubber stamp reading, “Declassified as per OPNAV INSTRUCTION 3160.6A 20 Jan 1960.”61 But this was in 1964: the instruction to downgrade had been issued four years before.

        Ewing was also vexed over the perception that Heezen exaggerated his contributions to work that belonged jointly to various Lamont staff, including Ewing.62 In 1963, for example, Heezen initiated a plan to collaborate with a marine biologist on an analysis of biological phenomena in underwater photos taken from a Lamont ship. Ewing was furious, believing that Heezen was trying to scoop him.63 In 1966, Heezen presented at a Moscow conference a paper on the relation between magnetic reversals and the evolution and extinction of life.64 Paleomagnetism was a major research area at Lamont, but Heezen played no role in it, so why present at an international meeting? While Heezen made promiscuous use of data that staff considered “corporate property,” he and Tharp were notoriously reluctant to share their own.65

        In November 1967, Heezen was suspended from his employment at Lamont; Ewing instructed him and Tharp to vacate their offices, allowing Heezen to retain only minimal space for meeting with his graduate students. (Soon he would ban Heezen from the observatory entirely.) Ewing terminated Tharp’s contract, requesting the university to initiate formal disciplinary action against Heezen with the goal of his dismissal. The central issue was Heezen’s inappropriate use of Lamont data.

        Heezen was required to submit all his manuscripts to Ewing for approval to ensure that he was not inappropriately submitting papers for publication based on other people’s work.66 The senior faculty agreed with Ewing’s complaint; the Executive Committee of the Senior Staff summarized their views: “There is no doubt that Professor Heezen has gravely offended numbers of his colleagues by the manner of his use of ideas and data that are wholly or in part the intellectual property of others or of the laboratory as a whole.”67 Heezen had failed to act in accord with “mutual respect and fair play. Greed and unbridled ambition cannot be tolerated.”68

        Heezen considered these actions harassment and censorship, and he penned a bitter, five-page grievance to Columbia’s president Grayson Kirk, focusing his vitriol on Ewing. He accused Ewing of attempting to usurp academic tenure, of blackmailing students, and of imposing military-style hierarchy and efficiency at the expense of academic freedom and imagination.

        Heezen began with Ewing’s treatment of students, alleging that Ewing’s militaristic approach had led to the exclusion of students from research programs in favor of “a corps of efficient but often unimaginative technicians who could more easily be controlled than the more gifted but often rebellious graduate students.” He claimed that, when he and Ewing had quarreled, Ewing had retaliated by threatening his students’ financial support. But the crux of the complaint was that Ewing was a martinet, running Lamont not like the academic institution it was supposed to be but like a branch of the armed services.69 In the years he had been at Lamont, Heezen claimed, only two staff meetings had ever been held: “I am no student of government but my modest observations indicate that a dictatorial government devoted to the principle in which the means justified the ends is a terrifying opponent to a democratic system. . . . The Administrative system of Lamont must be seriously reformed in order to insure the academic freedom of the Lamont facility.”70

        Heezen insisted that he respected what Ewing had accomplished—particularly in comparison with Woods Hole and Scripps—and that he did not wish to see Lamont degraded by an excess of committees. But he did wish to see Ewing reined in or driven out: “One principal oceanographic organization in the US suffers from so much democracy that it actually has anarchy, another suffers from fair but dull leadership. . . . It is time that the University reaffirm its faith in academic freedom of the members of our ‘community of scholars’ that the temptation to misuse administrative prerogatives in order to gain personal advantage be condemned anew. A firm declaration may suffice for the moment but over the long run a solution must be sought for the underlying administrative disease.”71

        No one would dispute that Ewing ran Lamont with a firm hand. As we saw in chapter 2, when Henry Stommel won AGU’s Ewing Medal he expressed discomfort about a medal named for a man under whom he had decided he could not work. Stommel had never worked with anyone who was “so clearly a ‘boss’ as Doc,” the “oceanographic equivalent of General Patton.”72 Elizabeth Stommel put it less charitably: “Ewing . . . had an empire, and he had any number of people who were . . . willing to sacrifice their own autonomy to do whatever it was that he required.” Heezen was not the only one to use the word dictator in reference to Ewing; on several occasions Mrs. Stommel did, too.73 Henry Stommel was fortunate that there were other things to do at Woods Hole, but there was no way to work at Lamont and not be under Ewing’s direction and authority.

        Academic freedom had also come up at Scripps in the 1930s and at Woods Hole in the 1960s, and at both institutions the central issue was the freedom of scientists to pursue curiosity-driven research. At Lamont, however, the central issue was the management of classified research. Ewing’s most urgent grievance against Heezen was his repeated “infractions of established rules.” Elsewhere on the Columbia campus, however, students , staff, and other faculty were questioning why the staff at Lamont were doing classified research at all.74

      
      
        Classified Research and the Politics of Neutral Knowledge

        Of the three leading US oceanographic institutions—Woods Hole, Scripps and Lamont—the latter was the one in which military patronage was most fully accepted by its scientists and where the fewest severe conflicts and complaints about it arose. Lamont was a bit different from Woods Hole and Scripps: the latter two had been founded in the early twentieth century on private philanthropic support with no military involvement and had diverse emphases under their early directors. Lamont, in contrast, was founded in 1949 and from its inception was strongly linked to Navy projects and funding.75

        This ready acceptance of Navy support was challenged in 1968 when Columbia pondered whether to eliminate classified research on campus. Because of military secrecy, it was hard to know just how much Navy funding flowed into Lamont, but by some reckonings it was the largest site of classified research on campus, and Lamont’s military links became an issue in the student unrest that rocked the university that year. Ewing was deeply disturbed by the events—which recapitulated on a grand scale the dispute he was having with Heezen—and he sought advice from the chair of the geology department, oceanographer and marine geologist Charles L. “Chuck” Drake.76

        Ewing was not contemplating giving up classified research; he was fathoming how best to defend it against the challenges that were arising on the main campus.77 Drake suggested that Ewing stress that the choice facing them was not Navy versus no Navy, but rather Navy versus some other external patron. If Navy funding were rebuffed, what would replace it, and would it be better or worse?78 Drake advised Ewing that he should insist that the alternative would be worse.

        Before World War II, Drake suggested, the only significant external patron of the earth sciences was private industry—mostly oil, gas, and mineral companies or individuals who had made fortunes in those industries. This was not actually true—the US Geological Survey and state surveys were also important patrons—but what was true was that after the war, the armed services and the National Science Foundation (NSF) had become the principal funders.79 Drake believed that the military was just as “enlightened” in its support of basic research as the NSF and had done far more for the earth sciences than private industry; Columbia was hypocritical not to acknowledge this.80 Without money, there would be no science, and money had to come from somewhere, since universities were “a sink not a source for money”: “Any outside source of major funding has the potential for influencing the university or the investigator if he allows it. If the investigator disapproves of the source, he is free to terminate his association. If the university feels that it is being unduly influenced by the outside source, it can refuse to accept the funds, and, if the investigator takes issue with this, he can investigate somewhere else.”81 The key dilemma of directed research, Drake argued, was whether the outside funding source unduly influenced the investigations.

        Like Vannevar Bush before him—and likely following Bush’s argument—Drake was insistent that science was a free market in which investigators and universities could accept or reject funds as they saw fit. But this was not a realistic appraisal—indeed, it was disingenuous—because in oceanography the Navy was pretty much the only game in town.

        In the late 1990s, retired Harvard sedimentologist Raymond Siever (1923–2004) made this point in a volume edited by Noam Chomsky on the Cold War university.82 Woods Hole (in his opinion) was effectively a “government laboratory that was privately run,” and when he arrived in the 1950s, he was told that he should be cleared “as a matter of course.”83 He explained that he did not need security clearance because he was neither doing nor intending to do classified work. He was told that, irrespective of what he was working on, without clearance he would be unable to enter certain buildings and would be entirely “barred from the ships.” The centrality of Navy funding would have made anyone who declined to participate an outcast, and the prevalence of projects requiring security clearance effectively made it impossible to operate without it:

        
          A few years later, during a research conference, I was sitting at the bar with a navy program director, and after too many drinks we got into a discussion of the possibility that the Cold War would turn hot. He said that in that event we would need all our oceanographers for war work and when we did, we would know exactly where to go to find them, using a list of all the oceanographers supported by grants. I demurred, saying that I had never been cleared and so would not be eligible for war work—aside from the absurdity of discussing a post-nuclear world in rational terms. He laughed and informed me that whether I knew it or not, I had been investigated and that was already taken care of. So much for trying to stay out of the system.84

        

        As for spurning further military funding, many junior scientists were only vaguely aware of where the funding was coming from, anyway. Just as the senior scientists and institution director took care of the clearances, they also took care of the money.85

        At Lamont and Scripps it was no different. By the late 1950s, the entire world of oceanography, marine geology, and marine geophysics was intercalated with the US Navy: the institutions, the personnel, the money, the instruments, and, above all, the ships. Academic scientists served as ONR program directors, military officials led major scientific institutions, and, as Siever learned to his chagrin, background checks were performed on everyone. Even if a researcher’s grants came from the NSF, the ship he traveled on had likely been donated or loaned by the Navy, its operating expenses funded by the ONR, and the instruments developed on Navy grants. At Lamont in 1968, the two research ships, Vema and Robert D. Conrad, were funded half by the National Science Foundation and half by the Navy.86 As Siever learned, a scientist without clearance would be unable to board those ships, irrespective of the source of research funds.

        In principle, one might decline to be affiliated with military projects; in practice, Siever tried and found it impossible. He concluded, “If I had insisted on having absolutely nothing to do with the [Department of Defense] in any way, however indirect, I would have had to leave oceanography.” Drake’s claim that scientists were free to decline military funding reminds one of Anatole France’s comment that the law in its majestic equality forbids rich and poor alike from sleeping under bridges.

        In 1968, there were nine classified projects at Lamont, with a total annual budget of just under $4 million dollars, a bit less than half of Lamont’s total scientific research budget at the time.87 Six were subject only to minor restrictions: three ONR grants for ship support, long-range research in geophysics, and underwater sound in the Arctic; one Air Force grant for seismology, related to nuclear-test-ban verification; and two National Aeronautics and Space Administration (NASA) grants on lunar seismology and lunar heat flow, both of which contained secret information on rocket booster characteristics. Three others involved high-level security: one grant from the Naval Ships Systems Command for underwater sound measurements and acoustic properties of the deep ocean, and two ONR grants, both based at the Columbia University Bermuda Geophysical Station, on underwater sound transmission and explosion effects.

        This did not include, however, the Geophysical Field Station itself, run by Gordon R. Hamilton. With an annual budget of $900,000, the Bermuda station was the second-largest project at Lamont, exceeded only by the ONR grant for general ship support and geophysical research.88 The station was dedicated to the application of underwater acoustics to antisubmarine warfare, a direct continuation of Ewing’s World War II work on underwater sound (chapter 2). The early work there had involved a good deal of basic science, but soon that science was well worked out and the station became an integral part of the US military network for ocean acoustic surveillance. As early as 1951, Hamilton acknowledged this. Writing to administrators at Columbia, he noted that it was an open secret that the station did not, in fact, do basic research. This did not bother Hamilton, but it was adversely affecting recruitment. He was therefore looking for ways to sweeten the pot and asked Columbia to pay moving expenses for scientists recruited to work there: “I stress this because I feel that I must be able to get good men down here. This station is long past the stage where it is doing research in underwater sound transmission for the advancement of science. The objective is detection of Russian submarines at long ranges.”89

        In the 1950s, Columbia had amply supported Hamilton’s work, and for more than a decade he worked happily. He was well funded and had Ewing’s direct moral, intellectual, and logistical support. He wasn’t an outlier, either: his was but one of several laboratories and many projects working directly on issues of military necessity.90 By 1968, however, the scientific and political landscape had changed. Columbia officials informed Hamilton that his was “the only large organization remaining in the University that engaged primarily in classified research.”91 Hamilton thought he could solve the problem rhetorically, telling Ewing: “For the moment I am shifting the paper work emphasis here from classified to unclassified—basically talking only about the research but omitting the purposes for the research.”92

        Hamilton’s strategy was common among those whose work involved classified goals: explain what you are doing but not why. For Hamilton, whether to continue classified research was not a question: he had spent his entire scientific career on military applications of underwater acoustics and had neither the desire nor the ability to change. “My personal intention is to remain in this type of work—my competence is here, I enjoy the work, and the technical competition for funding is less,” he wrote.93 But both Hamilton and Ewing had underestimated the forces gathering at Columbia. Facing mounting pressure, Ewing turned to another of his colleagues, seismologist and Lamont assistant director James Dorman.

        Dorman took a hard line, denying that the term classified research was even appropriate to describe Lamont activities, because the work was not done in secret and permission to publish was typically granted “without formal application.”94 This was a tortured argument, relying as it did on a very stringent notion of secrecy. It was also false, because (as we have seen) permission to publish was not routine and sometimes not granted at all. But the crux of Dorman’s argument was that Lamont’s work was needed not just by Lamont but also by the military, the nation, and the world. Scientists engaged with military officials had a salutary influence on those officials, Dorman argued, and both scientists and military officers were doing work that the nation—indeed, the world—needed. If unruly undergraduates or rebellious professors didn’t like it, it was because they didn’t understand it. Everyone who was “personally familiar with the actual operation of ‘classified research’ in a university believe[s] it is wise, beneficial, and in the interest of the individual, the University, the scientific community, the nation and in the interest of world peace to participate on their own terms in certain ‘classified research.’”95

        There were “pitfalls” in classified research, to be sure, but scientists were right to “wish to retain . . . their enlightened and unselfish influence on military decision-making. . . . In this situation, the university scientist engaged in ‘classified research’ reasonably finds that his obligation to his students and his overall job is more important than his commitment to university unity.”96 Like the traveler who thinks that everyone else has an accent, Dorman insisted that his was the apolitical, value-neutral position: “If the University were to announce an official distaste for ‘classified research,’ this would be a dangerous precedent of taking a political position. . . . It would be better for universities to maintain the traditional role, which I think is officially non-partisan but dedicated to furnishing facts and conclusions without comment on their political implications.”97

        Dorman’s position was both asymmetrical and incoherent—defending his position as apolitical and at the same time righteous because it served the (political) interests of the nation—but it was not unique. Ewing made a similar argument when he defended his program to Columbia’s acting president Andrew Cordier: “The Department of Defense should have the right of our counsel on those problems for which our studies have fitted us to help them, and it is our desire to provide such counsel. . . . We as individuals, and the University as an institution, have the obligation to bring such matters to the attention of the government no matter whose money or efforts have led to their discovery. In any case, the majority of the senior staff feels that their obligations as US citizens supersede their obligation as Columbia University Staff Members in such matters.”98

        Ewing’s representation of the views of his staff was fair. Scientists at Lamont generally considered that being engaged in classified research was more than legitimate; it was beneficent. Had they not felt that way they could not have sustained working there, because whether the politics of classified research were right or wrong, whether restrictions on the work were large or small, and whether “classification” meant what those outside classified circles thought it meant, the reality was that formally classified projects represented the lion’s share of the scientific effort at Lamont. As at Woods Hole, anyone who refused to participate would have been isolated from colleagues and probably unable to do his job. But Lamont had an additional component not present at Woods Hole: the need to support students. Most of the financial support for graduate students came through the ONR and other Navy grants.99 A professor of oceanography who rejected military support would have had a very difficult time funding his graduate students. As far as the historical evidence goes, there never was any such professor.100

        The exclusion of anyone who had a different view helped to create a mutually reinforcing community of like-minded men who had difficulty comprehending why their colleagues—much less the outside world—had problems with classified research. While the university around them engaged in a deep and wide-ranging discussion, not only over the ethics of classified research but also over the purposes of the university, they engaged only in a narrow defense of their own status quo ante, a defense that was hypocritical and also at times bordered on the absurd. Lamont scientists defended classified research on the grounds of the good values that it served, but when others attempted to invoke an alternative set of values that they likewise believed were good, this was rejected as a “dangerous precedent.”101 They characterized rejection of military funding and classified research as political (and therefore inappropriate) while insisting that maintaining the status quo was entirely apolitical. Left unaddressed was the fact that Cold War military oceanography was implicated in the largest political question of all: which nation and what type of economic and political system should dominate the world?

        In hundreds of pages of archival material from this period, it is hard to find evidence that Ewing ever took seriously the arguments of his Columbia colleagues and administrators that there was perhaps some contradiction in pursuing secret science in order to defend the free world, much less in a university dedicated to the free and open exchange of ideas. Ewing appears to have been entirely disdainful of such views.102 But his disdain did not win the day. Ultimately, the Columbia Faculty Senate would conclude that classified research was not consonant with the university mission and should be removed from campus.103

        While this larger debate was unfolding, the dean of faculty advised Ewing not to make his stand on Heezen’s handling of classified materials, which, while “deplorable,” was not going to give Ewing “much mileage” and might backfire: “If the consequence of occasional inept management were dismissal, a lot of us, including the incumbent Vice President, would not be here. While I admire and respect a civilized urbanity of conduct, insolence to the Director is not, I think, actionable. . . . For all of Heezen’s difficulties, it has not been proposed that he is other than a good scientist, heavily immersed in science, with an above par record of supervising the research of PhD candidates, an important part of his role as a teacher.”104 Ewing was gravely disappointed by the university’s response, in terms of both the specific case and the larger issues at stake. When the senate recommended the termination of classified research on campus, Ewing made the decision to leave Columbia and return to his native Texas.105 He died two years later of a massive cerebral hemorrhage.

        It would be implausible to blame Heezen’s troubles entirely on Navy sponsorship of research. Heezen was a troubled and troubling person in many ways. But the military context of scientific work at Lamont created special social and epistemic difficulties, not just for Heezen but for many scientists. We have seen how both Harald Sverdrup at Scripps and Paul Fye at Woods Hole expected to run their institutions with a high degree of centralized authority—Ewing was not exceptional in this respect. Admittedly, Sverdrup had this expectation before Navy funding became significant at Scripps, and strong leadership was probably necessary in oceanographic institutions where expeditions required tremendous organization and mistakes could cost both money and lives. But it would be implausible to ignore the military dimension, not least because having to maintain military standards of secrecy and security amplified the tendency toward and justification of strong centralized leadership. And this created conflict with scientists who expected a high degree of intellectual freedom, felt they had a right to such freedom, and in many cases believed that freedom was necessary for the advance of science.

        Sverdrup had trained at the Norwegian War Academy; Fye had been a military officer in World War II; Ewing had done his first oceanographic work at Woods Hole for the Navy and continued to work closely with Navy patrons throughout his professional life. These men’s expectations of how to run an academic institution were conditioned by their military training and experiences, reinforced by the abundant Navy funding with which they built their institutions. In attempting to enforce a certain way of doing things, they ran afoul of their colleagues’ academic expectations. Perhaps it is not coincidental that Sverdrup was betrayed by his own faculty, that Fye suffered a mutiny in his ranks, and that Ewing spent years in a futile attempt to control Heezen.106 Military and academic standards were simply not the same. Moreover, the staff complaints about Heezen’s use of data that were considered “corporate property” raised a fundamental question: to whom, exactly, did scientific information collected on the Navy’s dime belong? This issue had arisen in the 1930s at Scripps, and it arose in Heezen’s relations with colleagues.

        British colleagues frequently shared information with American colleagues; Heezen’s work on the North Atlantic relied in part on Admiralty information. But on several occasions Heezen declined requests to reciprocate. In 1955, British oceanographer Tony Laughton of the National Institute of Oceanography in Southampton suggested that data be traded between the British and US Hydrographic Offices.107 Laughton took the liberty of sending Heezen some materials that Maurice Hill had shared with him of a survey of a portion of the Mid-Atlantic Ridge. These were a combination of data from HMS Challenger, collected in 1953, and from RRS Discovery II in 1954. These materials had been sent with the permission of the British Hydrographic Office on the understanding that any materials sent from Lamont would in turn be shared with them; Heezen wrote back claiming that US officials refused to accede to that plan.108

        When a colleague from the Universidad Nacional Autónoma de México requested soundings and geophysical data from the continental margins of Mexico, Heezen again refused, answering regretfully six months later, “I am very sorry to inform you that due to conditions beyond our control we will be unable to send you the bathymetric chart of the Pacific Ocean adjacent to Mexico.”109 Heezen similarly turned down requests from scientists at Bell Labs and from other American and foreign colleagues.110 Whether any of these colleagues might have suggested alternative interpretations of the data can never be answered; none had the opportunity. Nor can we say for sure whether Navy restrictions prevented Heezen from sharing data. It may be that he used them as an excuse, because Heezen was also difficult with Bill Menard, his colleague and counterpart at Scripps who had the same access to classified data as he did.

        In the early 1960s, Heezen and Menard had cooperated on the Creative Playthings physiographic globe of the world and corresponded about the interpretation of the data that the globe portrayed. In doing this work, some data were shared; in 1961 Heezen suggested they forge an agreement for further collaborative work. Menard begged off additional work on the grounds of being too busy, but he was willing to share data. “Perhaps I should bow out of the contractual arrangements and merely offer you my data for old times’ sake,” Menard wrote, suggesting they simply agree to share whatever relevant data they had, since it would benefit them both.111 He continued: “Now that we are getting into each other’s ocean so to speak, I would suggest a general working arrangement to the effect that you should feel free to draw on our soundings [and vice versa]. My experience with your lines off New Zealand indicates that in that region you had little to lose by releasing soundings, and I had a lot to gain.”112 It was the same argument Hess and Revelle had made to the Navy: there was more to gain from data sharing than to lose. But Heezen did not accept Menard’s proposal, writing back to thank him for what he had sent but ignoring the data-sharing suggestion.

        Heezen seems to have had a generally defensive attitude, as if others would try to exploit sharing to his disadvantage. In 1968, when Menard was elected to the National Academy of Sciences, Heezen wrote to congratulate him but inserted a sour note, complaining that Menard had not kept him fully informed of his work: “In looking through my reprint file I find I have not received reprints from you since the late 50s. Inasmuch as our work overlaps to such an extent I would think it desirable for us to exchange reprints. I enclose a list of my publications.”113 In fact, Menard had sent reprints, scrawling in the margin of this letter: “14 different reprints were sent 7/7/67.” He replied to Heezen a week later: “With regard to your reprint file, I am a little nonplussed. According to my index, you have received a copy of every paper I have written including those under joint authorship. . . . The last batch of papers, numbering 12, were sent to you on 7 July 1967. . . . Anyway under separate cover I am sending you copies of everything still available. I certainly cannot think of a better place for them to go.”114 Heezen knew that secrecy could work both for and against him: there had been several occasions when he was unable to get data he wanted. In April 1957, a Woods Hole colleague penned an urgent memo to Heezen asking him immediately to return a rough copy of a chart he had lent. The colleague had sent it without checking its classification status and then discovered he should not have shared it; he asked Heezen to return it immediately by registered mail “so as to get me off the hook.”115

        In May 1956, Heezen had complained to Robert Dietz, working at the ONR in London, that a request for telegraph charts (presumably of the North Atlantic) had been denied on the grounds that they were “not available to ‘the general public.’”116 Heezen did not consider himself to be part of the general public and asked Dietz to intercede. That same month, Heezen wrote to Warren Wooster at Scripps asking for his compilation of deepwater soundings, complaining that it was difficult for “an outsider to get a clear picture of what data there is at hand.”117 A clear picture well might have made a difference, because, just at that time, Heezen’s view of the tectonic processes controlling the ocean floor were moving in a direction that few colleagues would follow: he was about to adopt the hypothesis of an expanding Earth.118

        Conceptually, the most important aspect of Heezen’s work was the demonstration that the mid-ocean ridges form a continuous belt around the globe. This was the idea Hess had postulated back in 1933: “Deformation of the earth’s crust is taking place in a single and continuous narrow belt.” After more than twenty years, Hess was returning to this idea and developing the theory for which he would earn lasting fame—that the seafloor splits apart at the mid-ocean ridges, driving the crustal plates apart. Hess’s readiness to revisit the arguments of the 1930s rested heavily on new paleomagnetic data coming out of England, which showed that the continents had moved along distinct, independent “apparent polar wandering curves.” But his thinking also rested heavily on the conclusion by Heezen and Tharp that the Mid-Atlantic Ridge was a rift. If paleomagnetism proved the continents were moving, then the rift indicated how: by the splitting apart of the seafloor at the mid-ocean ridges. Given the crucial role of Heezen’s work in articulating the idea of seafloor spreading, one might have thought that Heezen would have endorsed Hess’s views and become one of the revolutionaries of plate tectonics.

        That claim has been made. In her retrospective accounts, Marie Tharp has described Heezen as an early advocate of drift: once he recognized that the ridge was a rift, it was clear that the oceans were splitting apart in the middle and continental drift was the inevitable conclusion. In an article coauthored with philosopher Henry Frankel, she claimed that in 1952, when she first showed Heezen the way the rift valley lined up on the Atlantic profiles, he “groaned and said, ‘it cannot be. It looks too much like continental drift.’”119 Upon publication of their physiographic map of the South Atlantic in 1961, she also claimed: “One of our Lamont buddies came up to us and said, ‘Now you can hardly avoid the conclusion that you guys believe in continental drift.’ Of course he was right.”120

        Sadly, this is a fiction. Heezen did avoid the conclusion of continental drift. Throughout the period of the plate tectonics revolution, Heezen was a vocal and consistent opponent of the new paradigm, supporting instead the theory of Earth expansion. Along with several other colleagues at Lamont, he held these views not only in defiance of most informed scientific opinion but also in defiance of a great deal of new evidence. This was possible in part, I suggest, because of a shocking ignorance of what others, outside the world of Navy-funded science, had done and a shocking ignorance of the way the new data resolved the problems of the old debates.

      
      
        The Closed World of Lamont Science

        By the mid-1950s, Heezen and colleagues had traced the seismically active portion of the North Atlantic through the South Atlantic and Indian Ocean, through the Gulf of Aden, and into the East African Rift. Going north, the Mid-Atlantic Ridge could be traced through Iceland into the Arctic, and the ridges of the eastern Indian Ocean could be traced continuously into the South Pacific, the East Pacific Rise, and the Gulf of California and the San Andreas Fault. Hess had been shown to be right: the tectonically active areas of the world ocean formed a continuous belt of deformation around the globe. This raised the obvious question of whether Arthur Holmes had been right, too: the oceans were splitting apart along their medial ridges, which in turn drove the motion of the continents. Tharp had claimed that the conclusion of continental drift could hardly be avoided, and many geologists would go on to link the worldwide pattern of mid-ocean ridges to seafloor spreading and continental drift.121 But not Heezen.

        Heezen knew little about this geological work and his colleagues at Lamont generally knew less. He might have been taught something about continental drift as an undergraduate geology major (as some American students were then), but at Lamont the environment was different. A direct consequence of the postwar expansion of geophysics under military sponsorship was the influx into the field of men with training in physics or engineering. An entire generation of earth scientists was working on geological and geophysical problems, knowing little geology and even less about the history of geological thinking—these men did not even know Alfred Wegener’s name. Those who knew about continental drift were generally dismissive of it, particularly because leading geophysicists such as Harold Jeffreys opposed it. Few knew that leading geologists in the 1920s and 1930s had taken the idea seriously, and even fewer knew why.122

        In April 1957, Heezen wrote to a used bookseller in London to find a copy of Alfred Wegener’s The Origins of Continents and Oceans.123 He also exchanged reprints with the elderly but still-active Arthur Holmes.124 Neither engagement seems to have altered his thinking. Moreover, like many Americans, Heezen had a chauvinistic reading of continental drift: he credited the theory to the American geologist Frank Taylor (1860–1938), who in 1926 had published an article in the American Journal of Science proposing a general equatorial migration of the continents.125 Heezen read Taylor’s model as implying that the Pacific Basin was experiencing compression, but if the ridges were rifts, then the ocean basins were in extension and Taylor was wrong.126 But Heezen’s reading was wrong: Taylor proposed not that the continental blocks were moving toward the Pacific but that they were moving toward the equator, which indirectly compressed the margins of the Pacific.

        By 1956, it was clear that the central Atlantic was in tension—splitting down the middle and spreading apart—yet its margins showed little or no evidence of compression, suggesting that perhaps the ocean as a whole was growing. From there, it was a simple step to the conclusion that the Earth as a whole was growing. Indeed, an expanding Earth made sense if one considered the Atlantic Ocean only. If other oceans were similar, then Earth had to be growing. Moreover, it was possible not to be overly focused on the Atlantic and still come to the conclusion that the planet was expanding; this was the position of Australian geologist S. Warren Carey (1911–2002), who championed the idea in the mid-1950s (and beyond).127 Carey accepted Wegener’s arguments that the continents had once been united; the question was how they split apart. He concluded that rifts were key to the answer. The East African Rift (and its extensions into the Red Sea and the Gulf of Aden) was clearly a place where the crust was pulling part, as were the Mid-Atlantic Ridge and the medial ridges of the Indian and Southern Oceans. These ridges, with their axial seismicity, had been long known; only the discovery of the central trough was recent.128 But where was the crust being pushed together? Although he claimed to have come to it independently and his articulation of it was more succinct than Carey’s, Heezen adopted the view that there was no zone of compression comparable to the zones of extension.129 Therefore, the Earth must be expanding.

        Most geologists flinched at a theory whose mechanism was even more obscure than continental drift, but Heezen found support in the work of Hungarian geophysicist László Egyed (1914–1970), who himself drew on the work of British physicist Paul Dirac (1902–1984). In the 1930s, Dirac had proposed that the force of gravity might decrease over time, which would permit the planet to expand. A time-varying gravitational constant was examined in 1958 by Princeton physicist R. H. Dicke (1916–1997), who published an extensive discussion in American Scientist.130 The theory was elegant. It was a simple explanation that accounted for the interconnected quality of the ridge-rift system: the worldwide network of mid-ocean ridges composed Earth’s broken seams. This network explained the jigsaw fit of the continents, as well as the paleontological and stratigraphic evidence from the geological record for the progressive breakup of Pangaea.

        Heezen presented his arguments for Earth expansion in 1957 at the American Geophysical Union, and from 1958 onward he became a vocal and persistent advocate of the expansion theory.131 He was insistent that “strong and persistent patterns in the topography of the deep-sea floor . . . impose important restrictions on the directions of any projected continental displacements”—in other words, the continents were separating from the mid-ocean ridges but in no case appeared to be moving toward them.132 He made his case both in scientific and in popular venues. In 1959, he was quoted in the New York Herald Tribune while attending the first International Oceanographic Congress at the United Nations: “Whatever the mechanism, the expanding Earth explains the facts.”133

        The congress was the first of its type and attracted considerable media attention. Time ran a story in September 1959 entitled “How Oceans Grew.” Tapping into the Cold War spirit of US-Soviet competition and unabashedly promoting the hometown team, the article claimed (absurdly) that the Lamont work had been done “on a shoestring,” whereas allegedly better-funded Russian compatriots “had comparatively little to say.” It also effaced Marie Tharp, crediting the discovery of the Mid-Ocean Ridge rift to “Lamont Men Maurice Ewing and Bruce Heezen.”134

        In 1960, Heezen brought these ideas together in Scientific American, in a piece entitled “The Rift in the Sea Floor.” The article rehearsed the history of seafloor exploration—how he and Tharp discovered the rift—and offered three possible theoretical interpretations: continental drift, Earth expansion, and convection current theory. Heezen acknowledged that the paleomagnetic work—the apparent polar-wandering paths—indicated that the continents had changed their positions relative to the poles and to one another. However, his response was not to address these data but to raise difficulties with continental drift, of which there were three. The first was an old one: if the continents drifted through the seafloor, where was the evidence of compressive deformation? Second, if the ocean were subject to such deformation, then “one would expect to find new crust forming somewhere on the [ocean] floor” (as opposed to only on the ridges), but such new crust was nowhere to be found. Third, if the oceans were opening up along the ridge axes, they must be closing up somewhere else, but “there is no evidence for such a reciprocal action.”135

        Each of these was a well-known complaint, but rather than engaging with the responses they had provoked, Heezen simply moved on, claiming that Earth expansion explained the paleomagnetic evidence as well as drift did: “Expansion of the Earth would change the relative positions of the continents in a way that would satisfy the different polar wandering curves—much as inflation of a balloon changes the orientation of points drawn upon it.”136 Heezen might have ended his argument there, except for the fact that Ewing favored the third alternative: convection currents without continental drift. Convection currents were the mechanism for continental drift offered by Arthur Holmes and that would soon be incorporated into and accepted as part of plate tectonics. Ewing, however, had adopted a variant in which the drift component was dropped. In this view, there was no need to displace the continents. The geological evidence that had led Holmes to accept drift in the first place was just ignored.

        Heezen claimed that whole Earth expansion was fully consistent with the paleomagnetic data, but that was not true. Few geophysicists involved in the apparent polar-wandering work agreed that whole Earth expansion could explain it: the changes in orientation were too great. In fact, a colleague at the University of British Columbia felt that “expansion would not change the relative positions of the continents at all,” it would only change their separation.137 Heezen replied that he should have written that “the expansion of the Earth could change,” but this qualification would hardly satisfy the factual constraints emerging from continental paleomagnetism.138 So now there were two bodies of data—geological and continental geomagnetic—that Heezen simply dismissed. Heezen was aware of the paleomagnetic data, but his files contain no exchanges with Keith Runcorn, P. M. S. Blackett, Kenneth Creer, or any of the other geophysicists doing this work. Nor did he reach out to any geologists—other than the aging Holmes—who understood the geological case for drift. Evidently, he had developed his views almost entirely in isolation, without attempting to discuss the crucial continental paleomagnetic data with anyone outside Lamont.139

        Ironically, in 1959 Holmes had raised the issue of the apparent polar-wandering path evidence with Heezen, whose answer was a non sequitur: with Earth expansion, “the continents are not required to float through the oceanic crust like icebergs in the sea. The oceanic crust has formed as the continents were displaced by expansion, thus avoiding the difficult mechanical problems of continental drift.”140 Heezen was not addressing the paleomagnetic data; he was changing the subject. He was also ignoring the evidence of the deep-sea trenches, which he interpreted (following the views of colleagues at Lamont) as extensional features.141 Most egregiously, he was ignoring (or dismissing) Holmes’s own work and contesting an earlier version of continental drift from which Holmes (and others) had already moved on.

        Most people outside Lamont thought the trenches were either compressional or strike-slip features, but inside Lamont, the extensional view still held and fit with Heezen’s expansionist views. He wrote: “Marginal trenches are now interpreted as extensional features in no way attributable to crustal compression (Talwani, Sutton and Worzel, 1959). Thus the continental margins seem to be dominated by faulting and subsidence (Ewing and Heezen).”142 These Lamont interpretations were shared by few elsewhere, but Heezen presented them as if established fact, and that seems to be how they were treated there.

        How was it possible for a man as talented as Heezen to ignore so much evidence? These arguments and interpretations give the impression that he (and many of his Lamont colleagues) had been living in a closed world—innocent (or dismissive) both of the views of geologists in other places and of those who had considered these problems before. When he belatedly learned about them, he paid insufficient attention to understand them. Indeed, in a comprehensive account of the basis for his views presented in a symposium, “Concepts of the Expanding Earth and Continental Drift,” held at Columbia in December 1959, he asserted bizarrely: “We have all been taught that the earth is shrinking and for a century few have offered any serious objections to this unfounded assumption. The . . . tentative and speculative conclusion that extensional deformation dominates the tectonic fabric of the sea floor seriously challenges the assumption of a shrinking earth.”143

        This was completely wrong. The postulate of a cooling Earth had been refuted by the discovery of radiogenic heat in the early twentieth century and by the demonstrations by Lord Rayleigh, John Joly, Arthur Holmes, and others that radioactive elements were widespread in common rock-forming minerals. Indeed, the failure of the contracting Earth assumption was central to Wegener’s argument that a new theory was needed. Scarcely a geologist in America still thought the Earth was shrinking.144 Heezen was arguing with a view of the Earth that had been refuted half a century before.

        In contrast, tensional forces had been a focus of attention at Lamont for some time. While Heezen’s and Tharp’s discovery of the rift at the center of the Mid-Ocean Ridge clearly demonstrated that the ridge was being pulled apart—that the ocean was in tension at their center—other work at Lamont had wrongly suggested that the trenches were in tension, too. Since 1947, Worzel had worked on gravity measurements over the ridge, work supported jointly by the Geological Society of America and the ONR. While gravity measurements had not been considered particularly useful in the 1930s, the development of long-range rocketry had changed that. Gravity measurements had come to be considered of great “value for the precise navigation of rockets and jet-propelled missiles.” In 1959, Worzel explained: “The shape of the Earth is of military value for the precise navigation of rockets and jet-propelled missiles. Gravitational effects near islands, mountains, and continental coasts often cause deflections from the vertical. These make the precise location by astronomic means of . . . long-distance navigational stations subject to errors greater than a mile. The only known means of evaluating these errors is by a suitable gravitational survey of the region surrounding each station.”145 Gravity measurements were most valuable close to military navigational stations; much of the Lamont work focused on the region of the Navy Caribbean SOFAR station, adjacent to the Bermuda field station that Gordon Hamilton ran. The gravity work in Bermuda led Ewing and Worzel to revisit Hess’s (and Ewing’s own) earlier work in the Caribbean, but they rejected Hess’s interpretation that the gravity anomalies there revealed compressive forces. Instead, they argued that the negative anomalies were best explained by a thin crust overlain by water or sediments, and a thin crust would be produced not by compression but by extension.146 If so, the Atlantic was being pulled apart at both the center and the margins. It was perhaps a short step from an expanding Atlantic Ocean to an expanding Earth, at least for those at Lamont.

        One might wonder whether the problem here was simply Bruce Heezen, who, as we’ve already seen, was in many ways a troubled person. But Ewing and Worzel shared his views, which were not merely idiosyncratic but also ill informed. The closed world of Lamont science, reinforced by Navy protocols and habits of secrecy and reluctant release of data, seems to have contributed not only to idiosyncratic intellectual interpretations but also to an astonishing degree of ignorance.

        Recall Ewing’s discussion in the 1947 proposal for the mapping of the Mid-Atlantic Ridge, in which he asserted that the rugged topography there indicated “the strong probability that submarine canyons similar to those found off the Atlantic coast of the United States have been carved into the flank of the Middle Atlantic Ridge.”147 According to Daly’s theory, the canyons along the Atlantic (or other coasts) were carved by submarine mudslides developing at the toes of deltas. Because no rivers ran on the mid-ocean ridges, it was impossible for canyons to develop by this means on the ridges.

        No one ever imagined Doc Ewing as a geologist, but one might have thought that a man writing a proposal about submarine canyons would have made some effort to understand the theory he was proposing to test. Similarly, Heezen rejected continental drift in part because he was thinking about Taylor’s version of it—a version he misunderstood—and in part because he had not assimilated that geologists had moved passed the original version of the theory in which continents plowed through the seafloor. But the problem was not simply a lack of understanding of specific geological theories and claims. The problem was that thinking at Lamont was entirely inwardly focused. Prevented by military secrecy from discussing their data and ideas with others, Lamont scientists had developed idiosyncratic interpretations of the world, ignored important counterevidence, and argued against views that no one actually held.148 Secrecy contributed to intellectual isolation, and this isolation had epistemic consequences.

        Heezen and Ewing were by no means the only scientists ever to hold idiosyncratic theoretical views, but their work sits in a larger historical context in which no one at Lamont played a significant role in reinvigorating the debate over continental drift. In the early stages of the plate tectonics revolution, no institution in the world had as much relevant data and did as little with it. Once it became clear that seafloor spreading was gaining wide and serious acceptance elsewhere—including at Princeton and Cambridge—Lamont scientists jumped on the bandwagon and made major contributions to confirming and developing the theory.149 A similar pattern prevailed at Scripps. Despite the huge amount of relevant data compiled and stockpiled in the United States, the initiative for reopening the debate over continental drift came from outside the Navy-dominated institutions and mostly outside the United States altogether. To underscore this point, consider how the theory of seafloor spreading was confirmed.

      
      
        The Confirmation of Seafloor Spreading

        Until 1963 or so, Earth expansion was a live hypothesis: it accounted for some significant empirical data, some prominent scientists supported it, and it had not been refuted.150 But by 1964 the situation had changed. The British paleomagnetic work had led Hess to revisit the question of global tectonics, and in 1962 he published his landmark paper on the splitting of the ocean at median ridges as a mechanism for moving continents. Meanwhile in 1961, Robert Dietz had published an almost identical argument and given the theory a name: seafloor spreading.151

        The crux of the idea was that the seafloor behaved like a giant conveyor belt: the crust and upper mantle split apart along the mid-ocean ridges, riding passively on mantle convection currents and driving continental drift. Hess famously glossed his hypothesis as “geopoetry” to deflect potential antagonists who would have immediately seen the connection to the discredited idea of drift. But it was the same as the version of drift proposed by Arthur Holmes (as a modification to Wegener’s original formulation) thirty years before. The intellectual issue at stake, of course, was not whether the idea was new or old, but whether it was right. This would be answered by evidence provided by seafloor magnetism.152

        It was well known that igneous rocks recorded the magnetism of the field prevailing at the time the rocks solidified from magma.153 On this basis, in 1963, British geologist Drummond Matthews (1931–1997) and his graduate student at Cambridge University, Fred Vine (b. 1939), proposed a “rider” to Hess’s hypothesis: if the seafloor spread, with the crust and upper mantle moving symmetrically away from the ridges, then the oceanic crust should record polarity reversals in the Earth’s magnetic field in the form of remanent magnetism in the newly created crust. This magnetism would appear as symmetrical bands or stripes of normal and reversed magnetism, detectable by towed magnetometers. In 1955, magnetic stripes had been observed in the Pacific off the western coast of California and then mapped in detail in 1956; the results were published in a widely read 1961 paper in the Geological Society of America Bulletin. At the time, no one had known what they meant, but in light of the Vine-Matthews hypothesis, they might mean a lot. Cambridge was abuzz.154

        Another source of buzz was the paleomagnetic work of P. M. S. Blackett (1897–1974) and colleagues at Imperial College, London, and of Keith Runcorn (1922–1955), first at Cambridge and later at Newcastle-upon-Tyne. By the early 1960s, these scientists had shown that the continents had changed their positions relative to both the magnetic poles and to each other. Hess summarized this work: “Paleomagnetic data . . . strongly suggest that the continents have moved by large amounts in geologically comparatively recent times. . . . This migration of the poles as measured in Europe, North America, Australia, India, etc., has not been the same for each of these land masses. This strongly indicates independent movement in direction and amount of large portions of the Earth’s surface.”155 The time had come to bring these data, ideas, and people together. In late 1965, Blackett, Bullard, and Runcorn organized the “Symposium on Continental Drift” for the Royal Society. The meeting was a who’s-who of marine geology and geophysics at the time: Ken Creer, Victor Vacquier, Bill Menard, Ron Girdler, Joe Worzel, Robert Fisher, Tuzo Wilson, Harold Jeffreys, and Gordon MacDonald, as well as the elder statesman of mantle convection, Felix Vening Meinesz.

        It was also a turning point of scientific opinion in Great Britain. Particularly important was Teddy Bullard’s now-unqualified support, expressed in his quantitative demonstration of the jigsaw puzzle fit of the continents—later dubbed the “Bullard fit.”156 Runcorn presented the details of the argument from terrestrial paleomagnetism, showing how the apparent polar-wandering paths of Europe and North America diverged, consistent with drift but inexplicable on either a static or an expanding Earth.157 Ron Girdler (1930–2001), from Newcastle, proposed that the Red Sea and the Gulf of California were incipient ocean basins, where “new oceanic crust is evolving in regions of continental break-up.” Noting the shallow seismicity in these regions, he suggested a conceptual framework that would soon be accepted: “Regions of shallow seismicity help to locate regions of rising convection currents in the mantle [and] regions of deep . . . focus earthquakes locate regions of descending convection currents.”158 Tuzo Wilson (1908–1993) presented a visionary paper in which he imagined how geological interpretation might look if one accepted continental drift as a general principle and worked from there.159

        Conspicuously absent were any significant contributions from Lamont. Indeed, when the organizers first composed their list of whom to invite, no one from Lamont was on it. Worzel happened to be on sabbatical at Cambridge; when he learned about the plans, he spoke up and got Heezen and Ewing invited. Explaining to Heezen in early March: “I guess you will be over for the Continental Drift Symposium. Lamont was completely overlooked in its formation. My remarks resulted in you and Doc receiving invitations.”160 Ewing did not attend but Heezen did; Worzel participated as a discussant.

        This historic meeting—which in hindsight has been viewed as a turning point—left both Heezen and Worzel unmoved.161 When the symposium finished, Worzel penned a full-page aerogram to Ewing (something he did regularly) on various topics but scarcely mentioned the meeting: “They had held the symposium on continental drift at the Royal Society, asking me to be a discussant at a late hour” was all he had to say.162 At Cambridge, however, the buzz was loud and getting louder. The following day Worzel wrote again, describing the Vine-Matthews hypothesis but still dismissing the whole thing as a fad: “In the continental drift symposium the only new considerations over those discussed the last time it had its fad, were the paleomagnetic data and the extensive mid-ocean ridge. This latter is now held to be a factory making new crust in the oceans, which then spreads out to form the nice uniform thin layers which form the new ocean crusts exactly in thickness and velocity the same as the much more ancient ocean crusts. The factory for chewing up old ocean crusts of the size of the whole Atlantic is ignored.”163 Worzel’s contribution was to insist that, because one important element remained unexplained, the whole idea could be dismissed. He had listened to the greatest minds in twentieth-century earth science make the case for a paradigm shift and seen the data taken by most of them to be incontrovertible. In hindsight, he was a witness to history. But he was unable to see that history was being made.

        The symposium had no more effect on Heezen, who presented a paper entitled “Tectonic Fabric of the Atlantic and Indian Oceans and Continental Drift.” The talk was abundantly illustrated by lantern slides, and its published version was accompanied by full-page reproductions. Yet despite the fact that no one had better data on the structure of the mid-ocean ridges—where seafloor spreading was initiated—Heezen rejected the Vine-Matthews hypothesis and clung to whole Earth expansion. Although the paper was ostensibly coauthored by Tharp, Heezen concluded in the first-person singular: “The writer believes that a general expansion of the earth better explains the sea floor tectonic fabric than the recently popular convection current hypothesis.”164 Like Worzel, Heezen dismissed seafloor spreading as something that was just “popular.”

        When the organizers wrote to Heezen after the meeting to thank him for his contribution, Teddy Bullard made a point of scrawling at the bottom: “Don’t forget to congratulate Marie on the splendid Indian Ocean sheet.”165 No doubt his praise for the map was sincere, but two weeks later, writing to Walter Munk at Scripps, he commented on the intellectual isolation of the Lamont scientists: “We had a most interesting discussion on continental drift at the Royal Society recently, 80 per cent of people here seem 95 per cent convinced, but various Americans (Joe Worzel, etc.) seem not to recognize a band wagon when they see one.”166

        By this point Heezen had been committed to the expanding Earth explanation for nearly a decade. The theory, of course, fit his Atlantic data; if one knew only about the Atlantic Ocean—an ocean that splits down its middle but has no “factory for chewing up old ocean crusts”—one might well conclude that Earth expansion was required. But while Heezen and Tharp had been detailing the structure of the Atlantic, Bill Menard had been doing the same for the Pacific—which was very different.167 Indeed, when Keith Runcorn first invited Heezen to England for the Royal Society meeting, Heezen accepted in a four-line reply. He had received Runcorn’s invitation, he was happy to come, he would talk about the Indian Ocean, and he couldn’t “wait to hear what Bill Menard will say.”168

      
      
        Bill Menard and the Marine Geology of the Pacific

        Henry William Menard (1920–1986) was one of the leading earth scientists of his generation, a geologist who rose to a position of prominence as a researcher, educator, and scientific administrator. Born in Fresno, California, he received his BS in geology from the California Institute of Technology in 1942 and then served in the Navy. Like Hess, he put his earth-scientific training to work in the war, serving as an interpreter of aerial photographs in “selecting targets, assessing damage, identifying military and industrial installments,” mostly in the Pacific theater. He also prepared charts and maps in the Solomon Islands and “corrected admiralty charts of the French Channel coast.”169 He was promoted from ensign to lieutenant, after the war keeping the latter rank as a reserve officer.

        Menard resumed his education to earn his master’s degree in geology at Caltech in 1947 and his PhD at Harvard in 1949, working on sediment transport.170 From there he moved to the newly formed Oceanographic Studies Branch of the US Navy Electronics Laboratory (NEL) at Point Loma, California, where he began the work that would occupy him for two decades: the “bathymetry and geomorphology of the deep sea [and] the theory of turbidity currents and the transportation of marine sediments.”171 The latter was a direct extension of his PhD work; the former was a specific interest of the Navy. With Navy support, Menard would do in the Pacific what Heezen would do in the Atlantic.

        In 1955 Menard moved up the road from Point Loma to La Jolla to become associate professor of geology at Scripps.172 He focused his attention on the marine geology of the Pacific, participating in over twenty expeditions and more than one thousand Aqua-Lung dives, collecting and compiling reams of bathymetric data and publishing on the structure and sedimentology of the deep sea. Most of his publications had descriptive titles—geology and bathymetry of this and that region—and did not indicate the theoretical issues on which they might bear. But that did not mean that Menard was not thinking about theory; he understood that his work was relevant to tectonic questions.173

        In 1964 he published Marine Geology of the Pacific, a textbook that was translated into Russian and Chinese and might have become the definitive text on the subject had it not been for developments in tectonics. Marine Geology of the Pacific was born obsolete, as its theoretical framework was overshadowed by the confirmation of seafloor spreading. The following year, Menard accepted a position as technical officer in the White House Office of Science and Technology (1965–1966) and subsequently focused his energies on scientific administration. From 1978 to 1981, he served as director of the US Geological Survey.174

        Today Scripps describes Menard as a man who “is perhaps best known for his promotion of the theory of plate tectonics before it was widely accepted in the scientific community.”175 But just as Tharp misrepresented Heezen’s contribution to plate tectonics, Scripps has misrepresented Menard’s. Like Bruce Heezen, Bill Menard is historically more conspicuous for what he didn’t contribute to plate tectonics than for what he did.

        Menard was well placed to have played a major role. Maintaining high-level clearances throughout his career, he had access to all the relevant bathymetric, geological, magnetic, and other data potentially available to interpret the Pacific structure. He was professionally and financially secure, having been promoted to full professor in 1961, and he earned additional income from an independent diving business consulting to oil companies working offshore in Southern California.176 He spent 1962 on sabbatical at Cambridge, where he participated in the great swirl of conversation. He had both the epistemic and social resources at his disposal to make a major contribution, the kind of opportunity most scientists only dream about.

        Yet like Heezen, he missed his opportunity. It was not until 1966—after Vine and Matthew’s explanation of seafloor spreading had been confirmed through analysis of seafloor magnetics (in part by Lamont scientists, who finally did recognize the bandwagon and scrambled to climb on) that Menard changed his views. He explained to Teddy Bullard in October of that year: “You will find me converted to hanging on the Vine. I finally took the time to look at the magnetic data in detail. The symmetry seems decisive.”177 The reams of restricted bathymetric data to which Menard had access brought him to seafloor spreading no sooner than most of his colleagues and later than some.

        Most of Menard’s published work focused on the “fracture zones” of the Pacific: long escarpments, generally trending east-west, that rose well above the abyssal seafloor. The type example was the Mendocino Escarpment, which Menard first mapped in 1950 on the Scripps Mid-Pac expedition, cosponsored by the Navy Electronics Laboratory (NEL). This was a gargantuan feature: a 1,200-mile-long escarpment trending westward from Cape Mendocino in northern California (where the San Andreas fault heads northward off to sea) and rising as much as ten thousand feet above the surrounding seafloor (fig. 5.8).
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          Figure 5.8 Fracture zones of the Pacific. The Mendocino Escarpment is traced for 1,200 miles by this topographic map of the bottom off Cape Mendocino in Northern California. The escarpment is represented by the narrow band of contours running from left to right near the bottom of the map, numbered in fathoms below the surface of the sea.

          From Henry W. Menard, “Fractures in the Pacific Floor,” Scientific American 193 (1955): 36–41. Illustrations by Irving Geis, reproduced with permission from the estate of Irving Geis and HHMI.

        
        Between 1949 and 1955, Scripps and NEL collaborated on eight major Pacific expeditions. Extensive bathymetric measurements revealed that the Pacific floor was highly irregular, characterized by seamounts, swells, and steep escarpments. Menard focused particularly on the latter and by 1955 had identified four major, parallel escarpments off the western coast of North America: Mendocino, Murray, Clarion, and Clipperton. The Murray was 1,900 miles long and seven thousand feet high, characterized by rift features at its western end and deep narrow troughs with mountainous peaks and submerged volcanoes on either side. The Clipperton had less relief—only two thousand to three thousand feet—but was more than 3,000 miles long.

        How did these features form? Their scale suggested massive crustal deformation, but of what kind? With the possible exception of the San Andreas Fault, few features on land came close to matching these, and they were remarkably straight, following great circles across the ocean floor. On land, such prominent features were invariably associated with earthquakes, yet these fracture zones were aseismic.

        Menard vacillated. In his first article on the subject, published with Robert Dietz in the Journal of Geology in 1952, he considered three hypotheses for the origins of the Mendocino Escarpment: a submerged continental slope, a reverse fault, or a strike-slip fault. In a 1955 article in Scientific American, he focused his sights deeper to the fundamental causes of the features and considered two options. One was that the fracture zones and the San Andreas Fault were complementary, produced as a by-product of regional, plastic deformation. Following a suggestion by Vening Meinesz, Menard proposed that they were produced by migration of the Earth’s crust over the mantle early in Earth history. In this account, the escarpments were relict tectonic features, perhaps as old as three billion years. Menard took pains to say, “This has nothing to do with the hypothesis that continents ‘drifted’ in comparatively recent geological time.”178 But if the escarpments were billions of years old, why had they not been worn down?

        Alternatively, the fracture zones might be caused by active convection currents in the mantle, which, “if they do exist . . . might exert a drag on the underside of the crust that would cause fractures.”179 In the mid-1950s, Teddy Bullard, Roger Revelle, and geophysicist Arthur Maxwell had revived the discussion of mantle convection to account for higher-than-expected heat flow over the oceans, suggesting that convection brought heat into the upper mantle under the oceans and compensated for the relative dearth of heat-producing radioactive elements in the oceanic crust.180 Perhaps deformation associated with convection caused the fractures, but how?

        In 1956, Menard concluded that an ancient age for the escarpments made sense only if there had been “subsequent rejuvenation by other processes.” He leaned toward “youthful” convection, tentatively concluding that “an annular convection current rising near the Hawaiian Islands and sinking near North America stressed the crust and produced the fracture zones by plastic deformation.”181 Menard looked to contiguous features on land to confirm the idea that these were global-scale responses to mantle deformation and found them in the Channel Islands and transverse ranges of California, which appeared to be extensions of the Murray Fracture Zone (fig. 5.9).182
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          Figure 5.9 The relationship between oceanic fracture zones and contiguous features on land, 1956.

          From Henry Menard, “Deformation of the Northeastern Pacific Basin and the West Coast of North America,” Bulletin of the Geological Society of America 66 (1955): 1149–98 (fig. 14). Reprinted with permission of the Geological Society of America; permission conveyed through Copyright Clearance Center, Inc.

        
        Meanwhile, as Menard was mapping the Pacific bathymetrically, others were mapping it magnetically. In 1958, Menard and his Scripps colleague Victor Vacquier (1907–2009), the inventor of the fluxgate magnetometer (designed to detect antitank land mines in World War II and later used in antisubmarine warfare), published preliminary results of a magnetic survey of the region surrounding the Murray Escarpment.183 Further detailed work on the US Coast and Geodetic Survey ship Pioneer by Ronald G. Mason (1916–2009) and Arthur Raff (1917–1999) revealed a pronounced north-south trend to the magnetic intensity pattern, with the entire pattern apparently offset about eighty nautical miles across the escarpment (with the northern side displaced to the right) (fig. 5.10). The authors interpreted the region as a lava field, with flows filling linear depressions in an older topography. The varying magnetic intensities were interpreted as different flows, with the offsets in the anomalies indicating that the escarpment was a transcurrent fault: “The Murray escarpment is reflected clearly on the magnetic map. . . . It interrupts the great north-south trending features. The continuity of the latter is re-established by slipping the area north of the Murray escarpment 84 nautical miles to the west along the line of the escarpment. The magnetic survey thus shows that, in addition to the vertical displacements of 1,200 feet, there is a right lateral displacement along the Murray escarpment which occurred after the pouring out of lavas on the ocean floor.”184 In other words, the “fracture zones” were giant strike-slip faults; Menard and Vacquier held to this interpretation for the next eight years.

        
          [image: ]

          Figure 5.10 The distribution of magnetic anomalies in the Pacific, relative to the fracture zones, 1958. This map shows “the total magnetic intensity of the area outlined in [their] Figure 1. The contour interval is 50 gammas (1 gamma equals 10–5 gauss). The north-south trending features are interpreted as being lava flows that fill the linear-depressions of old topography. Note the horizontal shift along the Murray escarpment.”

          From Henry Menard and Victor Vacquier, “Magnetic Survey of Part of the Deep Sea Floor off the Coast of California,” Research Reviews, Office of Naval Research, (1958) 1–5.

        
        While Heezen saw the entire Atlantic splitting apart at its seams in one great rent, Menard pictured the Pacific being shredded along multiple parallel fracture zones. This was not necessarily a problem—the Atlantic and Pacific might be different—but it did raise a question: Were two entirely different processes at work under these two great oceans?

        Menard could not make up his mind. Having rejected Vening Meinesz’s convection theory in 1956, he returned to it in 1958 in a paper with Scripps colleague Robert Fisher (b. 1925). He called Vening Meinesz’s fossil convection theory “the most general” explanation for the observed features—despite the evidence presented with Vacquier that the displacements along the fracture zones had continued into geologically recent times. He rejected Hess’s suggestion from his 1938 work on gravity anomalies and tectogenes that “faults mark the lateral boundaries of convection currents that formed the associated [ocean] trenches” on the grounds that it applied only to “special situations,” but left unexplained what those special situations might be.185

        By 1960, further mapping in the eastern Pacific Ocean had revealed another significant feature: a topographic high, now called the East Pacific Rise, running roughly north-south along the eastern Pacific, southward from the Gulf of California. Unlike the fracture zones, the East Pacific Rise was seismically and volcanically active and exhibited high heat flow. Now Menard had a feature in the Pacific comparable to Heezen’s Mid-Atlantic Ridge, although its position could hardly be described as medial, as its northern end merged into continental North America. Menard once more changed his mind. Writing in Science in 1960, he embraced the heat-flow work of Bullard, Maxwell, and Revelle, invoking active convection for the origins of the East Pacific Rise: “A hypothesis of youthful convection currents in the mantle, suggested by Bullard, Maxwell and Revelle, to explain high oceanic heat flow offers a simple qualitative explanation of all the facts given above. . . . The horizontal limb of the convection cell moves the crust outward and thins it at the crest of the rise by normal faulting along the tension cracks. Blocks are displaced different distances by wrench faulting on fracture zones because of variations in intensity of convection along the rise.”186 The East Pacific Rise lay atop a rising convection cell, and the fracture zones were wrench faults along which oceanic crust was displaced varying amounts in response to varying intensity of convection. How or where the displacements originated was left unanswered, although a suggestion had been offered by Harry Hess, whose preprint was widely circulating. But Menard stopped short of embracing either seafloor spreading or continental drift. On the contrary, like Ewing, he seems to have been looking for a means to accommodate convection without displacing the continents. His discussion is worth quoting at length, as it shows him struggling to make sense of data that he found confusing and contradictory:

        
          Continental drift, as suggested by the parallelism of the Atlantic Coast lines and the crest of the mid-Atlantic Ridge, has been a very attractive concept for continental geologists [sic], particularly since it was revitalized by the paleomagnetic evidence for polar shifts and possible drift. Marine geologists, on the other hand, have been reluctant to accept the concept . . . because they find no evidence for it in the geology of the sea floor. . . . However, if a random distribution of relatively short lived “oceanic” rises is accepted, the picture is entirely different. If all rises were in the center of ocean basins it would not be clear whether the convection current, or another agent, which produced the rise centered itself relative to the margins of the basin or created the basin. With rises bordering the Pacific and penetrating Africa, it appears more probable that most rises are centered because the margins of the basin have been adjusted by convection currents moving out from the center. If so, the African and East Pacific rises may mark relatively young or rejuvenated currents which have not yet had time to produce much continental displacement.187

        

        Menard acknowledged the British paleomagnetic data and how strongly they suggested drift, but his arguments about the positions of the rises suggests that (like Heezen) his greatest concern was to accommodate his data—particularly, the fact that the East Pacific Rise was not located in the middle of the Pacific Ocean. This challenged the idea that the ocean basins were created when a continent split: if the ridges and rises were remnants of that process, they should occur in the center of the basin—which was true in the Atlantic but not in the Pacific.188

        In later years, Menard would characterize his views at that time as the “sequential hypothesis”—a theory by which “ridges are of different ages and convection acts at different times.” In hindsight it is certainly possible to extract this conclusion from his writings.189 But what stands out more clearly is not so much what Menard did believe as what he didn’t: he rejected the hypothesis of seafloor spreading because of its implication that the entire ocean floor was young.

        Menard had read Hess’s preprint, but he argued that the structure of the oceans was inconsistent with any theory that required the oceans to have been entirely remade in relatively recent geological times. True, the fracture zones had recently displaced the surrounding crust, but the crust itself—with its guyots and volcanic islands, rises, ridges, and fracture zones—had too much topography to have been recently “swept clean.”

        In 1960, Menard joined forces with Heezen to write the chapter “Topography and Structure” for Maurice Hill’s multivolume compendium The Sea. The chapter did not actually appear until 1963, giving the two men ample opportunity to revise it if they chose to, but they did not: the published version cites neither Hess’s nor Dietz’s paper on seafloor spreading. On the contrary, the heavily descriptive paper avoids taking a theoretical stand except for the issue of the age of the ocean basins, and they dismiss the mounting evidence for young oceans on the grounds that sampling so far may simply have failed to have found older rocks: “If present sampling is considered to be adequate, the ocean basin floor is no older than Cretaceous. However, further sampling may indicate greater age and it seems more logical to assume that the basin is very old.”190 Why more logical, they did not say.

        The years 1962 and 1963 passed with no apparent change in Menard’s views. Then came 1964—an important year for Bill Menard as for other earth scientists. He attended the Royal Society meeting on continental drift, as well as a major symposium on the upper mantle organized by the International Union of Geological Sciences in New Delhi. The year 1964 also saw the release of Marine Geology of the Pacific, published by McGraw-Hill in a series of texts intended to become standard references. Many did: De Sitter’s Structural Geology, Grim’s Clay Mineralogy, Heiskanen and Vening Meinesz’s The Earth and Its Gravity Field, and Turner and Verhoogen’s Igneous and Metamorphic Petrology are all familiar titles to a generation of (now-aging) earth scientists. But as Menard himself admitted, the book was obsolete upon arrival.191 The descriptive information was still valid, but the discussion of the competing interpretive hypotheses was not.

        At the Royal Society, Menard had reiterated his view that the fracture zones were transcurrent faults that offset the worldwide rift system but were not part of it, that rises were not necessarily located in the middle of ocean basins, and that their locations were controlled by continental rather than oceanic processes: “The location of the continents exerts a primary control over the position of rises, even though rises shape the ocean basins in which they lie.”192 Menard emphasized Vacquier’s work showing that the magnetic anomalies on either side of the Pacific fracture zones were displaced anywhere from one hundred to one thousand kilometers. The persistent picture was one of segments of the oceanic crust moving independently, in some cases over great distances. Menard put forward a complex hypothesis involving mantle convection triggered by continued crustal differentiation, explaining vaguely, “The chief conclusion to be derived from the distribution of rises is that they roughly circle continental nuclei which suggests that some phenomenon related to continents exerts a primary control over their location.”193

        Like Heezen, Menard was at pains to find a theoretical explanation that would account for his ocean, and, like Heezen, he settled on an idiosyncratic view. At the New Delhi symposium on the upper mantle, he pressed the point. The seafloor-spreading hypothesis had an appealing simplicity, but it did not seem to explain why “Africa and South America are almost completely surrounded by oceanic rises and ridges. . . . It is not enough to move Africa and South America apart from a single ridge; many rises and ridges enter into the problem.”194

        Nor could Menard see how seafloor spreading would explain the displacement of the magnetic anomalies along the fracture zones, displacement that “appears to be almost completely horizontal.”195 He preferred the idea that transient convection currents were centered on the continents and that the oceanic effects—including offsets along the fracture zones—were a by-product.

        In a book chapter “Sea Floor Relief and Mantle Convection,” published in 1966 in the multivolume Physics and Chemistry of the Earth, Menard continued to press a position that was increasingly obsolete: “Neither the facts of marine geophysics nor the hypothesis of convection, of some sort, in the mantle require acceptance of the bolder hypothesis that the sea floor is periodically swept clean by convection or that the oceanic crust is easily created or destroyed.”196 Frank Press once suggested that every scientist ought to be permitted to expunge one contribution from the scientific literature.197 If Bill Menard could do so, no doubt this would be it.

      
      
        The Culture of Navy-Sponsored Scientific Work

        Like Bruce Heezen, Bill Menard bet on the wrong horse. The two men were in similar positions: they both had access to an enormous amount of data but lacked perspective on it. We might conclude that they were too close to the data, unable to step back to see the larger picture. But why? Why was it that the men who did make sense of the seafloor data were mostly outside the United States and almost entirely outside the institutions that were so well supported by the Navy?

        Consider the culture of scientific work that Navy patronage fostered. Throughout the 1950s, the general attitude at Lamont and Scripps, as well as to some extent at Woods Hole, was to collect as much data as possible. Maurice Ewing is said to have believed that as long as Navy money was flowing, he should keep his ships at sea, collecting as much data of as many types as possible; when the money ran out, there would be time enough to analyze it.198 A similar attitude prevailed at Scripps, driven in part by financial considerations but also by the belief—no doubt fostered by the Navy’s seafaring culture—that going to sea was what counted.

        In her history of the institution, Elizabeth Shor noted that Scripps stalwarts, including her husband George Shor and Russell Raitt (1907–1995), were “usually planning the next expedition before they [had] worked up the results of the previous one(s)—and have often departed without even a remorseful glance at the unfinished data. In this they were not alone among oceanographers.”199 These men considered it glamorous and pleasurable to go to sea, far more so than staying at home to analyze it. (This is one reason data analysis was often left to women).200 Seafaring has always been a part of what it means to be an oceanographer: Roger Revelle often referred to himself as a sailor, and Columbus Iselin prided himself on actually sailing to his job at Woods Hole.201 When Harald Sverdrup was trying to determine what might unite his disunited scientific staff—and to determine what made a scientist an oceanographer rather than a chemist or physicist who studied the ocean or a biologist who studied the life in it—he settled on the act of going to sea (chapter 1).

        Navy patronage reinforced this impulse: when Raitt and Shor collected data and left it for others to analyze, they were doing what their patrons wanted. Oceanographers would not lose their Navy funding if they neglected theoretical questions, but they might lose it if the stream of useful data dried up. This is not to suggest that anyone ever told oceanographers not to analyze their data or to leave it to women to analyze. Nor is it to suggest that men like Shor and Raitt were not doing what they wanted to do. Rather, it is to emphasize that in science, as in life, you generally get what you pay for, and the Navy was paying for bathymetric data, not the geological interpretation of it. The Navy did not care why there were ridges and escarpments; it simply needed to know, for navigational and other purposes, where they were.

        For the scientists involved, this was a potentially risky situation, because when data gathering outruns its interpretation, it makes a scientist vulnerable to being scooped; others may interpret the scientist’s data before he or she has a chance to. Raitt and Shor evidently did not worry about this, but Heezen, Tharp, and Menard did. It would certainly explain why they were protective of their data: that knew that it would be easy (if security restrictions were lifted) for someone else to skim the cream. Indeed, in his book Science, Growth and Change, written in 1965 during a year in the White House Office of Science and Technology, Menard suggested that this was what smart scientists should do. Fields grew fastest when they were new, and “good scientists . . . shift subfields when they consider the cream skimmed.”202 In hindsight, Menard probably regretted that he did not do that himself.203

        When Worzel was in Cambridge in 1964, Scripps’s Bob Fisher was visiting Cambridge at the same time. Worzel wrote to Ewing, dismissing Scripps and Cambridge in one breath: “Bob Fisher attacks you on the world wide fissure in the ridge, claiming it a zone rather than one continuous feature. . . . I suspect it is partially a protective mechanism because he feels this Scripps inferiority about leading in geophysics. [But we] are united at least in our scorn for the British attitude of their ‘obvious superiority.’”204 In fact, the British had a reason to feel superior, for despite all the data that Scripps and Lamont had collected, it was British scientists who realized what it meant. British scientists reopened the debate over continental drift through their work on continental paleomagnetism, British scientists proposed the critical test of seafloor spreading, and British scientists presented the first data indicating that it was likely true. Many things were different in Great Britain; one of them was a more open climate for discussion and data sharing.

        We cannot prove that Heezen or Menard would have made better sense of their data had they discussed it with more people, worked under different conditions, or had access to related information that could have aided their interpretations, but the circumstantial evidence supports that view. The issue is not one of delay, a word that historians dislike as it seems to imply a “proper” time frame for events that reality failed to follow. The issue is the way patronage can shape a scientific culture.

        The development of scientific knowledge is a process by which certain problems are set aside while others are pursued and resolved. If the issues that are set aside are publicly known and discussed, then they can and likely will be revisited. But if these issues are known only to select individuals—or the pertinent data are sequestered—important questions may be left not merely unanswered but also unaddressed. As Shils had argued in the 1950s, if they are lost from sight, it may take years or decades before they are rediscovered, if at all.

      
      
        The Impact of Secrecy on Earth Science

        In the development of plate tectonics, many classified documents were destroyed and historical information has been lost. Was scientific information lost, as well? Given the aggressive document destruction pursued by Ewing at Lamont and the inconsistent record keeping elsewhere, it seems likely.205 As Raymond Siever later put it: “Those of us not part of those groups knew nothing of the classified research. Until this material, if ever, becomes declassified, we will not know exactly how much we could have known that would have materially advanced the science generally.”206

        It was not just a particular theory that was affected by data sequestration but earth science as a discipline, as well. This may be a lasting impact of Cold War patronage. As several historians have noted—and this story underscores—during the Cold War some areas of earth science were handsomely funded while others were left to tread water or wither.207 The manner in which plate tectonics developed, based on geophysical work that was largely secret and then suddenly revealed, left most geologists out in the cold. This created a widespread perception that traditional geology was obsolescent, if not actually obsolete.208 Moreover, the financial largesse bestowed on geophysics had a synergistic effect: as geophysics grew and prospered, smart young people were attracted to it and it came to be seen not just as a more vibrant science than geology but as a more effectual one. As a result, more funds, departments, and faculty positions were dedicated to it, and geophysics did become a better, stronger, more effectual science.

        When lecturing on the history of continental drift and plate tectonics, I am often asked why geologists expressed so little interest in the ocean floors; some historians have criticized geologists for being “landlocked” and narrow-minded.209 But geologists were not so much uninterested in studying the oceans as unable to do so. As Joe Worzel stressed, oceanographers wanted to share their data with geologists, who were better qualified to interpret it and would no doubt have been interested, but security restrictions prevented them. Geologists almost certainly would have contributed more had they been permitted to, and had that happened, their reputations—and that of their science—would have been stronger and the history of earth science very different. The story of the Pioneer survey—and its interpretation by historians and philosophers of science—will prove the point.

      
      
        The Impact of Secrecy on History and Philosophy of Science

        In the 1980s, when critical sociological analyses of science were au courant, some observers noted that nearly all the evidence used in the 1920s to argue for continental drift had been valid all along. Some geologists had accepted this evidence at the time, but others had not. This seemed to suggest a degree of intellectual incoherence: if the evidence of drift was valid, were scientists acting irrationally when they rejected it? Or was the evidence somehow insufficient, and the irrational ones were the mavericks who accepted continental drift prematurely?

        Philosophers of science Larry Laudan and Rachel Laudan took up the defense of scientific rationality by arguing that different groups of scientists may (rationally) subscribe to different epistemic standards. The early adopters in this case were convinced by the consilience of field evidence and the theory’s explanatory power—which was rational—but the recalcitrant scientists were waiting for the gold standard of scientific demonstration: a hypothesis that predicts a novel fact that proves to be true. The novel fact was the existence of seafloor magnetic stripes. In the 1960s, their standard was met, so they were rational, too.

        The Laudans’ analysis was appealing insofar as it offered a reminder that intellectual diversity is not anarchy. However, it suffered from a fatal flaw: it wasn’t true. The Vine-Matthews hypothesis did not predict a novel fact that turned out to be true. Seafloor stripes were already known; Ronald Mason and Arthur Raff had discovered them in the 1950s. What was true was that none of the men involved in their discovery had been able to explain them.

        Ronald Mason studied physics as an undergraduate at Imperial College and then earned a masters in geophysics, hoping it would provide more diverse opportunities than life in the lab. After his war service, Mason was offered a position as a lecturer in geophysics at Imperial, and in 1951 he spent a sabbatical leave at Caltech. In 1952, while listening to presentations on marine seismology, he began to ponder what other geophysical techniques could be applied at sea. He had heard about Project Magnet, a joint effort between the ONR, the US Geological Survey, and the Naval Ordnance Lab to use airborne magnetometry to map magnetic patterns associated with volcanoes and atolls in the Pacific.210 Industry had developed magnetometers for use in petroleum and mineral exploration and by the Navy for minesweeping and submarine detection; Mason realized that one could get more detailed and accurate data towing a magnetometer behind a ship than by setting it on an unstable airplane. In this way, one could glean information not just about islands and atolls but also about the structure of the entire seafloor.

        Mason asked Russ Raitt if anyone at Scripps had thought of doing this; the story goes that Roger Revelle overheard the conversation and invited Mason to do the job.211 In fact, Heezen and Ewing and others at Lamont had already done what Mason envisaged—a combined magnetometry-bathymetry survey over the mid-Atlantic using a fluxgate magnetometer towed behind a ship—but the results had not yet been published. The Lamont scientists generously agreed to loan a magnetometer, which was towed for six months and eight thousand miles on the Capricorn expedition in late 1952 and early 1953.

        Capricorn was an important expedition for several reasons, not least of which was the discovery by Revelle and Arthur Maxwell of anomalously high heat flow under the Albatross Plateau (later recognized as part of the East Pacific Rise), work that formed the basis of their paper with Teddy Bullard suggesting that high heat-flow values in the oceans reflected mantle convection.212 The trip also demonstrated the feasibility of Mason’s idea: it turned out to be easy to tow a magnetometer behind a ship and also cheap, because most of the components were readily available as military surplus.213

        The Capricorn data were not of much scientific use, however, because single lines across a wide expanse of ocean were hard to interpret. Mason called them “long unrelated profiles” that “give no indication of the lateral extent or direction of anomalous magnetic trends, and, therefore, provide no basis for quantitative geological interpretation.”214 What they needed were closely spaced lines over a specific region. They needed to make a a magnetic map of the seafloor.

        In 1955, Menard told Mason of a survey planned by the US Coast and Geodetic Survey to obtain detailed bathymetry of the entire western coast of North America. The purpose—highly classified at the time—was to map the submarine topography to determine where to put SOSUS hydrophones.215 The plan was to cover an enormous area: from 32° to 52°N latitude, and approximately 1,250 miles from north to south and 300 miles out to sea. With Scripps technician Arthur D. Raff, Mason asked the Hydrographic Office for permission to join the cruise and tow a magnetometer. The initial answer was no: these were the early years of the SOSUS program and officials were afraid Mason and Raff would slow their operations. (They were also likely nervous about a foreigner on a mission so highly classified.) Revelle intervened and permission was granted.

        The SOSUS system was designed to locate Soviet submarines with a high degree of precision, a task that would succeed only if the detectors themselves were accurately located. Seamounts were an excellent place to locate hydrophones—but only if you knew where they were. The Navy was applying state-of-the art navigation to the survey, and this proved crucial for the science, too: Mason and Raff were able to position their magnetic measurement to within three hundred feet. This was a remarkable degree of accuracy for a survey of its kind, and it yielded a distinct pattern of alternating zones of normally and reversely magnetized rocks running subparallel to western coast of North America. Plotted on a map, they looked like zebra stripes: irregular in fine detail but startlingly regular overall. Fortuitously, the ship’s east-west tracks, designed to produce coherent bathymetric profiles, turned out to be ideal for mapping the north-south linear anomalies. Preliminary data from the magnetic survey were published in 1958 in the Geophysical Journal of the Royal Society, and the full analysis appeared in 1961 in the Bulletin of the Geological Society of America (figs. 5.11 and 5.12). Mason later recalled, “Nothing like this had ever been observed before, either on land or on sea.”216
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          Figure 5.11 Initial results from the Pioneer survey of magnetic anomalies, 1961. Note the “distinctly linear pattern in the south-west corner of the map area,” which was their starting point and persuaded them to continue with the survey.

          From Arthur Raff and Ronald Mason, “A Magnetic Survey off the West Coast of the United States between Latitudes 32 degrees n. and 36 degree n. longitudes,” Bulletin of the Geological Society 72, no. 8 (1961): 1259–65 (fig. 2). Reprinted with permission of the Geological Society of America; permission conveyed through Copyright Clearance Center, Inc.
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          Figure 5.12 The magnetic stripes on the Pacific floor, 1961.

          From Arthur Raff and Ronald Mason, “Magnetic Survey of the West Coast of North America, 40 Degrees n. Latitude to 52 Degrees n. Latitude,” Bulletin of the Geological Society 72, no. 8 (1961): 1267–70 (fig. 1). Reprinted with permission of the Geological Society of America; permission conveyed through Copyright Clearance Center, Inc.

        
        Scientists often exaggerate the novelty of their findings, but nothing like this had ever been seen and the paper triggered considerable discussion. Canadian geophysicist Lawrence Morley (1920–2003), who independently conceived the explanation of seafloor spreading (but had his paper rejected by both Nature and the Journal of Geophysical Research), has called the Mason and Raff map “the trigger that set off the escalation of investigations and ideas that culminated in the theory of plate tectonics.”217 Morley dropped what he was doing to work on an explanation, because Mason and Raff admitted they had none. Nor did anyone else: the map of the stripes remained in the literature for “about four years with no plausible explanation as to their cause.”218

        Menard and Vacquier had focused on the offsets in the magnetic pattern rather than the magnetics themselves, stressing that across the Murray Fracture Zone it was possible to match the patterns by assuming a right lateral displacement of about one hundred miles. It was this observation that led them to interpret the fracture zones as transcurrent faults. However, across the Mendocino and Pioneer Fracture Zones, there was no match. Vacquier concluded that the displacements must extend beyond the distance of the mapped region, so he extended the survey using a proton precession magnetometer supplied by Navy (the technology was new and the Navy wanted to know how well it worked), running east-west lines along the fracture zones until he found what appeared to be matches: left-lateral displacements of 710 miles and 160 miles along the Mendocino and Pioneer, respectively, and right lateral displacements ranging between 95 miles and 425 miles along the strands of the Murray fault zone.219 Revelle called these discoveries “the most important geophysical discovery of the last ten years.”220

        Today, these fracture zones are understood as seismically inactive extensions of ridge-to-ridge transform faults: they are created along offsets in the mid-ocean ridges and then displaced laterally as the seafloor spreads. Magnetic patterns are displaced along these zones because the ridges along which they originally formed have offsets, but the amount of the offset is nowhere near as great as Vacquier imagined and the direction of offset is the opposite. (They are not transcurrent faults but transform faults; see fig. 5.13) But whether the magnetic patterns were offset to the right or the left, a little or a lot, there was a bigger issue at stake in 1961: what were the stripes? The insight of Vine and Matthews was to link the stripes both to seafloor spreading and to magnetic-field reversals.221
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          Figure 5.13 The difference between transcurrent and transform faults.

          From Naomi Oreskes, Plate Tectonics: An Insider’s History of the Modern Theory of the Earth (Boca Raton, FL: Westview Press, 2001).

        
        The recognition of reversely magnetized seamounts was critical to Vine’s and Matthews’ idea. From Hess’s work on guyots, seamounts were accepted as volcanic structures younger than their surrounding crust, so if there were field reversals, then some seamounts might display reversed polarity. Conversely, if there were seamounts with reversed polarity, this would be strong evidence that field reversals occurred. The data from the Pioneer survey included a number of reversely magnetized seamounts.

        Did Mason realize he had reversely magnetized seamounts in his survey? If he did, why did he not pay attention to them as proof of field reversals? In 2001, Dan McKenzie posed these questions to Mason, who replied:

        
          By the time of our survey I had accepted field reversals and . . . realized that some of the seamounts in the area . . . were reversely magnetized. But I do not recall any serious discussion of the fact, and I did not seek to exploit it. The major reason was the lack of suitable bathymetry. The ship obtained continuous east-west profiles of bathymetry 8 km apart in the north-south direction, but these were highly classified and I was denied access. However, I was given spot depths at approximately 15 km intervals along the profiles, but I considered these inadequate for serious work. With better bathymetry we might have tried modeling the magnetization of some of the seamounts, as we later did . . . elsewhere.222

        

        To analyze the seamounts properly—indeed, even to know for sure that they were seamounts—one needed bathymetry. Harry Hess could have obtained the necessary data, or Bruce Heezen or Bill Menard, but Mason was British and denied access. Fred Vine confirmed this point: “Everyone was mystified by the fact that despite the relatively strong magnetization of the volcanic rocks of the ocean floor there was no systematic correlation between topography and the magnetic anomalies developed over it. In many ways, this was the crux of the problem.”223 But this was not quite right; it was not that the magnetism and topography were not correlated but that the correlation had not been recognized because Mason lacked the bathymetric data.

        Seamounts and volcanic islands had large anomalies, but their sources had not been worked out—how much of it was remanent, how much was induced by present field? To analyze this accurately, one needed to calculate the induced component. This required knowing the volume of the seamount, which in turn required having high-resolution bathymetric data. Vine and Matthews had that. Mason and Lawrence Morley did not. Indeed, this is what distinguished their landmark 1963 paper from the conceptually identical one that Morley submitted. Vine and Matthews did not simply propose that mid-ocean ridge spreading might produce seafloor magnetic stripes; they showed that it had done so in a specific setting. That setting was neither the Atlantic nor the Pacific—the oceans Americans knew so well—but the Indian.

        In late 1962, Matthews had undertaken detailed magnetic and bathymetric work in the Indian Ocean as coordinator of the UK contribution to the International Indian Ocean Expedition. He returned from the Indian Ocean with a large quantity of magnetic data, including a detailed survey of the crest of the Carlsberg Ridge in the northwestern Indian Ocean at 5°N. It was the largest and most well-known mid-ocean ridge at that time.224 With detailed bathymetry, he and Vine were able to calculate the three-dimensional parameters of the anomalous areas, correct for induced magnetization, and determine the thermo-remanent component. They used a computer program developed by one of Mason’s colleagues at Imperial College that had been designed specifically to interpret magnetic anomalies from a three-dimensional source region. They explained: “Work on this survey led us to suggest that some 50 per cent of the oceanic crust might be reversely magnetized and this in turn has suggested a new model to account for the pattern of magnetic anomalies over the ridges. The theory is consistent with, and in fact a virtual corollary of, current ideas on ocean floor spreading and periodic reversals in the Earth’s magnetic field.” The key insight was that as oceanic crust formed, it would be magnetized in the direction of the prevailing Earth’s field, and each new increment of crust would be similarly magnetized. But if a field reversal occurred, then the next increment would be reversely magnetized: “Thus, if spreading of the ocean floor occurs, blocks of alternately normal and reversely magnetized material would drift away from the centre of the ridge and parallel to the crest of it.”225

        This was the crux of their paper, but the full details of the analysis seemed too long for a letter to Nature. Without them, however, the paper was “rather long on interpretation and speculation and short on original data.”226 Maurice Hill provided the solution, Vine explained, by giving “us permission to include two long, unpublished, magnetic profiles across the crests and flanks of the North Atlantic and northwest Indian Ocean ridges acquired by the [Cambridge] group in 1960 and 1962 respectively. The title [of the paper] was changed from ‘Magnetic Anomalies over the Oceans’ to ‘Magnetic Anomalies over Oceanic Ridges’ and the introductory paragraphs were added to set the science and incorporate the ridge profiles.”227 By luck, Hill had magnetic profiles across the Mid-Atlantic Ridge, whose topography Tolstoy and Ewing had published in 1949, and across the Indian Ocean where Matthews had just mapped. This allowed them to produce a simple and compelling picture that clearly illustrated the relevant pattern, as well as its evident resemblance to the one mapped by Mason and Raff off the coast of California (fig. 5.14).

        
          [image: ]

          Figure 5.14 The magnetic profiles over the Pacific, Atlantic, and Indian Oceans, 1963.

          From Frederick John Vine and Drummond Hoyle Matthews, “Magnetic Anomalies over Oceanic Ridges,” Nature 199, no. 4897 (1963): 947–49. Reprinted with permission from Springer Nature.

        
        In later years, Teddy Bullard would dismiss Morley’s claim to co-discovery, arguing that if he had really believed in his idea, he would have fought harder to get it into print: “He can’t really have believed he had something important or he would have got it published. It is said to have been rejected by Science and Nature. Why? Who were the referees? Why didn’t Morley . . . insist? I certainly would not have allowed Vine and Matthews’ paper to languish unpublished.”228 Cambridge scientists may feel entitled to insist that their papers be published in Nature, but even if Morley had had a powerful mentor like Bullard to argue on his behalf, he lacked the data that Vine and Matthews had. He had the same idea but not the same data with which to support it. What he did not know—and could not have known—was how much data supported his views but was hidden from sight. Access to bathymetric data made the difference for Vine and Matthews, and lack of it may explain why Morley failed where they succeeded.229

        In 1967 Vine and Hess joined forces to do additional work on magnetics in relation to seafloor spreading; Hess wrote to the Naval Oceanographic Office to request the necessary bathymetric data: “Fred Vine and I have oriented basalt cores from last year’s drilling operations at Mid-way Island. Fred has completed a laboratory magnetic study of the cores. To finish off a manuscript, we need to know a little more about the topography around Midway and the positions of nearby seamounts. Could you send us a copy of BC1805N and the present master collection sheets of soundings for the 1805N area? I have the data here only up to 1951.”230 In that year—1951—Hess had written his first memo urging declassification of the sounding data.

        Hess was also asking for magnetic data from the Mediterranean, explaining “I know [the Naval Oceanographic Office] has a great deal of magnetic data on the Mediterranean area. . . . We are also interested in magnetic data in the Caribbean and east of the Lesser Antilles. . . . Data from Puerto Rico south to Venezuela would be very interesting to us.”231 Hess knew what to ask for, and fourteen days later he received it.232 Others were not so fortunate, lacking the connections, knowledge, or wherewithal to run the Navy gauntlet. The issue was not simply knowing what to ask for and being willing to ask; it was also being willing to spend the time and energy to extract information from the system, to navigate the “iron curtain.” As one senior oceanographer put it, “People get discouraged just by the prospect of it.”233

        In 1968 the US Navy finally released the classified bathymetric information for most of the world’s oceans. Oceanographer of the Navy Instructions 3130.6C “effected declassification of a large quantity of ocean bathymetry data and thus facilitates a significantly broader world-wide dissemination of this important and useful information.”234 National security was evidently not compromised, but for the scientists in this story it was too late. Plate tectonics was established. Harry Hess died the following year.
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        Why the Navy Built Alvin

      
      Plate tectonics was a powerful explanatory theory, but it also made testable predictions. One of these was that the eruption of mid-ocean ridge basalts would generate hydrothermal circulation and seafloor hot springs. Throughout the 1950s and early 1960s, heat-flow measurements near mid-ocean ridge crests revealed much lower values than expected for the crests to be the sites of ascending mantle convection currents (chapters 4 and 5). However, the low values would make sense if the ridges were sites of hydrothermal activity, as seawater circulating through the fractured ridge crests would cool them. This would also generate hot springs: cold ocean water would be heated as it percolated through hot basalt and would vent on the seafloor in underwater geysers.

      By the early 1970s, scientists were making plans to search for ridge-crest hydrothermal vents. What happened was not merely a confirmation of plate tectonics—by the mid-1970s already widely accepted—but one of the scientific finds of the century. Diving in a novel submersible vessel named Alvin, oceanographers witnessed spectacular submarine geysers erupting black fluids. Subsequent measurements and calculations would indicate that the color was caused by tiny mineral particles precipitating from fluids venting at temperatures as high as 400°C.1 Crowded around the vents were biological communities of startling abundance and beauty. In the months and years that followed, scientists would identify hundreds of new of species in complex vent communities that thrived in darkness, rooted in chemosynthesis rather than photosynthesis.

      The discovery of seafloor-vent ecosystems has been described as having come “as a complete shock.”2 Many scientists believed that the deep sea was devoid of life, for without light how could there be life? As Robert Kessler and Victoria Kaharl recalled in the mid-1990s, “The discovery of the first hydrothermal vent communities in the deep sea . . . astonished scientists around the world.”3 Oceanographers called it “one of the most exciting developments since the beginnings of the study of oceanography.”4 In a world where many people thought there was not much new under the sun, scientists had found something new under the sea, with wide-ranging implications.

      The vent discovery led to considerable interest in its practical applications, from exploration for economic mineral deposits to the development of heat-resistant organic molecules.5 Told this way, the discovery fits the narrative that has dominated public rhetoric about science in the twentieth century: that basic science yields unanticipated practical benefits as progress flows from discovery to application. In the standard telling, the vent discovery is a triumph of curiosity-driven research.6 But this is at best half the story, because the discovery of seafloor hydrothermal vents was also an engineering accomplishment, made possible by a novel technology designed to allow humans to explore and work in the deep-ocean environment. And the history of this technology reverses conventional wisdom, because Alvin was not invented to do basic research but to satisfy the military demand for deep-submergence capability.7

      
        World War II, Allyn Vine, and the Problems of Underwater Sound

        Alvin was the brainchild of Woods Hole oceanographer Allyn C. Vine (1914–1994), who dedicated his career to Navy oceanographic problems. In the late 1930s, Vine was working on a master’s degree in physics at Lehigh University, where Maurice Ewing (1906–1974) was teaching. During the summers from 1937 to 1939, Vine followed Ewing to Woods Hole, where they worked alongside Joe Worzel, Brackett Hersey, Columbus Iselin, and Athelstan Spilhaus developing marine geophysical techniques (chapters 2 and 3).

        Vine joined Woods Hole full-time in 1940. That same year Iselin succeeded Henry Bigelow (1879–1967) as director and was assiduously cultivating military contacts, proactively suggesting ways his scientists might aid the anticipated war effort.8 Vine became involved in several war-related projects. Most important from the military perspective was the development and installation of bathythermographs on Navy ships.9

        The crucial importance of ocean temperature to underwater sound transmission had been recognized in the early 1930s, when sonar operators working on routine training exercises found that their equipment worked well in the morning but poorly in the afternoon, particularly on fine days; this came to be known as the “afternoon effect.”10 Some observers wondered whether sonar operators were dozing off after lunch, but certain consistent patterns of variability—from area to area and at different times of day—were sufficient to suggest that the effect was caused by the ocean itself. In 1934, a group was created at the Naval Research Laboratory to investigate further. Collaborating with Woods Hole scientists, they soon discovered it was caused by the effect of changing temperature on the velocity of sound as surface waters warmed in the afternoon sun. Suddenly, it became clear that accurate temperature measurements were crucial to effective sonar operations. Moreover, because temperature affects density, which in turn affects buoyancy, accurate temperature profiles would be useful to many aspects of submarine operations. As Scripps oceanographer Fred Spiess (1919–2006) later put it, it was becoming clear that oceanographers understood things relevant to both anti- and prosubmarine activities.11

        But there was more to it than routine “relevance.” In typical midlatitude-ocean surface waters with normal salinities, near 35 percent, the velocity of sound is approximately 1,500 meters per second.12 With decreasing temperature the velocity decreases and acoustic waves are refracted as they travel though water layers of varying temperature, just as light rays are refracted through media of varying density. Because ocean temperatures generally decrease with depth, sound waves are generally increasingly refracted as they travel downward into the ocean’s colder layers. The effect is particularly pronounced as sound travels through the thermocline—the zone of rapid temperature decline below the surface layer that was central to Henry Stommel’s analysis of ocean circulation (chapter 2, see fig. 2.13).13 The downward refraction of sound waves as they traveled through the thermocline could cause a beam to pass beneath a shallow target and miss it entirely. The implications of this were not difficult for submariners to grasp (fig. 6.1).
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          Figure 6.1 The downward refraction of a surface sound wave in relation to a typical temperature-depth profile. At A, the submarine is detected; at B it is not.

          From NDRC, Physics of Sound in the Sea, National Defense Research Committee Summary Technical Reports, originally issued as Division 6, vol. 8, ed. Lyman Spitzer Jr. (1946; Research Analysis Group, Committee on Undersea Warfare, National Research Council, 1969).

        
        To exploit this understanding required precise and accurate temperature-depth profiles, so in the summer of 1940 the newly created National Defense Research Committee awarded one of its first grants to Woods Hole for research on the effect of temperature on underwater sound transmission.14 Woods Hole’s first-ever year-round staff was assembled to work on the project; its principals were Ewing, Worzel, and Vine.

        For the BT to be useful in combat, it had to be quick and easy to use, so Ewing and Vine spent the summer of 1940 refining the instrument so it could be readily raised and lowered from a moving ship. Vine also worked on a submarine version; in doing so, he began to develop a particular empathy for his military colleagues. On one occasion he opposed his scientific colleagues’ preference for the metric system, arguing to keep BT measurements in imperial units on the grounds that “the poor kids from Kansas that were dragged into the Navy shouldn’t have to learn the metric system while they were seasick.”15 By the end of 1943, Vine, Ewing, and Worzel had manufactured seventy-five BTs in the Woods Hole machine shop (all in imperial units) before a contract for mass production was signed with the Submarine Signal Company of Boston.16

      
      
        The Discovery of the Sound Channel

        The BT measured and recorded temperature—the primary control on sound transmission—but sound is also influenced by pressure and salinity. In most areas of the open ocean, salinity variations are minor, but pressure variations with depth are not, and while decreasing temperature decreases the velocity of sound in water, increasing pressure increases it (fig. 6.2). Thus, submariners diving into the deep ocean would encounter opposing trends: falling temperature would reduce the sound velocity, but increasing pressure would increase it. The net effect would create a velocity minimum zone whose position would depend on the exact temperature-pressure profile encountered.17
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          Figure 6.2 A schematic illustration of the relationship between a temperature-depth profile and the creation of a sound channel. Note the bomb detonated at the surface.

          From “Long Range Sound Transmission,” Interim Report No. 1, Contract Nobs-2083, August 25, 1945, declassified March 12, 1946 (fig. 6).

        
        Ewing and Worzel made a crucial realization. Within the velocity minimum zone, sound waves would be effectively trapped: waves moving upward would be refracted down, and waves moving downward, refracted up. Ewing and Worzel called this the “sound channel” to indicate that acoustic transmissions would be confined within a narrow zone rather than bouncing up and down between the ocean’s surface and the seafloor, as would otherwise be the case (fig. 6.3).
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          Figure 6.3 Maurice Ewing and Joe Worzel’s ray tracings in the sound channel.

          From M. Ewing and J. Worzel, “Long Range Sound Transmission,” GSA Memoir 27 (1948): 1–40 (fig. 5). Reprinted with permission of the Geological Society of America; permission conveyed through Copyright Clearance Center, Inc.

        
        In a confidential report written in August 1945, they explained:

        
          If a non-directional sound source is placed at the depth of minimum velocity, hereafter called the axis of the sound channel, the sounds that start at angles above the horizontal are bent downwards due to sound refraction [and] those which start at angles below the horizontal are bent upwards. . . . Thus, a sound starting [in the channel] will cross and recross the axis indefinitely until it is absorbed, scattered, or intercepted by some obstacle. Sounds traveling in this manner are channeled: hence, the name sound channel. . . . These sound channel sounds have been heard at far greater distances than any other man-made sounds.18

        

        Ewing and Worzel predicted that charges exploded within the sound channel could be positively identified at distances as great as ten thousand miles. In 1944, they confirmed it: a charge released off the coast of West Africa was heard in the Bahamas.19 In 1947, the capacity to send or detect sound signals over great distances became the basis for sound fixing and ranging, or SOFAR, a new Navy system for search and rescue. In later years, the deep sound channel would often be referred to as the SOFAR channel.20

        The sound channel had another critical implication. The bouncing of acoustic rays around the axis of the channel produces zones in which rays converge, creating both particularly intense acoustic signals and zones where the rays are refracted away, creating shadow zones. These shadow zones are “insonified”—that is, insulated from sonar transmissions. Sound is unable to penetrate. As a later report put it with characteristic dryness, these regions have “great practical importance for Naval sonars.”21 But the pattern of convergence and shadow zones is complex, with their locations depending on the distribution of water temperature and pressure, and changing not just through the course of a day (as the scientists had discovered) but also with the seasons. The net effect is not simply sound or silence, but regions of greater and lesser sound transmission whose positions were continually changing. Detailed, regularly updated information on ocean conditions would be crucial to exploiting this effect.22

        Vine spent much of 1943 and 1944 installing BTs on Navy vessels and training Navy crews in their use. By the end of the war, many thousands of BT profiles had been compiled, mostly by women “computers.”23 In 1972 Vine received the Navy Oceanographers’ Commendation for his work, said to have contributed to the “savings of untold numbers of lives, and millions of dollars in ships and equipment.”24

      
      
        From Underwater Sound to Deep Submergence

        Naval historian Gary Weir has said that Woods Hole work on underwater sound transmission “touched every aspect of naval warfare between 1940 and 1945.”25 It was the sort of work that helped to justify the creation of the Office of Naval Research (ONR) to foster research in the postwar period.26 In 1976, retired rear admiral Robert K. Geiger (1924–2013) recalled: “At the end of the war, the Navy was convinced that the continuation of this fundamental research was an indispensable part of a far-sighted naval defense program. The impenetrability of the sea to electromagnetic radiation and the relative difficulty to locate underwater objects by sound indicated that submarines would occupy a prominent position in [all future] naval warfare. In this respect, it was important to continue research in the fundamental properties of underwater acoustics, which was to remain the principle detection means of pro- and anti-submarine warfare.”27 Similar work had been done during the war on the West Coast at the University of California Division of War Research (UCDWR), which in 1946 became Scripps’s Marine Physical Laboratory (MPL). In 1965, MPL’s director Fred Spiess summarized his lab’s activities as “a steady effort to increase our knowledge of the generation, propagation and detection of energy in the ocean.”28 In later years he would describe their conception of the ocean as a “medium of sound transition.”29 But Navy support for oceanography went beyond matters that were directly associated with underwater sound. Scientists like Vine had demonstrated that basic oceanographic knowledge could have material value in combat operations, and many in the Navy were sympathetic to furthering oceanography, as a science, on this account.

        The most important early ONR contract at Woods Hole was the “basic task contract” to increase “knowledge of oceanographic phenomena” (chapter 2).30 Looking back on the contract after its first five years, ONR program manager Gordon Lill summarized: “Under the present contract . . . the Woods Hole Oceanographic Institution has continued to act as a pilot plant of new ideas and new methods in the military aspects of oceanography, and concurrently has carried on progressive research in theoretical, basic oceanography.”31

        If Woods Hole was a pilot plant, the foreman was Al Vine. A man of wide-ranging and restless intellect, Vine was constantly thinking of ideas with military relevance. He once proposed hiring blind people to work as sonar operators, noting that “most of us are acoustic amateurs compared to those whose principal contact with the world is through sound.”32 On another occasion he envisaged a highly equipped submarine to serve as a refuge for “key government officials and a few others” in the event that a massive nuclear exchange left the surface temporarily uninhabitable. (He did not say where they would go or what they would do when they emerged.)33 Vine did not hesitate to convey his thoughts to high-level government officials, as in 1969 when he penned a six-page letter to Henry Kissinger on the importance of maintaining the internationalism of the high seas.34 Often he was ahead of his contemporaries, as in 1956 when he urged more attention to the problem of nuclear waste disposal, noting that it not been attacked with “anything like the vigor with which the production [of nuclear materials] was attacked [and] in the long run . . . may be theoretically, technically, and economically more difficult.”35

        Vine was particularly interested in vessels; he called himself a “Navy and vehicle-oriented oceanographer.”36 In 1945, he presciently envisaged the day when a submarine, perhaps carrying nuclear weapons, would be lost on the seafloor. When that occurred, the Navy would be left helpless without deep-submergence capability. In a confidential “Memorandum on Submarine Rescue,” he noted that normal submarines are limited in their depth capacities by their “primary offensive purposes,” which require them to have numerous hull openings and to be able to carry heavy equipment. But a submersible vehicle whose primary purpose was simply to go deep could have a heavier, stronger hull and reach much greater depths—perhaps twenty thousand feet. Vine thought it made sense to begin to develop a deep-submergence vehicle for rescue and salvage purposes.37

        There was also a more immediate justification for a deep-submergence vehicle: the problem of the “deep scattering layer.” As the name suggests, this is a layer within the ocean, beginning at a depth of approximately six hundred feet, in which sound transmissions are highly scattered and therefore not effectively propagated. First recognized by Russell Raitt (chapter 5) and colleagues at UCDWR, it appeared as a phantom layer that reflected sound as if it were the seafloor.38 However, it was clear that it was far too shallow to be the seafloor; Martin Johnson (1893–1984), the pioneering biological oceanographer who coauthored The Oceans, suggested that marine organisms were perhaps reflecting the sound. If so, then the phantom “bottom” should rise and fall with time of day as organisms moved toward the surface in the evening; this prediction was confirmed shortly before war’s end. Soon after, Brackett Hersey and colleagues found evidence that the sound was being reflected off gas bubbles released by fish.39 A vehicle that could travel into the scattering layer would be a powerful means to study the effect and determine possible remedies.

        By the mid-1950s, there was a third justification: SOSUS. The sound channel had been discovered during World War II, but its full exploitation in antisubmarine warfare was a Cold War development, as underwater listening came to be seen as imperative in the face of prowling Soviet submarines. In 1949, the Navy had announced its intention to develop SOSUS, in 1952 a test array had been installed at Eleuthera in the Bahamas, and by the mid-1950s the system was in place.40 (SOSUS was the classified name for the system; the unclassified name CAESAR was given to the production and installation of the array.)41 By the late 1950s, the system involved more than one thousand hydrophones and thirty thousand miles of undersea cables; eighteen land-based listening stations were able to detect acoustic signals of less than one watt at ranges of several hundred kilometers (and perhaps more).42

        With the laying of hydrophones and cables on the seafloor, a new issue arose: inspecting, maintaining, and repairing them.43 As Vine wrote in a memo to Paul Fye in October 1960, “Manned deep submersibles are badly needed . . . to carry out the job of survey, supervision of equipment, and trouble shooting.”44 Elsewhere he continued, “Such a craft could be used to supervise, check, and do routine inspection of apparatus and perhaps be used to retrieve equipment or ordnance.”45 The Navy’s commitment to installing instrumentation on the seafloor led to the demand for access to that instrumentation. Although it might seem obvious in retrospect that the technical capacity to visit the depths of the ocean would be of spectacular scientific interest, early memoranda say next to nothing about that.

      
      
        A False Start: The Aluminaut Program

        There had already been several attempts to reach great depths in the oceans, but none involved what could be called an operational vehicle.46 The most famous vessel was the steel-hulled bathyscaphe Trieste, built by the Swiss physicist Auguste Piccard (1884–1962) and completed in 1952. A two-meter sphere attached at its top to a large gasoline-filled float; buoyancy was created by the gasoline, ballast by iron pellets. The pellets were held in place by an electromagnet: if power were lost, the ballast would drop and the sphere would return to the surface.

        Piccard had received support for his projects from the Belgian, Swiss, and Italian governments, but in 1955 Trieste was sitting in dry dock for lack of operating funds. Robert Dietz, the marine geologist who along with Harry Hess would develop the theory of seafloor spreading, was at that time working with the Office of Naval Research in London and thinking about using Trieste for scientific research.47 Dietz arranged for Jacques Piccard (1922–2008)—Auguste’s son and Trieste’s pilot—to present his work at a National Academy of Sciences workshop on deep-sea research.48

        At the workshop Dietz emphasized that the Navy would be an appropriate agency to fund a scientific research program based on Trieste, but it would do so only if oceanographers expressed real enthusiasm. After the academy passed a unanimous resolution of support, the Navy contracted with Piccard for a series of dives in the Tyrrhenian Sea, off Naples.49 The successful program brought Navy officials and civilian scientists to a depth of ten thousand feet and convinced the Navy to purchase Trieste and house it in San Diego for scientific and military purposes. In January 1960, piloted by Piccard and accompanied by Navy Lieutenant Don Walsh, Trieste made a historic dive to the bottom of the Challenger Deep in the Marianas Trench—35,805 feet. Humans had reached the deepest place on Earth.50

        But Trieste was not a substitute for what Vine had in mind. For one thing it was difficult to maneuver. The sphere could not hover silently, or with precision, because maintaining neutral buoyancy required alternately jettisoning gasoline and iron ballast; for an experiment in underwater listening during the 1957 season, Piccard stabilized the craft at one thousand feet by attaching a long line of gasoline-filled plastic bottles.51 Moreover, to refill the ballast after a dive, it was generally necessary to return to port. By Piccard’s own admission, Trieste was a prototype, built on meager funds and very hard to use.52

        A more attractive proposition to Vine would be something more like the Soucoupe Sous-Marin—in English called the Diving Saucer—a small maneuverable submersible built by an ambitious Frenchman named Jacques Cousteau (1910–1997). Soucoupe was an impressive little vessel but had a depth capacity of only 980 feet. Vine wanted the maneuverability of Soucoupe with the depth capacity of Trieste, and he wanted it at Woods Hole. He found it in a plan for a vessel called Aluminaut.

        In 1957, naval engineer Edward Wenk Jr. (1920–2012) had led a National Academy of Sciences Committee on Undersea Warfare study on pressure hulls for deep-diving submarines. The committee was one of many established by the academy at the end of World War II to maintain connections between academics and military established during the war, and the focus of the study was whether submarines could go deeper through hull improvements. The shipbuilding industry was tradition bound and rarely considered using any material but steel, but alternative materials, such as fiberglass-reinforced plastic, titanium, and aluminum alloys, had excellent strength-to-weight ratios and might permit submarines to reach greater depths. When factors such as availability and ease of fabrication were included, high-strength aluminum alloys showed the greatest promise.53

        In 1958, Louis Reynolds (1910–1983), chairman of Reynolds Metals Corporation, commissioned Wenk to undertake further work at the Southwest Research Institute (SRI) and develop a design for a deep-diving aluminum submarine.54 Wenk envisaged a sub that could withstand depths to fifteen thousand feet—more than 60 percent of the ocean’s expanse—and Reynolds envisaged an expanded market for aluminum. Reynolds and Wenk approached Captain Charles B. Momsen Jr. (1920–2002), the director of undersea programs at the ONR, with a proposal to build Aluminaut for the US Navy.55

        As a research unit, the ONR could not build a submarine, but it could rent one if it had a research purpose; Vine prepared a technical report formally proposing the Aluminaut program to support scientific research at Woods Hole. According to Vine, eleven Woods Hole scientists had expressed interest in using the vessel in their research; six of these were “intensely interested in the deep scattering layer.” In particular, the acousticians wanted to know “to what extent the reverberation is divided between many small creatures and a few large ones,” perhaps including whales, sharks, porpoises, and giant squid. Vine particularly singled out the giant squid, saying that it was “hoped that large deep squid can be found and their living habits can become better known.”56

        Other proposed areas of investigation included geological studies, including bottom features such as ripple marks and tracks of marine organisms, currents, submarine troughs, and seamounts; physical and chemical oceanography, especially studies of bottom currents; gravity; and sound transmission. The latter was redundant, because in some sense the entire subject was sound transmission. Although the Woods Hole biologists might learn about marine life qua marine life, the focus on the scattering layer was motivated and framed by its salience to sound transmission. Indeed, all the topics were relevant to submarine warfare. Currents, though listed under “geological studies,” were not normally thought of as a geological topic, but they were of interest to any Navy-oriented oceanographer as well as, obviously, to the Navy itself.

        The same may be said of seamounts. Vine described them as “of particular interest,” but to most geologists they were no more interesting than other features of the ocean basins and less interesting than many.57 As we saw in chapters 4 and 5, there was far more reason to be concerned with the mid-ocean ridges, which had been proposed as the sites of continental rifting and drifting; or the trenches, which were associated with major and somewhat mysterious gravity anomalies; or the fracture zones of the Pacific, which were utterly unexplained. Yet seamounts figured prominently in Vine’s proposal and in many other reports to the ONR at the time, because of their salience to SOSUS. Crucially, you could put a hydrophone on a seamount in areas of the ocean that were otherwise too deep.58

        In the spring of 1960, Vine sent a draft of his report to the Reynolds Metals Corporation; Reynolds wondered whether Vine had been insufficiently explicit about the military purposes. Vine explained to Paul Fye that “Reynolds felt that maybe our proposal was too research-minded and not enough Navy-oriented to please the Navy higher-ups and perhaps we should add a classified naval warfare addendum to our initial proposal.”59 Vine disagreed because overemphasizing the operational aspects ran the risk of stepping on Navy toes, and it was the ONR’s job to negotiate the appropriate balance. It was also unwise to compromise the scientists’ interests too readily. Vine expected a certain amount of haggling, but he did not intend to give away too much too soon: “I explained [to Reynolds] the running context [within the Navy] between the combat oriented groups and the research groups, [and] explained that as middle man it was the job of the ONR to negotiate any reorientation of our proposal. Woods Hole normally cooperates with the Navy on applied problems and would do so again but we would not sign our basic interests away before the fact. If only a highly ASW [antisubmarine warfare] short-range program is envisaged then we would lose interest in regards to Aluminaut. Reynolds concurred that our approach was probably right but risky.”60 This was a motif that ran through many Woods Hole communications: the distinction between short- and long-term goals, and between the “highly ASW” from the generally “Navy-oriented.” These distinctions were central to how Vine and Fye understood their relationship with the Navy. They were eager to work on matters that were broadly “Navy-oriented,” but they also considered it important to take the long view and avoid projects that were too “highly ASW.”

        This approach protected Woods Hole’s interests, they believed, because it allowed for creativity and created space for basic research. It assigned the program organization and structure to scientists—even if the general orientation was toward military concerns—and prevented the Navy from micromanaging things. In short, so long as a program was Navy-oriented but not too highly ASW, scientists would be able to remain in charge. Reynolds feared that if the project were not explicitly framed in military terms, the Navy would reject it; Vine and Fye feared that if it were too strongly framed that way, scientists would lose control. The challenge was to strike the right balance.

        In February 1961, in a meeting at the ONR in Washington, DC, the parties found common cause.61 Reynolds Metals would design and build Aluminaut based on Wenk’s SRI research; the Bureau of Ships would vet the vehicle design and specifications; and the construction would be subcontracted to the Electric Boat Division of General Dynamics.62 Once completed, the vessel would be rented by Woods Hole for three years; ownership would then transfer to the Navy.63 And the ONR would foot the bill.

        These terms were laid out in a statement of agreement among the ONR, Woods Hole, and the Reynolds Corporation. The plan was to work from the general terms discussed in February to develop and sign a formal agreement between Woods Hole and Reynolds for the lease of the vessel once it was ready; Reynolds would negotiate a separate construction contract with Electric Boat. The effort immediately became snarled. Vine envisaged a three-year program costing $3.2 million, covering “a year of preparation (during construction) and two years of operation.” The ONR was prepared to support something more like $1 million for the first year of the project, with a promised “1,000,000 or slightly more for each of the next two years.”64 Vine was happy with the ONR’s commitment, but not with Reynolds’s demand for a leasing fee of $500,000 per year, which he feared would leave little for the technical work. Moreover, Reynolds had yet to guarantee that the vessel would be fully insured and would “operate about as outlined in the specification.”65

        Woods Hole and the ONR thought they had agreed in February that Reynolds would transfer title of the vessel at the end of the three-year lease term, but Louis Reynolds did not agree that he had agreed.66 In early correspondence, Dwight Day, the retired Navy admiral who was directing the Aluminaut program for Reynolds, had made it clear that Reynolds would not want to sell the vessel. Louis Reynolds envisaged Aluminaut in grand historic terms and intended at the end of its useful life to present it to the Smithsonian. Neither the ONR nor Woods Hole accepted that. They expected that Reynolds would build the vessel and then hand it over to them, and that they, not Reynolds, would decide its use and fate.67

        Vine was particularly unhappy about the vessel design. Mimicking a sperm whale in size and shape, the initial design contained only two small portholes at the front of the vessel and no visibility at the back or sides (fig. 6.4). This would severely constrain its usefulness for scientific observations—typical for a conventional submarine and one reason conventional submarines were rarely used for scientific research.68 In early discussions with Day, Vine had underscored the urgency of high standards of vision and maneuverability, which he called the “two prime requirements that need improvement [with respect to Reynolds’s early designs] and cannot stand degradation.”69 Eight months later no progress had been made; Woods Hole engineer William Schevill complained that “at this rate I think I’d rather tow a camera from a surface ship” (on towed instrumentation, see chapter 7).70
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          Figure 6.4 The Design of Aluminaut 1960. Note the lack of visibility except for the small portholes at the front. Produced by the Reynolds Metal Corporation for Woods Hole Oceanographic Institution.

          From Tomorrow through Research 15, nos. 1–2, Southwest Research Institute, p. 2, in Woods Hole Office of the Director Records (Paul McDonald Fye), 1942–1979, AC-09.5, “Aluminaut: Publicity, 1961,” Data Library and Archives, Woods Hole Oceanographic Institution. Reprinted with permission from the Woods Hole Oceanographic Institution.

        
        The visibility issue came to a head when the New York Times ran a front-page article about Aluminaut. Using information supplied by Reynolds, the newspaper reported that “the pilot will sit amidships and will have no view of the outside.” Vine clipped the article and twice underscored this sentence, which confirmed his suspicions that Reynolds was barreling forward with insufficient regard to scientific concerns.71

        Reynolds finally agreed to add two more windows to the vessel design and to transfer title after three years; in November 1961 a contract was signed between Reynolds and the Electric Boat Company for the design and construction of Aluminaut. The vessel would be forty-four feet long with an eight-foot hull diameter and weigh 150,000 pounds. It would carry a crew of three—two scientists and a pilot—to depths of fifteen thousand feet. With an average speed of two knots, it would have a submerged range of one hundred miles and sufficient air to dive for seventy-two hours. While its depth capacity was considerably less than Trieste, at fifteen thousand feet Aluminaut would nevertheless have access to more than half of the known depths of the sea and all the depths at which the Navy was likely to send or receive sound. While the Navy would not reveal the depth capacity of its existing fleet, press releases allowed that fifteen thousand feet was “many times deeper than modern subs can dive.”72 The launch was scheduled for 1963 at a projected cost of $2 million.

        With each step in the project, the parties issued press releases playing on the exploratory and heroic images invoked by Aluminaut’s name. Both Woods Hole and Reynolds laid claim to the conquest of “inner space” (or sometimes “liquid space”); Fye frequently noted that, although the ocean floor was only four miles away, we knew scarcely more about it than the far side of the moon. Aluminaut represented the forefront of technology, but it was also friendly: Reynolds’s publicity images presented an anthropomorphic vessel reminiscent of the Little Engine That Could. Publicity images suggested that Aluminaut would make the deep sea not only accessible but also hospitable (fig. 6.5).
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          Figure 6.5 Reynolds company publicity images: (a) artist’s rendition of Aluminaut exploring the deep sea; (b) a smiling Louis Reynolds holding a scale model of Aluminaut, produced by the Reynolds Metal Corporation for the Woods Hole Oceanographic Institution.

          (a) From WHOI Image collection, 1930–ongoing, AC-44, “Alvin Construction—Cetacean, Aluminaut, Trieste: Three photo albums, annotated: Alvin testing and construction; Lukens Steel, MIT, Hahn and Clay, Litton Industries; Rainnie and McCamis; negatives, April 1963, August–September 1963,” Data Library and Archives, Woods Hole Oceanographic Institution; (b) From Tomorrow through Research 15, nos. 1–2, Southwest Research Institute, p. 2. In WHOI Office of the Director Records (Paul McDonald Fye), 1942–1979, AC-09.5, “Aluminaut: Publicity, 1961,” Data Library and Archives, Woods Hole Oceanographic Institution. Reprinted with permission from the Woods Hole Oceanographic Institution.

        
        Not surprisingly, each party emphasized the aspect of the project most resonant with its mission. Fye focused on the scientific and exploratory aspects, stressing that Aluminaut would extend “our capabilities for a wide variety of geological, biological, and physical research at all depths, such as studies of the submarine canyons, the edge of the continental shelf and the daily vertical migration of marine animals.”73 Reynolds emphasized the demonstration of aluminum’s capabilities, claiming that the metal’s unique combination of high strength and low weight made it “the only practical material strong enough to resist the external pressures at super depths.”74 In a heavily publicized move—perhaps a publicity stunt—Reynolds Metals cast “the largest . . . aluminum ingot ever made” (31,750 pounds) for use in Aluminaut (fig. 6.6).
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          Figure 6.6 The aluminum ingot for the Aluminaut hull, produced by Reynolds for Woods Hole.

          From WHOI Image collection, 1930–ongoing, AC-44, “Aluminaut: incl. mock-up; underwater, published in Oceanus v.31:4, #6057,” Data Library and Archives, Woods Hole Oceanographic Institution. Reprinted with permission from the Woods Hole Oceanographic Institution.

        
        Louis Reynolds suggested that his company’s entry into deep submergence was driven by patriotism, particularly the desire to enable the nation to explore new frontiers. One press release claimed, “We felt that the Aluminaut project was so urgent and so much in the nation’s interest that we voluntarily went ahead with the program” even before the Navy had expressed direct interest.75 While television producer Gene Roddenberry would soon immortalize (outer) space as the final frontier, Reynolds reminded Americans that the deep sea was Earth’s final frontier. Just as railroad technology had made the West accessible, deep-submersible technology would make the ocean accessible. “Private enterprise has an obligation to expand the world’s frontiers, and undersea exploration is one of the last great challenges left on earth,”76 Reynolds claimed. Aluminaut would allow man to fulfill the Old Testament promise of “dominion over the sea.”77

        Frontier narratives implied resource exploitation, and Reynolds publicity materials promoted the idea of humans mining and farming the ocean floor.78 Brochures offering artist’s renditions of human colonies on the continental shelf suggested that the seafloor was rich in mineral resources and undeveloped land available to feed the world’s burgeoning populations. Mining the resources of the ocean floor was not, and never had been, part of the scientists’ or the Navy’s motivation for deep submergence, but it satisfied the futurist image that Reynolds was weaving around Aluminaut. “The ocean floor is a vast, relatively unknown treasure house of minerals, oil, chemicals, and food sources,” Reynolds told the Wall Street Journal. “You can expect soon an international race for rights, claims and physical possession of potentially rich underwater mineral deposits, seaweed beds, and fishing grounds.”79

        Of the three partners in the project, the Navy presented its interests most matter-of-factly. “The interest of the Navy,” the ONR noted flatly in its September press release, “embraces both oceanography and the obvious implications for submarine developments of the future, including the possible use of aluminum for the hulls of future deep-diving submarines. The Navy also expects to gain a better understanding of problems associated with anti-submarine warfare.”80 Behind these vague generalizations for public consumption, however, the Navy knew exactly what it wanted Aluminaut to do. As Woods Hole engineer William Rainnie Jr. (1924–1985) explained to physicist (and later NASA administrator) Robert Frosch (b. 1928) in the summer of 1962, “The initial use for this craft will be the inspection of sonar arrays off Bermuda next summer.”81

        Bermuda was the site of the Artemis project, a Navy experiment in long-range active listening; Frosch was the project’s director. In 1950, the Navy had established a study group, Project Hartwell, to explore “the technical limits to effective anti-submarine and anti-mine warfare.”82 One of the group’s recommendations was the establishment of a civilian scientific laboratory dedicated to underwater sound. This became the Hudson Laboratories of Columbia University, in Dobbs Ferry, New York, heavily staffed with Columbia graduates who had worked on the Manhattan Project.

        SOSUS was a passive system—one listened for noise—and that worked because Soviet submarines were very noisy. But sooner or later the Soviets would make their ships quieter; then one would have to seek them actively by sending signals and listening for their return.83 In 1957, the ONR asked scientists to initiate a project to determine the technical and economic feasibility of a long-range, low-frequency active sonar system able to detect Soviet submarines at up to five hundred nautical miles.84 The Artemis project began in 1958, first under the direction of Hudson’s Robert Frosch and then the lab’s associate director, physicist Alan Berman (b. 1926).85 Unlike most Navy projects and research groups, the code name was not an acronym; it referred to the Hartwell Project scientist who first suggested the project’s feasibility, Harvard physicist Frederick Hunt (1905–1972).86

        The Artemis work was largely done at the Hudson Labs but included scientists from MPL, Woods Hole, the Naval Electronics Laboratory, the Naval Research Laboratory, and Bell Laboratories. The task was extremely challenging, primarily for lack of equipment capable of producing signals of sufficient strength to overcome propagation losses and background noise. When Berman took over in 1963, he confessed that he had initially been “appalled by the obvious difficulties . . . [and] had grave doubts as to the wisdom of pursuing the project.”87 Nevertheless, the project moved forward, driven by pressure from the Navy and the willingness of project scientists to be “brave” in the “battle for decibels.”88 The first modules had been installed in 1961, near Bermuda, and a second, larger installation was scheduled for the summer of 1963.89

        The success of the battle for decibels would depend in part on the conditions of battlefield, so a major concern was to “uncover the environmental factors that would limit the specifications and performance of the system.”90 This led to a ten-year research effort, led by Woods Hole’s Brackett Hersey, on environmental factors affecting the Artemis system. This included scattering by bottom reflection, temperature-dependent velocity variation, and the impact of deep currents on seafloor instrumentation. There was also the issue of deep-sea access. How would you get the hydrophones to the seafloor, emplace them, and retrieve them if you needed to repair, upgrade, or replace them? As described in an early MPL proposal: “The receiving hydrophone system for Project Artemis will require installation of a large, complicated set of acoustic elements on the bottom of the ocean in deep water. Array elements must be designed and evaluated and techniques must be developed for placing these elements on the deep sea floor.”91 Whatever scientific work Aluminaut might do in the future there was a task waiting right then: supporting the technology that was sustaining the Navy’s ability to detect Soviet submarines.

      
      
        From Aluminaut to Alvin

        By early 1962, Electric Boat was moving forward on tests and design work for Aluminaut, but things were not going well. Particular worry arose over the yield strength of the prototype cylinder. Tests on samples taken “from the center of the worked metal in the axial and radial directions fell below the design yield (60,000 psi) by several thousand psi,” and these problems worsened as the months went by. Forging of hull components was several weeks behind schedule “due to delays cause by surface rupturing on ingots and hemihead tooling modifications. . . . Forgings have experienced repeated surface cracking, and extensive conditioning has been required between operations, delaying the early phases of the forging process. . . . As a result of the repeated cracking, Reynolds has ordered all remaining unworked ingots back . . . for re-homogenizing.”92

        The engineering problems convinced Paul Fye that the project needed closer supervision. In March, he appointed physicist Earl Hays (1918–1985) in charge. A Navy officer in the Pacific during World War II, Hays had worked at the Brookhaven and Los Alamos National Laboratories before joining Woods Hole as chief assistant to Bracket Hersey on underwater sound. (He would later become chair of Woods Hole’s Department of Ocean Engineering.) Hays would be assisted by James W. Mavor Jr. (1923–2006), who would oversee the metallurgical work, and by William O. Rainnie Jr., the graduate of the Navy submarine service who would become Alvin’s first pilot. Vine would serve as a consultant to the project on oceanographic use and applications.

        Mavor believed that the forging problems meant that construction of Aluminaut was still some time away, and it was unclear how long the problems would take to fix. There were significant unanswered technical questions and insufficient coordination between the various parts of the project responsible for testing, verification, analysis, and design. Although Aluminaut was experimental, it still needed to be designed and tested as a “future operating vehicle”; no one wanted an experiment once men were in it underwater. Mavor also noted that Woods Hole was the only prospective operator and suspected that, for that reason, the project was not receiving sufficient scrutiny.93

        Things unraveled fast. In April 1962, only seven months after the glowing press releases of the previous September, Fye wrote to the ONR describing what he called “the last chapter in the sad story of negotiations with Louis Reynolds.”94 It turned out the parties had never actually agreed on terms. Woods Hole and the ONR had acceded to Reynolds’s demand of $500,000 a year for three years on the condition that the Navy would then assume title, and respecting Reynolds’s desires for recognition of its historic significance, Aluminaut would be offered to the Smithsonian at the end of its useful life. But between January and April, Reynolds had incrementally increased his monetary demands; by April he was asking for an annual lease fee of $712,455 for the first three years and $100,000 per year after that. Backing off his initial position of refusing to sell, he offered three alternatives. One, Woods Hole could purchase the vessel on completion for $3 million. Two, the Navy could take over the construction contract with Electric Boat by paying his costs incurred, which he estimated to be $650,000 so far. Three, if the Navy had lost interest, he had other customers to whom he could sell Aluminaut at a profit. Either way, Reynolds claimed, he intended to build a second Aluminaut right away.95

        Now it was Woods Hole and the ONR’s turn to balk. Rear Admiral Leonidas D. Coates (1907–1989), chief of naval research, reiterated unambiguously that his group was unwilling to enter any agreement that did not transfer title after three years.96 Because the technology was new and untested, the Navy needed the flexibility to modify the vessel, which could be assured only if the Navy owned it:

        
          The retention of title to the Aluminaut beyond the three years previously agreed is completely and irrevocably unacceptable. The tenuous technology upon which the Aluminaut is based gives no assurance of its continued usefulness beyond any stipulated period. The undefined character of the research program which will be coupled to a deep research vehicle makes complete flexibility in the use of the vehicle, in its testing, and in the decisions to modify it in whatever way imperatively the prerogative of the scientific group responsible for the program. Only by obtaining title and consequently full responsibility for the Aluminaut can the Navy assure the attainment of the objectives indicated above and the concomitant safety of all personnel involved in the research program.97

        

        Coates emphasized that all parties involved had taken risks in exchange for anticipated rewards; for Reynolds, this was the development of new applications of aluminum technology. The ONR “would never have considered a deep research vehicle of the size, complexity, and tenuous technological merit of the Aluminaut in the first place were it not for the implicit and expressed interest of the Reynolds Metals Company in this venture. No encouragement was ever afforded that group except on a shared cost basis in view of their expressed interest in the advancement of aluminum technology, the aluminum market, and [the] public image of the Reynolds Metals Company through the resulting publicity.” The terms offered by Reynolds were “wholly unacceptable.”98

        Fye was offended at Reynolds’s implicit threat to sell Aluminaut to a third party (which, given Mavor’s observations, was certainly a bluff) and at the fact that Reynolds was treating Aluminaut as an ordinary commercial venture. That was not how the project had been conceived. Rather, it had been a partnership in which each party had an interest: “The Navy is interested in deep-sea vehicles and deep-sea research, Reynolds is interested in aluminum technology and fabrication, and Woods Hole in oceanography. Each partner was to make a contribution towards the successful prosecution of the project.”99 Now Reynolds was behaving like an ordinary contractor, as if this were not an experimental technology and his firm should not be expected to share the risks.

        The offer to sell at costs incurred was unacceptable because there had been no agreement on accounting procedures, so no means to determine what the costs to date had been and no way to control future costs given that the vessel was unfinished. Throughout the project, the estimated costs had risen steadily, raising the specter of injury to other programs. Indeed, there was already grumbling in some Navy quarters. Fye felt that it would be “impossible to have additional funds earmarked to Aluminaut. . . . The mere attempt to do so would solidify the already considerable opposition to the project that existed in certain segments of the US Navy.”100

        There was grumbling in the scientific ranks as well. Hays was a good choice to direct the project, given the engineering difficulties being encountered, but it did not satisfy the promise of Vine’s original proposal that the chief scientist on the project be a “well-rounded oceanographer” with a “keen personal interest in the scientific use” of the submersible.101 This may have contributed to skepticism about the project among Woods Hole scientists, but there was a deeper issue. Earlier that year Fye had confided in a colleague that there “had been some opposition on the part of our senior people to having this project within the Institution.”102 The issue was Aluminaut’s purpose, which most Woods Hole staff concluded was not scientific. Shortly before the project began to unravel, Mavor complained to Fye that a lack of scientific purpose was contributing to staff skepticism. “The Aluminaut has been spoken of an instrument which may be used for science. Various general uses have been proposed by the staff, but I have seen nothing specific tying Aluminaut characteristics with the scientific uses. Some senior staff members have condemned the project for this reason.”103

        Mavor suggested that it might help to develop some specific projects “directly related to Aluminaut which may help to justify” it, such as an “experimental study of crystal structure (in the Al).”104 This suggestion was hardly likely to warm the hearts of Woods Hole oceanographers: a project on the crystal structure of aluminum might interest engineers, metallurgists, or even perhaps mineralogists, but it would not be an oceanographic project. It also reveals the divide growing at Woods Hole between science and engineering—the divide that Henry Stommel had noted when he suggested that it was fine for Woods Hole engineers, but not Woods Hole scientists, to work on “need-to-know science” (chapter 3). Meanwhile Vine’s earlier suggestion that Aluminaut might be used to study marine life seems to have disappeared entirely.

        At the ONR, officials were even less enthusiastic about taking over the construction contract with Electric Boat, lest it release Reynolds from a stake in the project’s success. Reynolds had an interest and “presumably . . . a competence in aluminum technology,” and therefore an interest in seeing the project succeed. Were the Navy to take over, “failure would always be construed as Navy incompetence, but a failure with Reynolds in charge would make it clear that the fault was in design or materials.”105 Left to their own devices, the Bureau of Ships would not have chosen an untested material like aluminum, the ONR now insisted; the Navy would have “specified the hull materials, and it would have been one they knew well, i.e., one they have already invested a lot of time and money in to determine its characteristics and fabrication techniques.”106 As for the alternative of buying the vessel outright for $3 million, neither Woods Hole nor the ONR had $3 million to spend. Fye concluded it was time to cut their losses. Coates concurred, feeling that the course of events over the previous six months “made clear the intentions of Reynolds . . . to ignore, abrogate, or amend the agreement reached in my office in February 1961.”107 Woods Hole staff continued to follow the progress of Aluminaut, but they no longer anticipated using it, and Coates invited Fye to submit a proposal for a second attempt to procure a deep-submergence vehicle.

        Things would be different the second time around. Whereas previously the project had moved forward informally on the basis of Reynolds’s prior research, Woods Hole now put the project out to competitive bid.108 In May 1962, a formal solicitation was mailed to seven companies inviting bids for the design and construction of a research submarine operating to a depth of six thousand feet.109 Every element of the project was specified: hull materials (HY-100 steel, titanium, or aluminum), safety factors, material and fabrication inspection, testing, and a penalty of $500 per day for delay beyond a specified delivery date of ten months after the award of the contract.110 Assuming a contract was signed in June, this meant April 1963.

        Autonetics, Electric Boat, General Mills Electronics, General Motors Defense Research Laboratory, Lockheed Aircraft, Philco, and United Aircraft were invited to a bidders’ conference in Boston at the end of May. Vine and Hays explained their goals: “We intend to work near the bottom in areas that may be rough with currents of several knots. Other work will involve midwater depths (not near the bottom) hovering, runs along tracks at various depths, ascents and descents. Good control and maneuverability required, especially for bottom work. For example, we shall want to pick up specific bottom samples, remain in a position to take a core sample, take pictures of special outcrops, etc.”111 While describing the projects in broadly scientific terms, they made clear that time was of the essence and implied that if the contractors could not satisfy the April 1963 deadline, Woods Hole might yet purchase Aluminaut. “The urgency of the short bid time and 10 month delivery is controlled by research needs next spring. If we cannot meet this schedule, we may drop the project as we are still negotiating for ALUMINAUT.”112 When pressed at the bidders’ conference about the penalty for delays, Vine noted the “urgent need for deadline, and possible losses to Government if not met.”113 The urgency was not, of course, created by basic science. Questions that had taken decades (or even centuries) to answer could stand to wait a few more months. The urgency was created by Artemis.

        Only two firms responded, Autonetics and General Mills, and neither bid was conforming. After a second meeting in Washington, Autonetics came back with a conforming bid at $595,000 and General Mills at $498,500. (Recall that Reynolds was demanding $3 million!) The Bureau of Ships was enlisted to assess the safety features of the proposed vessels, to evaluate the designs, and to prepare “a set of Safety Provisions and Specifications to guide us in our overseeing of the craft’s construction.”114 In July, the ONR approved Woods Hole’s plan to proceed with contract negotiations with General Mills.

        Since 1960, the Electronics Group of General Mills had been working on the design for a nineteen-foot, two-man, steel-hulled submersible for scientific exploration called Seapup; in 1961 they had proposed to build it for as little as $100,000.115 The new submersible was tentatively named Seapup VI-A. Over the next few months, construction proceeded with none of the tension associated with Aluminaut and only a small fraction of comparable correspondence. General Mills did the job they were hired to do.

        But while construction was going smoothly, a good deal of time had been lost over the Aluminaut debacle; they were behind schedule with respect to Artemis. As Fye explained to the chief of the Bureau of Ships in June 1962, “We have initiated procedures for the procurement of a vehicle to meet our research needs as well as special problems related to the Artemis project which must be solved during the summer of 1963.”116 While science and exploration were providing the public justification for the program—in effect, the cover story as well as internal justification for Woods Hole’s involvement—it was Artemis that was setting the schedule and creating the pressure to meet deadlines.

        Woods Hole staff were still monitoring the progress of Aluminaut, but it was increasingly clear that, even if it were completed, they would not want it. In September, Mavor replied to a query from Fye: “Regarding your question ‘Does this caliber of work indicate that we will not trust the final structure enough to use the Aluminaut if it is ever completed?,’ my answer is no [we will not]. . . . Most of the many unanswered technical questions existing a year ago remain unanswered. . . . As things are going now, I think there is little chance that we will know enough about Aluminaut when it is completed to trust it.”117 Woods Hole had “not entirely divorced” from Aluminaut, but Mavor and the others were restricting their efforts to “keeping abreast with the fundamental metallurgical and technical hull problems.”118 Their focus was on the vessel being built by General Mills.

        The troubles with Aluminaut—particularly the safety concerns raised by the engineering problems—and the pressure to get Seapup done by April 1963 raised the question of whether a manned submersible made sense: perhaps hydrophones could be serviced by remotely operated vehicles? This idea was being pursued at Scripps (chapter 7); the desire to have a crewed submersible at Woods Hole clearly contained an element of competition between the two institutions. But institutional rivalry was scarcely sufficient justification for a $3 million research program. Given the historical association of deep submergence with spectacle and the difficulty that the details of the underwater acoustics program could not be discussed, Fye began to worry that some people might consider the whole venture “just a stunt.”119

        In July, Rainnie had written to solicit advice from Robert Frosch (soon to become deputy director of ARPA, and later assistant secretary of the Navy for research and development); Ralph Kissinger Jr. (1914–2000), a retired naval engineer who had worked at SRI on the Aluminaut design; and Fred Spiess. “This venture is a unique and inherently uncertain one, for we are pushing the ‘state-of-of-the-art’ reasonably hard,” Rainnie wrote. “In order to assure that this is in the best interest of marine science and the National Program in Oceanography, we have requested you to study and advise us as to whether this is, in fact, a reasonable and sensible way to proceed, considering, but not limited to, the following areas: 1. Scientific needs, 2. Technical Feasibility, 3. Adequacy of design, 4. Cost, 5. Reasonable Probability of Accomplishing the Objectives.”120 The letter was placed in a folder labeled “doubt letter.”121

        The three recipients met in Washington and penned a reply supporting the Woods Hole effort. The scientific need, they wrote, had “been the subject of many committee meetings and reports and is generally well documented. The primary mission . . . will be in bottom investigation in geology, geophysics, biology, observations of bottom installations [i.e., hydrophone arrays] and aid in work on such installations. The secondary mission will be in midwater tasks in physical oceanography, underwater acoustics and biology [i.e., studies of the deep scattering layer].” The project did not require “any engineering know how which is not available today”; it simply required “first class engineering and workmanship.”122

        The only slight note of discord was struck over the “probability of accomplishing the goal,” because of the extremely tight schedule, which did “not leave any room for mistakes or delays whether engineering or administrative.” Rainnie had repeatedly underscored the “required delivery date of April 30, 1963 of a fully tested vehicle,” but the advisers suggested that Woods Hole was pressing too hard on the delivery issue.123 “While the delivery date is important for accomplishment of a particular mission, failure to meet the time requirement will not prejudice the general usefulness of the vehicle,” they concluded. Frosch of course knew about Artemis, so it seems they were trying to encourage Woods Hole to slow down, do the job right, and build a vessel that would be useful for research even if they missed the deadline for the upcoming Artemis installation: “This is a needed and overdue attack on a vehicle for investigation of many problems. . . . The deep research vehicle has been conferenced to death and at this stage the right thing to do is to build something.”124

        Before the research vehicle could be completed—indeed, just three weeks before the April deadline that Rainnie had stressed—a tragic event would underscore the imperative of deep submergence. It was one of the major US losses of the Cold War: the sinking of the submarine Thresher.

      
      
        The Thresher Disaster

        In 1963, the US nuclear submarine Thresher (SSN-593) was lost at sea while undertaking a test dive 220 miles off the coast of Cape Cod. Completed in 1960, the boat had spent 1961 in an extended shakedown cruise, followed by a year of repairs, adjustments, and retrofits. On April 9, 1963, it was finally ready to go out again. On April 10, it was lost, along with the entire crew of ninety-six men and twelve officers, plus twenty-one civilians who were on board.125 It had cost $45 million dollars to build. It was the worst submarine disaster in naval history.126

        The tragedy was heavily publicized in front-page newspaper articles and leading stories on radio and television; it reverberated throughout American society. The enormity was felt not only in terms of the human and monetary losses but also in terms of American aspirations for global power. Thresher was the fifteenth nuclear submarine in the US fleet and the first in its class of fast-attack submarines coming on line in the early 1960s. Together with the companion ballistic missile submarine, the fast-attack submarine was a crucial part of the nuclear triad, designed to protect the United States from the ultimate Cold War threat—the preemptive first strike—by ensuring that any Soviet attack would be met by an immediate response from submarine-launched ballistic missiles. Although the Thresher did not carry nuclear warheads, it was nuclear powered, and the whereabouts and condition of its reactor were unknown.127

        The loss of any submarine full of men would have been horrible, but this disaster was imbued with added poignancy because Thresher was state-of-the-art: the fastest and deepest-diving submarine in naval history. It was considered a beautiful boat; management and workers at the Portsmouth Naval Shipyard where the boat was built “looked upon Thresher as their finest creation. They were proud of her.”128 Even the radical left-wing folk singer Phil Ochs was inspired to write about it, so great was the sense of loss even among those who disagreed with the politics that drove the nuclear Navy. “For she’ll never run silent,” he gently sang, “she’ll never run deep / for the ocean has no pity, and the waves they never weep, they never weep.”129

        Thresher had departed the Portsmouth Naval Yard the previous morning to conduct sea trials escorted by the USS Skylark. On the morning of the second day at sea, the crew commenced the first deep dive, which “appeared to Skylark personnel to proceed satisfactorily until about 9:13 am, when Thresher reported to Skylark, ‘Experiencing minor difficulties. Have positive up angle. Am attempting to blow. Will keep you informed.’” At 9:16 a second message was received that seemed to include the words “test depth” and then at 9:17 the words “nine hundred north.”130 That was the last message received, although later the first lieutenant on Skylark would testify to hearing one more thing:

        
          A. [A] sound that registered with me as being familiar because of the fact that I heard a lot of ships breaking up during World War II after having being torpedoed at depths. It sounded as though there was a compartment collapsing or something similar to that nature.

          Q. Did you hear anything in addition to the sound which you identified as similar to a compartment breaking?

          A. No, sir.

          Q. Can you describe that sound to the court?

          A. It is a rather muted, dull thud.131

        

        Five minutes after Skylark first received communications indicating that something was wrong, Thresher was lost. The sea was calm; there were no other ships in the area. The summary report of the Navy Court of Inquiry dryly noted that “there was no evidence of sabotage or enemy action in connection with the loss of the Thresher.”132 What had happened, and where was the boat?

        Within hours, the chief of naval operations ordered a Court of Inquiry, which was underway by the next day.133 Because Thresher was a nuclear submarine, it also fell under the jurisdiction of the US Congressional Joint Committee on Atomic Energy.134 While the US Congress and Navy Court of Inquiry spent May and June trying to determine what went wrong, the Navy was desperately trying to locate the lost hull. The Skylark had commenced a sonar search immediately and additional vessels and aircraft were quickly brought to the area.135 As it happened, Woods Hole’s Atlantis II was on a cruise about a hundred miles away and immediately joined the search team.136 Nothing was found in the initial hours except a small oil slick and two rubber gloves, both right handed.

        As it became clear that Thresher was lost, the Navy mobilized scientists to help in the search: from the Naval Research Laboratory, the Naval Oceanographic Office, the Naval Ordnance Laboratory, the Hudson Laboratories, Scripps, Lamont, and Woods Hole. The technical effort would be led by the ONR’s senior oceanographer, Arthur Maxwell (the man who worked on heat flow with Roger Revelle in the 1950s; chapter 5); the civilians deployed included Vine and Hersey from Woods Hole, Spiess from Scripps, Ewing and Worzel from Lamont, and Frosch and Berman from the Hudson Labs. The analysis group would be based at Woods Hole; their task was to “analyze and interpret the results of the search effort and to act as a day-to-day scientific staff for the on-scene commander.”137 That man was Navy Captain Frank A. Andrews (1921–2014), commander of Submarine Development Group II, who would lead a flotilla of twenty-eight Navy warships, several other specialized Navy vessels, and civilian research ships including Atlantis II and Lamont’s research vessel Conrad.

        The Atlantis II had recently finished sea trials and was equipped with the latest instruments, including an improved underwater towed camera that was an extension of one of Ewing’s and Vine’s earliest projects at Woods Hole. Photographs of twisted metal and perhaps paper, later recognized as part of a large debris field, provided the first tangible evidence of the lost hull. This was followed by further underwater photography by the Conrad, which provided the first evidence of heavy objects definitely attributable to Thresher. This was a start, but small bits of metal or paper might travel far from their source—a problem that worsened with each passing day—so the mere presence of debris did little more than confirm what was already known. The Thresher had sunk in 8,500 feet of water. Given the strength of ocean currents and the time it would have taken for the hull to reach bottom, there was a very large area in which it could have come to rest.

        Looking for a mangled hull in 8,500 feet of water over an area of hundreds of square miles was worse than the proverbial needle in the haystack; at least in a haystack there is light. Underwater photography relied on a supplied light source, which illuminated only a very small area. It could take months, or longer, to search the ocean floor this way. Moreover, the bottom sediment in the region was very soft: might the hull have struck bottom with sufficient force to impel itself entirely into the mud? If so, there would be nothing visible from the surface and underwater cameras would be useless. If the boat were completely (or even mostly) buried, there might be no sonar signal either.

        The scientists responded to this problem by applying all available means of detection—photography, echo sounding, magnetometry, radiation—and analyzing the data as it came in.138 A great deal of hope was placed in sonar; Vine tried his hand at a series of calculations to produce profiles of the likely sonar signal of various objects, among them a plank of wood and a school of tuna.139 Scientists at the Hudson Labs built a physical model of the seafloor topography in the region. Yet at root the problem was indeterminate, for there was no example of a sonar signal from a submarine on the seafloor. Moreover, if the hull were broken into several pieces or buried in the marine mud, the signals might be very weak. (At one point it was suggested that an old submarine be towed and sunk in the search area for comparison.140) The search team also undertook a radiation survey. Detectable radiation would be the clearest evidence they were close to the target, but it would also mean that the sub was leaking radioactive materials—potentially a worst-case disaster. Fortunately, the radiation survey found nothing.141 Trieste was available to go down to the seafloor, but without a target there was no use sending it.

        While sonar and radiation proved inconclusive, other efforts paid off. Most important were the estimates of the effects of ocean currents on the disposition of the hull. Vine and his colleagues calculated the likely direction of the vessel when the crew lost control, based on information on vessel speed and direction at the time of the accident and the prevailing ocean currents. They were able to calculate a vector of travel as the boat went down and narrow the search area to a ten-square-mile region. This became the basis for a more focused search using towed camera, dredging, echo sounding, and magnetometers.142 On May 14, photographs taken from the Atlantis II revealed a large debris field, replete with paper, wire, and bits of twisted metal. Dredging the site soon produced a battery plate positively identified as belonging to a submarine of the same class as Thresher, as well as several O-rings. A few weeks later, using magnetic anomalies as guide, Conrad photographed an oxygen bottle, a hydrophone, and a ten-foot piece of sheet metal.143

        In August, Trieste was sent from the West Coast in an attempt to find and photograph the hull. But it lacked a precise target and in any case had little capability in underwater navigation. Trieste found a few more bits and pieces but still no hull. In September, the North Atlantic weather put a stop to the operations. During the winter of 1964, Trieste was fitted with a new float and mechanical arm and renamed Trieste II. In the spring, Trieste II was towed to Boston while the task force prepared to resume its work. In March, Conrad photographed a twenty-foot square section from the bow of the hull.144 On June 23, 1964—almost fifteen months after the disaster—the task force identified the location of the hull, broken into five pieces, at 42ºN and 65ºE, almost due east of Woods Hole in 8,250 feet of water.

        The task force was now joined by the USNS Mizar, probably the most sophisticated oceanographic ship at the time. A recently converted Antarctic supply ship that had been assigned to the Naval Research Laboratory, Mizar was equipped with state-of-the art towed underwater cameras, magnetometer, radiation monitoring equipment, side-looking sonar, and a sophisticated underwater tracking system to enable the ship to locate both itself and the towed equipment with respect to transponders placed on the seafloor.145 Three days after the hull was located, Mizar sailed from Boston on June 26 and proceeded to the area identified by the Conrad photographs and magnetic anomalies. By the following day, Mizar had photographed the five major sections of the hull and much of the debris field around it (fig. 6.7). Over the next two weeks Mizar cameras took over twenty thousand photographs of the hull and surrounding terrain.146
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          Figure 6.7 Mizar photos of the Thresher hull at the bottom of the sea, partly buried in the marine mud.

          Images courtesy of the late David van Keuren, Naval Research Laboratory.

        
        The pictures were unmistakable. Navy officials hoped that Trieste II might be able to get closer to the wreck, stay longer in its vicinity, and perhaps discover crucial information on the cause of the disaster. On June 21, Trieste II began the first of a series of dives to the hull. A series of markers, called “fortune cookies,” had been dropped from the surface to help the pilot navigate the bottom, but the effort was still fraught with difficulties, particularly because bottom currents made it difficult to lower and maintain the bathyscaphe in the appropriate position. On the very first dive, a fire broke out in the main propulsion system at a depth of 8,250 feet; catastrophe was averted only by the lack of oxygen at that depth, and the fact that the batteries had completely discharged by the time the vessel resurfaced.147 The vessel was sent to the Portsmouth Naval Shipyard for overhaul of its electrical systems. In August, it returned to the search area.148 Again, there were difficulties, especially since the repairs had left the vessel with less horsepower overall and it could manage a bottom speed of only 0.6 knots in the face of bottom currents of 0.3 knots.149

        Two dives failed completely. On a third, the vessel passed within twenty feet of the hull but the camera failed. Finally, on the fourth dive, using the Mizar locating system, Trieste II located and sat atop a portion of the wrecked hull. A representative of the Naval Research Laboratory described it as “one of the most amazing operations we could have imagined.”150 As the pilot slowly maneuvered the vessel to its target position, the crew at first saw nothing. After checking their coordinates, Frank Andrews ordered the pilot to set down on the seafloor, which he did, but again, nothing. Finally, the pilot turned the vessel around, only to discover that the bottom they had been resting on was in fact the Thresher hull. Now they were able to take detailed pictures. The hull was not buried but had plowed a considerable way into the bottom sediment, pushing up large quantities of mud deposited as a one- to two-inch crust on its rear portions (fig. 6.8).
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          Figure 6.8 Trieste II photos of the Thresher hull at the bottom of the sea, partly buried in the marine mud.

          Images courtesy of the late David van Keuren, Naval Research Laboratory.

        
        Oceanographic knowledge and technology had brought the task force to the right place, but it had taken more than a year and was fraught with difficulties. The Trieste’s work underscored the value of being able to get down to the seafloor, but Navy personnel were dissatisfied with how long it had taken, how difficult it had been, and how close to a second disaster they had come.

        In 1965, Captain Andrews summarized the Thresher search experience in the Naval Engineers Journal. Despite its success, the efforts of the task force “demonstrated only too clearly the degree of ignorance and inability which surrounded the entire business.” Trieste II had obtained invaluable information but “lacked the maneuverability and ground speed to exploit effectively her other capabilities.”151 Considerable time had been lost towing the vessel to the location, which even under good conditions could be moved at no more than four knots. Heavy seas slowed the process further and damaged the overlying float and externally mounted equipment, and it was difficult and dangerous to get men in and out when seas were greater than three to four feet high. The Trieste personnel had managed some rather daring maneuvers in heavy seas, but “this type of performance could not have been carried out as a daily diet or soon someone or something would have been injured badly.”152 Even when all went well, every dive of a few hours was followed by at least an equal number of hours of maintenance, repair, and battery recharging, often lasting well into the night. And since Trieste II was virtually a new vehicle compared to the original, the crew was still on a steep learning curve. Overall, the vessel had fared poorly under the intense operational conditions.

        Andrews concluded that the Navy “recognized the need for a long range study and development program in deep search, salvage, and rescue techniques.”153 This recognition went all the way to the top, as the secretary of the Navy announced the creation of the Deep Submergence Systems Review Group, to be headed by Rear Admiral Edward C. Stephan, commander of the US Naval Oceanographic Office. The group’s charge was to “examine the Navy’s plans for the development and procurement of components and systems related to the location, identification, rescue from and recovery of deep submerged large bodies, including submarines, from the ocean floor.”154 The review group was divided into ten subdivisions, including science, industry, administration, operations, engineering, and research. Heading “research” was Fred Spiess; heading “science” was Al Vine.

        The group recommended the establishment of a permanent Navy Office in Deep Submergence—the Deep Submergence Systems Project (DSSP)—whose primary goal would be development of “a small manned-submersible operating from a mother submarine to provide an all-weather capability for rescuing submarine personnel down to the disabled submarine’s crush depth.”155 Fye communicated with Admiral Stephan about the role that Woods Hole’s new vessel—soon to come on line—might play.156 Stephan noted that having such a vehicle would necessarily entail finding uses for it when no immediate disaster was at hand. “Realizing that whatever capability will be developed will not be used frequently,” he wrote, “we feel that such equipment should be conceived against its probable background usefulness in other phases of science and engineering.”157 Vine was right: the Navy did need Alvin. Woods Hole’s efforts to create and operate a deep-submergence vessel were in line with the Naval demand to have effective deep-submergence capacity in place the next time something like the Thresher loss occurred. They did not have long to wait.

      
      
        From Hydrophones to the Hydrogen Bomb

        On June 5, 1964, the long-awaited submersible was finally commissioned at Woods Hole. The Electronics Division of General Mills had meanwhile been purchased by Litton Industries, which completed the contract and delivered the promised vessel, albeit thirteen months late.158 (Meanwhile Reynolds had almost completed Aluminaut, at a cost of $3.5 million; it would be commissioned in September.)159 The completed boat was twenty-two feet long with an eight-foot beam and displaced thirteen long tons. Design specifications called for a submerged range of twenty to twenty-five miles traveling at a normal speed of 2.5 knots, with a maximum of 6–8 knots. Its depth capacity was six thousand feet, not enough to reach the mid-ocean ridges, much less the abyssal plains, but enough to cover the continental shelves and upper slopes.160 In keeping with Vine’s long-standing concerns about visibility, there were four ports permitting the pilot and scientist to see in front of and below the vehicle. Its name would be deep-submergence research vessel (DSRV) Alvin. Why Alvin? It was a contraction of the name of the man who had long been waiting for it: Allyn Vine.161

        Alvin was immediately put to work. A memo to the file, dated June 15, 1965, articulated its first job:

        
          The DSRV Alvin will be utilized as a means of transportation to permit visual confirmation of the conditions of the Artemis modules and associated cables heretofore not possible. Additionally, modules that may be shielded due to their location behind a cliff or in a canyon will be noted. As a corollary to visual inspection, it is strongly desirable to retrieve a representative module from the 1963 implantment in order to have some means for prediction of the useful life of the field. Retrieval of the earlier modules (1961–1963) would provide additional data in regard to the effect of the undersea environment as related to the array.162

        

        This was the urgent work referred to in previous memos, the reason Alvin was needed “by 1963.” The first Artemis modules had been installed in the summer of 1960 near Plantagenet Bank, Bermuda. A few more had been added in 1961, and in the summer of 1963, the major installation had gone forward: 210 modules containing thirty-two hydrophones each.163 (Alvin had not been available for the 1963 installation, but it had proceeded anyway: the modules had been laid from a surface ship.) Initial results were good. In a meeting in September 1963, just three weeks after the completion of the installation, Berman reported that its success “affirmatively answers the question of the feasibility of large array installations in the ocean.”164 But how was it doing two years later? Apparently not so well. A “large number of modules have faults including some which have no useful output. In addition, apparent failures have occurred in some buoyancy spheres causing the respective modules to assume a horizontal position.”165 Program scientists knew which modules had failed, but they did not know why.166 Were they broken, entangled, or hidden behind geological or topographical obstructions? What was the condition of the functional hydrophones after up to four years in salt water? How much longer were they likely to last? Visual inspection, photography, and selective module retrieval would help to answer these questions.167

        Project scientists had also installed thermistors, inclinometers, and current meters to track environmental conditions that could affect sound transmission and array performance, but some of these were not working properly. In a 1963 memo discussing the problem, J. C. Munson of the Naval Ordnance Laboratory concluded that the temperature measurements needed to be independently verified; he proposed “mount[ing] a thermistor on Alvin [to] determine the temperature structure over as much of the array field as possible.”168 Alvin was finally available to do this.169

        Alvin would fulfill its obligations to the Artemis project in the summers of 1964 and 1965 and would undergo repairs and adjustments during the intervening winter. Then, in the summer of 1966, it would be available to undertake its first season of scientific work. But before that could happen, disaster struck again. On the night of January 22, 1966, William Rainnie received a call from officials at the ONR that he later optimistically recalled as “the suspenseful beginning of an episode that would bring international recognition to the Woods Hole Oceanographic Institution and Alvin, its small deep diving (6000 foot) research vessel.”170 At the time, however, the main emotion he felt was not suspense but horror. Rainnie learned on the telephone that the US Air Force had lost a hydrogen bomb.

      
      
        The Palomares Disaster

        While the US Navy maintained its readiness during the Cold War primarily through underwater listening, the US Air Force achieved readiness by maintaining aircraft in the skies. Instituted in 1961, the policy of “airborne alert” kept a portion of the Strategic Air Command aloft at all times to minimize vulnerability to a preemptive first strike.171 As part of this policy, and to ensure that planes were ready to reach distant targets at any time, the Air Force maintained a fleet of tanker planes capable of midair refueling. Under Operation Chrome Dome, planes routinely engaged in midair refueling one or more times during lengthy missions.172

        On January 17, 1966, routine turned to wreckage as an Air Force B-52 bomber carrying four one-megaton hydrogen bombs collided during midair refueling with a KC-135 tanker plane. The altitude was 30,500 feet, the location was southeast Spain, and the town below was the coastal village of Palomares. Seven men were killed: all four crew of the tanker and three of the seven on the B-52. The four bombs fell to Earth, along with the mostly intact hull of the tanker, the smashed fuselage of the B-52, and tons of debris and shrapnel. Miraculously, no one on land was hurt, and the bodies of the seven men were quickly recovered. But where were the bombs?

        One was found within a few hours of the accident, nearly undamaged, and two more were found the next day. The latter had scattered radioactive debris over a wide area but fortunately had not detonated their “physics packets.”173 The fourth bomb could not be found. At the end of the week, the US Air Force acknowledged that it was lost.

        Press coverage was extensive and for the Air Force humiliating. New York Times humorist Russell Baker offered advice on how to find a missing thermonuclear device: act nonchalant and the bomb—like a pair of lost pliers hiding themselves until they realize you don’t care—will surely turn up. The Air Force’s mistake was to act as if the bomb mattered; the Air Force should have said it had plenty more and that anybody who found it could keep it, and “within 12 hours of this announcement, the missing bomb would have turned up peering sheepishly out of some farmer’s haystack.”174 Herblock, the irreverent Washington Post cartoonist, drew a peasant on a burro being questioned by a stiff, saluting American officer: “Perdóneme. Ha usted visto un . . . Uh . . . H-bomb?”175 Europeans did not see the humor: the French newspaper Paris Jour published a map illustrating a worst-case scenario—a thousand-kilometer radius of devastation and contamination that covered all of Spain and Portugal, most of North Africa, and extended well into France.176

        The US military insisted in public that the bomb was safe, as its triggering mechanisms had not been activated and the chance of an unintended explosion was “essentially negligible.”177 As the Air Force put it, “In general, weapons are designed so that a positive event or sequence of events peculiar to its planned mode of delivery or attack must occur before a weapon will produce a significant nuclear yield.”178 This sequence would be initiated only on orders for an actual attack. It was stressed that “built-in safeguards had been perfected through years of extensive safety testing” and that the United States had never inadvertently detonated a nuclear device. That was the public position; in private Air Force officials were gravely concerned. After it was all over, the Air Force acknowledged that that the bomb could have detonated and called it “reassuring” that it had not.179

        Scientists from the Sandia National Laboratory, who had designed the ordnance system for the bombs, were recruited to determine where it might have landed. In addition to making calculations based on the weapon’s shape, location at the time of the accident, and prevailing wind directions, they also interviewed eyewitnesses. One Spanish fisherman regretted that he had been unable to save the airman he had seen go down in the Mediterranean, and this proved a critical piece of intelligence: an aerodynamics expert realized that what the fisherman had seen was not an airman, but the bomb, still attached to its parachute, which was designed to deploy in an accident just like this. The bomb was somewhere in the Mediterranean Sea. The US ambassador to Spain took a swim to reassure the public there was no risk, but his bravado had little impact. The bomb had to be found. As one report put it, recovery was “mandatory.”180 And the military had an additional problem: the bomb belonged to the Air Force, but marine salvage belonged to the Navy.181

        The recovery operation would be enormous, involving thirty-four vessels and more than 3,400 military and civilian personnel.182 The Mizar was again recruited for underwater photography, along with three submersibles, Cubmarine—a shallow submersible built by the Perry Corporation—Aluminaut, now fully functional, and Alvin. Seven days after the Navy request for help, Alvin was air lifted from Otis Air Force Base to Rota, Spain, with a crew of three pilots—William Rainnie, Marvin McCamis (1923–2004), and Valentine Wilson (1924–2001)—and a scientific staff of eight headed by Earl Hays.183

        The operation was long and arduous. The bulk of the effort was concentrated on sonar scans, but these proved difficult to interpret. The bottom topography was extremely rough, with steep cliffs and numerous narrow submarine canyons that generated abundant reflections and reverberations. Again, the operators were stymied by inexperience: no one knew what the sonar signal of an H-bomb on the ocean floor would look like. The Navy also mobilized an underwater sonar system: Westinghouse’s Ocean Bottom Scanning Sonar (OBSS), a towed vehicle that in principle could operate down to thirteen thousand feet but in practice proved ineffective because the sonar signals could not be positively identified and the rough bottom topography and inaccurate bathymetric charts led to collisions that damaged the instrument package.184

        When sonar targets were identified, the Navy followed up with visual inspection. In shallow waters, divers were sent to investigate, but navigational uncertainties meant it was often difficult for the divers to find the specified targets. They did find all kinds of shrapnel and debris, including a urinal from the KC-135, but no bomb. Cubmarine successfully identified eighteen pieces of aircraft debris, but it was limited to six hundred feet. Mizar’s towed-camera system could in principle be used at any depth, but like OBSS it was unable to maintain a constant height above the rough bottom and suffered several collisions.185 This left Alvin and Aluminaut. Both had depth capacities more than adequate to cover the search area. Although the water depth involved was not as great as in the Thresher search, the submarine topography was far more treacherous. Yet the very difficulty of the terrain made it suitable for Alvin, which could go deep and maneuver through small spaces.

        Alvin made its first dive in February and from then on maintained a grueling schedule of dives nearly every day, with each day lasting ten to twelve hours.186 Aluminaut dove nearly as often. On one occasion Aluminaut hit bottom in an area where charts claimed a greater depth; the pilot was forced to slide along the bottom until reaching a water depth appropriate for the ballast he was carrying. Even then, the sub wouldn’t move. The near-panicked crew shook it free by running back and forth in the cabin. Later, they found that gobs of mud had stuck to the sub’s bottom, weighing it down nearly permanently.

        While Alvin and Aluminaut pilots searched their assigned areas, Mizar did the same with its underwater camera system. Some photographs revealed tracks on the seafloor—probably mostly from bottom dwellers—leading the Alvin team to wonder whether the bomb had left a track, too. On March 1, Alvin divers saw a furrow that they believed could have been caused by the bomb sliding down hill. They attempted to follow it, but lost the track and had to resurface before they could find it again. Ten days passed in which they searched fruitlessly, then were reassigned to a new area. The pilots protested, expressing their frustration in letters home to Paul Fye. “The admiral here is no great shakes,” Earl Hays wrote, “sort of a scream and holler man. I think we have convinced him that we are reasonable people, and are interested in doing all we can, but that we are not in the Navy and not likely to be.”187

        On March 12, the Alvin team was given permission to return to the area where the track was first observed. On March 13 they found it again but were unable to follow it to its end before running out of battery power. March 14 saw seas too rough to dive. Finally, on March 15, two months after the accident, they found the track for a third time. Now they followed it backward downslope, keeping the track in clear view through the bow ports and the propeller clear of the sloping bottom. It worked: they could see the bomb’s parachute and part of its fin. The Navy designated the object “contact #261.”

        The water depth was 2,550 feet, the bottom slope was 70º, and the site was very near cliffs that plunged more than one thousand feet. A misstep could send the bomb over the cliffs, perhaps permanently. Alvin’s vaunted maneuverability would be put to the test. Aluminaut was sent down to hold the position while Alvin resurfaced, and Mizar’s precise navigational system was used to determine the exact coordinates.188 A buoy was placed at the surface three hundred yards away.

        Alvin was not strong enough to retrieve the heavy weapon, so a plan was developed to attach a hook and cable and pull the bomb up from a surface ship. On March 24, Alvin successfully managed to hook up to the weapon only to have it slip away, slide farther down slope, and become lost again. Meanwhile the Air Force had been tracking the headlines and their tone was increasingly critical. “‘Safe’ A-bomb missing in Spain Plane Crash,” had given way to “Forty Days and Still No Bomb: US Leaders Silent,” “US May Never Find Lost Bomb,” and “Sun of Death Nearly Sets Coast Ablaze.”189 The New York Times ran the headline, “H-Bomb Searchers Fail Again.”190 The Soviets accused the United States of violating the Limited Test Ban Treaty on the grounds that its intent was to prevent contamination of the oceans and atmosphere. International pressure was mounting to allow the United Nations or the International Atomic Energy Commission to participate in the search.191

        An admiral would later describe the next nine days as “agonizing,” as Alvin and Aluminaut searched and re-searched.192 Finally, on April 2, Alvin found the bomb again, 120 yards down slope and three hundred feet deeper than before. Three attempts to attach cables to the weapon failed.193 In one attempt, the bomb was pulled about three hundred feet, but when pilot Valentine Wilson followed it, Alvin was nearly entangled in the billowing parachute.194 Had that happened, there would have been no means to get the crew out.

        The bomb was sitting in soft mud at the edge of a deep ravine; the situation was very tense. At this point, the Navy made a decision to stop further manned dives and attempt the recovery with a cable-controlled underwater vehicle (CURV), a towed device designed to recover test torpedoes at depths to two thousand feet. Over the previous weeks, CURV had been hurriedly modified to reach three thousand feet and its claw enlarged to fit the diameter of the missing bomb. On April 4, CURV was lowered into the water and successfully attached the first of three nylon cables to the parachute. A second cable was also successfully attached, but in the process of connecting the third one, CURV became entangled in the bomb’s parachute. It was unclear whether the cables could stand the weight of both objects, but the only option was to try to haul them up together. At 7:40 a.m., April 7, the bomb and CURV appeared at the water’s surface.195 Scuba divers immediately plunged in to wrap wire straps around the bomb for hoisting onto the deck of the waiting Navy ship, the USS Petrel (fig. 6.9). Security was extremely tight. Few people had ever actually seen a hydrogen bomb.196
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          Figure 6.9 The US military official photograph of the recovered H-bomb.

          From Place et al., Palomares Summary Report, 1975.

        
        Eighty days and hundreds of press releases after the accident, the bomb had been retrieved six miles off the Spanish coast from a depth of 2,850 feet. The total cost of the operation was $10 million, of which $1 million, paid by the ONR, covered the efforts of Alvin and Mizar.197 According to the Navy summary report issued a year to the date of the recovery, the Palomares operation was “the largest concentrated underwater search in history”—a “milestone in oceanic history.”198 It was the first time a large object had been salvaged from the deep sea. Alvin returned to the States to do the work in Bermuda “interrupted by the higher priority mission in Spain.”199

        The retrieval was highly publicized. Returning again to the trope of the Little Engine That Could, “Little Alvin and the Bomb” presented the story of the “little sub that could.”200 While Woods Hole and Litton had an obvious self-interest in promoting Alvin’s role, the Navy agreed that Alvin was one of “the most valuable units” of the task force.201 While CURV had pulled the bomb up, Alvin had found it. Moreover, it was the Alvin pilots who realized that the bomb might have left a track in the mud, putting the operation on its eventual road to success. In Swanson’s words: “The weapon was actually found as the result of deduction by operational personnel (the crew of Alvin) that it might have slid down a slope and left a track.”202

        The successful retrieval of the hydrogen bomb changed the way the Navy felt about lost objects. There were many objects lost in the deep seas and previously presumed beyond recovery, but they created little anxiety, because if the United States couldn’t recover a lost object, then neither could the Soviets. Now the possibility of recovery had been transformed into the necessity of it. As the Navy summary report on the operation put it, the “historical security of the deep seas has been . . . radically breached.” The success of the Palomares operation “has now generated a requirement for an equally favorable outcome in any subsequent similar situation.”203

      
      
        Working beyond the Mission Profile

        Alvin had clearly paid back the Navy investment; now it was time to do some science. In the summer of 1966, Alvin finally began to do what had long been planned. After completing further Artemis inspections in July, Alvin undertook a series of seven scientific dives. Most involved working out the system, but on July 18, 1966, “Alvin [completed] the first truly scientific dive to a depth of greater than 100 feet.”204 Now the pace of scientific work began to accelerate. Woods Hole marine geologist K. O. “Ken” Emery (1914–1998) began a series of investigations of submarine canyons off the US Atlantic coast. Marine biologists began the long-promised study of mid-depth marine fauna related to the scattering layer, and in 1967, Emery and colleagues found evidence of human habitation on the floor of the Chesapeake Bay in an area that they could now prove had been exposed during Pleistocene low-sea-level stands eight thousand to ten thousand years earlier.205

        Still, the overall scientific return by the end of 1967—the period for which the ONR had promised funding—was modest. The summer diving season was short, and Alvin was busy with military projects for much of it. Each set of dives led to another set of repairs and modifications, and scheduling priorities always put Navy work first. As Fye put it in the summer of 1966, Alvin would work in Bermuda inspecting “underwater structures” and then, “time and schedules permitting, certain Woods Hole investigators will join the expedition for [scientific] dives.”206 In the first three years, time and schedules did not permit very much. But scientists at Woods Hole were not exactly beating down the doors to use Alvin, because, in fact, few scientists at Woods Hole saw how it could be of use. In retrospect, we might imagine that everyone would have wanted to use Alvin, but this was not the case. Many scientists simply did not see how to use it in their research programs.

        As we have seen, there had long been a question about how scientifically useful Alvin really was. In the early months of 1962, when negotiations over Aluminaut’s construction were unraveling, the staff had addressed the question of what science might be done on the vessel, assuming it became operational. About “a dozen” Woods Hole staff members had had input into Vine’s original proposal for Aluminaut and Vine felt it was now “time to: a) see if any additional people wish to use Aluminaut or if there are new kinds of experiments. b) discuss scientific programs sufficiently to insure the planned instruments are adequate. c) be sure those who want to can help decide the requirements and design of specific instruments.”207 Vine prepared a questionnaire entitled “Desired Work on Aluminaut,” which was sent to the entire Woods Hole staff. Their replies were not preserved in the director’s files, but the types of questions posed speak to the undeveloped quality of scientific thinking about deep submergence. The first question: “What are you most interested in finding out or doing?”208

        The open-endedness of Vine’s questionnaire could be viewed as a virtue—in principle, any kind of scientific work could be done—but it also reflected a lack of attention to the purported scientific goals of the deep-submergence project. Both Vine and Fye’s files contain reams of discussions about programs costs and timetables, metallurgical specifications, and military applications, but conspicuously missing is any sustained discussion of the scientific work that might be done.209 In fact, there is scant discussion of science at all. No wonder the staff were skeptical that Alvin would do scientific work; science was nearly absent from its planning.

        When Paul Fye defended himself to his staff in his 1961 winter of discontent (chapter 3), one of the specific charges he addressed was that “the Scientific Policy Committee unanimously voted against the Aluminaut and that I, in turn . . . went ahead with it anyway.” Fye allowed that it was “true that this group of senior staff members met several times to consider this project [and] invited the key designer, Dr. Edward Wenk, to Woods Hole to discuss it,” but he insisted that, despite their reservations, “after very careful consideration [they] did vote to go ahead with the project.”210 Fye also claimed that “about 15 of our own scientists had developed a program and scientific need for the craft which would keep it busy for one to two years.” But in the copious documentary record of the Aluminaut-Alvin program, there is not a single document to support this claim or even one like it. So far as the historical record shows, a scientific program had never been developed in the planning for Aluminaut. In any case, the very fact that the charge was made and seemed plausible to Woods Hole staff—and that the scientific policy committee was against Aluminaut—is evidence enough. The military value of a deep-submergence vessel was never seriously challenged, but its scientific value was doubted more than once.

        Vine’s career was built on the development of vessels, instruments, and equipment, so his scant attention to scientific questions is not surprising. Moreover, in the early stages of the project detailed discussion of science was not required, and as Louis Reynolds noted, too much science might have scared the Navy away. What is surprising is the almost complete lack of correspondence from Woods Hole scientists to Vine, since any scientist aspiring to use the new vessel would have had to solicit his support.

        The lack of such correspondence suggests that few, if any, scientists expected Aluminaut or Alvin to be used for science. It is also consistent with the accusation of many Woods Hole scientists that Fye simply wasn’t interested in science (chapter 3). The Woods Hole trustees had recruited him because of his Navy affiliations, which they hoped would enable him to strengthen and expand the institution’s financial base, and he ultimately earned the respect of his staff—and survived the Palace Revolt—to become Woods Hole’s longest-serving director. But he was not a person to whom his scientists looked for intellectual guidance and inspiration. His staff did not come to him to vet ideas. Nevertheless, we might still expect to see evidence that they tried, at least on pragmatic grounds, to gain his support for their projects. But the files are silent on this account. As far as the records show, there simply wasn’t much discussion of the scientific purposes of the deep-submergence vessel in its early years. Alvin was proposed by men who had built their careers applying technical knowledge to military missions. Science, they assumed, would follow—as it had with magnetometry, seismic refraction, and bathymetry—but they didn’t think deeply about what kind of science would follow, how it would follow, or what would happen if it failed to follow.

        Once Alvin was operational and became known to the larger scientific community, however, Fye began to receive inquiries from scientists eager to use it for their research. Interestingly, most of these were from outside Woods Hole. Now there was a new obstacle: cost. If scientists wanted to use Alvin, they had to find the money to pay for it, and Alvin was very expensive. One interesting request came from Canadian marine biologist Frederick Aldrich (1927–1991), a professor at St. John’s University in Newfoundland. Aldrich proposed an investigation of the enigmatic giant squid—one of the very ideas Vine had mentioned in his 1960 report proposing the Aluminaut program. The giant squid is the largest known marine invertebrate—made famous a century before by Jules Verne—but it was very poorly known scientifically.211 Aldrich included a startling photograph of the giant beast, which could not have failed to capture Fye’s attention (fig. 6.10). Fye replied to Aldrich, but his answer was negative. He explained, regretfully, that Alvin was booked for the entire first year for work near Bermuda and requests had already begun to pile up for the following year. But more to the point was money. Fye did not doubt the merits of Aldrich’s project; there simply were no funds to pay for it. He explained:

        
          [Besides scheduling] another problem which we would face in using Alvin for your work in observing giant squid is that of funding for her. All of her operations to date have been paid for from the contract which provided funds for her construction. At some future date she will of course become just another research vehicle of the institution and each of the research projects for which she is used would pay for their fair share of the operating costs of that year. . . . I hope I have not sounded too discouraging. I did want you to know the facts of the situation as we see it now and not have your hopes set too highly.212

        

        
          [image: ]

          Figure 6.10 Image of giant squid found at Ranheim in Trondheim, October 2, 1954.

          Courtesy of the NTNU University Museum of Natural History and Archaeology in accordance with their open-access policies.

        
        In his original proposal, Vine had emphasized that “any deep submersible should be available to all oceanographers who want to use the device for worthwhile programs in the same manner that Atlantis has been used by both WHOI and non-WHOI oceanographers.”213 That was an admirable aspiration, but it was not realized, at least not in Alvin’s first decade and not while Alvin was funded by the US Navy. It would be some time before Alvin became just another research vessel, in part because its potential uses were extremely specialized and in part because operating costs were higher than the already-high costs of ordinary research vessels.214 Despite all the explicit promises and implicit expectations, there was no provision for basic scientific research, and there never had been. It would take a great deal of work to create that provision, and it would not come from the Navy. It would come from civilian funding agencies, and then the history of Alvin would be rewritten as if it had been intended to do basic research all along.
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        Painting Projects White: The Discovery of Deep-Sea Hydrothermal Vents

      
      While Woods Hole was building Alvin, the laboratory that began life as the University of California Division of War Research (UCDWR) was taking a different approach to studying the deep sea, focusing on remotely operated vessels. After the war, UCDWR had moved to Scripps, where it had grown and prospered as its Marine Physical Laboratory (MPL) under the direction of physicist Fred Spiess.1 With extensive funding from the ONR, the Bureau of Ships, and the Bureau of Naval Weapons, MPL scientists had developed a sophisticated instrument named Deep Tow, short for “deeply towed sounding system.” As its name indicated, this device—really a package of devices—could be towed behind a surface ship on a long tether that enabled it to sail close to the seafloor to collect topographical, magnetic, and seismic data.2 But like Alvin, it was not developed to satisfy scientific curiosity. In fact, even more so than Alvin, it was tied to a specific Navy program: an antisubmarine missile system, Subroc.

      Imagine a missile launched from a submarine into the atmosphere to reenter the ocean at some distance away. It could travel much faster and farther than a torpedo and potentially devastate an unsuspecting target. The Navy called the idea Subroc—for submerged, launched rocket. But just as intercontinental ballistic missiles could be effective only if submariners had very precise control of the launching site, submerged launched rockets could be effective only if submariners knew exactly the position of the target—for which they needed very precise sonar information. Because sound waves from distant targets are bounced off the seafloor at angles that depend on bottom topography, they would also require accurate and detailed information on that topography—more accurate than could be obtained by narrow-beam echo sounding from a surface ship. As Spiess explained in a summary report to the ONR, “Our broad objective is determination of the ways in which sound interacts with the seafloor and the description of the sea floor in terms relevant to these interactions.” As usual, a broad objective framed a specific problem: “Motivation came initially from studies of use of bottom reflected paths for fire control purposes.”3 In other words, Subroc.

      Deep Tow was initially funded by of the Bureau of Naval Weapons, but it also functioned through the ONR’s general support of MPL. Like Woods Hole, Scripps had broad-ranging ONR contracts supporting mission-relevant research. One of these was Nonr-2216, which began in 1958 under the title “Marine Physics.”4 Nonr-2216 was MPL’s equivalent to Woods Hole’s “basic task” contract, providing roughly half of the laboratory’s annual operating budget and supporting “all phases of research at MPL . . . as they apply to the solution of Navy problems in the ocean, or in the ocean-air or ocean-earth interfaces.”5 This included underwater acoustics and communications, geomagnetics, gravity measurement, seismic profiling, signal processing, and “solutions to problems involving underwater structures and cabling from underwater sensors to shore or ship based processing stations”—in other words, SOSUS. As the scientists’ annual report for 1965 put it, “All elements of the effort at MPL is [sic] aimed toward the direct solution of problems peculiar to the Navy.”6

      A particularly peculiar problem involved the seafloor. MPL had been involved in work on the physical properties of the seafloor since its early days as the UCDWR, primarily for its relevance to underwater sound propagation. This continued after the war with funding from the Bureau of Ships, and later from the ONR. A major motivation for this work had been the recognition of sonar bearing errors due to bottom slope.7 By the mid-1960s, the emphasis had shifted from broad surveys to “detailed examination of particular important areas,” arising “from such incidents as [the] THRESHER and H-bomb searches.”8 In 1965 Deep Tow was “substantially accelerated” by funding from the Deep Submergence Systems Project.9 Spiess would later say that Deep Tow was a system designed “to search for things on the sea floor” (and he did not mean fish), but this was not entirely true: it was a system designed to study the seafloor, and later that would include things lost on it.10 Later still, it would include basic science.

      In 1967, graduate student Tanya Atwater (b. 1942) and her adviser, Scripps assistant professor John Mudie (b. 1938), used Deep Tow to produce the first detailed topographic map of a spreading center: the Gorda Rift at 41ºN off the California coast.11 (Their work was published as the lead article in Science in February 1968, making Atwater possibly the best-known graduate student in the United States at the time.) Interinstitutional rivalry led Woods Hole scientists to envisage dives to the Mid-Atlantic Ridge in Alvin.12 In March 1968, J. D. Phillips (b. 1938), a Woods Hole geophysicist, wrote to colleagues suggesting that Alvin could be used to surpass Atwater’s work.13 There was a snag, however: the Navy would not necessarily pay for it.14

      When Paul Fye had defended himself against the “Palace Revolt” by insisting on his commitment to basic science (chapter 3), the top two scientific topics in which he claimed to be interested were the origins of ocean basins and the stability of features of the crust.15 These subjects had now come to the fore. But Phillips was right about the snag: there was no money to pay for it. The ONR was not prepared to pay for a scientific study of the Mid-Atlantic Ridge, and Woods Hole had no others funds to cover Alvin’s activities. In fact, the increase in scientific activity that Alvin enjoyed in 1967–1968 coincided with signals that the ONR might not be prepared to continue funding Alvin at all.16 The three-year initial commitment had been fulfilled, and there was talk of the Navy buying its own submersibles. In 1963, the company Hahn and Clay, subcontractors to General Mills, had built two six-foot-diameter steel spheres, one of which became Alvin. The other, plus a third, would soon become the Navy submersibles Sea Cliff and Turtle.17

      Alvin’s success at Palomares had actually worsened its prospects, because the Navy concluded from the episode that submersible technology was too important to leave in civilian hands. As Admiral Swanson noted, a historic milestone the first time around would be an operational requirement the next, and so a principal recommendation of his 1967 report, “Lessons and Implications for the Navy,” was that the DSSP accelerate its efforts to procure its own salvage technology capable of operating down to twenty thousand feet.18 Moreover, the emphasis should be on remotely operated vehicles, because of “an order of magnitude increase of bottom time and immunity from concern over operator safety.”19 (This was a reference to the Palomares rescue, which had coming alarmingly close to disaster with the near loss of Alvin and the men in it.20 ) Moreover, if the Navy ever found itself in need of a crewed submersible, there were several available in the private sector.21

      Indeed, in just a few years the world of deep submergence had been transformed. General Dynamics had finally completed Aluminaut, along with a set of shallow-diving submersibles, including Star I, launched in 1964 with a depth capacity of 200 feet, Asherah, built in 1964 for the University of Pennsylvania for archeological investigations down to 600 feet, and Star II and III, launched in 1966 with depth capacities of 1,200 and 2,000 feet, respectively.22 These were not direct competitors with Alvin, but Westinghouse had completed Deep Star, a saucer-shaped vehicle modeled after Cousteau’s Soucoupe with a depth capacity of 12,000 feet.23 The Lockheed Missile and Space Company had produced Deep Quest, which in February 1968 set a record for a true submarine (no external float) with a dive to 8,310 feet.24 Lockheed had also been commissioned by the DSSP to produce DSRV-1, which could attach to the hatch of a sunken submarine to provide deep-sea rescue capability; this was due to come on line in 1970.25 Other private contractors, including Grumman Aerospace, North American Rockwell, Union Carbide, and General Oceanographics had submersibles either on board or on the drawing board.26 And then there was the Perry Cubmarine, which had not found the H-bomb but had worked efficaciously at Palomares.

      According to an article in Product Engineering in March 1966, there were fifty-seven submersibles worldwide, the majority built by American contractors, and at least ten of which had depth capacities over ten thousand feet.27 Moreover, in 1968, the Navy commissioned Dolphin, a diesel-electric research submarine capable of operating at depths of four thousand feet.28 Alvin was no longer special; it was just one vessel among many. If naval needs were intermittent, it might be better and cheaper to subcontract as they arose.29 If they were continuous, then the Navy would be better off with submersibles of its own. Either way, Alvin had become neither unique nor essential. Fye’s suggestion to the ONR that they provide a block grant for Alvin flew in the face of this reality. Not surprisingly, the ONR rejected it.30

      While the Navy looked to distance itself from Alvin, the National Science Foundation (NSF) resisted taking it on. The foundation had many other projects in need of support, and funding Alvin would have consumed a significant fraction of the entire ocean sciences budget. The NSF did support ship costs, but program officers felt that their highest priority was to fund projects that the Navy did not fund, and Alvin was the Navy’s baby.31 Moreover, the ONR was cutting back all around, so many oceanographers were looking to the NSF, including Fred Spiess and the Deep Tow group. In a memo to Scripps director William Nierenberg, Spiess explained: “Basic ONR and DSSP interest [in Deep Tow] still remains high, but the latter group is strongly hardware oriented and the former is operating under tight budget restrictions.”32 He suggested that NSF block grants help cover the costs of ship time associated with Deep Tow.

      Funding was not Alvin’s only problem. Since the early 1960s, the Navy had been under pressure from Secretary of Defense Robert McNamara to reorganize and reform. This led to the 1966 reorganization of Navy bureaus into system commands, with a heightened sensitivity to who was responsible for what; Alvin did not fit clearly into any command.33 Worse still, Alvin’s troubles rested against a backdrop of increasingly sharp questions about military funding of (ostensibly) civilian research. On university campuses across the country, students and faculty were challenging US involvement in Vietnam and questioning the military presence on campus, both in the laboratory through funding of scientific research and in the classroom through Reserve Officers’ Training Corps programs (chapter 5).34

      Perhaps for these reasons—or because the strong ties forged during World War II between military officers and civilian scientists had by this point weakened—the Navy was turning away from the academic community and toward program officers and for-profit consultants.35 How these larger events contributed to funding pressures at the ONR is beyond the scope of this chapter (or this book); what we know is that by 1968 tensions over the costs of operating Alvin were escalating. William Rainnie wrote numerous letters and memos to ONR officials over matters such as who paid for downtime and transit time. Alvin was frequently traveling to Bermuda to help with tests of underwater vehicles and weapons systems at a facility known as the Atlantic Undersea Test and Evaluation Center (AUTEC), and Rainnie suggested that the Navy pay for the travel time.36 But AUTEC officials felt that since Alvin was funded by the ONR, the costs were already covered. Rainnie complained to Fye that they needed to “seriously try to conclude an equitable agreement with AUTEC for near future survival and that we press ONR hard to supply the ultimate answer.”37

      Rainnie also felt pressed to reconcile AUTEC demands with the augmented scientific aspirations of Woods Hole staff. He had an optimistic opinion of ONR willingness to support basic scientific research, but increasingly events were not in not accord with that view. “There are strong indications that ONR prefers our course of independent scientific exploration,” Rainnie claimed, “but CNR [Chief of Naval Research] has to be prodded into putting his money where his mouth is.”38 The CNR was prodded, but not as Rainnie had hoped. In a letter to the chief of naval operations, copied to Fye, he reminded all parties of the terms of the program: “The deep submersible Alvin is owned by the Navy and operated by the Woods Hole Oceanographic Institution under contract to the Office of Naval Research. The mission objectives are to conduct deep ocean research in support of the Navy’s goals and operate within the mission profile.”39 But what was “the mission profile,” and who defined it? These questions had been raised at Scripps in the 1930s and at Woods Hole in the late 1950s and early 1960s. They now arose again as scientists fought to use Alvin for basic scientific investigations.

      
        Working beyond the Mission Profile

        The question of the mission profile—and who defined it—came to a head in late June with a request from the US Navy Underwater Sound Laboratory for Alvin to spend six weeks on an urgent project near the Azores.40 While the unclassified letters did not specify the mission, the timing and location reveal that it was the search for another lost submarine, Scorpion.

        The Scorpion disaster was less publicized than Thresher, but in some ways substantially worse. The latter had gone down at a known time and place, accompanied by an escort who heard the crew’s last communications. The Scorpion had disappeared without a trace. Officials only realized the boat was lost when it failed to return to port on May 27; it had last been heard one week earlier, south of the Azores and on track for home. Ninety-nine men were missing, presumed dead, and the Navy had no idea where they were. Acoustic signals—possibly associated with the sub’s implosion—enabled the Navy to narrow the search to a twenty-mile radius, but finding it was still going to be a very hard job.

        Alvin’s summer schedule had already been set, including a number of scientific projects that had been waiting for some time, and the Azores work would take weeks or longer. After considerable soul searching, Fye decided to decline the request. In response, the lab dramatically increased the amount they were willing to pay—from $30,000 to $150,000—and the ONR instructed Fye to accept the money and do the job. Perhaps scarred from the Palace Revolt, or perhaps feeling that the ONR was pushing too hard, Fye held firm. After all, he was not an officer, and this was his decision to make. Trying to be diplomatic, he summarized his position this way: “Woods Hole is desirous to be responsive to the needs of Navy laboratories but must do this in harmony with the scientific commitments.”41

        On July 3, Fye telephoned ONR Captain Van Ness to see if the Navy work could perhaps be delayed until the following year. It was clear that the ship was lost—this would be a salvage mission, not a rescue—so time was not of the essence. Moreover, Fye argued, the Navy’s inflexible attitude was undermining scientific support for the deep-submergence program, support that he had worked hard to build. “We have been slowly building the support of scientists in the Alvin program and concept—[the] proposed operation (USL) THIS YEAR could well destroy the confidence & support & hence the potential utility of the DSRV as a research tool.”42 Van Ness was unmoved and insisted the work be done right away.43 Fye finally agreed on the condition that any scientist who felt he could make use of the trip be allowed to come along. (Although the issue did not come up, it could only have been a “he,” because the Navy would not permit women to participate.)44 Sedimentologist Charles Hollister took up the offer (on Hollister, see chapter 8).

        The constraints on Alvin were undeniable. Alvin operated, as the chief of naval research crisply put it, “within the mission profile.” Priority went to tasks requested by the Navy and scheduled research projects would be pushed aside when Navy needs dictated, and because the diving season was short, it was easy for military demands to push science off the schedule entirely. Those who thought otherwise had reality placed before them. “Independent scientific exploration” could take place as time and money permitted, but it was clear that time rarely permitted and money never did: there was no money earmarked for science. Despite what anyone said or hoped, Alvin had not been built to do basic research, and—except insofar as vehicle development was considered research—research was not what the ONR had undertaken to finance.

        None of this was unreasonable from the Navy perspective: the ONR had supported Alvin to satisfy Navy needs. There was never any promise of funding for science. Like Deep Tow at MPL, Alvin was developed with the aim of solving “problems peculiar to the Navy.”45 In contrast, Fye wanted Alvin to be available for scientific purposes, and it was certainly implied in many exchanges that it would be. Recall when Rear Admiral Stephan noted that a deep-submergence vessel “should be conceived against its probable background usefulness in . . . science and engineering.”46 Alvin’s designation—DSRV—implied that its purpose was research, and the 1962 call for bids invited designs for a “Research Submarine.”47 The numerous press releases describing Alvin as a vehicle developed for “military and scientific purposes” also implied that it would be a dual-use vehicle, with distinct and independent scientific purposes. ONR officials were apparently comfortable with this implication; there is no evidence that the ONR ever attempted to disabuse anyone of the idea that Alvin would be a research vessel, serving research goals. But as we have seen, whether that was an accurate characterization depended on how one interpreted the word research.

        Among both scientists and historians it has been widely accepted that, in its early years, the ONR effectively functioned as “the federal government’s only general science agency.”48 And in the 1950s that may have been true. By the 1960s, however, the federal government had a defined general scientific research agency—the NSF—yet ONR officials still continued to insist that they supported both basic and applied research and that the creation of NSF had not made them obsolete. The chatter around Alvin was consistent with this. An example is the ONR’s 1961 press release in which it noted that “the interest of the Navy” in deep submergence “embraces both oceanography and the obvious implications for submarine developments of the future.”49 At Alvin’s commissioning, Admiral James Wakelin Jr., assistant secretary of the Navy for research and development, expressed his pleasure at being present as they commissioned “this important research submarine into the service of science” and his hope that Alvin would have a major impact on “scientific research, particularly basic research important to the national interests.”50

        Woods Hole and ONR press releases used the language of parallel paths: military and scientific purposes, submarine developments and oceanography, applied and basic science. These related but distinct activities would coexist and thrive in symbiosis. While the Navy and Woods Hole might interpret the word research differently, the generally understood implication was scarcely disputable: research was different from operations.51 But therein lay the rub. To a ship commander, Artemis was research, because it was not operational.52 For some physicists and acoustic engineers, it was research, too. When the first Artemis installations were put in place in 1963, project director Alan Berman reminded his team that this was not (yet) an operational system: “Those among you who have been keeping score will observe that we may be as much as 20 dB below what would be required for an operational Artemis system. You would, of course, be correct. What we possess is research equipment.”53 Until the system worked, work on it was (in his view) research.

        If Woods Hole scientists were disappointed that what they considered research was getting short shrift, they had in part their own colleagues to blame. Allyn Vine often (and perhaps deliberately) blurred the distinction between oceanographic and operational research, as when he insisted at the Alvin bidders’ conference that the vessel had to be ready by the summer of 1963 for “research projects.” By this he meant the Artemis module inspections. Was he being disingenuous, or was he using “research” as a cover story? Perhaps, but most likely not. Vine understood that Artemis was still under development; his notion of research overlapped with Berman and others who were developing new techniques, new instruments, and expanded capabilities. To them, this was research, because it was not operational. In any case, Artemis was classified, so Vine could not discuss it. Research was sometimes at least in part a cover story.

        For most Woods Hole scientists, however, research was emphatically not Artemis. Research, as William Rainnie put it, was “independent scientific exploration,” work in which scientists chose the methods of investigation and the time and place of study. It was what Henry Stommel had stood up for in the Palace Revolt: science driven by the desire to understand a portion of the world. It was science driven by curiosity rather than by a mission—military or otherwise. It was science in which the choice of topics was determined by scientists not bureaucrats, individuals not bureaus. Such research might turn out to be useful, but utility was not its motivation.

        From this perspective, what would be the point of Woods Hole’s involvement with Alvin if there were no promise of independent science? Woods Hole would become just another government laboratory—as Stommel, Joanne Malkus, and their partners in the Palace Revolt had feared and Ray Siever had concluded Woods Hole already was. If the Navy had not made an explicit promise, there had certainly been an implicit promise that Alvin would do science, at least in the context of “background usefulness.” But that was not happening. This highlighted a second rub: if the vessel lost its foreground usefulness, then the Navy’s justification for supporting it was also lost. Alvin was (metaphorically) sunk either way.

        If time and money had been available, the summer of 1968 would have been the perfect time to visit the mid-ocean ridges. With the theory of plate tectonics crystallizing around the idea of plate motions as rotations on a sphere, 1968 was arguably the single most exciting year in the history of earth science. With attention focused on mid-ocean ridges as divergent plate boundaries, Woods Hole was perhaps the best-placed institution in the world to answer the question of how seafloor spreading really worked. But at the end of the 1968 diving season, Alvin (literally) sunk. While being launched on a dive, the cables connecting it to the mother ship broke and the vessel spun out of control. Fortunately, the pilot and two passengers were able to escape, but the vessel landed on the seafloor at 5,198 feet, where it sat until the following diving season, when it was salvaged and returned to Woods Hole for repairs.54

        The accident brought the funding crisis into sharp relief. The salvage operation was difficult and costly, and repairs would be, too. Moreover, scientists recognized that to answer big questions about plate tectonics, they needed to reach the seafloor, and for the Mid-Atlantic Ridge this meant a depth capacity approaching ten thousand feet. Talk of retrofitting with a titanium-alloy hull to accommodate such depths inevitably led to the question of who would pay for it.

        In an interview in 2001, Robert Frosch suggested that, with the exception of rescue and salvage capability, the Navy had never been especially interested in very deep submergence for the simple reason that there was no fighting down there.55 This issue had come up over Project Glaucus—a joint Naval Electronics Laboratory and Bureau of Ships effort to create an experimental submarine, Dolphin, commissioned in 1968 and capable of diving to four thousand feet. From the Navy perspective, this was very deep diving, and there was a fair difference of opinion over its value. “Most people accepted the value of deep submergence for “evasion of ASW attacks,” a 1963 NEL report noted, “[but] the possible advantages of deep submergence for offensive actions is more controversial. It can be argued that almost all of its potential targets today would be at a shallower depth or on the surface, and present methods would require it to come to shallow depths for an attack. . . . However, deep diving submarines in possession of the enemy could swiftly alter this outlook.”56 If the Soviets were developing deep-attack capability, however, there was no evidence of it.

        Fye may not have been a great scientist, but he was astute enough to realize that a historic scientific opportunity was about to slip through his institution’s fingers, and to his credit, he spent the next twenty-four months trying to establish a system for financing and operating Alvin. At one point he pinned his hopes on the Defense Advanced Research Projects Agency (DARPA), which operated AUTEC and whose program directors were prepared to come forward with some funds. But meanwhile the ONR was cutting back. In 1971, the ONR cut Alvin’s projected budget for fiscal year 1972 by a third. Somehow Fye persuaded the ONR of the value of the retrofit, which went forward that year, funded by the ONR, NSF, and the US National Oceanographic and Atmospheric Administration (NOAA).57 But in his report for 1973, William Rainnie noted that “one of the major problems facing the section this year was finding adequate support in the face of reduced federal budgets for submersibles.”58 At the end of the year, the retrofitted Alvin had a depth capacity of twelve thousand feet and the prospect of no budget with which to use it.59

      
      
        The FAMOUS Expedition

        The idea of exploring the mid-ocean ridges with submersibles had also occurred to French geophysicist Xavier Le Pichon (b. 1937), who had recently returned to France from Lamont, where together with colleagues Jack Oliver, Lynn Sykes, and Bryan Isacks he had helped put together (at the eleventh hour) the global picture of plate tectonics.60 The new theory made mid-ocean ridges the center of seafloor spreading (chapters 4 and 5), but there was still considerable uncertainty about what exactly was happening there.

        Geologist Harry Hess had first proposed the theory of seafloor spreading (chapter 4), but his version was not the one that would ultimately be accepted. He had proposed that the seafloor was composed of peridotite—the dense iron- and magnesium-rich rock that comprises Earth’s upper mantle but is rare in the continental crust—and theorized that uplift at the ridges was caused by thermal expansion associated with regions of high heat flow, combined with volume changes accompanying the hydration of peridotites exposed to seawater. In essence, he was arguing that the seafloor is the mantle; what we call oceanic crust is simply mantle that has been hydrated by interaction with seawater. In contrast, Scripps marine geologist Robert Dietz had argued that the seafloor was basalt and the ridges built up by submarine volcanic eruptions.

        By the early 1970s, most scientists favored Dietz’s account—samples dredged from the ridges were almost invariably basalt, not hydrated peridotite—but the number of samples was modest and the ridge structure known primarily from low-precision echo sounding.61 Moreover, Hess, who died in 1969, had been a very influential figure. His convictions were not to be lightly dismissed, particularly since he had almost single-handedly reopened the continental drift debate in the United States after most of his geological and geophysical colleagues had closed it.62

        There was also the problem of terrestrial heat flow. It had long been recognized that the amount of heat emanating from the Earth’s interior was higher over the Mid-Atlantic Ridge than in other parts of the ocean. In the 1920s, British geologist Arthur Holmes had used this as evidence of mantle convection currents rising beneath the ridges, which he proposed as the driving force of continental drift. In the 1930s, Dutch geodesist Felix Vening Meinesz, working with Hess, had suggested that mantle convection currents could explain certain observed gravity anomalies in the ocean basins: negative anomalies would occur where the crust was downbuckled above descending convection currents (chapter 4).63 After the war, these ideas stimulated British geophysicist Teddy Bullard and Americans Roger Revelle and Arthur Maxwell to study terrestrial heat flow in more detail (chapter 5).

        Before the war, Bullard had undertaken land-based heat-flow measurements and greatly improved the available instrumentation for accurate measurements. In 1949, he visited Scripps, where he began to develop the first practical device for measuring heat flow through the soft mud of the seafloor.64 In the 1950 Mid-Pac expedition, Revelle and Maxwell used Bullard’s device in the first comprehensive study of heat flow through the oceanic crust (chapter 5). They expected oceanic heat flow to be lower than continental heat flow, because the latter contains more heat-producing radioactive elements; Bullard had predicted it to be three times lower.65 Instead, they found that it was nearly the same. Bullard suggested that the anomaly could be explained if mantle convection currents brought interior heat to the surface beneath the ocean floor, compensating for the deficit of radiogenic heat, but he acknowledged that the idea was speculation. There was no direct evidence of convection currents, so to invoke the oceanic heat flow as evidence of them was to risk circularity.66

        When convection currents began to gain credence in 1961 and 1962 with the ideas of Hess and Dietz on seafloor spreading, geophysicists recalled that Bullard had suggested the idea in 1952. Yet as late as 1963, he was still hedging his bets: “It has been suggested that the pattern of heat flow might indicate the locus of an ascending convection current in the mantle, though there is no compelling reason to suppose this is so.” Scientists still needed a “more thorough survey of many features of the ridges.”67

        Another problem was the East Pacific Rise. A detailed heat-flow survey by Richard Von Herzen (1930–2016) and colleagues on the Scripps Rise-Pac expedition revealed a pattern of generally very high heat flow over the rise but scattered very low values near its crest. The high values fit the convection model, but the low values did not.68 Heat flow in the Gulf of Aden and the Gulf of California displayed a similar pattern, suggesting that (ignoring the few low values) the gulfs were crustal rifts above rising mantle convection currents.69 By the early 1970s, similar patterns of mostly high but occasionally very low heat flow had been measured over the Mid-Atlantic Ridge as well.70

        The young Cambridge geophysicist Dan McKenzie (b. 1942) raised more questions. In 1967, McKenzie had calculated the expected heat flow though the ocean crust, assuming seafloor spreading and conductive cooling of basalts intruded at the mid-ocean ridge. His calculations were successful at predicting the overall heat flow from the ocean crust, but near the ridge axes, the measured values were lower than predicted.71 Without the hypothesis of seafloor spreading, the oceanic crust appeared to be too hot. With it, it appeared to be too cold.

        That same year, McKenzie (with Scripps geophysicist Robert Parker) formulated the first quantitative statement of plate tectonic theory. Scientists at Scripps and Lamont now recognized the bandwagon, and in hindsight many participants have recalled the exhilarating feeling of pieces clicking sharply into place.72 But the heat-flow data did not click. In fact, they were a major stumbling block. Some scientists objected in general: why should mantle convection happen to neatly compensate for the deficit of radioactive elements in the oceanic crust? Others were troubled by McKenzie’s calculations: why should the heat flow at the ridge crests be lower than predicted by the seafloor-spreading model?73 Still others accepted the overall pattern but remained bothered by the anomalously low values around the ridges. As John Sclater (b. 1940), a graduate student who worked on heat-flow data, later recalled: “We expected to observe a relatively smooth increase from near normal [heat flow] on the flanks to a factor of four higher than normal over the crests of the ridges. The apparently random occurrence of low values completely confused us.”74

        There was a possible explanation: hydrothermal circulation through the fractured basalts of the ridge crest. If seawater percolated through the ridge crest, it would cool the hot rock, depressing the overall heat flow and accounting for the discrepancy between theory and observation. It would mean that conductive cooling was not the only mechanism in play. Convective circulation would account for the sporadic very low values in areas of otherwise generally high heat flow: these were the zones of fluid flow.75 By 1972, the idea was gaining credence. As one geophysicist wrote, “Once it is established that a substantial part of the surface heat loss at the ridge crest is non-conductive, no great imagination is needed to select the most likely mechanism: hydrothermal circulation in the oceanic crust.”76 Iceland sat atop the Mid-Atlantic Ridge and was laced with geysers and hot springs; this demonstrated that hydrothermal circulation was a feature of at least one mid-ocean ridge where it was visible above sea level, so perhaps there were similar features where the mid-ocean ridge was hidden underwater.77

        Other evidence was consistent with hydrothermal activity. It had long been known that waters at the base of the Red Sea were anomalously hot and salty.78 If the Red Sea was an incipient ocean—where the continental crust had just broken apart—then the brines could be hydrothermal fluids generated by seafloor volcanism.79 At MPL, John Mudie suggested to Fred Spiess in July 1968 that one good reason to buy a new temperature probe for the lab would be “to detect signs of hydrothermal activity or recent volcanism of the seafloor in oceanic ridges. Hydrothermal activity is responsible for the ‘hot brines’ of the seafloor in the Red Sea, and it is not unlikely that they may also exist in other regions of present tectonic activity.”80

        Still more evidence came from rock magnetism. In the late 1950s, geophysicist Ted Irving had helped reopen the continental drift debate with a clever analysis of rock paleomagnetism. Studies of rock paleomagnetism had revealed relative motion between the continents and the poles, but was it the continents that had moved or the poles? If the latter, then all the continents should show the same apparent polar-wandering paths, but if the former, they would have different paths. By comparing apparent polar-wandering paths from different continents, Irving had demonstrated that the continents had indeed moved independently of one another; this was the work that Harry Hess cited to persuade his American colleagues that it was time to look again at continental drift. In subsequent work, Irving showed that ridge-crest basalts were heavily oxidized, with a dramatic decrease in their magnetic remanence on either side of the ridge crest.81 This could be explained by hydrothermal alteration: circulation of seawater would oxidize the iron-bearing magnetic minerals and decrease the intensity of their magnetic signatures.

        Geochemists had something to say as well. In the mid-1960s, scientists on the Rise-Pac expedition had found distinctive metal-rich sediments on the crest of the East Pacific Rise. In a paper published in Economic Geology—a journal dedicated to understanding ore-forming processes—they argued that the enrichments were caused by venting of hot fluids “probably related to magmatic processes at depth,” and that the process might “serve as the basic enrichment mechanism and source for the elements in some ore formations.”82 The rise was an extension of the Gulf of California, where, as in the Red Sea, metalliferous brines were probably the result of magmatic-hydrothermal activity—and they suggested a worldwide association of mid-ocean rift systems, magmatism, hydrothermal processes, and ore deposits.

        On the 1972–1973 Trans-Atlantic Geotraverse (TAG) expedition, scientists found manganese crusts near 26°N on the Mid-Atlantic Ridge closely associated with a water-temperature anomaly of 0.11°C–0.14°C. They interpreted these crusts as the products of hydrothermal circulation, in which cold water seeped into fractures, was heated at depth, and vented “as submarine springs along fracture systems.”83 The water-temperature anomalies occurred in a region of magnetic lows, and the scientists suggested that hydrothermal alteration was responsible for the decreased magnetic intensity (because hydrothermal alteration can destroy magnetic minerals such as magnetite, converting it to nonmagnetic iron oxides and hydroxides). Indeed, they noted that this reasoning could be flipped: regions of low magnetic intensity could be used as guides to recent or active hydrothermal sites.

        Scientists were beginning to wonder whether the frequently observed concentrations of iron and manganese on the ridge crests were the result of widespread, even pervasive, hydrothermal activity in response to seafloor spreading.84 Among the scientists who put forward this idea was Scripps graduate student, J. B. “Jack” Corliss (b. 1936), who had completed his PhD in 1970 on the subject of mid-ocean-ridge basalts. (He had also briefly studied philosophy of science with Paul Feyerabend at Berkeley before switching to geology.) Supervised by geologist Tjeerd “Jerry” van Andel (1923–2010), Corliss had analyzed the mineralogy and geochemistry of Atlantic mid-ocean-ridge basalts toward an understanding of their genesis, in a project funded by the NSF and the American Chemical Society. He found that the basalts were geochemically diverse, suggesting compositional inhomogeneities in the upper mantle where they originated or in the conditions of partial melting when they formed. But to interpret primary geochemical variability, he needed to sort out the effects of secondary alteration. Corliss found that his basalts were depleted of many of the same elements that were enriched in the adjacent sediments.85

        These effects were consistent with the long-standing idea of hydrothermal exhalations or volcanic emanations accompanying submarine volcanic activity and transporting elements from the magma into seawater. Economic geologists working with ore deposits had long believed that submarine “exhalations” were responsible for the formation of some sulfide ore deposits—sometimes called exhalative deposits—but exactly how this happened was never specified. Indeed, the vaporous exhalations had always seemed a bit mysterious—if not occult—and economic geologists were sometimes viewed by their colleagues as less rigorous scientists than they ought to be because they invoked causes, like exhalations, that had never been observed. Corliss, though, had observational evidence.86 Indeed, the various line of evidence—heat flow, geomagnetism, geochemistry—were all consistent with the effects of hydrothermal alteration, which leaches metals from rocks while cooling them, altering their magnetic signature and producing metalliferous fluids. Hydrothermal activity might also generate hydrothermal vents, as seawater heated by interaction with fresh basalt became buoyant and erupted in underwater geysers.

        Against this backdrop of interest and expectation, Le Pichon, by then head of the Centre Océanologique de Bretagne in Brest, France, proposed a joint French-US collaboration to study the mid-ocean ridges. The Centre National pour l’Exploitation des Oceans (CNEXO) had recently purchased its own submersible, Cyana, a “diving saucer” with a 1.2-inch steel hull and a depth capacity of ten thousand feet. They were also still operating Piccard’s Archimède, with its six-inch steel hull and awesome depth capacity of thirty-six thousand feet. Le Pichon recruited American colleagues to organize the Mid-Atlantic Ridge Workshop in an attempt to garner the support of the US National Academy and the NSF, who soon agreed to support the program.

        The French-American Mid-Ocean Undersea Study—FAMOUS—was launched in 1973 as a comprehensive study of a section of “typical” mid-ocean ridge: the length between 36ºN and 37ºN latitude, four hundred miles west of the Azores.87 Submersible dives coupled with detailed bathymetry, magnetometry, and other techniques would permit a comprehensive investigation of a section of mid-ocean ridge to determine the nature of the geological and geophysical processes taking place there. The project would be led by co–chief scientists Le Pichon and Jim Heirtzler (b. 1925), and it would live up to its ambitious name.88

        The project began with seven French dives in Archimède, achieving the first direct look at the seafloor. The following summer, the two nations joined forces to complete an unprecedented forty-four dives: twenty in Cyana, seventeen in Alvin, and seven in Archimède. A dozen scientists participated, among them on the US team Heirtzler and Robert Ballard (b. 1942) (later of Titanic fame) from Woods Hole and Jerry van Andel (at Oregon State University), and on the French team Jean Francheteau (1943–2010).

        The area of investigation was chosen because of its proximity to an adequate staging area in the Azores and in view of existing data. Thirty previous cruises across the mid-Atlantic at this latitude had produced a plethora of magnetic and bathymetric information with which to plan specific dives.89 In addition, the divers were blessed with a good map: a photomosaic of the area produced by the US Naval Research Laboratory (NRL) using its light-behind camera system (LIBEC). Cofunded by the NRL and the NSF, LIBEC had been developed in response to the Thresher experience and consisted of a towed camera in which a high-intensity electronic flash was mounted several feet behind the camera. With the camera towed third feet above the seafloor, LIBEC could illuminate an area up to forty-five feet across; the USNS Mizar obtained 4,882 usable pictures of the FAMOUS area. When compiled into a photomosaic, the pictures provided a good sense of the overall orientation and morphology of the axial rift zone, its fault scarps, and its lava flows.90 The scientists also prepared by visiting areas of active volcanism on land. The French traveled to Iceland and the Afar Triangle in East Africa; the Americans went to Hawaii. When the time came to dive, they had a good idea of what to expect.

        The forty-four dives produced over three thousand pounds of rock samples—including the first abundant samples of fresh basalt ever recovered from seafloor—and approximately one hundred thousand photographs. More important than the numerical yield, the expedition produced a vivid new image of the seafloor. The study demonstrated conclusively that the mid-ocean ridges were the result of submarine basalt eruptions, cut apart by extensive faulting. (There was no peridotite.) The main rift valley, located approximately nine thousand feet below the ocean surface, was twenty miles across and five thousand feet deep: a seafloor Grand Canyon. Volcanism was confined to a narrow zone about a mile or two wide at the center of the axial rift valley. The volcanic rocks in this axial zone were very fresh; away from the axis, the basalts were older and more weathered. Still, they were no older than about one hundred thousand years, confirming average spreading rates of about one inch per year.91 Perhaps more interesting than the average spreading rate, however, was the discovery that spreading was variable and asymmetric: over the past seven hundred thousand years, the ridge had spread about one-third of an inch per year to the west and one-half of an inch per year to the east.92

        The volcanic rocks were cut by huge, prominent faults that created very complex relief, including underwater scarps as high as one thousand feet, with talus slopes along their bases.93 These topographic details had not been resolved by earlier seismic refraction and echo-sounding studies, proving the value of direct human observation: important features had been undetected by even the Navy’s most sophisticated technology.94 Moreover, there was an intangible value to direct human observation, made manifest by the enormous popular interest that the discoveries provoked. Within a few months, the expeditions were being featured prominently in the pages of National Geographic.95

        The vivid pictures of submarine pillow lavas cut by giant fault scarps left little doubt about the role of the mid-ocean ridges in global tectonics. The ridges were the sites of submarine basalt eruptions, and the faults displacing them were not the transcurrent faults that Bill Menard and Victor Vacquier had imagined (chapter 5). They were transform faults—segments that connected pieces of the seafloor that were moving apart. They were not offsetting the plate boundary; they were the plate boundary. Although no hydrothermal activity was seen, one dive recovered samples of metal-rich sediments, indicating geologically recent hydrothermal activity and confirming that the anomalously low heat flow over the ridges was likely the result of dissipation by convective circulation.96 The long-standing tranquil image of the deep sea was shattered, replaced by direct observation of a tectonically active region littered with the debris of underwater volcanic eruptions and landslides, and topography as rugged as anything seen on land. Seafloor spreading was no longer a hypothesis, at least not to these scientists. It was an established fact.

      
      
        Saving Alvin

        The FAMOUS expedition had been funded by the NSF, NOAA, and CNEXO and promoted by the cooperation of prominent scientists, several of whom had recently themselves become famous for their contributions to plate tectonics. Its success was attributable to a high degree of cooperation and coordination among individuals and agencies. However, it was also attributable to the availability of good data from earlier Navy work, tangible evidence of the value of military-scientific cooperation. With the success of the expedition, one might have concluded that Alvin had finally lived up its promise and that its future would no longer be in doubt.

        In fact, Alvin was nearly bankrupt. In September 1974, Fye wrote to Van Andel: “We are in considerable jeopardy with funding for the Alvin project. . . . NSF, NOAA, and the Navy agreed to get together and let us know soon whether or not they can collectively save the program. It would be a sad day for Woods Hole and oceanography if this program is terminated just at the time of its greatest pay off.”97 Fye had managed to convince DARPA and NOAA to help keep Alvin operational while he tried to negotiate its future, but the sums he was working with were very small and the amount he needed very large. For fiscal year 1974, he had obtained commitments of $75,000 from NOAA, $28,000 from the ONR, and $21,500 from DARPA; he needed about $1 million.98 The NSF program officers were sympathetic but adamant that the agency could not be responsible for such a large, ongoing expense. Making matters worse, the ONR had communicated its intention to end its support for the program entirely. In what it euphemistically called a “no fund equipment loan contract,” the ONR offered to hand over Alvin without further financial support. If Woods Hole could not or did not want to take it, Alvin would be mothballed.99

        Fye began speaking to anyone who would listen, including Atomic Energy Commission chairwoman and marine biologist Dixie Lee Ray, the Massachusetts senator Edward Kennedy, and the Massachusetts representative and speaker of the House Thomas “Tip” O’Neill. With the support of the Massachusetts congressional delegation, Fye was able to convince the NSF to create a partnership to save Alvin. The solution, ironed out toward the end of 1974, was to make Alvin a UNOLS facility.100

        UNOLS—University National Oceanographic Laboratory System—was a network established in 1971 to make oceanographic facilities more readily available to scientific investigators.101 It solved two problems: one, that ships placed heavy financial burdens on the institutions that kept them, and two, that scientists in institutions without ships might have good ideas. Under the UNOLS program, the costs of maintaining a ship at one institution was subsidized by the NSF or other agencies in exchange for making it available to investigators from other institutions; the total commitment would be $900,000 per year. On November 11, 1974, the NSF, the ONR, and NOAA signed a letter of agreement for the continued support of Alvin as a UNOLS platform.102 UNOLS solved Woods Hole’s funding problem and made Alvin available to a much wider swath of the scientific community, paving the way for continued work on mid-ocean ridges.

      
      
        The Discovery of Deep-Sea Hydrothermal Systems

        In 1967, Tanya Atwater had arrived as a graduate student at Scripps to find the place “in chaos.”103 In 1967–1968 the pieces of the plate tectonic puzzle came together (although the term plate tectonics was not yet in wide use), and scientists were scrambling to reinterpret their data and make their mark in the revolution. After completing her work with John Mudie on the Gorda Rift, she undertook a piece of work that would change geological thinking. Using previously collected paleomagnetic data from the eastern Pacific, Atwater demonstrated that the San Andreas Fault system of coastal California had been created when the eastern portion of the Pacific plate was completely subducted under the western continental margin of North America. The remains of the Pacific—what had previously been its western half—began to move northward, creating the San Andreas Fault. In the language of the new theory, a convergent plate margin became a transcurrent boundary. Previous interpretations based on the geology of California had placed the origins of the San Andreas in the late Cretaceous period, some seventy-five million years ago, yielding a very small offset rate: about one-third of an inch per year. Atwater’s analysis of the paleomagnetic data proved that the actual age was no more than twenty million to thirty million years, meaning the northward rate of motion for the Pacific plate was far greater: about two inches per year. Not only was this much faster than most geologists had thought possible, it was also much faster than the spreading rates measured in the Atlantic. These results were published in the Geological Society of America Bulletin in 1970.104

        Atwater realized that if the Pacific was spreading faster than the Atlantic, then the frequency of volcanic eruptions there must be greater and the rocks hotter. Therefore, the odds of finding hot springs were greater along Pacific spreading centers than Atlantic ones. This was good news for the Scripps group, as it implied that, if the goal had been to find vents, the FAMOUS scientists had not looked in the best place.

        But the Pacific is a very large ocean, so the search area was huge. However, Atwater had another useful insight: that vent fluids would have to mix with surrounding seawater and therefore produce substantial regions of warmer-than-average water. One could therefore narrow the search by making water-temperature measurements near ridge crests, and this could readily be done with Deep Tow.

      
      
        Temperature Anomalies at the Galápagos Rift

        From December 1971 through February 1973, Mudie led a thirty-five-thousand-mile expedition to the Pacific with funding from the NSF, the ONR, and the DSSP. Named South Tow for its emphasis on regions south of the equator, it was a diverse and ambitious scientific data-gathering effort, including studies of ocean biology and circulation as well as seafloor magnetics, seismic reflection, and heat flow. It also had a military purpose. As explained in the funding proposal to the ONR, the cruise was to include “operations related to the sea floor search problem.”105 By this the funding proposal meant the Deep Submergence Salvage Program: Leg 5 would work to “sharpen up and shake down the deep tow and related ship’s equipment,” particularly Deep Tow’s side-looking sonar, which could be used in a future search for a lost submarine.106 But the technology to search for lost submarines could also be used to understand deep-sea geophysical processes, and Legs 6 and 7 would be a Deep Tow survey of the Galápagos Rift. Leg 6 would be a general reconnaissance, and Leg 7, led by John Sclater, a detailed heat-flow study over a region of anomalously low values near ridge crest.107

        Sclater had been of two minds on the heat-flow question. On two earlier expeditions to the Galápagos, in 1969 and 1970, a modest amount of magnetic, heat-flow, and bottom water-temperature measurements had been collected; Sclater had interpreted heat-flow lows as a sampling artifact.108 However, in 1973 Sclater and MPL graduate student Kim Klitgord revisited these data, paying particular attention to water-temperature anomalies near the spreading center. They interpreted them as evidence of hydrothermal activity near the ridge crest, which could “account for the variability of heat flow across the spreading center and the difference between observed and theoretical heat flow” models.109 But colleagues at Lamont had given similar data a different interpretation: they attributed local areas of lower-than-average heat flow to “downward propagating thermal waves induced by temperature variations at the sediment-water interface”—that is, transient thermal effects caused by annual variations in bottom water temperatures.110 The Lamont scientists noted the possibility of some circulation of fluids into porous layers within the ocean-floor basalts but placed little emphasis on it. The problem of heat flow at the ridge axes remained unresolved.

        Sclater hoped to resolve it. Joining him were John Mudie, Robert Detrick, and Kim Klitgord from MPL, Richard Von Herzen from Woods Hole and his graduate student David Williams, and several other scientists and technicians. They focused on a portion of the Galápagos Rift, a mid-ocean spreading center located near 86°W latitude along the equator, about two hundred miles northeast of the Galápagos Islands. The ocean floor there was nearly new (less than four million to six million years old), the spreading rate was fast (about four to six centimeters per year), and detailed bathymetry and sediment distribution maps were available from earlier work.111 Most important, the cruise would cross the Pacific spreading center in a position essentially equivalent to a particularly good magnetic profile, Lamont’s Eltanin-19, which had helped to persuade many people (particularly at Lamont) of the reality of seafloor spreading.112 Correlation of detailed heat-flow measurements with good-quality magnetic data might enable the scientists “to use heat flow averages as an age-predictive tool, and possibly lead to some insight on the thickness of the lithosphere.”113 If heat flow decreased systematically away from the ridge crest, then heat-flow measurements could be used to date ocean floor in areas where the magnetic anomalies were not as clear as Eltanin-19.

        The scientists were able to make accurate measurements within five kilometers of the spreading axis on crust as young as 150,000 years.114 The average heat flow over the crest was far less than predicted by theoretical models of a conductively cooling lithosphere but consistent with additional convective or advective heat loss—that is, with hydrothermal circulation. Moreover, the overall heat-flow pattern was extremely complicated and variable near the ridge crest. The highest values were found near fault scarps and topographic highs and on sediment mounds up to twenty-five meters in radius and rising five to ten meters above the surrounding seafloor.115

        The scientists also completed over one hundred thousand individual water-temperature measurements, including two near-bottom horizontal water-temperature profiles.116 Echo sounding from an acoustic data telemeter placed just above the middle thermistor ensured accurate elevations (critical, because ocean water temperature varies with depth): The high sensitivity temperature profiles at bottom revealed spikes up to several hundredths of a degree centigrade. While tiny by surface standards, from the perspective of the frigid waters of the deep sea, they were substantial (fig. 7.1).117

        
          [image: ]

          Figure 7.1 Bottom water horizontal temperature profile, showing anomalies over the Galápagos Ridge Crest.

          From D. L. Williams, R. P. Von Herzen, J. G. Sclater, and R. G. Anderson, “The Galapagos Spreading Centre: Lithospheric Cooling and Hydrothermal Circulation,” Geophysical Journal of the Royal Astronomical Society 38, no. 3 (1974): 587–608 (fig. 8). Reprinted with permission of Oxford University Press.

        
        The heat-flow data were consistent with the variability Von Herzen had observed in his earlier work, and the water-temperature measurements consistent with the venting of hot waters into the deep ocean. The scientists made the link to hydrothermal systems explicit. A press release issued by the Scripps Public Affairs Office on the completion of the cruise in February 1973 explained: “The high variability of heat flow temperatures recorded is believed to be caused by hydrothermal circulation of ocean water among the rocks, causing a condition resembling the hot springs and geysers of Yellowstone Park or those found in Iceland.”118 The scientists put it this way: the results provided “reasonably clear evidence for hydrothermal vents . . . from the bottom water temperature anomalies.”119 The only other plausible explanation was heat transfer from a submarine volcanic eruption, but that would be transitory and would not explain the metalliferous sediments: “The observed temperature anomalies are more probably caused by thermal plumes rising from hydrothermal vents. The correlation between heat-flow maxima and the occurrence of small sediment mounds . . . suggests that these mounds are hydrothermal vents.”120

        One could argue that the scientists had discovered hydrothermal vents on the seafloor. One could also argue that the TAG scientists had discovered hydrothermal vents in the mid-Atlantic. Both groups had detected hot waters associated with metalliferous sediments, and both interpreted their observations as seafloor hydrothermal vents. They had “seen” the vents with their instruments, but they had not seen them with their eyes.

      
      
        The Rise Workshop and Pleiades Expedition

        In April 1976, MPL sponsored a workshop to coordinate submersible studies of fast-spreading centers in the Pacific. The FAMOUS expedition had clarified the character of the slow-spreading Mid-Atlantic Ridge, but the Pacific was younger, hotter, and spreading faster. Moreover, the East Pacific Rise was observably different in two additional ways. One, it displayed a central axial block, twenty to forty kilometers wide and two hundred to four hundred meters above the surrounding seafloor, but no central rift valley. Two, it was located, as its name indicated, in the eastern Pacific; it was not a mid-ocean ridge.121 To the north, at least, it did not connect to the worldwide system of mid-ocean ridges but merged into the San Andreas system, raising important questions about ocean-continent transitions.

        The “Rise” workshop, as it came to be called, included most of the leading scientists involved in ridge studies—Tanya Atwater, Robert Ballard, Jack Corliss, Xavier Le Pichon, John Mudie, Fred Spiess, and Jerry van Andel—as well as Navy representatives from the DSSP and the Office of Naval Research and Development Activity. The outcome was a proposal for a series of dives to the East Pacific Rise and the Galápagos Rift to explore fast-spreading centers and continent-ocean plate boundaries. There would be six specific topics of investigation: the structure and origins of the axial blocks, the nature of the volcanic processes, the nature of hydrothermal processes, geodetic measurements, magnetic measurements, and the study of transform faults and transform-rise intersections.

        Each of the topics had been the subject of earlier investigations using instruments carried on or towed behind surface ships; the emphasis here was on the additional information that could be gleaned by direct observation, measurement, and sampling from a submersible. For example, published profiles of the East Pacific Rise were invariably plotted with great vertical exaggeration (often twenty to one hundred times), making the margins of the axial blocks look like vertical cliffs, but in fact the slopes were all less than 20°, less than the resolution of most echo sounding. Similarly, numerous samples of volcanic rocks had been dredged from surface ships, but to evaluate primary igneous and hydrothermal processes, one needed spatially accurate sampling; to evaluate paleomagnetism, one need oriented measurements in situ.122 And to answer the plate tectonic question—what is the rate of plate motion?—scientists needed to place geodetic instruments on the seafloor.123

        The existence of seafloor hydrothermal systems was no longer really in question, for the indirect evidence was abundant and (to most of the scientists involved) compelling. So why was a submersible program needed? The answer, to scientists, was that it would enable them to make “direct observations . . . to establish the true nature of the phenomena involved.”124 For the scientists on the FAMOUS expedition, seafloor spreading had been established by seeing its effects with their own eyes. The Rise group wanted to do the same for vents: to discern them not just indirectly but also through the direct observation that would remove any doubt.

        The NSF was committed to funding research on mid-ocean spreading centers, but scientists still needed the Navy for ships.125 Moreover, the success of the FAMOUS expedition had hinged in no small part on the availability of a precise, detailed, bathymetric map. Deep Tow could make precise measurements over small areas, but the best tool for detailed mapping of large areas was the multibeam sonar system of the Naval Oceanographic Office (NOO). “Since [NOO] is the only organization in the United States which has this system, it is critical that early discussions be held with the Navy to insure that these surveys are conducted,” the workshop report noted. The scientists needed both Navy ships and Navy data.126

        Meanwhile Deep Tow work was continuing, as Scripps scientists launched the Pleiades cruise back to the Galápagos Rift. Like many cruises, this one supported several different research projects, but the first two legs were specifically designed to investigate hydrothermal processes at the spreading center. Leg 1 consisted of two projects relevant to seafloor vents: “fine scale aspects of the sea floor” and “hydrothermal processes on the Galapagos Rift.” The principal investigator on the first was MPL geologist Peter F. Lonsdale (b. 1948); on the second it was Ray F. Weiss (b. 1943), a geochemist in the Isotope Laboratory of Scripps’s Geological Research Division. Both Weiss and Lonsdale were recent graduates: Weiss had completed his PhD in 1970, Lonsdale in 1974, and both had stayed on as researchers at Scripps.127

        Lonsdale’s dissertation, “The Abyssal Geomorphology of a Depositional Environment at the Exit of the Samoan Passage,” had focused on topography and sedimentation. These were among the features affecting underwater sound, and one publication from Lonsdale’s thesis, “Near Bottom Acoustic Observations of Abyssal Topography and Reflectivity,” was published in 1974 in the proceedings of an ONR symposium, “Physics of Sound in Marine Sediment.”128 This was a classic MPL synergy: sound could be used to examine sediments and sediments affected sound.

        Lonsdale’s thesis committee included Woods Hole’s Charles Hollister, and his project followed from Hollister’s work on the role of deep currents and abyssal sedimentation (chapter 8). Until the mid-twentieth century, most people had thought that ocean-floor topography was mainly structural in origin—controlled by faults and submarine volcanism and blanketed by an even layer of sediment, quietly deposited as planktonic debris and fine-grained materials slowly sank through the water column to the deep seafloor. But as we saw in chapter 5, in the 1930s Dutch geologist Philip Kuenen had demonstrated experimentally that turbid currents could transport large quantities of coarse sediments from coastal areas to the deep sea, and in the 1950s Lamont scientists led by Maurice Ewing and Bruce Heezen had demonstrated the existence of turbidity currents in the Hudson Canyon off the coast of New York.

        In the 1960s, Hollister and others had shown that the sediments deposited by turbidity currents could be reworked by strong currents that scoured the seafloor and sometimes generated significant topography. Consistent with the Stommel-Arons model (chapter 2), these deep currents were strongest along the western boundaries of the ocean basin. They were also strong in some seafloor channels, such as the Samoan Passage (north-northeast of the island of Samoa), the main channel through which Antarctic Bottom Water travels northward into the Central Pacific. Lonsdale chose this for his dissertation study. Using echo sounding, air-gun reflection profiling, and Deep Tow, as well as coring and dredging of sediments, Lonsdale showed that the patterns of sedimentation and bedforms were consistent with active, directionally consistent deep currents.129 It was becoming increasingly apparent that the seafloor was active not just tectonically but sedimentologically as well.

        Weiss had studied dissolved gases in seawater, and he now focused on the use of helium to detect mantle fluid sources. Argon, helium, and neon are “conservative quantities” in seawater: they are not normally added or subtracted by geochemical or sedimentary processes, so they can be used as tracers of ocean circulation. However, helium isotopes (He-3 and He-4) may be introduced into the deep ocean from Earth’s interior or by interaction of ocean water with rocks derived from the interior. Therefore, if one were to find them in anomalous concentrations, it would be evidence of material introduced into the ocean from Earth’s interior. But water samples are easily contaminated by atmospheric gases, and without accurate knowledge of the gas solubilities, it would be difficult to recognize contamination.130 For his thesis, Weiss had analyzed the solubility of argon, helium, and neon in seawater and developed a sampling device for collecting gas-tight sealed water samples. He would apply this sampler on Pleiades to look for evidence of elements derived from Earth’s interior.131 Together, Weiss and Lonsdale’s projects would make up the first leg of Pleiades.

        The second leg would be co-led by Jack Corliss, an assistant professor at Oregon State University, and Woods Hole’s Richard von Herzen. The title of their project was the same as Weiss’s: “Hydrothermal Processes on the Galapagos Rift.” Corliss had proposed that heavy-metal depletion in ridge basalts was a result of hydrothermal alteration; this was his chance to test the hypothesis. His leg would attempt to find direct evidence of hydrothermal processes on the Galápagos Rift.132

        Leg 1 ran from April 29 to June 12. The participant list records twenty-four persons, including three women: graduate student Kathleen Crane (in charge of transponder navigation), technician Kathy Poole, and Weiss’s wife, Portia, who signed on as a volunteer. The goal was “deep towing, coring, dredging [and] hydrocasts,” but this description fails to convey the intellectual import.133 Weiss would be taking physical samples along with temperature-depth-salinity measurements. This was crucial, because ocean temperature varies with depth, so accurate depth records would be essential to differentiate between a thermal anomaly and a fluctuation in the elevation of the instrumentation. Salinity also varies with temperature (warmer waters can dissolve more salt), so accurate salinities would be needed to rule out anomalies associated with water-mass movement. When and if a real anomaly was detected, they would be able to fill a sample bottle and, with luck, capture vent fluids.

        The scientists encountered an extremely complicated temperature field with numerous high-temperature spikes, but most were accompanied by salinity variations suggesting mixing of turbulent waters over the ridge crest. However, immediately over the fissures at the spreading center, they detected strong temperature anomalies that departed from regionally prevailing temperature-salinity characteristics, all located directly over the central axial fissure of the rift. The most extreme of these showed an increase of about 0.2°C, an order of magnitude greater than previously found. They managed to collect water samples from three of these; the samples contained anomalous concentrations of He-3. This was strong evidence that the components of this water had interacted with mantle-derived materials, either rocks or fluids beneath the sediment-water interface.134 The scientists took extensive bottom photos of the area, and in some of them they saw red and orange sediments, perhaps hydrothermal iron oxide deposits. They also saw clamshells on the seafloor, near the temperature spikes. They left transponders to mark the sites.135

        Leg 2 ran from June 13 to July 22. There were thirty-one participants. Crane and Legg were the only holdovers from the first leg; the new members included Jack R. Dymond, an associate professor at Oregon State, and David Williams, working for US Geological Survey. In the cruise report, Corliss wrote that “several observations of significance [were] reported to us by Peter Lonsdale and Kathy Crane.” These included “bottom photographs at the ridge crest of fissures associated with thermal anomalies, [that] reveal yellow to orange surficial deposits which appear to be hydrothermal deposits.”136

        One might say that seafloor hot springs had been discovered, as the scientists worked to identify sites for Alvin dives to sample the fluids. The goals were “to determine if a program of dives with deep submergence research vehicle DSRV Alvin in the survey area have [sic] a reasonable chance of sampling hydrothermal fluids and contributing significantly in other ways to our understanding of submarine hydrothermal systems, [and] to measure background levels of various physical and chemical parameters in the sediment and water so as to understand the geological, geophysical, and geochemical setting of the hydrothermal activity and to allow us to place the observations from the submarine in a well-defined context.”137 In their minds, the existence of ridge-crest hydrothermal systems was no longer in doubt. The goal was to learn more about them.

        The scientists confirmed and expanded on the results reported by Lonsdale and Crane. Eleven additional measurements revealed temperature anomalies of 0.1°C–0.2°C, and several samples dredged manganese-rich crusts “which appear to be hydrothermal deposits.”138 At the site of the largest temperature anomaly, bottom photos showed “extensive yellow and orange deposits.” They cored the sediment and recovered muds with “orange to brown lumps and streaks interpreted as hydrothermally deposited Fe and Mn.” They placed additional transponders, sonar reflectors, and sediment traps “within 100 meters of two prime dive sites.”139

      
      
        Returning to the Galápagos in Alvin

        Clearly there was hydrothermal activity at the Galápagos Rift. Water temperatures were elevated, geochemical signatures indicated mantle input, and there were sedimentary mounds rich in the metal oxides characteristic of terrestrial hot springs. The Pleiades scientists presented these results at the annual meeting of the American Geophysical Union: a set of three multiauthored presentations, with Corliss, Crane, and Weiss as first authors, detailing the results with respect to the sediment mounds, the structure of the rift, and the thermal and geochemical evidence for hot plumes.140 Meanwhile Weiss and Lonsdale prepared two papers for submission to Nature.141

        Lonsdale also prepared a separate paper discussing the biological evidence obtained from the Deep Tow photographs.142 In a paper submitted to Deep Sea Research in April 1977, he described a dense and “remarkable community of large and abundant benthic organisms,” dominated by “unusually large” bivalves associated with zones of hydrothermal discharge.143 At another site, at 3°S on the East Pacific Rise, where warm water was also detected, photographs revealed an abundant community of sea anemones and sea pens. These clusters of biological activity were highly localized; in six hundred bottom photographs taken at 3°S, not a single sea anemone was observed away from the one observed cluster. Lonsdale concluded that the dense biological communities, both on the East Pacific Rise and on the Galápagos Rift, were associated with hydrothermal vents. Just as the TAG scientists had suggested that zones of low magnetic intensity could be guides to hydrothermal sites, Lonsdale suggested that zones of dense clusters of benthic filter feeders might similarly serve as guides.

        Meanwhile, Corliss, van Andel, and Von Herzen were on their way back to the Galápagos. In 1976, they had submitted a proposal to the NSF for a series of Alvin dives—justified by the earlier heat-flow work—and were on their way.144 Since Corliss had no diving experience, van Andel recruited Robert Ballard, with whom he had worked on FAMOUS. Other participants included Jack R. Dymond, David Williams, and Tanya Atwater from the earlier cruises; Louis I. Gordon and Deborah Stakes from Oregon State University; Robert Hessler from Scripps; and MIT geochemist John Edmond.145 Crane, who had meanwhile compiled a map of the rift based on the Deep Tow work, was invited to help navigate back to the site.146 Thirteen scientists would make dives, including the three women: Atwater, Stakes, and Crane.147 The team reached the area in mid-February 1977.

        The transponders left behind the previous year were designed to remain silent until reactivated by a designated acoustic signal. On February 13, 1977, Crane was able to reactivate the transponder they had left at the site they called Clambake I—but only after a tense five of hours trying.148 The National Geographic Society had provided the means to set up an onboard photography lab so the scientists could develop their photographs immediately to guide their explorations. On February 19, they developed a set of pictures in a region of temperature spikes and saw blankets of clams covering the seafloor. This was no clambake; these clams were alive. It was time to dive.

        What they found has been described as “one of the most exciting developments since the beginning of the study of oceanography.”149 Yet the initial observations of these communities read less like a eureka moment and more like a page out of Henry David Thoreau. Van Andel kept a personal diary, and just before turning in on the evening of February 17, 1977, he wrote:

        
          Today the first dive and a glorious one it was . . . The landscape was both gorgeous and geologically fascinating. It was totally unlike FAMOUS; no gigantic vertical crags rising hundreds of feet into the gloom, no steep flow fronts of bizarre lava forms, no white snowfields amongst black rocks, no faults no uplifts. . . . Instead, a gently undulating terrain of smooth broad lava domes, glittering in the lights. . . . And in the middle of this stark and barren vastness, hard, prickly, new and untamed, a small oasis, perhaps an acre, sharply defined, with coral gardens, pink and gold anemones, white crabs in great variety and profusion, yellow, brown, liver-colored fish, medusoid large clumps of some kind of mussel ten inches long, crevices filled with their huge bleached shells looking from afar like rims of snow in a boulder field. It was like an aquarium, huge but carefully arranged with elegance and taste and grace and enough to see to suit the public every step. . . . What produced this little paradise in the . . . sea floor desert? I have no idea. Warm springs perhaps, which we suspect in this area? Time for bed; it was a lovely day and tomorrow will be my second dive.150

        

        In a series of twenty-four dives in February and March 1977 along the axis of the Galápagos Rift, thirteen scientists observed and photographed active hydrothermal springs surrounded by thriving biotic communities.151 Although by this point the vents were not a surprise, the profusion of life crowded around them was.

        All the sites contained abundant signs of life, but the dominant organisms were distinct at each. The site they designated the Garden of Eden was characterized by spaghetti-like acorn worms, giant tube worms, limpets, and fish, and an unusual animal that resembled a dandelion, later identified as a new species of siphonophore. (Distantly related to the Portuguese man-of-war, siphonophores resemble jellyfish but are attached to the bottom by thin filaments; they were first discovered on the Challenger expedition one hundred years before.) Most remarkable was the size of individual organisms: clams a foot across, tube worms many feet long. While the overall biodiversity at each site was low, the total biomass was great. At Clambake II, the clams were dead; this appeared to be a fossil hot spring. The site they called Oyster Bed was actually covered by mussels (revealing geophysicists’ ignorance of biology—perhaps a trivial point, but perhaps not, as we shall see in chapter 9).152

        The press coverage that followed was laced with superlatives—amazing, astounding, incredible, fantastic, and profound—and the inevitable comparisons with Jules Verne.153 Articles appeared in National Geographic, the New York Times, the San Francisco Chronicle, Time, Newsweek, and many other venues.154 Many participants were interviewed extensively (although conspicuously not the women); even before his work on Titanic, Ballard was becoming a celebrity.155 Jack Corliss told the San Francisco Chronicle “that what we are finding will prove to be the greatest discovery in the history of benthic biology since the discovery that life was even possible in the deep sea.” This claim may have seemed exaggerated to biologists who read it in the newspaper, but the discoveries did raise fundamental questions as to how vent environments sustained abundant life.156 This question would be taken up by the Rise workshop participants, who would soon be on their way the East Pacific.

      
      
        From Warm Springs to Black Smokers

        The scientists on the Galápagos dives had observed warm springs venting at a pleasant 10°C–20°C.157 But some people had expected more. In a paper published in May 1976—while the Pleiades scientists were taking samples over the Galápagos—Northwestern University scientists Tom Wolery and Norman Sleep had calculated the rate of fluid circulation required to explain the divergence between the measured and predicted heat flows and concluded that fluids should be venting at temperatures as high as 300°C.158 In other words, there should be true hot springs, and so the search continued. In 1978, Jean Francheteau led a multinational team to search for vents along the East Pacific Rise. With funding from CNEXO, the NSF, and the Mexican government, the project was dubbed RITA—for the Rivera and Tamayo Fractures Zones near the southern tip of Baja California.

        The Tamayo Fracture Zone—really a ridge-to-ridge transform fault but named before the existence of such faults was recognized—is the southernmost extension of the San Andreas Fault. North of it, the Sea of Cortez separates mainland Mexico from Baja California, and the tectonics there are dominated by short spreading centers connected by long segments of ridge-to-ridge transforms. Although the Sea of Cortez is an incipient ocean basin, the main displacements there are transcurrent, not extensional. The Rivera Fracture Zone, to the southwest, marks the transition into a more typical mid-ocean-ridge setting dominated by extensional tectonics. From here southward, the East Pacific Rise consists of long stretches of spreading centers displaced by short sections of ridge-to-ridge transform faulting (fig. 7.2). The region between the two fracture zones—21°N on the East Pacific Rise—would be the focus of the study. With a spreading rate more than twice that of the Mid-Atlantic Ridge, the closely spaced ridges and fractures zones along the East Pacific Rise were a good place to look for hydrothermal activity.159
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          Figure 7.2 Map of the Galápagos Ridge Crest region where hydrothermal fluids were first detected.

          From MacDonald and Spiess, “Workshop Report,” press release, n.d., Box 63, Folder 11, “Rise and Galapagos Rift File,” Scripps Office of Communication Records, SAC 13, Special Collections & Archives, UC San Diego. Reprinted with permission from the Scripps Institution of Oceanography.

        
        Diving in Cyana, Francheteau and his colleagues discovered massive sulfide mounds exposed on the seafloor: hills, cones, and tubular structures up to ten meters high and averaging five meters across. They were colorful—red, white, brown, black, yellow, and gray—and dominated by the iron sulfide mineral pyrite (or its polymorph, marcasite)—the dominant mineral in most economic sulfide ore deposits. The mounds also contained iron oxides and hydroxides, mostly goethite and limonite, minerals associated with the weathered surfaces of terrestrial sulfide deposits on land, and amorphous silica, commonly found in hot springs and geysers. Later analysis of the sulfides revealed ore-grade concentrations of zinc, copper, silver, and other metals—up to 29 percent zinc and 6 percent copper.160 The scientists also found what appeared to be a fossil-vent community: an area approximately fifteen by one hundred meters along a fissure covered with dead clams the size of “dinner plates.”161 Some of the clams were partially dissolved, indicating that they had been dead for some time and suggesting that the loci of hydrothermal activity had shifted as new fracture zones opened in response to tectonic activity.

        Between February and March, the team completed twenty-one dives to depths of three thousand meters with traverses covering fifty-seven kilometers.162 The mineral assemblages strongly suggested an association with hydrothermal systems, and the tubular structures—alternating layers of crystalline pyrite, marcasite, and/or sphalerite, amorphous silica, and iron hydroxides—could be vents in which minerals had deposited on walls of the tubes as hot fluids moved through them. Still, they had not found the fluids.

        The following year, another group finally did, including some members of the original Deep Tow team. In April 1979, Fred Spiess and Ken Macdonald returned with Deep Tow, Alvin, and a large scientific team. The key paper from their discovery would have twenty-two authors, including four Mexican geologists from the Universidad Nacional Autónoma de México—Diego Córdoba, José Guerrero, Arturo Carranza, and Víctor Díaz García—plus Ballard, Francheteau, Hessler, and Atwater (then an assistant professor at MIT), Scripps colleagues Miriam Kastner and John Orcutt, and Scripps graduate student Rachel Haymon.163

        The goal was to obtain a higher degree of detail and resolution in mapping an ocean spreading center than previously achieved by bringing instruments down to the seafloor in Alvin. Detailed gravity measurements might help to detect a magma chamber below the ridge axis. Magnetic measurements might permit detections of the regions of freshest volcanism (and therefore hottest rocks) or, alternatively, of most intensely altered rocks (and therefore most recent or active hydrothermal circulation). They also planned to make direct observations of the massive sulfide deposits and to look for active hot springs near the field of dead clams found the previous year.164

        Smart, lucky, persistent, or all of the above, they found what they sought: true hot springs, venting at temperatures as high as 380°C.165 There were about twenty vents in all, mostly along a parallel line, presumably marking a major fissure. As in the Galápagos, the springs were surrounding by flourishing biotic communities, but there was something new as well: they were discharging black fluids from discrete mounds up to ten meters above the seafloor. The fluids were venting from the mounds at rates of one to five meters per second, creating buoyant plumes tens to hundreds of meters above the seafloor. The effect was like smoke billowing from a blast furnace, so they dubbed the mounds hydrothermal “chimneys” and the springs “black smokers.”166

        The scientists were able to take samples both directly from the chimneys and from the sediments surrounding them. The dominant chimney minerals were pyrite (FeS2), anhydrite (CaSO4), and chalcopyrite (CuFeS2), plus several other minerals typically associated with ore deposits: sphalerite, gypsum, limonite, goethite, and pyrolusite. In effect, they were seeing a mineral deposit forming before their eyes. As they recorded in the cruise report, “This is the first direct observation of hydrothermal sulfide minerals being deposited on the sea floor.”167 They might have gone further: it was arguably the first direct observation of economically valuable minerals being formed in any natural environment.

        Analysis showed that the fluids contained extremely high concentrations of dissolved metals, sulfide, and silica—precisely the constituents expected in an ore-forming fluid. The black color was caused by tiny mineral particles, precipitated when the metal-rich fluids mixed with cold waters and became saturated with respect to metal sulfides and oxides. In some cases, the fluids were dominated by amorphous silica, producing “white smokers.” At least as significant as the chimneys themselves, albeit less photogenic, were the sediments surrounding them, which contained up to 45 percent iron, 34 percent copper, and 15 percent zinc, plus significant traces of lead, cobalt, silver, and cadmium. If sustained across time and space, concentrations like this would form the sort of ore deposit over which speculators would be scrambling and smart investors would be double-checking to ensure the samples weren’t salted.168

        Press reports focused on the potential economic aspect, and media attention contributed to some implausible claims, such as that the vents might be an exploitable source of geothermal energy.169 Newsweek quoted Ballard as describing the vents as containing a “bonanza of minerals”; the San Francisco Chronicle wrote of “mineral deposits of incalculable value.” The New York Times suggested that “vast deposits of much needed minerals” might be present beneath the world’s mid-ocean ridges.170 In retrospect these claims were grossly exaggerated; perhaps they were motivated by late 1970’s anxieties about shortages of oil, minerals, and other natural resources. In reality, none of the scientists involved (or, likely, the journalists reporting on their findings) understood the economics of mineral exploitation.171 If they had, they would have recognized that neither the scale of the deposits nor the economics of deep-sea mining would justify exploitation of this resource in the foreseeable future. What the deposits did represent was a watershed in the history of geological science.

        Geologists were used to seeing effects and imagining their causes, viewing matters after the event and trying to reconstruct what had happened. In the mid-nineteenth century, William Whewell (the man who coined the term scientist) famously declared that “we only know causes by their effects,” and in geology this was certainly true.172 His French counterpart and positivist Auguste Daubrée complained that geology suffered as a science, because geologists were merely witnesses after the fact, but positive knowledge required scientists to be “witnesses in the moment.”173 (For this reason he advocated an expanded role for experiments and physical models in geology.) Earth scientists were now witnessing a major geochemical process in the moment. They did not have to speculate about what they were seeing; they were observing it. They were witnessing one of the key phenomena that had justified the establishment of their science in the first place: the creation of economically valuable mineral deposits.

        In 1980, a third major discovery was made. In a joint US-Mexico expedition on the research vessel Melville, scientists led by Peter Lonsdale investigated thermal anomalies at 27°N in the Guaymas Basin, part of the Gulf of California, southeast of San Diego. Lonsdale had been to the area in 1977 in Sea Cliff (under Navy command) and had retrieved a single sample of a sulfide-bearing, ferromanganese-rich talc, interpreted as a hydrothermal sinter.174 Ore deposits were known from adjacent land areas, and metalliferous brines had been found in the nearby Salton Sea, so the scientists were optimistic that something significant would be found.

        The Guaymas Basin is an active spreading center very close to land—Baja California to the west, mainland Mexico to the east—and it is very different from both the Galápagos Rift and the East Pacific Rise. Only three million years old, and as little as one hundred kilometers wide, the gulf fills with sediment eroded off adjacent landmasses, which are transported by turbidity currents to its deepest portions. Abundant plankton blooms supply further sedimentary debris. As a result, submarine lavas do not erupt onto the seafloor but intrude into a pile of soft, wet sediments. Lonsdale and his colleagues called this “sediment-smothered sea floor spreading.”175

        The scientists used Deep Tow to survey the site, take photographs, and detect temperature anomalies, in this case up to 0.4°C above ambient seawater. Then they sampled the seafloor sediments. They found evidence of hydrothermal fluids at temperatures up to 315°C, high geothermal gradients (up to 10°C per meter), and world-record heat flows. Moreover, they found that the interaction of hot water with sediments rich in organic matter was generating hydrocarbons, which reacted with metal-rich pore fluids to deposit metal sulfides in the sediment pile.176 While a great deal of attention was paid to the hydrothermal chimneys and metalliferous sediments of the East Pacific Rise, the sediment-hosted deposits of the Guaymas Basin resembled actual sulfide ore deposits far more closely, particularly the type found on land in sedimentary rocks. They also had a much greater likelihood of being preserved over the course of geological time than the beautiful but fragile chimneys of the bare oceanic ridges, suggesting that this environment was a better model for how economically valuable ore deposits actually formed.177

        Media coverage culminated in 1980 with a National Geographic Society special featuring Robert Ballard, Dive to the Edge of Creation, which aired on nationwide television on January 8, 1980.178 The original question—what controls heat flow over the ridges?—had receded in the face of the more popular biological discoveries. Ironically, scientists had answered a question they had not set out to answer—how do sulfide ore deposits form? The biggest biological question—how does life thrive where there is no light?—remained unanswered.179

      
      
        Life on the Seafloor and Other Matters

        Two hypotheses emerged to explain vent life. One was that rising thermal plumes set up countercurrents that carried nutrients into the region. The other was that the vent communities were self-sustaining, based on the chemosynthetic activity of autotrophic bacteria, specifically, the oxidation of hydrogen sulfide.180 Hydrogen sulfide (H2S) is common on the Earth’s surface under anoxic conditions; it is the source of the rotten-egg smell in swamps and marshes and in surface hot springs. In the ocean, it occurs mostly in stagnant basins such as the Black Sea. In deep-sea hot springs, it is generated by reaction of seawater with sulfur-bearing minerals in seafloor basalts. Hydrogen sulfide is toxic to most forms of life, but some bacteria can metabolize it, and the vent fluids contained large amounts of such bacteria.181 Studies soon suggested that these bacteria were key to the story.

        Most terrestrial ecosystems are rooted in photosynthesis, but in vents the base of the food chain is chemosynthetic: bacteria use the oxidation of hydrogen sulfide to hydrogen sulfate (H2SO4), and the energy released by that reaction, as the basis for life.182 Chemoautotrophic bacteria had been discovered in the late nineteenth century by Russian microbiologist Sergei Winogradsky (1856–1953), who subsequently demonstrated their role in nitrogen fixation by leguminous plants. He also found them in terrestrial hot springs, but most of his colleagues dismissed this as ecologically unimportant.183 In any case, no one had identified a complex ecosystem based on autotrophic bacteria as a primary food source. However, the high concentrations of hydrogen sulfide and large numbers of bacteria in vent fluids suggested that these communities were chemoautotrophic. The evidence that confirmed it was the discovery that the bacteria were found living symbiotically inside the tissues of several of the major faunal groups.

        Scientists soon recognized that the diets of many vent organisms are composed predominantly or exclusively of these bacteria. One of these is the giant tube worm, Riftia pachyptila, whose taxonomy has taken decades to resolve.184 Lacking a digestive track, Riftia lives by absorbing carbohydrates metabolized by bacteria that live inside it. Several of the major faunal groups that make up the vent communities, including Calyptogena, the giant clams, and Bathymodiolus, the dominant mussel, are now known to thrive symbiotically on the bacteria that make their homes within their tissues.185 Autotrophic bacteria in the vent environments also live on the surfaces of organisms, rocks, muds, and sulfide mounds.186 Some invertebrate species exploit these bacteria by grazing on them, while others extract organic molecules released into the seawater when the bacteria die.187

        Besides Riftia, scientist have recognized numerous previously unknown organisms at vents, including Alvinella pompejana (fig. 7.3), sometimes referred to as the Pompeii worm, which thrives at exceptionally high temperatures–at least 40°C and perhaps as high as 110°C—and has been found attached to the walls of chimneys.188 More than 95 percent of animals discovered at vents to date are previously unknown species, and altogether more than twenty new families, ninety new genera, and nearly three hundred new species have been identified.189
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          Figure 7.3 Dr. Meredith L. Jones holding a preserved sample of a giant vent worm, 1981.

          Smithsonian Institution Archives. Image No. SIA2010–1520.

        
        Perhaps even more important than the discovery of new species was the appreciation of the extreme environments in which they live. By 1983, it had been demonstrated that some of these bacteria were hyperthermophilic, thriving at temperatures over 100°C.190 By the mid-1990s, vents had been found in all the world’s oceans, at temperatures as high as 400°C.191 These discoveries suggested that life might perhaps thrive in other environments previously thought sterile, including the interior of the Earth and the Jovian moons.192 The word extremeophile has been coined to describe life that thrives in extreme environments, and the question of how organic molecules survive extreme heat without degradation remains an active topic of study, one that also has practical applications.193

        Many thermophilic microorganisms recovered from vents belong to group Archaea—as the name suggests, thought to be among most ancient of extant organisms. This has led to speculation about a possible connection among hot springs, autotrophic bacteria, and the origins of life.194 Geologists believe that Earth was hotter and more volcanically active in the early part of its history than today, and hydrothermal venting may have been ubiquitous in the early oceans. While Earth’s surface was bombarded by meteorites during the first four hundred million years of its history, submarine environments might have been relatively placid places where life could have begun to evolve unmolested.195 Vents are extreme microenvironments, with strong chemical and physical gradients: temperatures ranges of 400°C can occur across spaces of just a few centimeters. While we now know that most on-ridge vents are short lived, some off-axis vents have persisted for hundreds of thousands of years, creating environments where life could have gained a toehold. A dense plethora of microchemical and microphysical environments, sustaining far-from-equilibrium conditions, around long-lived off-ridge vents, might have been just the thing to permit the amalgamation of amino acids, perhaps adsorbed onto charged mineral surfaces, into early forms of life.196 As one group of researchers has put it, “hydrothermal vents truly appear to be special among the various settings that have been considered for the origins of life.”197

      
      
        Seafloor Mineral Deposits

        While the discovery of hydrothermal vents—with their possible relevance to the origin of life—was presented as Alvin’s great “basic science” discovery, the relation of vents to economic mineral deposits was presented as its great “applied science” one. Very quickly, the promise of economically recoverable metal sulfide deposits was being fit into a narrative of a basic science investigation that serendipitously turned out to have useful applications. Within a few years, there were numerous government-sponsored studies and workshops on deep-sea mining, and even a US Department of Interior Draft Environmental Impact statement for proposed mining leases on the Gorda Ridge.198

        Geologists working in the mining industry viewed these claims with a jaundiced eye, as there was no shortage of sulfide deposits on land that could be mined more easily and cheaply than minerals under two kilometers of ocean water. In hindsight their skepticism proved correct: to date no economic metal sulfide deposits have been recovered from the deep sea. Although the grades of these deposits are locally impressive, the overall tonnage is small compared to most minable deposits and the costs of recovery far higher.199

        These deposits were useful, however, for understanding terrestrial ore deposits. It is clear that massive sulfides in basalt host rocks, such as the famous Troodos deposits in Cyprus—mined since the Bronze Age—were formed in seafloor environments similar to those scientists observed from Alvin. In 1985, Rachel Haymon and colleagues reported fossil tube worms in a massive sulfide deposit in Oman—a discovery that geologists around the world were discussing over campfires as proof the deposits formed on the seafloor.200 Today, geologists accept that the Guaymas Basin offers an explanation for how sediment-hosted ore deposits form, firmly linking ore deposits to their tectonic settings. All this helped to cement the notion that Alvin was a “basic science” program that proved to have useful applications.

        As for heat flow—the problem that led geophysicists to the ridges in the first place—by now the answer is anticlimactic: detailed flow measurements confirmed the role of convective cooling at the ridge axes. The heat-flow pattern at ridges is not a monotonic drop away from the axis but an oscillating pattern consistent with overall high heat flow punctuated by local zones of strong convective cooling.201 More than two-thirds of Earth’s heat flux is lost through ocean basins, and about a third of this is released through convective circulation at vents.202 Ironically, however, this convection is no longer thought to be the driving force of plate tectonics but the side effect of moving slabs whose motions are dominantly controlled by subduction of their dense, cold, old ends. The places where oceanic crust forms—the ridges—are now generally viewed as less interesting than the subduction zones in which it is consumed.

      
      
        Painting Projects White

        From the perspective of natural science, the discovery of seafloor hydrothermal vents was by far the most important thing Alvin ever did. The results transformed scientific thinking about heat flow and mantle convection, ocean chemistry, the origins of ore deposits, and life itself. They helped to transform our vision of the deep sea from a barren wasteland to a fertile ecosystem, perhaps the ultimate incubator of life.203 But these profound discoveries began with prosaic problems: the transmission of underwater sound in submarine warfare and the salvage of materials lost at sea. The scientists involved were curious people, but the context in which they made these discoveries was not that of curiosity-driven research. Their discoveries were the end product of a two-decade-long interaction that fostered the pursuit of scientific questions that could be amalgamated with and yoked to the concerns and needs of the US Navy, during a time of political anxiety over what might be lurking or lost in the sea.

        For most scientists, the important part of the story is the ending: that scientists made major discoveries about the natural world. This is reflected in the way Alvin is presented by scientists as a vessel dedicated to civilian science, its success a triumph of curiosity-driven research. Some have gone so far as to expunge Alvin’s military pedigree. When Robert Ballard wrote a retrospective on Alvin in 2000, he began with its commissioning “at Woods Hole in 1964,” ignoring the first three years when Alvin did mostly military work.204 An article published in Science in 2002 on an occasion described as Alvin’s thirty-fifth birthday referred to its “3700 dives . . . since 1967.”205 But Alvin was not thirty-five in 2002; it was thirty-eight. Its first three years of its life and the dives it did on behalf of the US Navy had been expunged.

        In Water Baby, a popular history of Alvin, science writer Victoria Kaharl acknowledged the Navy’s role in funding and supporting the project but maintained the myth that the military connection was incidental, an excuse used to “justify the sub’s existence.”206 This is consistent with the stories scientists have told of “painting projects blue”—putting a veneer of military relevance on basic science projects.207 The historical facts bely these myths. In fact, they indicate the inverse: that scientists working on military-sponsored projects painted their projects white—pretending that the military projects were motivated by basic science when patently they were not.

        As we saw in chapter 6, at the start of the Alvin project many oceanographers doubted that a deep-submergence vessel would be of much scientific use. Those who believed it could be of use had to fight for a vessel that actually would be of use, and when it was built, they had to fight for the opportunity to use it. Then, when the Navy had achieved its ends, scientists had to fight for Alvin’s survival. Later, scientists would imply, suggest, or even claim outright that both Alvin’s creation and its research program were driven by scientific considerations, but this was simply untrue. The reality was that it was driven first by the anticipated and then by the actual need for military access to the deep sea environment. Both the idea of Alvin and its technical realization were rooted in military needs, as were the instrument specifications and delivery deadlines. When scientists got to use Alvin for nonmilitary activities, they still had to fit “mission profile.” Projects that did not fit were not fostered.

        Science did not lead the Aluminaut and Alvin program; it followed. Recall Jim Mavor’s complaint to Paul Fye in the early 1960s that Woods Hole scientists were skeptical about Aluminaut because of the gap between its design features and any plausible scientific use. Mavor’s complaint is reinforced by the recollections of Fred Spiess, who noted that, from the perspective of basic science, “Alvin was a solution in search of a problem.”208 In hindsight it may seem hard to believe that Woods Hole scientists would not have been thrilled by the prospect of going to the deep sea, but the reality is that most were not, and the context in which Alvin was developed explains why.

        This is not to say that the scientific questions that were highlighted as part of the deep-submergence program—bottom currents, the daily vertical migrations of animals, the distribution of seamounts—were fabricated. Not at all. They were phenomena in the natural world that scientists might have wished to investigate. But they came into focus via military salience, because they were questions that these particular vessels—whose specifications were determined by their military mission—were able to address. Topics that had no military salience—such as the giant squid—were shunted aside, even when the scientific value was acknowledged to be high. Most tellingly, when conflict arose and Paul Fye tried to protect his scientists’ interests, the ONR insisted that he enforce the “mission profile”—and he did. When that mission was fulfilled, the ONR sought to discontinue its support.

        Moreover, there is something absurd about the idea that scientists pulled the wool over Navy eyes. To suggest that scientists could paint projects blue—that they could fool their military patrons into supporting irrelevant research—is to suggest that military officers were acutely naïve. Such a view seems implausible on its face. After all, if we reject as simplistic the idea that scientists were duped or used, we should equally reject the idea that their military patrons were. Paul Fye, Maurice Ewing, Roger Revelle, and Fred Spiess had enormous respect and even admiration for the military men with whom they worked; they did not consider them at all unsophisticated. Indeed, on the occasion of a presentation in 1960 to the Ad Hoc Committee on Basic Research of the President’s Science Advisory Committee, Maurice Ewing wrote in his notes, “Navy: A general remark about the navy’s support of basic research may be made. In general, their administrators are well informed and not easily misled.”209

      
      
        Conclusion

        There has been a deep and critical connection between military programs—particularly the development of new technologies—and the growth of natural knowledge about the ocean. That much seems uncontroversial.210 However, the story in this chapter supports the potentially more controversial claim that military patronage not only empowered and enabled scientists by supporting them to develop and use these techniques and technologies, but also disempowered them to the extent that military concerns came to dominate the scientific agenda in fields whose funding came primarily from military sources. The historical evidence demonstrates that the agenda of American oceanography after World War II was structured by the needs—real and perceived—of the US Navy, and that scientific priorities at Woods Hole and elsewhere were set to a large degree by those needs.211

        This is not to say that scientists were duped or used, or that the relationship was unidirectional. The US Navy did not merely call on scientists; scientists also called on the Navy.212 Wenk, Vine, Fye, and Spiess were motivated to develop tools and understandings that would both help them to do their job and help the Navy do its job. But the constitution of “their job” was itself subject to interpretation. Some scientists, like Henry Stommel, Joanne Malkus, and William von Arx, believed unequivocally that their job was to increase understanding of the natural world, and only that. As Stommel put it, the scientist has “a deep-seated drive to wrestle personally with the unknown and to create understanding . . . where before there were not even questions.” This was contrasted—and in his mind incompatible—with an agenda structured by the Navy’s “need to know.”213 Others, however, including Fye and trustee E. Bright Wilson at Woods Hole and Maurice Ewing and Charles Drake at Lamont, were equally unequivocal in their conviction that part of the job of their community—if not necessarily each individual in it—was to serve the nation’s military needs.214 Moreover, many scientists relished their roles as experts serving the nation. The report that inspired Aluminaut emerged from a US National Academy of Sciences committee, one of many venues where scientists proffered their expertise to potential military patrons.215

        One way to account for the military-scientific relationship is through the concept of mutual orientation, developed by historian Paul Edwards in his study of Jay Forrester and the scientists on Project Whirlwind. Edwards notes that scientists and engineers who worked closely with US Air Force sponsors came to understand and internalize their sponsors’ concerns; they frequently found themselves thinking about solutions to Air Force problems. They also came to understand which sorts of projects would be likely to find support, so after a while would not bother to propose projects they knew would gain no traction. Conversely, Edwards argues, Air Force officials were influenced by their interactions with computer scientists, who made them aware of new possibilities (recall the “salutary influence” that James Dorman at Lamont insisted that scientists had). In Edwards’s words, “The source of funding, the political climate, and their personal experiences oriented Forrester’s group toward military applications, while the group’s research eventually oriented the military toward new concepts of command and control.”216

        It is not clear how much oceanographers and geophysicists oriented Navy patrons toward new concepts, but it is clear that oceanographic information helped to make certain systems—like SOSUS and Artemis—conceivable and possible. Like the computer scientists who worked on Project Whirlwind, the oceanographers who developed the Alvin program were not exploited by the Navy, if by that we mean used to their detriment or against their will. Rather, they actively sought opportunities for Navy sponsorship and attempted to forge a symbiotic relationship, one that sometimes proved genuinely mutual and sometimes did not. Clearly, the interactions between scientists and Navy officers were diverse; causal arrows can be found in both directions. But it is also clear that Navy officials were not naïve. As one memo from the deputy assistant oceanographer of the Navy put it in 1969, any proposed science plan had to “demonstrate relevancy and responsiveness of programs with Navy needs,” and these needs were to be specified in terms of “specific functions” rather than “broad mission categories.”217 As marine chemist Andrew Dickson has put it, scientists were not free to do just anything on the Navy dime.218

        A different account has been offered by sociologist Chandra Mukerji, who concluded that oceanographers served primarily as a reserve labor force on which the state could call as needed. When not needed, she concluded, they were more or less free to do as they wished. There are elements of this story that fit that picture, particularly if we consider technologies as part of that force.219 The work of oceanographers in the Thresher search, Admiral Stephan’s belief that science could provide the background use for Alvin at times when the military had no foreground use, and the calling up of Alvin and Aluminaut to find the lost H-bomb at Palomares certainly fit the bill.

        Mukerji’s thesis, though, fails to account for the changes that occurred over the course of the Cold War. Oceanographers may have in part served as a reserve labor force—and, as we shall see in our final chapters, ended up vulnerable for just that reason—but their science was not expanded and strengthened during the Cold War to be that. Scientists were funded to answer specific questions, work on specific projects, develop specific instruments, and take on specific tasks. Not all these tasks had direct relations to particular weapons systems or operational activities, but many did. These included crucial systems like SOFAR and SOSUS and weapons programs like Polaris. Crucially, when projects no longer seemed useful to the Navy, they were terminated, even when scientists insisted on their continued intellectual value.

        However, to say that oceanographers were not a reserve labor force—or at least not primarily a reserve labor force—is not to claim that they were autonomous, either. This point may seem so obvious that one is compelled to ask, why have scientists resisted this seemingly obvious conclusion? Why not just admit that Navy funding was beneficial but not unalloyed? Why bother painting projects white? I will return to this question in the conclusion of this book.
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        From Expertise to Advocacy: The Seabed Disposal of Radioactive Waste

      
      In March 1961, the US Navy articulated a ten-year plan for its “entire oceanographic effort . . . including basic and applied research, ocean surveying, undersea research vehicles, instrumentation, ship construction, facilities, and the training of oceanographic manpower.” The document, known as TENOC, for the Ten Year Program in Oceanography 1961–1970, summarized the Navy’s aspirations for oceanography: “Advancing our knowledge of the oceans and thereby increasing the effectiveness, within the oceanic environment, of naval operations, weapon systems, and ship and equipment design.”1 The argument was simple: because the Navy operated in the sea, it needed to understand the sea: “The successful design, construction, and operation of a powerful modern Navy depends . . . on how well the environment is understood.”2

      In 1945, this argument might have been controversial, but by the 1960s it was conventional wisdom. Past investments in oceanography had produced “significant” results, and “future investment can be anticipated to return manifold benefits in weapon and equipment improvements and more efficient and safe operations.”3 Research funds (mostly from the ONR) would triple over the following decade, from just over $10 million dollars in 1961 to more than $33 million in 1970 (fig. 8.1). Including funding for ships, facilities, surveys, and information dissemination, the total research and development budget would grow to over $91 million. Roughly one-third of that flowed to just three institutions: $12.6 million to Woods Hole, $10.5 million to Columbia and Lamont (including the Hudson Laboratories), and $9.6 million to Scripps.
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        Figure 8.1 Gross summary of TENOC funding, table 18.

        From Navy Department of the United States, Department of the Navy Ten Year Program in Oceanography: TENOC, 1961–1970 (Washington, DC: Department of the Navy, Office of the Chief of Naval Operations, 1961).

      
      By 1971—the end of the TENOC decade—there was no question that scientific understanding of the ocean environment had greatly advanced. Long-standing questions about ocean circulation and chemistry, about the structure and origins of ocean basins, and about the character of the seafloor had been answered and Navy support was a crucial component of that success. Without the funds, equipment and logistical support provided by the US Navy, scientists would simply not have been able to collect the data, explore the realms, or complete the analyses that they did. Yet by the early 1970s, Navy-academic bonds were fraying.

      The personal ties forged during World War II that had linked Columbus Iselin, Maurice Ewing, Roger Revelle, Paul Fye, Bruce Heezen, Harry Hess, and Bill Menard to admirals and other officers had become largely the stuff of legend.4 By the late 1970s, Iselin, Ewing, Hess, and Heezen were dead; Revelle and Fye had retired; and Menard had moved to scientific administration. A new generation of scientific leaders had emerged, who generally lacked the military experience that had helped their predecessors forge alliances with active-duty officers. The “golden age” of Cold War Navy-sponsored oceanographic work was tied to a particular generation of men who had either fought in World War II or worked closely with those who did. It was, in this sense, at least as much the result of World War II as the Cold War, a product of the affinities and affiliations that had been forged during the former and remained robust into the latter, but only for two decades.

      Navy support had never been a blank check, but in the 1950s and early 1960s it sometimes seemed as if it were: funds had flowed freely within broad mandates and with only modest oversight. By the 1970s, this was no longer the case. With the 1970 passage of the Mansfield Amendment, Congress insisted that military research and development funds be assigned to projects whose military character was clear; no doubt this caused some military officials to scrutinize their budgets and allocations more carefully. Among oceanographers, however, the amendment received little mention; no project discussed here was explicitly reduced or curtailed with reference to the Mansfield Amendment. However, a concern that appeared with increasing frequency in the late 1970s and early 1980s was the problem of too many oceanographers competing for too few funds.

      The TENOC document was based on the recommendations of the scientists on the US National Academy of Sciences Committee on Oceanography, who wanted to breed more of their kind. In 1945, Harald Sverdrup had considered it a top priority to increase the number of trained oceanographers; fifteen years later this theme was repeated in TENOC. One of ten specified priorities was to “significantly ameliorate the manpower shortage in the field.”5 The 1960s and 1970s saw rapid growth in both the size and the number of academic programs in oceanography. By 1985, Woods Hole’s dean of graduate studies Charles Hollister estimated that US graduate programs were producing sixty-five to seventy new physical oceanographers every year, and that did not include marine geologists or geophysicists.6

      As the number of oceanographers swelled, so did competition for funds. By the mid-1970s, anxieties over funding were cropping up in the notes, memos, and internal reports of academic oceanographers and institution directors with an urgency not felt since the 1930s. Paul Fye described his situation in July 1974: “We find ourselves in rather severe financial crisis . . . [in particular] the lack of money for ship operations.”7 Funding for scientific research continued to grow throughout the 1970s, but the number of oceanographers competing for those monies and the number of ships that had to be maintained had increased even more.8

      By the late 1980s, the Navy’s commitment to academic oceanographic science had decreased substantially, not just in relative terms but in absolute ones, too. Budgets for Navy-sponsored research were mostly flat from 1970 to 1983, and ONR-sponsored research had decreased significantly: in constant dollars from $6.4 million to only $4.1 million (fig. 8.2).9 The next generation of oceanographers found themselves working much harder for Navy support than their teachers had, and also searching for alternative funding sources.10
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        Figure 8.2 Funding for oceanographic research, 1970s to 1980s, based on materials prepared by Charles Hollister for the House Armed Services Committee, Subcommittee on Research and Development, Hearings on “Health of Basic Research in Oceanography,” March 1985. (a) Total Navy research support, 1969–1985, in constant 1972 dollars. Sponsored research peaked in 1972 with a sudden increase in NSF support in that year, and then leveled off. (b) Total ONR support for oceanography compared with other disciplines. ONR support for oceanographic research declined dramatically from the mid-1970s to the mid-1980s but was more or less compensated by increased NSF support. (c) Total dollars and constant 1971 dollars awarded and man-months [sic] of support provided at Woods Hole Oceanographic Institution, 1971–1984. As costs rose, similar budgets were able to sustain less research. (d) NSF marine science budget in nominal and real dollars, 1975–1985. Ostensible budget increases were outpaced by inflation.

        From Statement of Charles Davis Hollister, PhD, FAAAS, FGSA, Senior Scientist, Dean and Member of Directorate of the Woods Hole Oceanographic Institution, before the Research and Development Sub-Committee of the House Armed Services Committee on Health of Basic Research in Oceanography (SE 31) in the Office of Naval Research, pp. 5, 7, in Charles Davis Hollister Papers, 1967–1998, MC-31, “Congressional Testimony House Armed Services Committee, March 28, 1985,” Data Library and Archives, Woods Hole Oceanographic Institution.

      
      This chapter and the next examine the pitfalls and problems that befell oceanographers as they strove to adapt to the changing circumstances of oceanography. In this chapter, we explore how Woods Hole dean and marine geologist Charles Hollister struggled to maintain support for his scientific program while the political exigencies that had inspired it were waning. In the final chapter, we examine how a group of physical oceanographers tried to adjust their research priorities in response to changing societal needs, only to find that a goodly portion of society did not want their help—at least not in the way they were offering it. We turn first to Charles Hollister.

      
        Charles Hollister and Radioactive Waste Disposal at Sea

        Had he not died in a hiking accident at the age of sixty-three, Charles Hollister (1936–1999) could have been said to have lived a charmed life. Smart, self-confident, and rich, he was born into California’s famous Hollister family, who arrived in the United States in the 1630s and in California in 1866, when they purchased a huge tract of pristine California coastline just west of Santa Barbara.11 Raised on the family ranch and educated at the exclusive Chadwick School on the Palos Verdes Peninsula, Hollister then studied at Oregon State University and earned his PhD at Lamont, working with Bruce Heezen.

        Hollister and Heezen were among the first marine geologists to document the sedimentologically active nature of the seafloor. This was a matter of considerable interest to both the Navy and the AT&T corporation for the potential impact of deep currents on underwater hydrophone arrays and telecommunication cables (chapters 4 and 5). Heezen and Hollister had demonstrated that currents sweep the abyssal depth, scouring the seafloor in some areas and depositing large amounts of sediments in others. Hollister’s 1966 article “Shaping the Continental Rise by Deep Geostrophic Contour Currents,” published in Science and coauthored with Heezen and Lamont colleague W. F. Ruddiman, helped establish the existence of “contour currents”—powerful currents that run along topographic contours of the continental rise—and gave the name contourites to the deposits created by them.12

        This work challenged the conventional wisdom that deep marine sediments accumulated slowly in geosynclines, gradually subsiding basins or troughs along continental margins. Geosynclines were conceptualized as quiescent, with no significant source of sedimentary input but for the occasional turbidity current that carried coarse clastic materials from the continental margin into the deep marine environment and, in particular, no lateral sediment source. Hollister’s work showed that this picture was wrong. First, the dominant materials in contourites were very fine-grained, clay-rich sediments, inconsistent with turbidity currents as their source. Second, the turbidity-current model suggested a dominant transport direction from continent to ocean, yet ripple marks and current lineations seen in underwater photographs showed that the dominant transport direction in the Atlantic was parallel to the coastline rather than perpendicular to it. This suggested that transport was controlled not by turbidity currents generated on the edge of the continental shelf but by the deep density-driven circulation posited by the Stommel-Arons model (chapter 2).

        Besides providing a brilliant empirical confirmation of the Stommel-Arons model, the data pointed to a radically different view of sedimentological processes and established Hollister’s reputation as a rising young star.13 He was hired at Woods Hole, where he spent the rest of his career, working primarily on abyssal sedimentary dynamics. In the 1970s, he organized the High Energy Benthic Boundary Layer Experiment, or HEBBLE, to evaluate the mechanisms leading to large-scale movement of abyssal marine sediments.14 He also pioneered the design and use of a large-diameter-piston coring device to obtain samples that preserved their internal sedimentary structure. Only four years after completing his PhD, Hollister coauthored with Heezen a gorgeous coffee-table book, The Face of the Deep, summarizing a decade of deep-sea discoveries.15 By the late 1970s, the ONR considered him “a principal leader in the field of sediment dynamics” and a man who delivered on his research promises.16

        Hollister also had administrative skills, and by 1989 he had risen to the rank of senior scientist, vice president of the corporation, and associate director of external affairs at Woods Hole. From 1979 to 1989 he also served as dean of graduate studies of the joint Woods Hole-MIT graduate program in oceanography. Proud of his western US heritage—and flaunting a showy masculinity—he continued to hike, climb, ski, hunt, and fly-fish throughout his life. He served as president of the American Alpine Club, became a fellow of the elite Explorer’s Club, and served as deputy sheriff of Santa Barbara County. In biographical sketches, he noted among his accomplishments the ascent of the Vinson Massif, the highest peak in Antarctica, which had earned the team the John Oliver La Gorce Medal of the National Geographic Society. When Hollister organized a scientific conference in winter, the schedule was arranged to reserve afternoons for skiing.17

        Hollister’s assertive outdoor life was matched by an equally assertive approach to science: he pursued ideas with vigor, dedication, and a hefty dose of self-confidence. He was an energetic man who liked to organize initiatives and see his visions realized. But there were forces affecting his science that he could not control. As a student in the 1960s, Hollister was a beneficiary of Navy largesse. But by the 1970s, Navy priorities were changing, and Hollister needed to figure out who would support his work and with what justification.

        At first, he had little trouble adjusting. As the ONR decreased its support for deep-ocean research, Hollister moved several of his projects to the National Science Foundation (NSF). But in 1976, the NSF declined to fund a project to differentiate the effects of turbidity currents and contour currents on the Icelandic Rise on the grounds that the proposal lacked novelty. One reviewer wrote: “My major objection pertains to the overall objectives of the investigation, which seem to duplicate . . . Hollister’s own PhD thesis.”18 So Hollister shifted again, this time finding a new mission in the disposal of radioactive waste at sea and a new patron in the Sandia National Laboratory’s Subseabed Waste Disposal program.19 For the next fifteen years, Hollister directed a study group at Woods Hole known as the Deep-Sea Geology Study Program, served as the coordinator for the Department of Energy’s (DOE) US Seabed Disposal Program Site Suitability and Selection programs, and was task-force leader of site selection for the DOE’s International Seabed Working Group, which examined potential waste disposal sites outside US jurisdiction.

        But there was another snag. By the mid-1980s, most people had concluded that waste disposal at sea was a bad idea, and political and scientific attention turned to land-based options. In 1986, at the direction of the US Congress, the DOE ended its seabed disposal research programs to focus on evaluating a potential repository site at Yucca Mountain, Nevada. This time, Hollister did not simply shift to find another patron. Instead, he decided to fight, challenging the wisdom of this decision in the same assertive manner that he hunted, fished, and summited mountains. In doing so, Hollister’s science and politics became deeply entangled, as he defended subseabed disposal not merely on scientific grounds in scientific venues, but on political grounds in the halls of Congress and in the mass media.

      
      
        The Seabed Disposal of Radioactive Waste

        The idea of using the deep sea as a final resting place for high-level radioactive waste had been considered as early as the 1950s (chapter 2). Low-level wastes had been dumped into the oceans for some time: between 1946 and 1970 the US Atomic Energy Commission (AEC) had approved the dumping of eighty-six thousand containers of low-level wastes at four licensed sites, three in the Atlantic and one in the Pacific.20 European countries—particularly the United Kingdom and France—had also dumped wastes at sea, and in 1967 the European Nuclear Energy Agency organized a cooperative dumping effort.21

        In public, the AEC had generally made upbeat claims about the problem of waste disposal, downplaying the challenge and at times even implying there was no challenge. In its 1959 annual report to Congress, for example, the AEC wrote: “Waste problems have proved completely manageable in the operations of the Commission and of its predecessor war-time agency, the Manhattan Engineering District. . . . There is no reason to believe that proliferation of wastes will become a limiting factor on future development of atomic energy for peaceful purposes.”22 In private, however, the AEC was concerned about the lack of a suitable means to dispose nuclear waste and, among other possibilities, was considering dumping it in the deep sea.23 But if waste were dumped in the deep sea, would it stay there?24

        In 1955, the Atomic Energy Commission convened a meeting at Woods Hole on marine nuclear waste disposal. Arnold Arons later recalled that the “AEC people pointed with concern to the mounting volume of wastes being stored in situ [at power plants] and correctly predicted the rather frightening situation that would develop toward the end of the century. . . . They sought advice about the possibility of oceanic disposal.”25 Another participant was William von Arx, who concluded that, given the present state of knowledge, any attempt to use the oceans to dispose of raw fission products “must be regarded as involving serious risk.”26 Others agreed. The report of the meeting was largely pessimistic: not enough was known about the deep ocean to say whether wastes put there would remain there, whether deep circulation would distribute radioactive materials throughout the ocean or even rapidly return them to the surface environment, or whether there would be adverse effects on benthic life.

        Arons recalled, “no one was prepared to make categorical predictions, [as] too little was known about abyssal circulation.”27 Having discerned that “AEC people might be interested in supporting some fundamental research despite the pessimistic atmosphere,” he approached them about funding: “The AEC people were very receptive to this approach and accorded some support.”28 Some of that funding was used to make calculations of the rate at which materials might circulate between the surface and the abyssal environment. Oceanographers and geochemists had considered the question and obtained very different answers. Revisiting the Meteor data, German oceanographer Georg Wüst suggested a decadal time scale for midlayer circulation and no more than three hundred years for deep waters to be out of contact with the surface environment. These numbers were reinforced by calculations of dissolved oxygen, which suggested as little as 140 years, hardly conducive to long-term waste isolation. In contrast, Lamont geochemist Wallace Broecker had used carbon 14 tracers to calculate a mean residence time for North Atlantic deep water of 650 years.29 His colleague Lawrence Kulp suggested an even more sluggish environment, in which “tropical Atlantic bottom water descended from the surface at a high altitude as long as 1800 years ago.”30 None of these numbers was entirely reassuring, but Broecker and Kulp’s offered some promise.31

        Ten years later, the Stommel-Arons model would show that deepwater circulation was significant and could therefore perhaps redistribute waste deposited in the deep sea; Hollister and Heezen’s work showing that the deep marine environment was sedimentologically and oceanographically active validated that view. These discoveries seemed to dash any hopes that nuclear wastes deposited on the continental shelf, slope, or rise would rest in peace.

        At the same time, the establishment of plate tectonics indicated that the interior regions of oceanic plates—the abyssal plains—might be tectonically stable for many millions of years. If this were so—and by the 1970s few doubted that it was—then the interior portions of tectonic plates might be just the place to dispose of waste, if one could get it there, past the technical, logistic, and political obstacles. As a man who had ascended some of the world’s most challenging peaks, Charles Hollister was certain that you could.32

        Hollister began to develop his views on the deep seabed as a suitable site for waste disposal in the mid-1970s, focusing on the analysis of the deep-sea sediments in the midplate environments to understand both the nature of the sediments themselves and the environments in which they had been deposited. His large-diameter-piston coring device was designed to permit collection of samples large enough to preserve sedimentary structures, and therefore the evidence of the nature, extent, and strength of deep currents or other disturbances.33

        Knowing that radioactive waste would never really go away, Hollister entitled his proposal “A Logic and Decision Model for the Seabed Geologic Seclusion of Radioactive Waste.”34 The basic concept was this: plate tectonics provided a theoretical framework for identifying the stable portions of the ocean whose tectonic behavior was highly predictable, and where the sedimentary processes were primarily depositional rather than erosional, so materials put there would stay there. They would not “go away,” but they would be effectively isolated.

        Hollister paused little over the question of benthic life (see chapter 9 for a similar pattern in a different context): “We do not attempt to discuss the complex biological communities in the ocean provinces, but merely call attention to the overall biological productivity of surficial waters as an important indicator of mid-water and bottom biological productivity.”35 He was referring to the principal scientific argument against seabed disposal—the risk of contamination of the marine food chain—and suggesting that this risk was negligible. Because biological productivity is greatest in the photic zone (near the sea surface) and declines with depth (he argued), there was little life to worry about in the abyssal environment, and biological contamination could be ignored.36

        This was consistent with the view he had presented in a proposal to the Atomic Energy Commission in 1973, in which he had referred to the north-central Pacific as a “Marine Desert.”37 In the nineteenth century, the view of the ocean as a watery desert was perhaps defensible, but in the twentieth, far less so. Perhaps Hollister thought that the regions with abundant life, such as the ridge-crest vent environments, were exceptions that proved the rule (chapter 7). Perhaps because the vents were specifically associated with plate boundaries, that could be taken to mean that away from those boundaries, benthic life would be scant. Either way, he set aside the biological concerns and became the leading US scientific advocate for seabed waste disposal.38

        He called his idea the MPG option, for midplate, midgyre (fig. 8.3). One could deposit wastes in a well-understood portion of the abyssal ocean, he argued, in locations that were central with respect to two critical variables: plate boundaries and oceanic gyres. Plate boundaries were tectonically unstable, and the edges of ocean gyres were oceanographically unstable. At either boundary, materials placed there might be redistributed. But the centers of plates and gyres were like the eye of a hurricane: the calm in the middle of tectonic and sedimentological storms.39
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          Figure 8.3 Hollister’s proposed “MPG”—midplate, midgyre—solution for deep disposal of nuclear waste. Hollister illustrates his proposed sites against the backdrop of the physiographic map of the Pacific seafloor, developed by his graduate adviser Bruce Heezen and Marie Tharp.

          From Hollister, “The Seabed Option,” Oceanus 20 (1977): 18–25. Image credit: Heinrich Berann/National Geographic Creative; reprinted with permission of NG Image Collection.

        
        Hollister built directly on the bathymetric work of Heezen and Tharp (chapter 5)—defining suitable locations against the backdrop of the physiographic map of the seafloor—and on recent advances in physical oceanography, which helped to identify areas of the seafloor least subject to significant deep circulation. It was a state-of-the art solution to a thorny practical problem, at least from the scientific standpoint.

        By the mid-1970s, Hollister had assembled a team of colleagues to aid in preliminary site selection, getting advice and support particularly from Woods Hole chemist Vaughan Bowen, who had for many years received support from the AEC for research on the fate of radionuclides in marine environments and was advising Sandia on site-selection criteria for waste disposal. Unlike Hollister, Bowen did not believe that radionuclides delivered to sediments could be assumed to stay put. On the contrary, he thought that “prediction of the movement of any released waste would be uncertain,” so a better understanding of the sediment column as a natural barrier was needed.40 Hollister identified two potential sites in the north-central Pacific for more detailed study.

        In 1979, he wrote a long, detailed paper for a symposium on Marine Sciences and Ocean Policy at University of California, Santa Barbara. By this time, nuclear generating capacity in the United States was growing more slowly than predicted, mostly because of high costs, although to some extent also because of public opposition, which increased after the 1979 Three Mile Island accident. Hollister nevertheless argued that safe waste disposal was the principal impediment to expanded capacity, and there was a simple, effective solution waiting to be pursued: the MPG solution. To this he now added an additional component: find a place where the abyssal muds were deep and emplace the wastes within them. With their low permeability and high adsorption capacity, the muds would ensure that any radioactive materials that leaked from their containers would be adsorbed onto the muds.41 Hence the emphasis on subseabed disposal: waste would not be dumped on the seafloor but encased in the abyssal mud.

      
      
        The Nuclear Waste Policy Act of 1982

        Hollister’s scientific research was part of a broad program by the US government to evaluate waste disposal options, which accelerated in 1982 with the passage of the Nuclear Waste Policy Act. This act charged the Department of Energy with developing a permanent repository for high-level wastes by 1998. Mined geological repositories would be pursued as the primary disposal mechanism, but alternatives would be researched as well.

        The DOE formalized its efforts to evaluate subseabed disposal. A 1981 overview suggested that feasibility studies could be completed by 1988 and an engineered system “designed for demonstration in the 1990s.”42 The work would involve basic scientific research into the abyssal environment, but the goal was to identify a suitable site for waste disposal consistent with that time frame. Hollister, however, had already been working on exactly this. A contract from 1978 gives an idea of its tenor: First, Hollister would serve as the coordinator of the US Seabed Program Site Suitability and Selection activities and task-force leader of site selection for the International Seabed Working Group. This would be the “principal” task in fiscal year 1979 and would include site investigations in the eastern North Atlantic and the South Pacific and South Atlantic. By the end of the year, DOE would receive preliminary site-suitability assessments based on both historical and new data. Second, Hollister would develop a “paleo-environmental/predictability model” of the sites. Using information obtained from core samples, he would create a model of environmental conditions over the previous ten thousand to one hundred thousand years and use that to assess probable future conditions at the sites. This would “provide a framework for ultimate model spanning 1,000,000 to 10,000,000 years.”43 Third and fourth, Hollister would complete a report on “generic site suitability criteria” for low-level waste disposal from naval reactors, working in conjunction with Sandia scientists and engineers and other federal personnel, and identify generic study regions in the western North Atlantic on the basis of these criteria. The sites would be at least “100 km on a side and no more than 200 miles [sic]” from the US coastline. Fifth, he would develop a “research and development plan for describing the present environment” of the sites, with a focus on characteristics that would allow their ranking or exclusion.44 He would also provide predictions of “possible processes that might affect the site suitability for the next 100 to 1000 years,” based on creating “a complete record of the depositional environment over the past 10,000 to 1,000,000 or more years” that would offer “the basis for assessing a site’s usefulness as a repository.”45

        Matters did not, however, proceed as he expected. Hollister’s Sandia first-year funding had amounted to nearly $100,000 ($99,877 to be exact), but in the years to follow, the amounts would fall off dramatically. In 1979–1980, his funding was cut in half, and in 1981 to a mere $8,000 (fig. 8.4).
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          Figure 8.4 Charles Hollister’s summary of research funding under Sandia Laboratory Contracts, 1977–1985.

          From Charles Davis Hollister Papers, 1967–1998, MC-31, “Proposals, 1960s–1970s,” Data Library and Archives, Woods Hole Oceanographic Institution. Reprinted with permission of the Woods Hole Oceanographic Institution.

        
        Many people had serious reservations about ocean disposal, not just for the reasons raised in the 1950s. Hollister’s idea, endorsed by many at Sandia, was that by burying the wastes in the sediments, rather than simply placing or dumping canisters on the seafloor surface, disruptions associated with deep currents and chemical corrosion by salt water could be avoided. In this respect, he was revisiting an idea proposed by Allyn Vine in 1949 to load wastes into torpedoes and drop them from surface ships; the acceleration of their free fall would propel them into the soft muds of the seafloor, where they would remain (fig. 8.5). Were the capsule to leak, crack, or corrode, the low permeability and high adsorptive capacity of the muds would prevent radionuclides from dispersing.
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          Figure 8.5 Al Vine’s 1949 drawing for the disposal of radioactive wastes in free-fall capsules.

          From Charles Davis Hollister Papers, 1967–1998, MC-31, “A. Vine design for active waste disposal capsule, December 1949,” Data Library and Archives, Woods Hole Oceanographic Institution. Reprinted with permission of the Woods Hole Oceanographic Institution.

        
        The snag was that marine disposal of high-level radioactive waste was prohibited by the London Dumping Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter, adopted in 1972. The US Marine Protection, Research, and Sanctuaries Act of the same year, informally known as the Ocean Dumping Act, also prohibited it.46 In 1983, a moratorium would prohibit even low-level waste disposal at sea, pending further scientific, technical, and social-scientific studies.47 Although subseabed disposal might be technically sweet, it was also almost certainly illegal.48

        Hollister and other advocates of subseabed disposal tried to argue that their proposal was not dumping: it was insertion, as the waste materials would be emplaced into the seabed, not dumped onto it. Hollister suggested that the use of sites beyond national borders would in fact simplify the legal issues, because it “minimizes participation by states and localities.” Hollister had a point: state and local opposition was emerging as an issue in land-based disposal. His implication, however, that the open ocean was beyond regulatory reach was silly. Whether the proposal was to place waste on or in the seabed, it would fall within the jurisdiction of the London convention, as well as international maritime law, which nearly all experts thought it would violate.

        The 1982 Nuclear Waste Policy Act required the DOE to “develop and manage a system” for the permanent disposal of nuclear waste. It also established the office of Civilian Radioactive Waste Management, under the DOE, to evaluate at least three potential sites for a permanent geological repository. These activities would be funded through a fee on commercial nuclear power generation—the Nuclear Waste Fund.49 The DOE chose nine sites in six states for evaluation, but work fell behind schedule and budget as the agency encountered substantive public opposition. In 1987 the Congress directed the DOE to focus on only one site: Yucca Mountain, on the edge of the Nevada Test Site, a location that fell under federal jurisdiction.50 The subseabed disposal option was not eliminated by this move—in 1983 the DOE had presented to the Office of Management and Budget a five-year budget for subseabed research, and Hollister’s funding situation improved (fig. 8.4). But in each of the two following years, allocated funds were less than originally budgeted, and for 1986 the DOE allocated no funds at all.51 In February 1986, the Office of Civilian Radioactive Waste Management officially terminated the subseabed disposal project.52 The reason for DOE’s decision was explained to Hollister by Edward Boland, congressman from Massachusetts’ second district. It was simple and straightforward. Politically, seabed disposal was going nowhere, so there was no point in further research. In his words, there “is no constituency for, and a lot of opposition to, disposing of high-level wastes at sea.”53

        While some geologists wondered about the wisdom of choosing a tectonically active site with a history of recent volcanism, the Nevada option was consistent with what many scientists had argued all along: that the ocean was too poorly understood to dispose high-level wastes there.54 It was also consistent with the engineering argument that it would be easier to engineer and monitor a terrestrial environment. In any case, the government had made its decision and scientists would have to accept it. In a memo to the project scientists, the program director at Sandia Laboratories wrote, “I request that all participants accept the fact that [the Office of Civilian Radioactive Waste Management] will not continue to fund the project. Furthermore, I hope that no one will do anything to question the wisdom of this decision.”55 But Hollister did question it. More than that, he actively fought it, not simply as a scientific decision but as a political one.

        From the mid-1980s until his death in 1999, Hollister wrote numerous popular articles and letters to editors defending seabed disposal and attacking the proposed repository at Yucca Mountain. He made television appearances, including on Firing Line with William F. Buckley. He wrote letters to editors of leading magazines and newspapers. He enlisted Woods Hole trustees to support his efforts. He cultivated members of Congress, and when that did not work, he organized a lobbying effort, under the guise of “education.”

      
      
        Hollister Goes to Washington

        Hollister’s earliest notes on the matter date from 1984, when he corresponded with the staff of New Jersey congressman William J. Hughes, who had taken up the question of whether the London convention prohibited subseabed disposal of nuclear waste. In November 1983 (on the same day that the Hon. Bill Richardson regaled House colleagues with news of the Espanola, New Mexico, High School marching band, which was preparing to represent the state in the Rose Bowl parade), Hughes had introduced a resolution in Congress that the United States recognize that subseabed disposal fell within the legal framework of the London Dumping Convention and was prohibited by both the convention and by US law.56 Cosponsored by Gerald Studds of Massachusetts, Claudine Schneider of Rhode Island, Barbara Boxer of California, and eight others, the resolution urged that the United States recognize “that subseabed emplacement falls within the framework of the London Dumping Convention, which defines ‘dumping’ as any deliberate disposal at sea of wastes,” and affirm that “the Convention not be eroded by carving out special exceptions from its provisions as new technologies are developed.”57

        Hughes’s resolution was motivated by an impending consultative session of parties to the convention.58 The US State Department was hedging on whether subseabed disposal was or was not prohibited; Hughes wanted the department to state unequivocally both that the London Dumping Convention was the appropriate regulatory framework and that it prohibited high-level nuclear waste disposal at sea, whether dumped, dropped, inserted, encased, or emplaced. Until such time as it was changed by international agreement, the convention was the relevant rule on the matter and the United States should not act unilaterally to reinterpret it.59

        The State Department responded to Hughes by saying that it was not prepared to take a position on whether subseabed disposal was or was not dumping—insisting that international legal opinion was divided—but that it would agree that the London Dumping Convention was the appropriate forum in which to decide the matter. The department proposed the “consensus position” that “no such disposal should take place unless and until it is proved to be technically feasible and environmentally acceptable, including a determination that such waste can be effectively isolated from the marine environment, and a regulatory mechanism is elaborated under the London Dumping Convention to govern the disposal into the seabed of such radioactive waste.”60

        The State Department’s position might to a politician have seemed plausible, but it created a double bind: no one could demonstrate the technical feasibility of the subseabed disposal option without pursuing it, but that seemed to be prohibited by the convention, and the department would not advocate modifying it when the technical feasibility remained in doubt. Hollister decided to try to undo this double bind. In 1987, he and a group of colleagues organized the Seabed Association. Its purpose would not be to ask for money for scientific research—which, for better or worse, scientists routinely do.61 Nor would it be to offer technical testimony when asked—something scientists also routinely do. It would be to advocate for subseabed disposal, including the possibility of modifying the London Dumping Convention.

        The approach was overtly political, its primary focus Congress. Donations were solicited from both individuals and institutions; the latter included Lamont, the University of Washington and the University of Hawaii, and Woods Hole agreed to “match the average contribution (up to $5000).” A memo accompanying a draft charter and position paper for the Seabed Association declared, “WE NEED MORE MEMBERS. PLEASE SOLICIT THE SUPPORT OF YOUR COLLEAGUES.”62 With these funds, Hollister and his colleagues began to collect information on members of Congress who might be sympathetic to their views or whose support would be essential for success, as well as their staff.63 They especially focused on the Nevada delegation, whom they hoped for obvious reasons to enlist as allies. One file, labeled “Congressional Liaison,” contained the business cards of the staff to Nevada senator (and later Senate majority leader) Harry Reid and Nevada governor Richard Bryan, whom Hollister had already met, with notes on when he had met them. Where politicians were up for reelection, the notes mentioned whom they were running against.

        Hollister’s closet ally in the project was a man named John Kelly, the founder of Austin-based JK Research Associates. Kelly was named chairman of the Seabed Association, and he took the lead on making contacts in Washington, cultivating staffers, and arranging meetings. To help get the project started, he lent the group money out of personal funds; later he billed $5,389 in “invoices payable” for his firm’s efforts.64 In a diagram outlining the “key players,” Kelly was identified as “John Kelly, lobbyist” (fig. 8.6). Charles Hollister had made the decision to lobby Congress on behalf of nuclear waste disposal at sea and to pay for a professional lobbyist.65
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          Figure 8.6 Diagram outlining the “key players” in the subseabed disposal program. Note the description at the top: “John Kelly, lobbyist.” This was prepared for a DOE report on the Office of Subseabed Disposal and sent to Charles Hollister with the notation “FYI Here is a briefing package I would use if I were called upon to brief senior management.”

          From Walter Warnick, Office of Subseabed Disposal Research, ER-80, Briefing package, in Charles Davis Hollister Papers, 1967–1998, MC-31, “Congressional Contacts, 1988,” Data Library and Archives, Woods Hole Oceanographic Institution. Reprinted with permission of the Woods Hole Oceanographic Institution.

        
        Hollister already had extensive contacts in Congress, in part through Woods Hole associations and in part through earlier congressional testimony on science funding. One of these contacts was Massachusetts senator Edward M. Kennedy.66 In 1984, Kennedy had visited Woods Hole, where Hollister and others had “made a compelling case . . . for discretionary funding for innovative research” separate from the NSF peer-review process—a position Kennedy later supported in congressional hearings with NSF director Erich Bloch.67 Hollister had argued that too much money was controlled by the “conservative peer-review process,” which (he felt) encouraged “low-risk, tried-and-true approaches.” In his view, more money should be placed at the discretion of laboratory directors; this would help to foster bolder, more creative initiatives. Innovation, he asserted, was the product of “individuals with vision, genius, and the courage to take risks.”68 No doubt Hollister considered himself such an individual; his approaches to Congress were certainly risky.

        At first things went well. Hollister was invited to testify in July 1987 before the Senate Committee on Energy and Natural Resources, where he spoke at length. The committee provided a three-page list of follow-up questions, mostly focusing on legal and political aspects. Hollister was asked, for example, to outline the relevant international legal framework; to explain which international laws would have to be amended to allow subseabed disposal; and to describe the positions of Japan, the Soviet Union, and other governments with Pacific coastlines. One question posed was, “Do all the governments with Atlantic coastline support sub-seabed disposal in the Atlantic?” Other questions addressed engineering and sociological aspects: What kind of ship would bring fuel to the site? What would happen if there were an accident? How much would it cost if the United States adopted subseabed disposal as its primary means of disposing of spent fuel?

        In addressing these questions, Hollister was well outside his wheelhouse, but he nevertheless expounded at length. Many of his answers could have been challenged by experts in relevant fields. He asserted, for example, that because the UN Convention on the Law of the Sea affirmed the freedom of the seas for peaceful purposes, it therefore “sanction[ed] subseabed R&D activities”—an artful interpretation at best but also irrelevant because the United States was not a party to the convention. As for the impact of a ship, Hollister acknowledged that the port facility would require “emergency response capability” but asserted that, even if materials escaped from a seabed repository, it would cause no harm to humans. He left the question of harm to other species unasked and unanswered.69

        While Hollister was not lobbying for the passage of a specific bill pending in Congress, he and his Seabed Association Colleagues were lobbying to convince members to support specific appropriations. In a letter to oceanographer John Byrne, president of Oregon State University, Kelly summarized the state of affairs and suggested how to address them through the appropriations process: They faced several major obstacles. Although the Nuclear Waste Policy Act of 1982 did not prohibit the investigation of alternative disposal methods, the earmarked funds derived from a fee on the nuclear power industry could be used only to establish an actual repository—a provision that the nuclear power industry strongly supported. However, the House Appropriations Committee opposed funding for subseabed disposal from any source, viewing it as a distraction from repository development. Kelly believed that the House position was deliberately designed to eliminate alternatives—that members believed the only way to site a repository was to “eliminate all alternatives and force a state to accept [it].” He therefore suggested that the group stress that the success of the land-based proposal was by no means certain. Nevada could not be forced to accept Yucca Mountain, and the political issues facing seabed disposal were therefore no worse than those facing land-based disposal.

        Kelly might have been right about the House strategy, and he was certainly right that the success of Yucca Mountain was not assured. But he was wrong to claim that the political issues facing seabed disposal were no worse than those facing Yucca Mountain, because the subseabed required not only agreement by the relevant parties in the United States, but also broad international agreement.

        In suggesting that Yucca Mountain would fail, moreover, they were attempting to construct a self-fulfilling prophecy, and this was tricky territory in opposing Yucca Mountain, Hollister and his colleagues were opposing their own former (and potentially continued) patron, the DOE, which was on record as opposing the continuation of the subseabed program. To attempt to discredit land-based disposal was to cast doubt on the patron whose support they needed and on whom they had previously depended. How could they win by alienating DOE? Their answer was that funds should be found that did not compete with the Yucca Mountain program. Kelly explained: “We have tried to make peace by presenting subseabed . . . as a complement to an overall waste management strategy.”70 But this was disingenuous, because in other contexts they were actively opposing Yucca Mountain, working to ensure that it would fail.

        Kelly insisted that if only people knew more oceanography, they would view the matter as he did: “Many people simply do not believe that subseabed disposal will work. This is symptomatic of a broader lack of knowledge and understanding of oceanography.”71 Kelly urged Byrne to talk with Oregon senator Mark Hatfield to try to “revitalize his support,” and suggesting that the appropriations bill “would be the appropriate vehicle.”72 But it was not just general support they sought; Kelly and Hollister had a specific ask. That was to add language to the appropriations bill to establish an office for subseabed research within the Civilian Radioactive Waste Management Program and to create a university-based consortium to conduct that research. The consortium would include Woods Hole, Scripps, and Lamont, as well as Oregon State University, the University of Washington, the University of Rhode Island, and Texas A&M—all schools with strong oceanography programs.73

        Kelly also developed a memo in which specific language for the appropriations bill was suggested, and he prepared a briefing for Warren Rudman of New Hampshire and several other senators whose states were potential targets for a second repository. By supporting the marine alternative, he suggested, they could avoid the political risk of a land-based repository in their home states.74 While the scientists publicly insisted on their nonpartisan commitment to apolitical scientific research, Kelly’s notes for the organization of the proposed consortium show otherwise. Under qualifications for the chairman of the consortium and director of the Office of Subseabed Disposal, they wrote “Republican or clearly nonpartisan.”75

        In September 1987, Kelly testified to the House Committee on Interior and Insular Affairs Subcommittee on Energy and Environment, representing the Seabed Association. His eight-page statement covered what was by then familiar ground—how seabed disposal was safe, how it was not dumping, and why it should be pursued as a backup to Yucca Mountain by providing an “inexpensive hedge against possible failure of the very costly land repository program.” The termination of the scientific research had had nothing to do with its technical merits (or lack thereof), he insisted, but was based on the desire on the part of DOE to close off alternatives: “The subseabed disposal project is perceived as a potential threat to the land repository program. There is a strong feeling that continued research on subseabed disposal would divert the effort to site a land repository and that the only way to force a people to accept a land repository is to cut off all alternatives.”76

        Kelly argued that it was still possible to identify and characterize three marine sites (one in the North Atlantic, one in the North Pacific, and one in the US Exclusive Economic Zone), develop designs for a seabed disposal system, assess the potential environmental impacts, and educate the public about the option of subseabed disposal by 1995—the target date under the law for identification of the first repository.77 Kelly asked that monies be authorized from the Nuclear Waste Fund, because “the ratepayers and utility industry will be the primary beneficiaries and because it will be politically impossible to secure adequate funds from general revenues.”78 On this last point, at least, Kelly was right.

        In October, Kelly compiled a status report for the members of the Seabed Association. From February to September, they had expenses of $22,356, including Hollister’s and Kelly’s testimonies to Congress, bank charges, legal fees, office supplies, printing, telephone, postage, and the biggest item: “management labor,” or his salary. The report noted with satisfaction that every piece of pending legislation on radioactive waste had a subseabed component, and the signs were good for both the House and the Senate to pass bills with a provision for the program. On a separate page, he listed all the potentially relevant pending legislation—seven different bills in all (fig. 8.7).79
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          Figure 8.7 John Kelly’s list of pending legislation in Congress relevant to the future of subseabed research. Note the comment on the last bill listed, H.R. 3499: “This is the best bill for subseabed.” Hollister, Kelly, and their colleagues were not only tracking the issue in Congress and “communicating” with members about the scientific background but also expressing preferences for specific legislative action.

          From Status Report, 21 October 1987, The Seabed Association, in Charles Davis Hollister Papers, 1967–1998, MC-31, “Congressional Contacts, 1988,” Data Library and Archives, Woods Hole Oceanographic Institution. Reprinted with permission of the Woods Hole Oceanographic Institution.

        
      
      
        The Nuclear Waste Policy Amendments Act of 1987

        At the end of 1987, Congress passed the Nuclear Waste Policy Amendments Act, which established the Nuclear Waste Technical Review Board as an independent agency within the Executive Branch to review the technical and scientific validity of Department of Energy efforts to find a permanent repository for radioactive waste.80 Buried in this bill was the provision for which Hollister and Kelly had lobbied: the establishment of an office for subseabed research within the Civilian Radioactive Waste Management Program and the creation of a university-based consortium to conduct the research. Section 224(b) allowed for the funding of research through the university consortium: “the Secretary may make grants to, or enter into contracts with, the Subseabed Consortium . . . and other persons.81 The scientists had got what they wanted—or so it seemed.

        In January 1988, Woods Hole chemist Derek W. Spencer (1934–2006) wrote thank-you letters to Edward Kennedy, John Kerry, Gerry Studds, and several others who had supported the effort. The consortium would have two goals: first, to build scientific consensus on the feasibility of subseabed disposal, and second, “the task of educating the public about subseabed disposal.” One might argue that research is research only if it is open ended—that is, if the results are not known in advance—so any effort to “build consensus” on a technical question is, ipso facto, epistemically inappropriate. But Spencer made clear that his goal was not epistemic but political: “With the decision to characterize only the Nevada site, subseabed disposal becomes the primary back-up if the land program falters, as it has to date.”82

        Spencer’s comment—“as it has to date”—betrayed their view, or perhaps their hope, that the Nevada site would fail and the US government would be forced to turn to the subseabed option. But even their supporters were not sure they actually wanted seabed disposal to go ahead. One of them was the junior senator from Massachusetts, John Kerry, whose staff indicated that the senator would support them, but only if they were “very careful to state that it is a research issue and that the possibility of nuclear waste disposal in the ocean is very small.”83 In any case, approving something in law is one thing, funding it is another, and had the scientists had been ever so slightly more alert (or less self-confident), they might have noticed a problem: the Budget Reconciliation Act of 1987 allocated no funds for the subseabed research program. Section 224(b) permitted the secretary to make grants and enter into contracts, but it did not require him to. In contrast, Section 224(a) required the secretary to report to Congress within 270 days on the state of knowledge regarding seabed disposal, including the legal framework and likely costs, and to make a recommendation regarding its future. But 270 days was hardly adequate time for the kind of research program the scientists had in mind.

        When they realized what had happened, Hollister and Kelly hastily contacted DOE officials. Someone at DOE was sympathetic enough to request congressional permission to transfer funds from other DOE science activities, but it was denied. Robert Roe, chairman of the House Committee on Science, Space, and Technology, suggested that if the DOE were anxious to maintain this program, it should take the funds from “other program funds within the Department . . . such as, for example, the Departmental Administration account.”84

        That idea was not taken up and Hollister continued to try new angles. Hoping to entice Louisiana senator Bennett Johnston into his camp, he invited scientists from Louisiana State University to join the consortium. He reached out to Guy Nichols, chairman of Woods Hole’s board of trustees, who knew Johnston.85 On Woods Hole letterhead, Nichols wrote: “My friends in Washington tell me you have an excellent chance (and are the obvious choice) to be the next Senate Majority Leader. I expect a sizable war chest available to assist other Democratic hopefuls in their campaign efforts, and in your own next election, will help achieve this goal. This leads me to suggest a Bennett Johnston fundraiser here in Massachusetts is very much in order.”86 While Nichols worked the legislative angle, Hollister worked other contacts, including the godfather of all things nuclear, Edward Teller. Hollister asked if Teller might not approach his contacts in the nuclear power industry to persuade them that it would make sense to divert a small portion of the Nuclear Waste Fund to the subseabed option. Teller declined, explaining his own view was that the waste problem should be solved through reprocessing.87

      
      
        Hollister Goes Public

        Hollister blamed the turn of events on the nuclear power industry. Committed to bringing a repository on line as fast as possible, they had opposed any option that might be interpreted to cast doubts of the safety, feasibility, or desirability of Yucca Mountain. Still, based on conversations he and Kelly had had with industry executives, Hollister had thought that they would accept his argument that seabed disposal could be a complement, not an alternative, to Nevada. He was enraged to discover that was not so.

        Hollister penned an intemperate letter to Charlie McNeer, an executive at the Wisconsin Electric Power Company and representative of the Edison Electric Institute, with whom he and Kelly had talked at length and on whose support they had mistakenly thought they could count. The utility group’s position had been that it would allow subseabed disposal to go forward if “it could not in any way be seen to divert attention of funds from aggressive implementation of the current nuclear waste disposal program.”88 Hollister had read this as permissive support; he felt duped.89

        “I feel as though I have been torpedoed,” he wrote in a draft letter to McNeer. “The utility industry . . . has effectively blocked implementation of Section 224. This will, I think, turn out to have been a grave mistake,” he threatened. He continued:

        
          If, by cutting off the subseabed option, the utility industry hopes to foster a “license at any cost” mentality that will force [the Nuclear Regulatory Commission] and [Environmental Protection Agency] to approve the Nevada site even if there are significant technical uncertainties, they are mistaken. . . . With no back-up disposal method, failure to license the Nevada site will have severe consequences for the energy security of the United States. With no solution to the waste problem in sight, the nuclear power option will be foreclosed, and the international market in nuclear technology will be handed to France, Japan, and other nations. As the price of oil goes up like a rocket in the next decade and concern about the greenhouse effect restricts the use of coal, the United States (and the utility industry) will face a crippling crisis. Is this risk worth the dubious advantage of killing subseabed disposal?90

        

        Hollister sent a draft of the letter to John Kelly for comments, who scrawled on it: “Don’t send. Let’s talk.”91

        Hollister was right about the Nuclear Regulatory Commission and the Environmental Protection Agency—who in the end would not approve the Yucca Mountain site—but he had willfully misread the industry position. In September 1987, Kelly had given a presentation to the Utility Nuclear Waste Management Group (UNWMG), part of the Edison Electric Institute, attempting to persuade the group to support subseabed disposal. In response, the group published a position paper whose conclusions and recommendations were unambiguous:

        
          The UNWMG has concluded that:

          
            	• Any activity, funded by the Nuclear Waste Fund, that is not directly aimed at furthering the geologic disposal program undoubtedly will delay the geologic program and result in corresponding program cost increases. It is crucial to maintain funding and focus for activities related to the work at Yucca Mountain. . . .

            	• . . . For any fiscal year, Congress will appropriate only so much money from the Nuclear Waste Fund. Funding of subseabed disposal will reduce funding for the geologic disposal system.

            	• Congress has wisely prohibited the use of funds from the Nuclear Waste Fund for activities unrelated to geologic waste disposal . . . Subseabed disposal is not geologic disposal. . . . Based on review of the subseabed disposal concept, the UNWMG recommends that:

            	• Subseabed disposal research should not be funded from the electricity consumer-funded Nuclear Waste Fund.

            	• Congress should be urged now and in the future to resist requests to fund subseabed disposal research from the electricity-funded Nuclear Waste Fund.

            	• Should Congress decide to pursue such research, funds should be provided from general appropriations.92

          

        

        Congress had followed these recommendations precisely.

        Given the consensus in favor of Yucca Mountain among Congress, the nuclear power industry, and the DOE, as well as opposition to marine disposal by environmental groups and legislators from many coastal states, Hollister might have conceded that, technically attractive or not, seabed disposal was simply not going to happen. Instead, his position became even more entrenched and his arguments more overtly political. The Seabed Association claimed that it wished to preserve the subseabed option should the terrestrial repository program fail, but in fact Charles Hollister was trying to make the terrestrial option fail.

      
      
        Teaming Up with William F. Buckley

        In June 1991, Hollister appeared on the television show Firing Line with William F. Buckley, the well-known provocative conservative commentator. In the episode “Is There a Problem of Nuclear Waste?,” Hollister answered there was not, so long as the United States embraced seabed disposal. In the press release for the show, to be moderated by Michael Kinsley of the New Republic, the promoters effused: “Probably no other public affairs program devoted to nuclear waste has ever been fun. . . . Mr. Hollister is a relaxed and genial guest.”93 But if he appeared relaxed on television, he was anything but in private. Hollister was angry and determined, and he and Buckley had been working behind the scenes to get his message across.

        Hollister had helped Buckley with an editorial that appeared on June 7, 1991: “Nuclear Waste: A Solution.” It began by introducing Hollister, a “cowboy”-turned-scientist who knew a heck of a lot about mud—more, in fact, than just about anyone. When one listened to Hollister, Buckley gushed, one realized that all the fuss about nuclear waste was just a load of “caterwauling.” The answer was literally as simple as dirt: bury the waste in mud, ocean mud. However, this simple answer had yet to be heard because “liberals” preferred to get their answers from Jane Fonda rather than the Woods Hole Oceanographic Institution. If Americans listened instead to a real scientist, a “true-blue oceanographer,” this is what they would learn: “About half the Earth is covered by vast underwater fields of clayey mud resembling creamy peanut butter. Miles thick, these muds carpet vast areas of deep-sea basins. . . . Negatively charged ions on the edges of these extremely fine mud particles are attracted to the positively charged ions of such heavy metals as cadmium, zinc, mercury, iron, magnesium, lead, cesium, and plutonium. This attraction causes the heavy metal ions to stick the mud particles.”94 Americans would all know this were it not for the misinformation propagated by naïve liberal environmentalists. He sent a copy to Hollister for his comments, instructing him not to worry about the “vernacular”: “it’s the way I talk to The Enemy.”95

        On television three weeks later, Hollister also used the vernacular but eschewed the details of surface chemistry in favor of the politics of waste disposal. Introduced as senior scientist and vice president of Woods Hole Oceanographic Institution, Hollister emphasized that the abyssal ocean was “geologically the dullest place on Earth”—where nothing had happened and nothing would happen for millions of years. If the wastes were put into missile-shaped canisters and dropped appropriately, they would embed themselves in the sticky mud.96 Of course, no one wanted nuclear waste in his or her backyard, but the abyssal ocean floor was no one’s backyard.

        Hollister acknowledged that funding for his own research had been ended by the government’s decision not to pursue subseabed disposal, but he insisted that this had nothing to with his advocacy for this option.97 He also insisted that the government decision had nothing to do with either technical feasibility or international law, but solely with the desire of the US Department of Energy to ram forward Yucca Mountain by denying attention to alternatives. One ex–assistant secretary at the Department of Energy, he claimed, had said to him, “Nothing, Charlie, will erode public confidence in our ongoing efforts [more] than if we studied a viable alternative.” The DOE, Hollister suggested, was deliberately stifling scientific research for political ends. “The political reality,” he concluded, “is that it is not in the interest of the Department of Energy to pursue such an option. . . . The political reality is that we are hamstrung.”98

        Hollister was right that politics—particularly international politics—played a role in the conclusion that seabed disposal was not feasible, but no one denied that. He was constructing a straw man when he suggested that they did. Moreover, Hollister’s defense of the seabed disposal was also political. Although money was originally a factor leading him to try to preserve the seabed disposal program, the issue had gone well beyond that; his continued pursuit amounted to a political campaign. That campaign had a technical foundation, to be sure; Hollister clearly believed that seabed disposal was a technically sound alternative. But on what grounds did he attack Yucca Mountain as unsound?

        Yucca Mountain was designed as a “high and dry” repository—above the water table in the Nevada desert—and its reliability hinged on accurate understanding and modeling of the hydrology of the unsaturated zone. What did Hollister know about the hydrology of the unsaturated zone? Not much.99 His expertise was in marine sedimentology, not hydrology.

        The case for Yucca Mountain also relied to a certain extent on the argument that local tectonic activity would not significantly affect the hydrologic conditions; Hollister’s background as a geologist gave him insight into general questions of tectonism, but not into the specifics of how tectonics might affect the hydraulic conditions there. Hollister blurred this distinction. In a letter to the Agency for Nuclear Projects in Carson City, Nevada—the state agency charged with overseeing the federal high-level waste disposal program—he wrote, “As a geologist I see absolutely no defense for putting a high level waste repository in the tectonically active basin and range province of Nevada.”100

        Hollister stressed the tectonic unpredictability of Yucca Mountain, a point with which other geologists might have concurred. But in making this claim, he implied that the marine environment was predictable, or at least sufficiently predictable that one could say with confidence that nothing undesirable would happen if wastes were put there. Was he right? Was the ocean environment that well understood, or the technical basis for subseabed disposal so undisputed that it was reasonable for Woods Hole, as an institution, to advocate it? Hollister thought so, but others did not. In a response to the Buckley editorial, and perhaps under pressure from Woods Hole staff who disagreed with Hollister, the Director’s Office issued the following disclaimer: “The Institution’s duty is to foster the pursuit of objective research and education, not to endorse a particular position. . . . Most of WHOI’s scientists perform basic research, investigations of the fundamental processes in the marine environment. These processes must be understood before we can predict the fate of materials in the ocean. We are still a long way from understanding all the fundamental processes in the ocean.”101 Hollister’s actions contradicted this directive: he had endorsed a particular position—for seabed disposal, against Yucca Mountain—and he had done so not merely as Charles Hollister, American citizen, or even Charles Hollister, PhD, but as Charles Hollister, senior scientist at Woods Hole Oceanographic Institution, dean of graduate studies and vice president of the corporation, titles he never failed to invoke in media statements and congressional testimony. After all, as Buckley had argued, from whom did you want to get your answers: Jane Fonda or Woods Hole?

      
      
        Who Speaks for Woods Hole?

        The issue of ocean dumping came to the fore in 1991 with respect not only to radioactive waste but to waste in general. In January, Woods Hole had hosted an international conference supported by the Sloan Foundation, “The Abyssal Ocean Option for Future Waste Management,” to examine the feasibility of sewage disposal in the abyssal ocean. Participants included leading oceanographers, geochemists, sedimentologists, and engineers from the United States and Europe. A report of the conference on the front page of the New York Times described considerable support for abyssal waste disposal among Woods Hole scientists, including some who dismissed opposition to it as environmental hysteria.102

        The article described the abyssal ocean as “the planet’s most useless real estate”; elsewhere, Scripps geochemist Edward Goldberg would call it “waste space.”103 It noted that scientists were “pushing ahead with an unpopular proposal”—specifically, a request to Congress to amend existing law banning ocean dumping to allow for one million tons of sewage sludge to be shipped to two sites that were three hundred miles offshore, about halfway to Bermuda. The point, they insisted, was to track and monitor the effects to better understand the fate of toxics in the deep ocean, but environmentalists viewed this as a loophole that could surely be used for other purposes once opened.

        Environmentalists erupted. The matter had been settled, they argued, when Congress enacted the Ocean Dumping Ban Act in 1988, so why were Woods Hole scientists trying to unsettle it?104 Why was Woods Hole advocating dumping hazardous wastes at sea? The reaction created considerable consternation in the Director’s Office, which quickly disclaimed the charge. The scientists were “not advocating ocean disposal,” Woods Hole’s director Craig Dorman insisted in a letter to the editor of the New York Times; “they are concerned that an option for a particular and very problematic part of our total waste stream not be closed without adequate knowledge.” This was a research conference, he insisted, to investigate the issue from scientific and technical perspectives. He closed his letter by underscoring the distinction between research and advocacy, inquiry and lobbying: “It is important to distinguish between a research plan and advocacy. . . . It is also important to distinguish between scientific inquiry and lobbying. While some scientists may be asking the government to amend the anti-dumping law to permit controlled research, the Woods Hole Oceanographic Institution, as a private, non-profit research institution, is not an advocacy organization and has not sought such a change.”105 This was true: Woods Hole had not sought such a change. But Hollister had, and he had done so using the institutional imprimatur. So where was the line? By law, Woods Hole scientists could seek to influence legislators through educational activities, but the institution could not seek to influence legislation without risking its nonprofit status.106 According to Internal Revenue Service rules, “An organization will be regarded as attempting to influence legislation if it contacts, or urges the public to contact, members or employees of a legislative body for the purpose of proposing, supporting, or opposing legislation.”107

        Hollister as a citizen had the right to reach out to elected officials in any way he saw fit, but he had not acted merely as a citizen: he had advocated for seabed disposal in letters written on Woods Hole stationery, in phone calls made from his Woods Hole office, and with money supplied in part by the institution and often in respect of specific pending legislation. Trustee Guy Nichols had written on Woods Hole stationery offering to raise funds for Bennett Johnston with a barely veiled suggestion of quid pro quo.108 Derek Spencer had made it perfectly clear where he stood. Their actions may have been technically or pragmatically justified—they may even have been right—but they were not apolitical. They were not just asking for money for “controlled research”; they were advocating for radioactive waste disposal at sea and against disposal at Yucca Mountain.

        It was not just opponents of ocean dumping who thought so; supporters did, too. They seized on what looked to them to be the institution’s advocacy and tried to use it to bolster their position. An editorial in USA Today, for example, praised the Woods Hole scientists, naming their request for an exception to the legal ban on ocean dumping as “the Woods Hole plan.” In an invited reply to the editorial, staff scientists at the Environmental Defense Fund (EDF) also took the view that the scientists were acting as advocates, stressing that the initiative to create a loophole to the ban on ocean dumping was driven by scientists who wanted not merely to study the problem in the abstract but also to amend the law.109 Dorman’s reassurance that their work was only “research” was hollow, the EDF scientists argued, for what was the point of studying something unless you thought there was a chance of doing it? No one who thought it was a flat-out bad idea advocated further study of it.110 And Woods Hole scientists were clearly not asking to study it to show how bad it was.

        Ecologist George Woodwell (b. 1930) was the director of the Woods Hole Research Center, an organization dedicated to scientific research relevant to environmental questions located in the town of Woods Hole but independent of the Woods Hole Oceanographic Institution. He was deeply disturbed that the Oceanographic Institution seemed to be endorsing deep-ocean disposal, and he wrote to Dorman to register his dismay. Woodwell rejected Dorman’s argument that the sponsored conference did not represent advocacy. Clearly, at least some Woods Hole scientists were actively advocating deep-ocean disposal, and the point of the conference was to move things in that direction. Moreover, both the conference and Dorman’s defense of it ignored the very things that Woods Hole scientists had discovered about the deep ocean over the previous two decades. True, the quantity of life in the abyss was low, but its diversity was high, and it included many unique life forms. It was shocking to Woodwell that Dorman would be cavalier on this point.

        Woodwell told Dorman that he had “tried to see this project in the most constructive and generous light possible” but had found himself “firmly placed among your critics.” Woods Hole Oceanographic Institution scientists were using an alleged ignorance about the ocean to justify their call for research, but scientists knew a lot about the oceans, including the life within it: “It is, after all, your own Oceanographic Institution’s research . . . that led to the recognition of the extraordinarily high biotic diversity and low density of life in the abyssal benthos. And the continued revelations of the Alvin and its successors in exploring the benthic fauna . . . constitute one of the most exciting and provocative frontiers of science. . . . The proposal [for ocean waste disposal suggests] that we do not take seriously our own discoveries about the oceans and flies in the face of what virtually every citizen has learned from us to accept as elementary reality.”111

        This was not the first time that the question of the line between research and advocacy on seabed disposal had been raised. Already in 1976, Vaughan Bowen had taken exception to the tone of a Sandia report that sought to “demonstrate” the viability of deep-sea disposal: “I can’t emphasize—evidently—too loudly or too often that we are not involved, and must not represent ourselves as being involved in demonstrating (or in selling) anything! What we are trying to do is to evaluate the suitability and feasibility of the use of the deep ocean for waste emplacement. If we let ‘selling’ terminology creep into this sort of paper then our scientific credibility disappears just as if we peddled bottles of snake oil!”112 Bowen criticized an earlier report that had suggested the site was safe for waste disposal without actually examining or monitoring the site. He challenged a number of the report’s premises, including the assumption that “all the [radio]available activity is released continuously over a ten-year period after disposal,” as well as the assertion that this was a conservative view. Bowen thought it neither true nor conservative. It was more probable, he thought, that in areas of current activity the drums would be leached most quickly in the initial period after dumping. Moreover, the possibility that the drums would be “tumbled about” by currents “could not be dismissed without more detailed study.”113

        Bowen also criticized the assumption that all relevant radionuclide transport would be by diffusion. Again the issue was currents. He wrote: “Such an assumption is untenable in considering an area of bottom current activity as strong as is shown by our samples. It becomes very important to ascertain whether the dump site seafloor is being swept clean by a continuous systematic bottom current.”114 He concluded that it was a mistake to plan disposal of any hazardous materials without detailed oceanographic study of the specific area under consideration and a mistake to dispose of any hazardous materials without monitoring and “careful period reassessment of the suitability of the area and of the behavior of the materials disposed.”115

        What did scientists know about the deep ocean at that time? In 1981, the question was addressed in a special issue of Oceanus, “The Oceans as Waste Space?” Pun intended, the idea of the oceanic expanse as either a space for waste or wasted spaced was clearly designed to provoke, or at least capture attention. Lead author and Scripps geochemist Edward Goldberg (1921–2008) wanted people to stop assuming that the oceans were “sacred” and “sacrosanct” and “that any entry of polluting substances is undesirable.” He wanted to consider the “profane” position “that the oceans do have a finite [nonzero] capacity to receive some societal wastes.”116

        Goldberg held a view that was commonplace among chemists and engineers in the 1960s and even many ecologists: the solution to pollution was dilution.117 This was also the position taken by Goldberg’s boss, Scripps director William Nierenberg. In 1966, Nierenberg had argued for the ocean disposal of radioactive wastes on the same grounds. In a speech to the American College of Physicians, he insisted that the oceans could absorb “about 100 tons of mixed fission products” while giving rise to “acceptable levels of radioactivity in marine foods.”118

        “Acceptable” was of course a value judgment; Nierenberg’s judgment was that the incremental exposure to radioactivity that would be caused by ocean disposal was small compared to what Americans were exposed to from other sources. Perhaps he was right, but the word acceptable was often used as a means to discount harm, not by claiming that there would be none—because no one could honestly say that they knew that—but by implying that any harms that might occur would be inconsequential. (Later Nierenberg would make the same argument about the atmosphere, first with respect to acid rain and ozone-depleting chemicals and then greenhouse gases, and as the science documenting the harms of these phenomena grew, his arguments became more tortured.)119 But how “acceptable” was to be defined—and by whom—was never made clear, and by the early 1980s many scientists, particularly biologists, argued that deep-sea disposal was not acceptable.120

        Goldberg’s argument was rebutted by biologist Kenneth S. Kamlet (b. 1946), who took exception to Goldberg’s assertion that “we can predict the fate of wastes entering the oceans better that we can predict the fate of wastes introduced on land” and that “effective schemes can be devised for the introduction of highly toxic substances to the marine environment without endangering public health or ecosystems.”121 The science simply wasn’t that robust. Indeed, Kamlet argued, it was scarcely developed: “Our ignorance so far exceeds our understanding in the areas of predicting the fate and effects of marine pollutants and of successfully remedying problems once they arise, that it would be irresponsible to presumptively permit ocean disposal of persistent toxic pollutants based on available crude assimilative capacity arguments. . . . It is foolhardy and wrong to assume that what we do not know cannot hurt us. . . . What we don’t know is almost everything.”122 Ultimately, the argument came down to confidence and the burden of proof: whether one was confident enough about our scientific knowledge to calculate how much waste could be safely absorbed by marine systems—or not—and, in the face of disagreement, who should bear the burden of proof?123

        Ten years later, oceanographers were still arguing the point, and Dorman was still refusing to concede that the advocates of ocean disposal were advocates—at least in the political sense. One could advocate a position scientifically, he insisted, at a scientific conference, for example, but that was different from advocating it politically. That, of course, was true. In some sense, all scientists are advocates of a sort: they advocate for their data and theories in the halls of scientific conference and the pages of scientific journals. But Dorman was blurring a distinction that most scientists consider quite important: the distinction between arguing in the halls of science and advocating in the public sphere.124 Hollister and his colleagues were not just arguing with their scientific colleagues; they were attempting to reach into the halls of Congress and, via television, in the homes of the American people. They were not simply defending their understanding of the natural world, or even offering policy advice based on that understanding. They had hired a lobbyist, John Kelly, and created an organization, the Seabed Association, to oppose an existing government program and advocate for an alternative, and they were claiming that their views were warranted by a scientific consensus that did not in fact exist.

        As 1991 came to a close, the issue of the line between advice and advocacy was still causing discomfort at Woods Hole. In December, Dorman reiterated the official Woods Hole position in an institutional statement over which his office had labored considerably. The various drafts tried different vocabulary and approaches; the consistent theme was the distinction between inquiry and advocacy, between sharing knowledge and lobbying, and between speaking as an individual and on behalf of the institution.125 Woods Hole scientists, Dorman asserted, were inquiring, sharing knowledge, and speaking as individuals. They were not advocating, lobbying, or speaking on behalf of Woods Hole.

        But where was the line between inquiry and advocacy, or between sharing knowledge and lobbying, or between speaking as an individual and speaking on behalf of the institution in which one worked? Dorman claimed that Woods Hole scientists involved had not “lobbied” to have the laws regarding ocean dumping changed. That was disingenuous at best, for they had hired a lobbyist to try to change appropriations bills to ensure continued funding for the seabed disposal program, and they had made it clear that they wanted to see the law changed. Changing the law, in fact, was a central focus of their efforts.

        Consider a December 1990 trip that Hollister had made to Washington with Derek Spencer. They had scheduled meetings with officials at the Office of Technology Assessment, the White House Office of Science and Technology Policy, the US Environmental Protection Agency, the Office of Management and Budget, and the National Oceanic and Atmospheric Administration. Hollister’s notes record that one goal of the trip was to collect the names of relevant members of Congress, and their staff, whose support would be needed for any change in law or policy. After meeting with Robert Niblock of the Office of Technology Assessment, he wrote the following note for his file:

        
          Involve key congressional staffers into any discussion about waste in the ocean [including the new] Chief of Staff for George Brown of House Science and Technology [committee].126

          Be sure NOPS (National Ocean Policy Study Subcommittee) of the Senate Committee on Commerce, Science and Transportation is informed and preferably involved (majority chair is Ernest Hollings, vice chair is John F. Kerry).

          Should have same treatment for Senate Committee on Environment and Public Works which has jurisdiction over environment, ocean protection, and toxic substances. Majority chair is Quentin Burdick, Ranking Minority Chair is John Chafee, Chief Counsel for the minority is Steven Shimberg (key contact).

          Advice from Niblock is to work these authorization committees first and be sure to stress that the US should maintain a lead in the technology of deep ocean disposal . . . Jack White of Energy R& D office for State of New York at Albany should be involved. He is a very savvy and powerful constituent.”127

        

        In February 1991, Hollister made a return trip to Washington to meet with an assistant to energy secretary Hazel O’Leary. In a memo to Dorman, Hollister explained how the contact with O’Leary had been arranged by a DC contact and “Washington liaison hopeful.” (Woods Hole had been considering hiring a professional Washington liaison.) The objective of the meeting was to brief the aide “on the subseabed disposal concept and to obtain an audience with the Secretary on the same subject.” The meeting was very successful; the aide “agreed to set up a brief in about 6 weeks’ time.”128

        Hollister and Spencer meanwhile prepared a confidential memo for Dorman on the deep disposal concept. It was an explicit plan for deep-ocean disposal—by then renamed deep-ocean isolation—complete with a discussion of a private firm that stood ready to implement it.129 Denying any scientific or technical uncertainties, the memo asserted that deep-ocean isolation “uses established technology in a cost-effective, low-risk manner and produces no harmful environmental consequences. [It] is a relatively inexpensive and reliable method of directly depositing environmentally isolated processed sewerage sludges onto and into the deep ocean floor where its environmental effect is minimal.”130 This was deceitful. True, the technology to dispose of sewage waste was established, but it had never been used for nuclear waste. Sewage was just not the same.

        The man proposed to take on the technical task was one Christian Kongsli of Oslo, Norway, the managing director of Energy Drilling Company of Liberia.131 “He is an international financier in the offshore energy field, arranging and participating in consortiums to purchase and operate offshore oil-drilling rigs in Europe, the United States and Canada,” the memo explained. It detailed Kongsli’s proposal to develop deep-ocean isolation based on existing offshore drilling technologies, how much it would cost, and why it would be different than dumping. Derek Spencer had separately been in communication with Kongsli, writing that he was “firmly convinced of the potential of the abyssal ocean for future waste management.” His conviction was also that they “would be able to convince the regulatory agencies to adopt [it] as a pilot program.”132 They were proposing a private, for-profit venture in collaboration with a drilling company incorporated in Liberia, a country well known for permitting dubious ships to register under its “flag of convenience.”

        Hollister’s and Spencer’s consideration of environmental concerns was more dismissive than ever, insisting that any concerns were based on the “naïve yet prevalent view that all ocean dumping is inherently evil. This monolithic conception of the ocean ignores its vast complexity.”133 Moreover, having in one breath used nearshore sewage disposal to insist on the safety of their proposition, in the next breath they insisted that disposal of nuclear waste in the deep sea was both different and safer: “There is substantial environmental difference between injecting sewage sludge or sewage waste water in the shallow coastal waters of the continental shelf, where the vast majority of sea life resides, and depositing encapsulated sludge onto the deep ocean floor, the abyssal plains, where negligible current, cold temperatures (approximately 2°C), and the absence of sunlight and protein reduce the development of plant and fish life to a fraction of what exists in shallow coastal waters. The placement of large amounts of encapsulated sludge into these deep sedimentary basins would have no effect on the environment.”134

        Some environmentalists in the 1990s may well have been naïve, and many people, including scientists, probably did not appreciate the ocean’s vast complexity, but the idea that anyone who expressed reservations about the seabed disposal concept—including fellow scientists such Vaughan Bowen and George Woodwell—held that all ocean disposal was inherently evil was an absurd caricature. To assert that an untested technology would have no environmental effect was at best arrogant, and at worst dishonest. To characterize the deep-ocean environment as devoid of currents that might disturb materials placed there flew in the face of not only the discoveries that Woods Hole scientists had made but also Hollister’s own work, the very basis of his claim to be an expert on the deep marine environment.

      
      
        Hollister’s Position Worsens: The Nuclear Waste Policy Act of 1995

        In 1995, the US Congress proposed an amendment to the Nuclear Waste Policy Act forbidding subseabed disposal and “any activity related to it.” Not surprisingly, the Seabed Association had tried to prevent the act’s passage. In a memo regarding communications with the staff of Alaska Senator Frank Murkowski, Kelly had suggested they propose to enlist the University of Alaska in a public education program: “We understand that subseabed disposal would evoke public concern, and we are prepared to undertake a public education effort in conjunction with the scientific research program, which would involve the University of Alaska.”135 Colleagues in Alaska could help “educate” the public to accept seabed disposal. Hollister and Kelly used the term education advisedly, because their efforts to influence the positions of members of Congress would be illegal if they involved the use of federal funds.

        The distinction between education and lobbying had come up before when Hollister organized a series of seminars for congressional staffers. In the autumn of 1990, he had initiated an outreach effort designed to “increase people’s understanding of the oceans.” The three-day intensive seminar would focus on marine science in relation to environmental issues, national defense, and economic competitiveness. While Hollister spoke broadly of “people,” including “industrial leaders, Congressional staffers, educators, and other national decision makers,” Hollister’s “Congressional Education Week” would primarily target congressional staff.136

        The first workshop was scheduled for October 18–21, 1990, and Hollister sought support from the DOE, NOAA, and the ONR—all federal agencies. In a letter to ONR director Fred Saalfeld, Hollister wrote, “We are concerned that important decision makers do not have an understanding of how important a knowledge of ocean science is in informed decision-making about global change.”137 Saalfeld agreed, offering $20,000 to support the seminar and suggesting that Admiral Paul Gaffney, assistant chief of naval research, be invited. He also reminded Hollister of the legal limits on the use of federal funds: “Since you intend to invite Congressional staffers to the seminar, please be especially sensitive to the law prohibiting ONR from using its funds to lobby. Having received my $20K, please insure the seminar only informs its attendees and in no sense attempts to influence or suggests policies for the Congress.”138

        Saalfeld had reason to be concerned. The Byrd Amendment—enacted just the year before—specifically prohibited the use of federal funds “to pay any person for influencing or attempting to influence an officer or employee of any agency, a Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress” in connection with federal grants, contracts, loans, cooperative agreements, and so on.139 The Seabed Association had done precisely those things with private money. If Hollister continued any of those activities using federal funds, it would be illegal.

        The seminar went ahead, followed by two more. The second, “Ocean Science and National Security,” held in February 1991, included members of the staff of Hawaii senator Daniel Inouye, Massachusetts senator John Kerry, South Carolina senator Ernest Hollings, and several others.140 The third, “The Ocean, Climate Change and the Environment,” in October 1992, included eighteen staff members and legal counsel to the House Committees on Science, Space, and Technology; Merchant Marine and Fisheries; Interior and Insular Affairs; Energy and Commerce; and Appropriations—and the Senate Committees on Environment and Public Works, Energy and Natural Resources, and Armed Services.141 The ONR supported these additional seminars, and Saalfeld continued to remind Hollister not to cross the line from education to advocacy. “Please keep constantly in mind that you are prohibited from using public funds to lobby Congress,” he wrote again in 1991. “All your efforts in a seminar that uses my funds must be devoted solely to informing the attendees, and cannot in any way suggest policies.”142

        No doubt these seminars did educate congressional staffers about scientific matters, but read in the context of Hollister’s other activities, there is little doubt they were intended to influence Congress and to suggest policies. What was Hollister doing if not trying to influence employees of Congress to be sympathetic to the seabed program? It hardly seems coincidental that the “educational” seminars came right on the heels of Hollister’s failed attempts to obtain funding for the seabed research provision. Hollister was not merely interested in informing Congress; he was determined to restore authorizations for the seabed program, determined to get the necessary allocations into appropriations bills. Indeed, when Hollister did not like a person’s position, his answer was often to “educate” them. On the occasion of a proposed cutback in federal NSF funds in 1981, Hollister wrote an urgent message to the Woods Hole directorate arguing it needed to contact the staff director of the House Science, Research, and Technology Committee, who was “no friend” of the relevant programs. Hollister’s suggestion? “He should be educated ASAP.”143

        Despite these “educational” efforts, by the mid-1990s, seabed waste disposal—radioactive or otherwise—was a moribund, if not deceased, idea. The DOE was moving forward with the site evaluation of Yucca Mountain, and in 1993 two annexes to the London Dumping Convention banned all dumping of radioactive waste at sea. Whether technically feasible or not, marine disposal was not politically feasible. In 1994, the US National Academy of Sciences’ Committee on the Management and Disposition of Excess Weapons Plutonium concluded as much: “Subseabed disposal would face intense political opposition from many quarters, and a complex web of national and international legal hurdles and regulation. . . . Any proposal for disposal in or below the oceans is likely to provoke intense public and political opposition, both within the United States and internationally. . . . Overcoming the political, legal, and regulatory hurdles (including providing experimental data that do not yet exist) would be difficult, uncertain of success, time-consuming, and expensive. . . . The committee does not believe such an approach should be pursued.”144

        Hollister nevertheless continued to assert that the reasons for the death of the subseabed program were illegitimate. He compiled newspaper reports on problems with Yucca Mountain and closely followed a dispute among DOE scientists over whether disposed warhead wastes might go critical in a subsurface environment. Reported on the front page of the Sunday New York Times under the sensational headline “Scientists Fear Atomic Explosion of Buried Waste,” the claim had been dismissed by a Los Alamos peer-review committee as lacking technical merit—and in any case, it was irrelevant to Yucca Mountain, as the DOE had no plans to dispose weapons-grade waste there—but Hollister carefully filed it with his other anti–Yucca Mountain clippings.145 He also continued to correspond with the staff of Senator Murkowski. Above all, he insisted it was not too late to consider the seabed alternative. On the contrary, “the need for a back-up to land disposal at Yucca Mountain is greater than ever.”146

        In 1995, something happened that gave him renewed encouragement. Site-suitability studies at Yucca Mountain were far behind schedule and Energy Secretary O’Leary had been quoted as saying, “I feel very uncomfortable on the path we are pursuing with no alternative to the geologic disposal option.”147 This was the opening Hollister needed. In March, he and Kelly organized a conference call with several stalwart colleagues to discuss the next round of action. One idea was to approach the National Academy of Sciences with a request for funds to study “ocean options for high level and low level waste,” suggesting that “Yucca Mountain is finished.” The academy declined. Another was to approach the Central Intelligence Agency with ideas to research “plutonium sequestration from the anti-terrorist perspective.” They declined as well.148

        The participants on the call agreed that they would continue to argue that the federal government should fund the office that had been created by section 224(b) of the Nuclear Waste Policy Amendments Act and allow the Subseabed Consortium to get to work.149 With a budget of $2.5 million, they could demonstrate concept feasibility within six years, and the energy secretary could decide whether to pursue international cooperation. They also added a new angle: emphasize subseabed as a supplemental plan in the event that Yucca Mountain was not volumetrically sufficient, as the capacity of the seabed, they repeatedly pointed out, was “virtually unlimited.”150

        Again they worked their contacts with members of Congress—this time including Senators John Glenn of Ohio, Ted Stevens of Alaska, and Pete Domenici of New Mexico. They also persuaded Woods Hole trustee Guy Nichols to contact Senator Johnston again. Johnston replied that he had “little hope that Congress would fund” their research program, because the DOE was already over budget on Yucca Mountain and had been asked to take on the responsibility of interim storage of spent nuclear fuel. Under such circumstances he saw “no chance of initiating a new research program,” concluding vaguely: “My staff has talked extensively with Charlie Hollister and John Kelly about subseabed disposal in the past. I will see that they keep in touch and remained informed on the subject.”151

        Hollister and Kelly prepared briefing notes (including “quotable quotes” to use in letters and enumerating counterarguments to anticipated criticisms), and again they contacted industry representatives and the energy secretary’s office (although her staff, according to one memo, were “skeptical.”)152 Actually, the secretary was more than “skeptical,” as one memo admitted: “The general consensus within DOE was that any proposal for restarting the research on subseabed disposal would be ‘dead on arrival.’”153

        With few options left, Hollister wrote letters to a number of wealthy private patrons who he had reason to believe might lend their support. In one letter, he dismissed the opposition as “extremists” hoping to “predetermine the outcome,” noting that “if we . . . work the legal and political issues, and build public knowledge and understanding, the perception of subseabed disposal could be quite different several years from now.”154 Momentum, however, was running in the other direction. In September, Republican senator Larry Craig of Idaho and five cosponsors introduced a bill to amend the Nuclear Waste Policy Act explicitly to prohibit subseabed or ocean-water disposal of any spent nuclear fuel or high-level waste, or to use funds for “any activity relating to the subseabed or ocean water disposal of spent fuel or high-level radioactive waste.”155

        The politics here might seem counterintuitive: congressional Republicans were not generally known as environmental allies. But the explanation is easily found in the utility industry’s position: they continued to oppose any action that might be seen as diluting, deferring, or in any way interfering with the repository at Yucca Mountain.156 Because Hollister and his colleagues had repeatedly criticized the Nevada option, support for the subseabed alternative was interpreted as interfering with Yucca Mountain. Kelly referred to Craig’s bill as an “industry bill,” because the nuclear power utilities were determined that Yucca Mountain be approved and opened as soon as possible.

        Hollister had been working the issue for two decades, and one sympathetic colleague tried to convince him to let it go. Bud Ris, the president and executive director of the Union of Concerned Scientists, wrote Hollister a sympathetic but frank letter suggesting that it was time to lay down arms.157 Regardless of the technical merits, subseabed disposal just wasn’t going to happen:

        
          I believe the entire [environmental] community would oppose any initiative in this area, no matter how sound the technical merits. Common sense just makes it impossible for any of them to believe that seabed disposal of high level waste will be designed, managed, and operated flawlessly, without any risk to the public or environment. No study or endorsement by UCS [Union of Concerned Scientists], WHOI, the NAS or anyone else will convince them otherwise. They fear that seabed disposal of high level waste—no matter how safe—would create a precedent for using the oceans as a “dump” again, rolling back twenty years of environmental progress. . . . Although I realize that you . . . are only proposing that the seabed option be ‘studied’ more thoroughly than in the past . . . few others will see it that way.158

        

        Hollister was again unpersuaded, and his efforts increasingly looked just a little bit desperate. In 1996, for example, he and John Kelly considered approaching the EPA’s Office of Indoor Air and Radiation, to see if perhaps they would fund the seabed provision.159 They would not: radioactive waste was DOE’s problem.

        Having failed repeatedly with Congress, Hollister concluded that his only option was to try again with the public. In the fall of 1996, he teamed up with science writer Steven Nadis to tell the story of how the DOE had squashed a technically feasible option for nuclear waste disposal. “It was a clear case of ‘not invented here,’” Hollister was quoted as saying, in a piece published in the October issue of Atlantic Monthly. The DOE had rejected the idea not based on science nor on the formidable legal impediments, but simply “because the sub-seabed researchers never really fit in with mainstream DOE culture.” Kelly concurred, calling the DOE’s position “extremely superficial.”160

        The Nadis piece provoked a flurry of angry letters. Like Buckley before him, Nadis had based his views almost entirely on discussions with Hollister, who was well outside the mainstream of both environmental and scientific opinion. Clifton Curtis of Greenpeace International referred to a “stack of documents” that he had sent Nadis, “all of which made it clear that the dominant view of the scientists and others is that seabed burial is a bad idea.” Hollister insisted that his own early work for the DOE demonstrated the technical feasibility of seabed disposal, but Curtis noted that the work had never been subject to public discussion or external peer review. Eugene Roseboom Jr., a geologist with the US Geological Survey, agreed that some antinuclear groups “exaggerate the risks and play upon the public’s excessive fears of radiation,” but Nadis had effectively done the same by neglecting to mention the “favorable features” of Yucca Mountain and focusing instead on “dramatic but technically minor objections[, all of which] have been thoroughly studied and publicly reviewed.”161

        Perhaps the most telling criticisms of the article came from marine biologist Boyce Thorne-Miller, who raised the issue Hollister had for twenty years blithely dismissed: the risk to ocean ecosystems and the potential for contamination of the marine food chain.162 Miller wrote: “Hollister, who is not a biologist, clings to the belief that deep sea life is insignificant. Marine biology has advanced beyond that view many years ago, but Nadis did not interview marine biologists. Those who worked on the Sandia project would, of course, agree with Hollister that they should have been able to do more research—scientists always believe that more research is needed, because research is their livelihood. However, they would also tell you that one of the discoveries of that project was an immense, hitherto unknown, diversity of animal life on and in the deep sea floor.”163 Miller stressed that Hollister stood to gain personally from research on ocean dumping: he was not a neutral witness, not an objective scientific adviser, not a disinterested expert. On the contrary, he would benefit financially, scientifically, and professionally from the research for which he was such a passionate advocate. Miller concluded, “I am always fascinated that scientists are considered objective sources of information while environmentalists are assumed to have devious personal agendas.”164 Hollister’s agenda might not have been devious, but it was personal.

        Still Hollister did not back down. He took up the drumroll when invited to deliver the 1997 Doherty Lecture on Oceans Policy, sponsored by the Center for Oceans Law and Policy and delivered in the Congressional office buildings on Capitol Hill, and again in 1998 when he and Nadis coauthored a piece in Scientific American.165

        The Scientific American piece would turn out to be Hollister’s last major comment on the subject. More than twenty years had passed since he first addressed the idea, but Hollister’s views were unchanged: the seabed was stable and predictable, the muds were as thick as peanut butter, and the land-based alternative was going nowhere. The only departure was that Hollister no longer left it open whether the wastes should be dropped from a surface ship or be placed into holes drilled into the seafloor: Hollister dropped the passive emplacement options and insisted that, using technology that had been perfected in the deep-sea drilling program, waste-bearing canisters would be sedulously emplaced into drill holes and carefully backfilled (fig. 8.8). With this, he argued more forcefully than ever that seabed disposal was not dumping, “a wholly inappropriate label.” To call it dumping “makes as much sense as calling the burial of nuclear wastes in Yucca Mountain ‘roadside littering.’”166

        
          [image: ]

          Figure 8.8 “Subseabed Concepts” illustrating three ways waste packages could be emplaced in the seabed, to thereby persuade an audience that this was not “dumping.”

          From “The Subseabed Disposal Project: Briefing Book 1985,” JK Associates, 1985, p. 7, in Charles Davis Hollister Papers, 1967–1998, MC-31, “Sub Sea Bed Disposal Project Briefing Book, 1985,” Data Library and Archives, Woods Hole Oceanographic Institution. Reprinted with permission of the Woods Hole Oceanographic Institution.

        
      
      
        Ideas, Information, Advice, and Advocacy

        Many years ago, the sociologist of science Robert Merton argued that a central norm of scientific communities is disinterestedness.167 Scientists can be objective in the evaluation of knowledge, Merton insisted, because there are no outside interests—financial, political, egotistical—driving their judgments. Since then, various sociologists have highlighted the ways in which Merton’s view of science was unduly idealistic, a point that in recent years has become increasingly obvious as molecular biologists and medical school faculty have flocked to create high-tech start-up firms or to take on lucrative consulting relationships with pharmaceutical companies.168 These relationships have stirred controversy precisely because they involve a potential conflict of interest—or, more properly, a conflict between interest and disinterest.169 Can one judge a drug objectively when one has a financial stake in bringing it to market? Or properly inform patients in a clinical trial when failure to enroll them might threaten the viability of the trial? Don’t climate scientists have a stake in emphasizing the threat of anthropogenic climate change? And is it possible for anyone involved in a debate to be truly disinterested? After all, the very fact of one’s involvement implies some kind of interest.

        For decades, tobacco industry funding imprinted the results of biomedical research, and similar problems arise today with research on fracking funded by the gas industry or pesticides funded by the chemical industry.170 But the problem transcends obvious commercial conflicts of interest. As a society, we need scientists to alert us to problems, threats, and opportunities of which we might not otherwise understand or even be aware. Society would not have been able to protect itself from stratospheric ozone depletion had leading scientists not acted as sentinels, stepping out of the lab—both metaphorically and literally—to alert us to the threat and suggest how to address it.171 Neither would we know today that the changes we are witnessing in our climate are caused by greenhouse gases, had scientists not done the work to demonstrate it. In this regard, scientists serve an essential sentinel function.172

        It was not wrong, therefore, for Charles Hollister to try to make people aware of the potential to dispose of radioactive waste in the seabed, and up to a point it was not wrong for him to try to make the case. But where to draw the line between ideas, information, advice, and advocacy? How do we decide where one ends and another begins? How can we distinguish between reasonable interest and unreasonable self-interest?

        Within scientific communities, competing claims and counterclaims are sorted through scientific discussion and peer review: only claims that withstand the scrutiny of peer review have earned the right to be considered scientific, and only those that have garnered consensus have earned the right to be considered facts.173 But policy recommendations are not facts, so how to judge them? What are we to think when an individual scientist advocates a particular public policy or when scientists promote policies outside their arena of proximate expertise?

        Scientists have an interest in promoting both their research programs in general and the particular research results on which they have staked a prior professional claim, even when no finances are involved. As historian Spencer Weart has emphasized, disputatious scientists can be relied on to agree on one thing: that there should be more money for research, particularly their own.174 Yet societal trust in scientists as experts hinges at least to some degree on an implicit assumption of independence: that scientists can be trusted to tell the truth because they are free of conflicts of interest—or at least freer than lawyers paid to represent a client, politicians with a district to represent, or corporate executives with a product to sell. But what happens when scientists are selling a product? Surely this was Vaughan Bowen’s point when he argued against the language of selling: that it was at odds with the epistemology of inquiry that is supposed to be a hallmark of scientific objectivity and undergirds scientists’ credibility.175

        Our dominant models of science insist that scientists can and will change their mind in the face of evidence—and we have many fine examples where scientists have done just that.176 Call it the virtue of epistemic openness. Was Hollister open? Was he prepared to change his mind about seabed disposal? Was there any evidence that would have led him to modify his views? The historical evidence suggests not.

        We have seen that Hollister dismissed the concerns of biologists that radionuclides escaping into the seawater might work their way up the food chain, because he was convinced that the marine muds would capture any stray components that might leak from the waste canisters. Were the environment of the abyssal plains entirely stagnant, this argument might have been robust. But even by 1980 there was substantial evidence that this wasn’t the case.

        In 1979 Sandia had commissioned a series of papers from experts in physical oceanography to address “the current state of knowledge with regard to the physical oceanographic questions that must be answered generally if high level nuclear waste is to be disposed of on or under the seabed.”177 The experts met several times and gathered to present their final results at a workshop in Big Sky, Montana, in January 1980.178 The results were highly discouraging for the seabed concept. One paper, by Scripps oceanographer Larry Armi (who was funded by both the NSF and the ONR) documented evidence of significant abyssal mixing caused by boundary-layer turbulence. This mixing was revealed by visibility measurements, which showed that abyssal mud particles were entrained into the water column for a distance of ten to one hundred meters above the bottom—the so-called bottom boundary layer—and then dispersed into the open ocean from there.179 Even if clay particles adsorbed leaked radionuclides, those clay particles could themselves be dispersed through the bottom boundary layer into the rest of the ocean.180

        Other studies offered evidence of exchange between the bottom boundary layer and the rest of the abyssal ocean. Christopher Garrett of Dalhousie University discussed phenomena that contribute to mixing of the whole ocean, including wind shear at the surface, sinking of cold waters in the polar regions as part of the thermohaline circulation, internal waves leading to shear instability or overturning of density stratified layers, upwelling, and mesoscale eddies.181 Vaughan Bowen and colleagues presented data showing that fallout plutonium, entrained on downward-sinking particles, could be remobilized and flushed “into the general circulation pattern of the North Pacific bottom water.”182 The correlation of plutonium with oxygen levels was weak, showing that “this is not a front moving out from its source, but the result of rapid incorporation of this tracer into the deep water gyre circulation.” This meant that if plutonium escaped from a disposal site, it could readily be dispersed. Biologist Michael Mullin noted that placing canisters in abyssal mud did not protect them from organic activity, as many benthic creatures are burrowers whose activities disturb the mud.183 In short, setting aside legal and ethical questions, there were plenty of scientific reasons to suspect that subseabed disposal might not work; Hollister’s advocacy did not represent a consensus of scientific opinion.

        Throughout the debate, Hollister ignored substantial technical evidence that subseabed disposal might not be a good idea, insisting that the obstacles were only political. Nor did he acknowledge his own self-interest in pushing the seabed option. Hollister left a long paper trail, but nowhere is there evidence that he ever considered how self-interest might be conditioning his scientific views, or how it was leading him to discount not only public opposition but also the concerns of own colleagues. In hindsight, one colleague put it diplomatically: “I have mixed views regarding Charley’s receptiveness to accepting potential problems with the seabed burial concept.”184

        All parties to debates have interests that condition their responses to evidence and arguments, and all scientists have views conditioned by their technical expertise and experience.185 And there are situations in which technical expertise leads more or less directly to recommendations, as when epidemiologists advise us to stop smoking and oncologists tell us to wear sunscreen.186

        But Hollister’s actions were not merely a result of his technical expertise; they were also driven by considerations that went beyond the question of technical viability. Initially, he was motivated to maintain a productive research program, one that provided a significant portion of his funding for deep-sea investigations in a climate of shrinking financial support. But as time went on, the motivations changed. In the end, they were probably not financial at all.

        By the 1990s, Hollister was busy with Woods Hole administration; financial support for his deep-sea research would no longer have been much of a concern. Why continue to make the case? One reason might have been pride. Hollister had staked a claim on the desirability of subseabed disposal, he was confident that his views were correct, and he was determined to convince others that those views remained correct.

        But perhaps there was something even deeper. Recall Hollister’s congressional education seminars and his determination to “educate” members of Congress and their staff. Hollister had spent a great deal of time trying to get people to listen to his views. Had the US government pursued the seabed option, Hollister’s audience would have grown enormously. He was one of the world’s leading experts on abyssal sedimentation. A decision to dispose of America’s nuclear waste in the deep sea would have placed him at the center of an important policy question, making him a man on whom the US government would need to rely. It would place him in the limelight—and for a long time.

      
      
        Conclusion

        The desire for influence is not rare among scientists, and scientists certainly know many things to which politicians, business leaders, and citizens would do well to listen. Scientists also have an obvious interest in asking for research support, and they must seek support if they are to do their work. But we can usefully distinguish between interests—which all people have—and conflicts of interest. Scientists’ need for research funding is an open agenda, not a hidden one. However, Charles Hollister did not merely ask for research funding in intellectual domains he considered interesting and important. He advocated a specific public-policy position—one in his personal self-interest—under the cover of scientific expertise and objectivity.

        Hollister’s choices undermined Dorman’s claims that Woods Hole as an institution took no advocacy position except that of advocating basic research. When Hollister spoke, when he testified, when he wrote letters to the editor and appeared on television, it was never merely as Mr. Charles Hollister, resident of Falmouth, Massachusetts, but always as Dr. Charles Hollister, senior scientist, dean of the Woods Hole graduate program, and vice president of the Woods Hole corporation. He used his scientific credentials and credibility in an explicitly political way and drew on the prestige of his institution to promote a particular policy position. His scientific expertise, his political advocacy, and his desire to continue his research on abyssal environments were entwined in a cat’s cradle that in principle might have been disentangled but in practice never was.

        In a 1991 report deeply critical of the US nuclear waste program, High-Level Dollars, Low-Level Sense, released by the Institute for Energy and Environmental Research, authors Arjun Makhijani and Scott Saleska noted that the entire US radioactive-waste management program was plagued by a conflict of interest at its core: the DOE and the Nuclear Regulatory Commission regulate and manage nuclear waste disposal while promoting nuclear power and building nuclear weapons.187 The DOE in particular has had the conflicting agenda of ensuring the safety of waste disposed at any repository while continuing (until quite recently) to produce more of those wastes.

        These conflicts have been recognized by environmental and citizens’ groups, but less recognized have been the conflicts of interest among the scientists who have worked on those programs. Scientists who worked for the DOE on Yucca Mountain, either directly as employees of the national laboratories or indirectly as academics receiving DOE research support, took seriously the need to properly evaluate the site, but the desired answer was always clear. Hollister was not wrong to notice that and be troubled by it. In principle, DOE scientists could have said that Yucca Mountain was unsuitable, but in practice the weights were heavily on one side of the evaluative scales. With each passing year, as millions more dollars and thousands more hours of scientific labor were invested, the scales became weighted further. For the scientists involved, evaluating Yucca Mountain was like an election in the Soviet Union: there was only one candidate.188 Hollister was right to object to that.

        He may also have been right when he complained that the seabed option had been poisoned because the “politics got too far out in front of the science.”189 On some level, that is true of the entire civilian nuclear waste disposal program. Many scientists would argue that there are several places in the United States where radioactive wastes could be safely stored but have never been properly evaluated for social and political reasons. But in any policy decision, politics is part of the story. Hollister knew that, of course, or why else would he have dived so deeply into them?

        Since World War II, American scientists have played an increasing role as purveyors of information and advice to the federal government.190 Nowadays there is scarcely a prominent scientist in a policy-relevant field who has not offered some kind of information or advice to some branch of government. If the scientist is an expert in the area under discussion, there is always the possibility that his or her funding could be affected by the decisions being made.191 This creates the potential for conflict of interest. When an individual—as opposed to an institutional authority, such as the US National Research Council or the Intergovernmental Panel on Climate Change—gives advice, this also raises the question of the boundary between scientific knowledge and individual opinion. This is one reason the category of scientific consensus has in recent years come to the fore: to distinguish between scientific conclusions, broadly accepted by the relevant technical experts, and personal opinions or idiosyncratic positions.192

        The problem, I suggest, is not that Hollister became involved in politics per se; scientists do not lose their rights of citizenship when they earn a PhD or even enter into a contested public debate. The problem is that he exaggerated the technical basis for his position and ignored evidence that did not comport with it. He also drew on the authority of his institution to present his opinions as if they were matters of fact, and he was never forthright about his personal stake—not even with himself.193
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        Changing the Mission: From the Cold War to Climate Change

      
      In February 2000, the director of the Scripps Institution of Oceanography, physicist Ed Frieman (1926–2013), looked back on the final years of the Cold War. One might have thought it a time for celebration—the Cold War was ending and the United States would win—but he recalled it as a “troubling” time both for the nation and for Scripps: “Tensions had reached new highs [and] threatened to boil over.”1 The speech that followed, however, revealed that he was not talking about the late 1990s but about the entire period from 1980, when Ronald Reagan became president, to 1996, when Frieman retired.

      The “golden age” of Navy largesse really lasted only one generation. From World War II through the early 1960s, abundant funding enabled oceanographic institutions to expand their activities in ways that they might have previously imagined but would never have been able to achieve. As we have seen, that expansion led to anxieties about freedom, autonomy, and the direction of oceanographic science. In time it also led to new anxieties about money, as directors needed enlarged budgets to keep their enlarged institutions humming, and already by the late 1960s, oceanographers were worried once again about money. By the 1970s, Navy support of oceanographic research had begun to wane under the influence of the Mansfield Amendment—which required the US military to focus its research dollars on its military mission—and the Navy’s decision to fund more internal research and to build its own research vessels.

      Whatever the challenges of working with the Navy, it was hard to imagine another organization that could support oceanographic science on a comparable level or another motivation that would be as compelling as the Soviet threat. The Cold War placed the intellectual interests of oceanographers into a broad and compelling—even urgent—global political context. How would their science thrive without a big new question to address, a new central motivating concern? As Frieman put it, “The vacuum left by the Cold War’s end left us unsure and uncertain about the future. What would the next big issue be”?2 Charles Hollister tried but failed to persuade the US government that the answer was the disposal of radioactive waste (chapter 8). What finally did turn out to be persuasive was the emerging issue of anthropogenic climate change.

      
        A New Opportunity in Global Climate Change

        There was a strong argument to be made for oceanographers to focus on climate change.3 Some oceanographers, famously Scripps director Roger Revelle and geochemist Charles David Keeling, had a long-standing interest in the issue. As part of the International Geophysical Year, Revelle helped to obtain the funding that enabled Keeling to begin the detailed measurements of atmospheric carbon dioxide that would later bear his name—the Keeling Curve—and win him the National Medal of Science. Revelle and others had also begun to publish serious scientific papers on carbon dioxide and climate, and to talk to the media about its potential implications.4

        By the late 1950s, many oceanographers and geophysicists were aware of the scientific work suggesting that increased carbon dioxide from burning fossil fuels could alter the climate, and they were pondering how they might contribute to scientific understanding. In 1957, for example, Woods Hole director Columbus Iselin discussed the matter in a speech to the Newcomen Society for the History of Engineering and Technology. He mentioned it only in passing, in a section of the speech addressing radioactive waste, but his manner suggested that the basic facts were scarcely controversial: “In the case of carbon dioxide in the atmosphere, man went ahead and began burning fossil fuels at a prodigious rate before he considered the possibility that he might be altering the climate on Earth in an unfavorable manner.”5 Soon after Iselin’s speech, Woods Hole’s William von Arx began to argue not only that the question of carbon dioxide, fossil fuels, and climate deserved oceanographers’ attention, but also that weather and climate could offer oceanography a better motivating framework than the military.

        One of the leaders of the Woods Hole Palace Revolt (chapter 3), von Arx felt it had been a mistake to link the fortunes of his science to the US Navy, and he continued to make the case even after the revolt failed. Von Arx pulled no punches: oceanography was “in bondage,” tethered to the needs of the Navy. He was not ungrateful for the support he received, nor unmindful of the practical considerations that had linked the Navy to American oceanographic science, and vice versa. Chief among these was the extreme expense of doing serious oceanographic work, which suggested to him that oceanographers would always be compelled to tie their science to some extrinsic concern. The challenge was to find the particular extrinsic concern that was most logically and naturally tied to their substantive intellectual interests, the domain in which the interests of scientists and their patrons were most fully aligned. That, in von Arx’s opinion, was not warfare, but weather and climate. “If, because of operational expense, it is to be the eternal fate of oceanography that its pursuit must be tied to some compelling cause, it would seem that the problems of weather and climate would provide its most appropriate justification,” he wrote.6

        Oceanography had a well-established link to meteorology. Dynamic oceanography had developed in the early twentieth century from the Bergen school of dynamic meteorology, and during World War II oceanographers and meteorologists had worked together on weather prediction and surf forecasting (chapter 1).7 By the 1950s, the importance of air-sea interactions for both disciplines was widely recognized.8 Oceanographers like Walter Munk worked to understand the role of wind and weather in generating waves, swell, and currents, while meteorologists like Joanne Malkus were recognizing the role of the sea surface in generating hurricanes and other weather events.

        It was not simply that weather and climate were plausible justifications for basic oceanographic research, von Arx argued. It was that they were better justifications than military concerns. The central difficulty with Navy patronage was not that the Navy did not share oceanographers’ interest in the ocean; the difficulty was that the Navy mission focused too much attention on technology at the expense of science. His views in this regard presaged the argument made in the 1980s by historian Paul Forman: that military patronage in physics fostered a science of technical mastery and gadgeteering.9 Von Arx believed that military patronage was problematic because it fostered a culture of technological bravado at the expense of conceptual understanding. A focus on weather and climate, however, could change that: “This refreshing change of ‘mission’ in ocean research would draw a different sort of people into marine science. There would be more thought-centered effort and less thing-centered preoccupation as with deep submersibles . . . and other elements of technological derring-do which “big science” tends to encourage.”10 Foreshadowing conclusions that would soon become commonplace, von Arx noted that human effects on the environment were increasingly evident, including early signs of what scientists would come to call global warming. Indeed, well before the emergence and popularization of the concept of the Anthropocene, von Arx noted that humans were changing the planet on a geophysical scale. A particular concern was the impact of fossil-fuel combustion on the planetary radiation balance: “Man has become a force of nature. He . . . is altering the radiation balance . . . and by his vigorous consumption of fossil fuels the concentration of carbon dioxide.”11

      
      
        The Long History of Concern about Global Climate Change

        It had been known since the nineteenth century that carbon dioxide was a greenhouse gas—highly transparent to visible light, fairly opaque to infrared—and that its presence in our atmosphere makes Earth a comfortably warm planet.12 By the mid-twentieth century it had become broadly accepted among earth scientists that changing concentrations of atmospheric carbon dioxide (due to natural causes) had the potential to affect global climate by altering Earth’s radiative balance. This concept had been developed in the mid-nineteenth century by Irish physicist John Tyndall (1820–1893), who demonstrated that carbon dioxide and water vapor are greenhouse gases, and it was invoked at the end of the nineteenth century by America’s most famous geologist, T. C. Chamberlin (1843–1928), to explain the ice ages.13 Around the same time, Swedish chemist Svante Arrhenius (1859–1927) suggested that a changing concentration of atmospheric carbon dioxide might also occur from unnatural causes, specifically burning fossil fuels.

        In 1923, British geologist R. L Sherlock (1875–1948) published a book entitled Man as a Geological Agent. Its central thesis was what would later become the Anthropocene concept: that the scale and extent of human activities were now so great as to compete with natural forces. Sherlock discussed a wide variety of geological and geophysical impacts, including forestation, farming, erosion, mining and quarrying, and construction of dams and harbors; he drew in particular on the work of American paleontologist George Perkins Marsh (1801–1882), who in 1874 had published The Earth as Modified by Human Action, which considered potential meteorological effects of deforestation. He also drew on Chamberlin and Arrhenius, concluding the book with a chapter on climate. Chamberlin, Sherlock noted, had argued that carbon dioxide removal from the atmosphere, as “a consequence . . . of the vast mass of carbon locked up by animals and plants . . . during the Carboniferous period,” could have caused the ensuing Permian glaciation. If he was right, then a “reversal of the process,” whether by natural causes or human activities, could lead to global warming.14 This was also Arrhenius’s conclusion: “Arrhenius thought that if the amount of carbon dioxide in the air were increased three-fold, the temperature of the Arctic regions would rise by 8 or 9°C.”15

        It is not clear how widely read the book was, but it is clear that by the 1930s more than a few scientists were taking up the question.16 In 1931, E. O. Hulburt (1890–1982), a physicist at the US Naval Research Laboratory, took up the carbon dioxide question in the context of the ice ages, calculating that doubling or tripling atmospheric carbon dioxide would increase surface temperatures by 4 and 7 Kelvin, respectively, and those temperatures were “about the same as those that occur when the earth passes from an ice age to a warm age, or vice versa.” He therefore concluded (tautologically) that “the carbon dioxide theory of ice ages . . . is a possible theory.”17 One objection, however, was that the specific infrared radiation absorbed by carbon dioxide was also absorbed by water, so adding or subtracting carbon dioxide in a water-bearing atmosphere would have little effect. Hulburt showed data to suggest that this was probably incorrect because the spectral overlap was only partial, but he also suggested that more work was needed on this important point. Meanwhile, also in the 1930s, British engineer G. S. Callendar (1897–1964) began to argue that the atmospheric carbon dioxide concentration was rising from burning fossil fuels and was already having detectable effects in northern latitudes. Callendar returned to the question in the 1950s, compiling existing global measurements to suggest that carbon dioxide had risen from a baseline value of approximately 290 parts per million at the turn of the century to a value of 320 and rising just fifty years later (fig. 9.1).18

        
          [image: ]

          Figure 9.1 Measurement of atmospheric CO2, showing rise in atmospheric concentration in the first half of the twentieth century.

          From G. S. Callendar, “On the Amount of Carbon Dioxide in the Atmosphere,” Tellus 10 (1958): 243–48 (fig. 1). Reprinted in accordance with Taylor and Francis open-access policies.

        
        Callendar published these results in geophysical journals—Tellus, Weather, and the Quarterly Journal of the Royal Meteorological Society—and his work, along with Hulburt’s, was taken up by American physicist Gilbert Plass (1920–2004) in an important article published in 1956 addressing the infrared absorption question.19 As a research scientist at the Lockheed Corporation, Plass had been studying atmospheric infrared absorption. Using an early digital computer and revised laboratory measurements of the carbon dioxide absorption band by the aptly named W. H. Cloud, he showed that the negative critique was incorrect.20 Better resolution of the spectral lines showed that the overlap was much less than generally supposed; increasing atmospheric carbon dioxide could have a significant impact on climate.21

        Plass calculated the radiative flux upward and downward from the Earth’s surface over one-kilometer increments for three different carbon dioxide concentrations—current, doubled, and halved—and he found that a doubling of atmospheric carbon dioxide could lead to a 3.6°C increase in average global temperature. Halving carbon dioxide produced an equivalent decrease. With the calculations modified to include a “reasonable average cloud distribution over the Earth,” the result for carbon dioxide doubling was 2.7°C—less than without clouds but still enough to cause major climate impacts—which confirmed that changing carbon dioxide concentrations could have caused the climatic changes observed in geological history.22 Tyndall had argued that the effect of carbon dioxide on climate was a vera causae—a true and demonstrable cause; Hulburt had concluded that it was “a possible theory.”23 What Plass added and underscored was the very significant point that the climate was very sensitive to even small changes in carbon dioxide: “The radiation calculations predict a definite temperature change for every variation in CO2 amount in the atmosphere. These temperature changes are sufficiently large to have an appreciable influence on the climate [because] a relatively small change in the average temperature can have a large effect on the climate.”24

        Plass’s paper dealt mainly with the long-standing debate over carbon dioxide fluctuation as an explanation for the ice ages, but he also addressed the impact of human activities. Noting that humans were adding more than 6 billion tons of carbon dioxide per year to the atmosphere by burning fossil fuels—several orders of magnitude greater than natural inorganic sources—he concluded that human activities had greatly “disturbed the CO2 balance.” Plants might take up some of the excess carbon dioxide through increased photosynthesis, but that would be a transient effect, as the carbon dioxide would be rapidly returned to the atmosphere as the plants died and decayed. The oceans might also remove some carbon dioxide, but at a rate that was very much slower than the rate of human addition. He thus affirmed Callendar’s result and went further, predicting that human activities were leading toward an increase in atmospheric carbon dioxide of 30 percent by the end of the century and a corresponding increase in average global temperature. “The influence of the extra CO2 on climate will become increasingly important in the near future as continuously greater amounts of CO2 are released into the atmosphere by man’s activities,” he wrote.25 It was a matter not of if but of when.26

        The link between carbon dioxide, climate, and fossil-fuel combustion was reinforced a year later, in a now-famous paper (also in Tellus) by Roger Revelle and his Scripps colleague, geochemist Hans Suess (1909–1993). Revelle and Suess emphasized the historically unprecedented character of human activities in the mid-twentieth century. Humans had become geological agents, returning to the biosphere in just a few centuries the accumulated organic carbon stored in rocks over the course of hundreds of millions of years. In hindsight, this paper is often cited as a clarion call to the dangers of global warming, but that is not quite right. Revelle and Suess argued their point opportunistically, in the literal (and nonpejorative) sense of that word: they saw an opportunity to use human actions as a probe to greater understanding of the controls on the Earth’s radiative balance: “Human beings are now carrying out a large scale geophysical experiment of a kind that could not have happened in the past nor be reproduced in the future. Within a few centuries we are returning to the atmosphere and oceans the concentrated organic carbon stored in sedimentary rocks over hundreds of millions of years. This experiment, if adequately documented, may yield a far-reaching insight into the processes determining weather and climate.”27

        In the coming years, as world population and resource use continued to grow, the impact of increased carbon dioxide would likely be large enough to produce detectable climatic effects. Therefore, they suggested, scientists should monitor carbon dioxide and document any effects that might occur: “In contemplating the probably large increase in CO2 production by fossil fuel combustion in coming decades, we conclude that a total increase of 20–40% in atmospheric CO2 can be anticipated. This should certainly be adequate to allow a determination of the effects, if any, of changes in atmospheric carbon dioxide on weather and climate throughout the Earth.”28 As Plass had already noted, an important uncertainty was just how much carbon dioxide accumulated in the atmosphere as compared with the fraction taken up by the biosphere and absorbed by the oceans. If a good deal were taken up by the oceans or biosphere, then the effect on the climate system might be modest, but if most remained in the atmosphere, then the effect would be substantial. This question was taken up by Scripps geochemist Charles David “Dave” Keeling (1928–2005), who, as part of the International Geophysical Year, began meticulous measurements of atmospheric carbon dioxide at Mauna Loa, Hawaii.29 Keeling’s time-series data soon showed that about half of released carbon dioxide was “missing” and presumed to be absorbed into the oceans or taken up by plants. The remainder was in the atmosphere, where its concentration was on an upward march. By the mid-1960s, Keeling’s work had been noticed in science policy circles in Washington, DC.30

        The US government had invested considerable resources in weather modification programs—primarily cloud seeding for rain making, but also attempts to control or create tropical storms and hurricanes and other severe weather events; there had also been substantial private-sector investment in cloud-seeding technology.31 In 1953 the US Congress had established an Advisory Committee on Weather Control, charged with evaluating the various public and private initiatives in cloud seeding. In 1957 the committee reported to President Eisenhower that weather modification did work—at least somewhat and in some cases—and recommended further study.32 But this raised the possibility that, if weather and climate could be deliberately modified by human activity, were they not also capable of being modified inadvertently?

        The issue of man-made climate change earned the moniker inadvertent weather modification. The term was coined by geophysicist Gordon MacDonald (1929–2002), who in 1963 chaired the Panel on Weather and Climate Modification, charged with “a deliberate and thoughtful review of the present status of activities in this field and of its potential and limitations for the future.”33 A wunderkind with a BA and PhD from Harvard, MacDonald had coauthored with oceanographer Walter Munk the acclaimed monograph The Rotation of the Earth when he was only thirty years old. Soon he was serving on numerous US government science advisory panels, including President Lyndon Johnson’s Science Advisory Committee (1965–1969) and later Richard Nixon’s Council on Environmental Quality (1970–1972).34 If Revelle was the first scientist to capture widespread scientific attention for the issue of global warming, MacDonald was the first to capture significant political attention for it.35

        Two reports were issued, one in 1964 and a second in 1966. The panel concluded that there was no in-principle scientific objection to weather modification. The obstacles were statistical—it was difficult to prove that any given intervention had had the intended effect—and ethical-weather modification experiments might go awry. But this stimulated another thought: If humans could modify the weather intentionally, might they not also do so unintentionally? If adding silver iodide could seed clouds, then what might adding other components do? By the time of the second report, the panel had concluded that inadvertent weather modification was a real possibility, and the most important potential cause was the steadily increasing atmospheric carbon dioxide from the burning of fossil fuels.36

        MacDonald was influenced in part by conversations he had had with Revelle, who had first alerted him to Keeling’s emerging results.37 In 1965, a report by the Environmental Pollution Board of the President’s Science Advisory Committee had noted that “by the year 2000 there will be about 25% more CO2 in our atmosphere than at present [and] this will modify the heat balance of the atmosphere to such an extent that marked changes in climate, not controllable through local or even national efforts, could occur.”38 An appendix written by Revelle and Keeling, coauthored by geochemists Harmon Craig and Wallace Broecker and meteorologist Joseph Smagorinsky (one of the founders of numerical weather prediction), explained why this mattered.39 Plants absorb carbon dioxide, but it is quickly returned to the atmosphere when the plants die. Burning wood only slightly accelerates the process by which extracted carbon dioxide is returned, since the wood would soon decay anyway. But burning fossil fuels accelerates the carbon dioxide return nearly infinitely. Carbon that has been stored in rocks over the course of the Phanerozoic time period—more than five hundred million years of Earth history—would, without human intervention, mostly stay there. However, because of human activities, it was being returned, from a geological standpoint, nearly all at once.

        Comparison of Keeling’s first five years of measurements with the known volume of carbon released from fossil-fuel combustion gave a preliminary answer to Revelle and Suess’s question: “Almost exactly half of the fossil fuel CO2 apparently remained in the atmosphere.”40 This was far more than Revelle had expected and meant potentially serious long-term consequences such as melting of the Antarctic ice cap and thermal expansion of seawater, which would yield significant global sea level rise. “By the year 2000,” they concluded, “the increase in atmospheric CO2 will be close to 25%. This may be sufficient to produce measurable and perhaps marked change in climate, and will almost certainly cause significant changes in the temperature and other properties of the stratosphere.”41

        These comments about carbon dioxide were admittedly made in an appendix—the main report dealt with climate change only in passing. In the mid-1960s, most earth scientists—focused on geological rather than human time scales—still believed that the planet was heading (naturally) toward the next ice age. If they considered human impacts (and most did not, considering them to be outside the domain of their science), they perhaps expected accelerated cooling caused by sulfate aerosols and other particulate emissions. With coal still the dominant source of fossil-fuel energy, the effects looked to be larger than any possible warming effect. As MacDonald later summarized, “In 1969, it seemed plausible that our activities could either lead to a disastrous ice age or to an equally disastrous melting of the polar ice caps.”42 But the majority view leaned toward the former.

        Things began to change as more scientists learned of Keeling’s carbon dioxide measurements at Mauna Loa, which showed that the concentration of atmospheric carbon dioxide was continuing to climb.43 By the 1970s, a number of scientists were building models to try to predict when a detectable climate signal might occur. In 1978, Oceanus, the official journal of the Woods Hole Oceanographic Institution, released a special issue, “Oceans and Climate,” which began with an introduction by Robert M. White (1923–2015), who had just stepped down as the first NOAA administrator and was serving as chairman of the National Research Council’s (NRC) Climate Research Board:

        
          We now understand that industrial wastes, such as carbon dioxide released during the burning of fossil fuels, can have consequences for climate that pose a considerable threat to future society. The Geophysics Research Board of the National Research Council in its recent report, “Energy and Climate,” foresees the possibility of a quadrupling of the CO2 content of the atmosphere in the next two centuries with a possible increase of 6 degrees Celsius in global surface temperatures. Changes of such magnitude accompany climatic shifts from glacial to interglacial epochs. . . . Experiences of the past decade have demonstrated the consequences of even modest fluctuations in climatic conditions [and] lent a new urgency to the study of climate. . . . The scientific problems are formidable, the technological problems, unprecedented, and the potential economic and social impacts, ominous.44

        

        Several of the papers in the Oceanus volume cited the climate modeling work of National Center for Atmospheric Research scientist Stephen Schneider, and Syukuro “Suki” Manabe and R. T. Wetherald at Princeton, which predicted that doubling atmospheric carbon dioxide could increase average global temperature by 1.5°C to 3°C.45 These numbers were low compared to Hulburt and Plass’s figures, but they were still concerning.

        The following year, scientists began to address the issue in earnest. The World Meteorological Organization (WMO) held the first World Climate Conference to address the question of anthropogenic climate change; White served as chair. Recognizing the “all-pervading influence of climate on society,” the conference issued an “appeal to nations” to “foresee and prevent potential man-made changes in climate that might be adverse to the well-being of humanity.”46 The WMO acknowledged that the causes of climate change were diverse, but one stood out as particularly concerning: “the burning of fossil fuels, deforestation, and changes in land use [that] have increased the amount of carbon dioxide in the atmosphere.”47 It was likely that further increases would contribute to a gradual warming of the planet as a whole, which would in turn affect the distribution of temperature and precipitation. The WMO called on world governments to increase efforts to collect high-quality climate data and to support research to better understand climate change and its impacts. (They also called for world peace.)

        Meanwhile in the United States, the US Department of Energy had asked the JASONs—the reclusive group of scientific advisers established in the early 1960s to advise on scientific questions relevant to national security—to consider the long-term impact of atmospheric carbon dioxide on climate. MacDonald led the study, which concluded that at current rates of fossil-fuel use, atmospheric carbon dioxide was likely to double by 2035 and significantly perturb the climate system. The study group built two models, one numerical and one analytic, and both suggested that doubling atmospheric carbon dioxide would most likely produce a mean global temperature rise of 2°C–3°C. This was comparable to the “altithermal” period of four thousand to eight thousand years ago, when sea level rose dramatically around the globe, leading to the various cultural accounts of major floods and drowned civilizations that developed at that time.

        Such seemingly small changes could produce large social and economic impacts. “The Sahelian drought [1968] and the Soviet grain failure [1972],” they noted, “illustrate the fragility of the world’s crop producing capacity, particularly in those marginal areas where small alterations in temperature and precipitation can bring about major changes in total productivity.” Changes of this magnitude “would . . . have significant demographic effect.” Moreover, 2°C–3°C was the expected average change. The warming could be as much as 10°C–12°C at the poles due to polar amplification. This is the feedback loop in which melting ice exposes bare land and water, which then absorbs more heat (because they are darker and less reflective than ice), which leads to more warming, and so on. Manabe had identified this effect in climate models, and the JASON committee agreed that it would occur. The net results of change on this scale were unlikely to be good: “Any change would produce stress and possibly disaster in some parts of the world since so many aspects of society have adapted, with very large investments in their infra-structure, to the [present] climate.”48

        The JASON report reached the White House, where President Carter’s science adviser Frank Press wanted to ask the National Academy of Sciences for a second opinion. The academy enlisted renowned MIT meteorologist Jule Charney (1917–1981). The Charney committee affirmed that carbon dioxide was rising, that it would likely continue to rise, and that it would likely have significant physical, social, and economic impacts. In their words: “If carbon dioxide continues to increase, [we] find no reason to doubt that climate changes will result, and no reason to believe that these changes will be negligible.”49

        In their proposal for the Charney Report, the academy had stressed what the JASONs had also noted, that “the close linkage between man’s welfare and the climatic regime within which his society has evolved suggests that such climatic changes would have profound impacts on human society.”50 They encapsulated the state of the science: “A plethora of studies from diverse sources indicates a consensus that climate changes will result from man’s combustion of fossil fuels and changes in land use.”51 It was 1979, and scientific experts had a consensus that increasing atmospheric carbon dioxide was going to change the climate.

        But when would these changes occur? That was a trickier question. While there was a consensus that changes would occur—and, with a few dissenting voices, that they would be largely adverse—there was not as yet consensus on when.52 Many scientists at the time talked of effects becoming evident by the end of the century, but one person suggested that changes were perhaps already under way: meteorologist John Perry, the chief staff officer for the academy’s Climate Research Board. In an article in Climatic Change, he suggested that scientists might be underestimating the problem. In their models and analyses, most scientists focused on doubling carbon dioxide, but Perry pointed out that this was just a convenient point of comparison. “Physically, a doubling of carbon dioxide is no magic threshold . . . If we have good reason to believe that a 100 percent increase in carbon dioxide will produce significant impacts on climate, then we must have equally good reason to suspect that even the small increase we have already produced may have subtly altered our climate,” he concluded. “Climate change is not a matter for the next century; we are most probably doing it right now.”53

        Edward L. Miles, a professor at the School of Marine Affairs at the University of Washington, agreed. He ventured that not only that people would underestimate how rapidly changes might occur but also would overestimate our ability to deal with them. History showed that human societies were highly sensitive to climate and that small changes could produce large social effects. Yet governments were slow to respond, because the “direct incremental costs of regulation occur in the present, while the benefits and total societal costs are in the distant future.”54

        But it soon became clear that the costs were not so distant. When the 1980s produced the warmest decade on record and the US midwestern states experienced searing drought, some scientists became convinced that climate change was under way and the costs were beginning to be felt.55 In the summer of 1988, the US Senate held hearings on the question, where James E. Hansen, the director of the NASA Goddard Institute for Space Studies, testified that the human fingerprint on the climate system had been detected, although not that any specific drought could be attributed to it. Hansen’s testimony was reported on the front page of the New York Times under the headline “Global Warming Has Begun, Expert Tells Senate.”56

        The Times’ revered science writer, John Noble Wilford, characterized the testimony as transformative, quoting Environmental Defense Fund scientist Michael Oppenheimer saying that Hansen had added “an air of scientific respectability and immediacy to the environmental movement’s longstanding warnings about the build-up of carbon dioxide in the atmosphere.”57 But others—including many of Hansen’s colleagues—were not yet convinced. Both basic physical theory and climate models predicted that global warming should occur; scientists agreed on that. The National Academy of Sciences had already said so. But was it already occurring? Climate is naturally variable and weather records are messy and inconsistent; could one say with certainty that the observed effects were something other than measurement error, instrumental noise, or natural variability?58 Had Hansen really observed the signal above the noise? Blame it on scientific conservatism, reticence, erring on the side of least drama, or plain competitiveness, but most of Hansen’s colleagues felt that more work needed to be done.59

      
      
        Taking the Ocean’s Temperature

        Throughout the history of the earth sciences, effects have often been observed before scientists could account for their causes. Geologists knew there were ice ages before they could say why, they recognized giant thrust sheets in the Alps before they could explain how they got there, and arguments for continental drift were built on empirical evidence before anyone understood mantle dynamics.60 Global warming was different. It was the converse of what earth scientists were used to. The cause was established—no one questioned that carbon dioxide was a greenhouse gas, responsible for the balmy state of our planet—and even the most ardent skeptics accepted that its atmospheric concentration was on the rise. The question was whether that cause was yielding an effect. Oceanographers began to think that they might have the means to answer that question.61

        In 1971, the dean of the Graduate School of Oceanography at the University of Rhode Island, John Knauss (1925–2015), had come to the same conclusion as von Arx: that the future of oceanography lay in addressing global environmental questions. Writing to a colleague at the National Oceanic and Atmospheric Administration, he suggested global monitoring as a future direction in oceanographic science: “Concern for the environment is not a passing fad. The problems are not going to go away.”62

        Revelle agreed, and in 1982 summarized the issue in Scientific American. The carbon dioxide question was really a set of questions. One was how much carbon dioxide would be added to the atmosphere in the coming years. This was a question of human activity, primarily clearing forests and burning fossil fuels, and there was little reason to suspect that those activities would end any time soon. A second was whether this increase would change the global climate; the consensus of scientific opinion was that it would. The third was whether changes were already occurring. This, he argued, was the question of the hour: “Mathematical models of the world’s climate indicate that the answer is probably yes, but an unambiguous climate signal has not yet been detected.”63 To find that unambiguous climate signal, oceanographers proposed an ambitious project: acoustic tomography of ocean climate, or ATOC.

        Scientists today accept that there has been an increase in global average temperatures of about 1°C since the Industrial Revolution; in 2014 the Intergovernmental Panel on Climate Change (IPCC) declared that the warming of the climate system was “unequivocal.”64 But why did it take so long—more than fifty years if we count from Revelle and Suess and Plass, more than a century if we count from Arrhenius—to reach this conclusion? Part of the answer is the difficulty of interpreting historical temperature records, which are noisy, of variable quality, and geographically clustered. To obtain global averages from historical records involves numerous inferences and assumptions; there is no thermometer that permits direct measurement of the average temperature of Earth.65 But what if you could measure the Earth’s average temperature? In the early 1980s, a group of oceanographers at Scripps and Woods Hole posed this question, and their answer was that you could, by using the speed of sound in the oceans.

        The idea was derived directly from Cold War work. As we have seen in previous chapters, sound transmission was a major motivation for Navy support of oceanographic research—a centerpiece of the SOFAR navigation system and the SOSUS machinery of underwater acoustic surveillance—and the link between sound velocity and temperature was very well studied. (At Scripps, some scientists had jested that their institution should be renamed the Scripps Institution of Underwater Listening and Location.66) At the center of all this work was the recognition that the speed of sound in water is temperature dependent, and variations in temperature (and density) alter sound transmission.

        This central fact—that the speed of sound in water is temperature dependent—could be applied to the question of global warming, because if the planet as a whole were warming, then necessarily the oceans were as well. If the oceans were warming, then the speed of sound through them should be increasing. Since the oceans cover three-fifths of the globe, an average ocean temperature would be a measure of the average global temperature. Moreover, it would be a better measure of global warming than atmospheric measurements, because the oceans are less temporally and spatially variable. As Walter Munk liked to put it, the oceans have less “weather” and more “climate.”67

        But how, exactly, do you take the temperature of the ocean? One can no more place a mercury thermometer into the ocean to get a global average than into the air. But there is a way to measure the ocean temperature. Because sound in the ocean can travel for very long distances—this was the insight that led to SOFAR—its speed over those distances integrates the average temperature of the water along the way. Release sound from a high-intensity source and record the travel time to a receiver, and in effect you measure the average temperature of the water mass through which the sound has traveled. A long-range transmission, say from Honolulu to Half Moon Bay, California, would integrate the thermal conditions of the water between those two points. Acoustic velocity actually is a thermometer.68

        Ocean acoustic tomography was developed in the 1970s and 1980s by Munk and MIT oceanographer Carl Wunsch (b. 1941) based on an analogy with medical imaging of the interior of the human body and seismic imaging of the interior of the Earth.69 The technique is acoustic because it relies on sound waves; it is “tomographic” because it creates an image using vertical slices through the water column (CT scans are computer-assisted tomography, from tomos, Greek for “cut” or “slice,” as in atom, the unit of matter that cannot be cut). The measurements from the numerous pathways are integrated to create a picture of the ocean through which the sound has traveled.70 The technique relies on acquiring and integrating sound waves that have traveled over various possible “ray paths,” and the sound channel permits the propagation of low-frequency sound with minimal attenuation (fig. 9.2; see also chapter 2).71 If scientists took measurements across the world’s oceans, collected the ray paths, and analyzed the travel times, then they would in effect be taking the ocean’s temperature. If they repeated this over a decade, they could determine whether the oceans were warming and the result would be entirely independent of terrestrial or atmospheric records.72 Sweet.

        
          [image: ]

          Figure 9.2 Multipaths from source to receiver.

          From Walter Munk and Carl Wunsch, “Ocean Acoustic Tomography: A Scheme for Large Scale Monitoring,” Deep Sea Research Part A: Oceanographic Research Papers 26, no. 2 (1979): 123–61 (figs. 1–2). Reprinted with permission from Elsevier.

        
        In 1974, Woods Hole had hosted the first International Workshop on Low-Frequency Sound, sponsored by the antisubmarine warfare programs of the Office of the Chief of Naval Operations. Introductory remarks were given by Brackett Hersey, a longtime Woods Hole scientist with naval connections dating to the 1930s (chapters 3 and 6). Hersey linked the Navy’s interest in underwater sound studies to the need to “forecast the performance of existing sonars.”73 Sound had been used to identify seamounts and underwater volcanoes, to reveal currents, gyres, and eddies, and to locate missile impacts and the position from which the lost nuclear submarine Scorpion had last been heard just before it disappeared in the Atlantic Ocean in June 1968 (chapter 7). There were thus many excellent opportunities to advance understanding in the context of “the potential enemy’s capabilities and characteristics.”74 Underwater sound was as important in the 1970s as it had been in the 1940s; the ONR supported acoustic research at Woods Hole at the level of $1.5 million per year, second only to its omnibus grant in dollar value.75

        ATOC built on this history of Navy largesse and interest; it also drew on well-tested hardware. The SOSUS network would provide the equipment needed to detect the sound transmissions, which were the same as the transmissions used for ocean acoustic surveillance of Soviet submarines. The scientists would rely on a technology that was well tested, well maintained, and well funded and that had global reach.76

      
      
        The Conceptual Groundwork

        In 1979, Munk and Wunsch laid the conceptual ground for ATOC in a forty-page paper published in Deep Sea Research, “Ocean acoustic tomography: a scheme for large-scale monitoring.” They built on studies carried out on behalf of the Navy in the 1960s, when Gordon Hamilton, working at the Columbia University Geophysical Research station in Bermuda, in conjunction with the Navy SOFAR station, had used the Atlantic Missile Range hydrophone array to detect temperature variation on a scale of ten to one hundred kilometers (fig. 9.3; on Hamilton, see chapter 5). The concept also rested on geophysical inverse theory—a mathematical technique used in seismology to determine Earth structure from seismic wave arrival times. John L. Spiesberger, Munk’s former graduate student and postdoctoral fellow, fleshed out the details.77 Writing in the Journal of the Acoustic Society of America, Spiesberger and colleagues demonstrated that the expected multipaths could indeed be resolved and identified using ray theory. While transmitter drift posed some challenges, overall the differences in travel times along reciprocal transmissions revealed clear differences in propagation speed along different paths, demonstrating that the project was feasible not just in principle but in practice. Most important, they had demonstrated that they could separate the noise of short-term and moderate scale ocean “weather” from the global signal of “climate.”78
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          Figure 9.3 The idea of ocean acoustic tomography, showing “variations in the mean axial sound speed R/T and the corresponding perturbation in travel time 𝛿T (relative scale), according to Hamilton (1979).”

          From Walter Munk and Carl Wunsch, “Ocean Acoustic Tomography: A Scheme for Large Scale Monitoring,” Deep Sea Research Part A: Oceanographic Research Papers 26, no. 2 (1979): 123–61 (fig. 3). Reprinted with permission from Elsevier. The original data come from Gordon Hamilton.

        
        Munk and Wunsch’s paper had originated in a JASON committee summer project supported by the Defense Advanced Research Projects Agency (DARPA); both their work and Spiesberger’s had also been supported by the ONR.79 In 1981, they joined forces with ten other colleagues to form the Ocean Tomography Group, with support from the ONR and the National Science Foundation. In a paper published in Nature in September 1982, they reported on the results of a proof-of-concept tomography experiment in a three-hundred-kilometer square southwest of Bermuda; the results were consistent with direct measurements from ship- and airborne surveys.

        Ocean temperature could of course be measured locally in various ways; the power of the ATOC concept came from the large volume of ocean water that tomography sampled. As we saw in chapter 2, sampling had long been the bane of oceanographers; traditional methods—Nansen bottles, bathythermographs, CTDs—were drops in the bucket, sometimes literally.80 How did one know if samples were representative? Acoustic tomography solved that problem, as well as the problem of short-term temporal variation, allowing scientists to see through the ocean weather to the ocean climate. Hence, the name: acoustic tomography of ocean climate.81

        While the Nature article portrayed acoustic tomography primarily as a new sampling technique—a form of remote sensing—Spiesberger and colleagues were strengthening the link from ocean to global climate. Spiesberger had moved from Scripps to Woods Hole and wrote a draft proposal to the ONR for a feasibility study of an ocean acoustic thermometer to measure global climate change. Initial studies had been done in a small area of the Atlantic where the Navy had long done acoustic work; the next step would be a test over a larger area, using a transmitter in Hawaii and a receiver off the California coast: “The purpose of this measurement is to determine if the received signal to noise ratio is sufficient to permit tomographic inversion of the multipath arrival times which would provide information on the average heat content of the ocean. If this measurement is successful, a future proposal will be made to establish a series of acoustic monitoring stations in order to measure variations in the ocean’s thermal structure. These measurements would be made over long periods of time perhaps spanning decades or more.”82

        Spiesberger and his colleagues explicitly linked their proposal to anthropogenic climate change: the point of pursuing measurements for “decades or more” was to track the effects of global warming as carbon dioxide continued to accumulate in the atmosphere, much as Revelle had proposed twenty-five years earlier. Because the thermal effects should become increasingly evident over time, the longer the timeframe the clearer the results would be: “One can imagine measurements extending for 100 years or more where perhaps the gradual heating of the oceans due to the increase of carbon dioxide could be detected. Just as astronomers have established observatories where measurements have been taken for hundreds of years, the oceanographers might establish an acoustic observatory of the type described herein.”83 As Spiesberger recollected to Henry Stommel in 1989, “our intention [was] to set up acoustic observations to detect hypothetical greenhouse effects on climate change” over the long term.84

        Contemporary scientists frequently lament the difficulty of undertaking long-term monitoring programs, in part because the reward structure of science favors projects that can be brought rapidly to publication. (Dave Keeling famously recounted late in his life how hard it had been to sustain support for the carbon dioxide monitoring program for which he ultimately won the National Medal of Science.85) Despite the challenge, these scientists were prepared to undertake a long-term ocean climate-monitoring program because they recognized the significance of the question, as well as the rewards that would come to any scientist or group of scientists who could provide a conclusive answer.

        Von Arx had thought that changing the mission to weather and climate would enable oceanographers to escape the Navy yoke, but there is scant evidence that the scientists who developed ATOC had that in mind. On the contrary, they relied initially on their existing Navy patrons and designed the project to build on Navy technology and facilities. Rather than construct a new purpose-built observatory, for example, the ONR would support the use of data-processing and recording equipment at the Cooley Electronics Laboratory at the University of Michigan and the Navy communications facility in Centerville Beach, California.

        Meanwhile, at Scripps, Ed Frieman (1926–2013) had embraced both the general idea that oceanographic institutions should pursue climate change research and the specific idea of ATOC. A distinguished physicist and science administrator whose career had included a stint as director of the Office of Energy Research and assistant secretary of energy in the Carter administration, Frieman had a long-standing interest in energy and environmental issues. In the aftermath of the Arab Oil embargo of 1973–1974, he had been involved in discussions of alternative energy possibilities, including nuclear fusion and synfuels, as well as DOE support of atmospheric science research. Like John Knauss, Frieman had come to believe that global change was the next most important scientific question for oceanographers to address. In 1987, he wrote to the dean of graduate studies at the University of California, San Diego, discussing research priorities. “Global change” would be the number-one priority for the future, as “momentum was building in Washington,” and Scripps was “well-positioned to assume a substantial leadership role.”86 ATOC fit that framework.

        Two years later, Munk published two articles proposing a full-scale test of acoustic tomography to detect global warming, based at Heard Island in the southern Indian Ocean. It was a remote location—logistically very difficult—but technically it was ideal, because there were unimpeded ray paths from the island into all five world oceans, and these paths could reach research stations in Brazil, India, South Africa, Australia, and the east and west coasts of the United States (fig. 9.4). The specific choice of Heard Island was inspired by an accident: in 1960, three hundred pounds of high explosives were inadvertently detonated in the sound channel near Perth, Australia, and the sound waves had been detected in Bermuda. If the world oceans were warming, they would detect it.87
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          Figure 9.4 Location of Heard Island, showing ray paths to all the world’s oceans and oceanographic research institutions on five continents.

          From Walter Munk and A. M. G. Forbes. “Global Ocean Warming: An Acoustic Measure?” Journal of Physical Oceanography 13 (1983): 1765–77 (fig. 5). Reprinted with permission of the American Meteorological Society; permission conveyed through Copyright Clearance Center, Inc.

        
        Meanwhile Spiesberger and his colleagues had preliminary results from the northeastern Pacific. In three sets of measurements, using a set of moored arrays in the northeastern Pacific, they had collected arrival times for five to ten sound paths covering a distance of approximately three thousand meters and demonstrated that the paths were similar from year to year at each receiver location (fig. 9.5). They summarized these results in 1991 in the Journal of Geophysical Research, as well as in a Woods Hole internal report, concluding that the results indicated “that it is possible to accumulate long records of arrival times that might be used to characterize the thermal state of the ocean,” and thereby address “the problem of measuring oceanic thermal changes associated with global warming brought on by increases in greenhouse gases.”88
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          Figure 9.5 The location of the acoustic tomography experiment, with locations of four sources and nine receivers in the northeastern Pacific.

          From J. L. Spiesberger and Kurt Metzger, “Basin Scale Tomography: A New Tool for Studying Weather and Climate,” Journal of Geophysical Research 96, no. C3 (1991): 4869–89 (fig. 1). Reprinted with permission of John Wiley & Sons, Inc.

        
      
      
        A Small Glitch

        The Heard Island Feasibility Test was scheduled to begin in January 1991. Low-frequency sound from a single source near Heard Island would be monitored at sixteen sites around the globe. Climate models suggested an expected anthropogenic warming signal of .020°C per year at the ocean-atmosphere boundary, decreasing to 0.005°C per year at a depth of one kilometer. This was equivalent to a sound speed change of about 0.1 second per year over a thousand-kilometer path, a very small amount. To achieve this level of sensitivity, the test would have to be able to identify and measure ray-path travel times to an accuracy of ten to fifty milliseconds. From a technical standpoint, the key question was whether a coherent signal could be identified over such distances and the travel times measured to the required degree of accuracy; Spiesberger’s data suggested they could. Everything was going according to plan. Everything, that is, until the concern arose that the sound transmissions might adversely affect marine life.

        Munk explained a few years later: “The issues in [the Heard Island Feasibility Test] were: can signals generated by currently available acoustic sources be detected at ranges of order 10 Mm [megameters, i.e., thousands of kilometers], can coded signals be “matched filtered” to measure travel time to better than 0.1 s, and can this be done without harm to local marine life?”89 This, however, was a bit of revisionist history, because in the early ATOC proposals there is no discussion of potential harm to marine life. Tomography had been conceptualized and developed by physical oceanographers and engineers, and the prospect of interfering with marine life had evidently not occurred to them (or at least not strongly enough to discuss in their papers or proposals). Perhaps this was because they were making use of established technology, whose safe operation they took for granted. Perhaps because no biologists were involved in developing the project, the issue never came up. Or perhaps because, as Robert Oppenheimer famously said about the hydrogen bomb, it was so technically sweet that it just drew you in.

        However, quite a few marine animals hear in low-frequency sound ranges, most notably whales, and in the United States the Marine Mammal Protection Act of 1972 and the Endangered Species Act of 1973 prohibit the “taking” of any federally listed endangered or threatened species without legal authorization. “Taking” is defined very broadly, to include harassing, harming, pursuing, shooting, wounding, killing, trapping, capturing, collecting, or attempting to do any such things. Because many species of whales are endangered or threatened, the project came to the attention of the National Marine Fisheries Service (NMFS). Officials there concluded that legal authorization was required.

        But the project was set to go, and given its technical complexity, as well as the involvement of colleagues from around the globe standing by to monitor the received transmissions, it would be no small task to reschedule, so project participants drew on their contacts in Washington to expedite the approval process.90 Meanwhile, they set sail from Fremantle, Australia, hoping the permits would arrive in time. They did, but only just: eight days before the scheduled start of transmissions. They also came with stipulations. Four marine mammal observers were to be aboard a dedicated survey vessel, including a bioacoustician to conduct acoustic monitoring. Three additional observers traveling with the sound source would “monitor the effects of the transmission on marine mammals close to the source,” with comparative observations made before and after each transmission. If “marine mammals are sighted or heard . . . within 5 km of the source,” or “in the event of injury or mortality of one animal,” the transmissions were to be delayed or suspended.91 The biological observations were to be submitted to the NMFS within ninety days of completion of the experiment for independent evaluation. With little time to spare, the oceanographers recruited a local biologist, Ann E. Bowles, who studied animal bioacoustics at Hubbs-SeaWorld in San Diego, to perform the biological monitoring.92 In 1994, Bowles would earn a PhD at Scripps, but at the time her highest degree was a BA in linguistics.

        The transmissions were completed in five days, and the experiment was over by the end of the month.93 The scientists noted that the sonar clicks of sperm whales were notably absent during the transmission periods but concluded that the whale silences were not “associated with long-term effects.”94

        The referent of the acronym ATOC had by now evolved into acoustic thermometry of ocean climate—perhaps to better communicate its intent—and the scientists applied for and received funding from a new US federal government program, the Strategic Environmental Research and Development Program, or SERDP, which was established by the US Congress in 1990 as a program within DARPA to make military systems available for civilian scientific research and to “harness some of the resources of the defense establishment . . . to confront the massive environmental problems facing our nation and the world today.”95

        Between the time that the scientists had first developed the idea of an ocean acoustic thermometer and when they first began to use it, the Cold War had ended. Despite Frieman’s anxieties, this was good news, as SERDP would support research that either made use of existing military technologies and databases to address environmental issues, or developed new knowledge and technologies that helped US agencies to address their environmental obligations. It was a swords-to-plowshares program, except that the swords were actually still swords. The topic of study had shifted from Soviet submarine surveillance to global climate surveillance—but the hardware, the scientific know-how, and the patrons were the same.

      
      
        From Heard Island to ATOC

        In February 1993, Scripps was awarded a $35 million contract to run ATOC; phase 1 would run for two years from February 1994 through January 1996. Given the logistical difficulties of working in a location as remote as Heard Island, they would move closer to home, using Navy facilities in Hawaii and California and placing acoustic sources in the nearby ocean. For receivers, they would rely on the existing bottom-mounted, horizontal hydrophone arrays maintained by the US Navy as part of SOSUS System, as well as several additional vertical mounted arrays.96 During the proposed initial two-year project period, a twenty-minute signal would be released every four hours, up to six times per day.

        To manage such a large project with complex logistics, Scripps contracted with a private science and engineering firm with extensive military contracts, Science Applications Inc. (SAIC). Among other things, SAIC helped prepare the necessary permit applications. The scientists understood that they would need permits, particularly as the California source would be located on Sur Ridge (and linked by a twenty-two-mile cable to the Point Sur Naval Facility on the California coast), at the southern end of the Monterey Bay. This was an area of California famous for its spectacular coastline with abundant marine life, and with a human population highly attuned to environmental issues. Moreover, the source itself would be within the boundaries of the Monterey Bay National Marine Sanctuary, a federally protected marine area (fig. 9.6). Before a full-scale program could go forward, environmental concerns would have to be addressed. The scientists began to gather information on pertinent species, particularly whales and sea turtles, and to plan a marine mammal study program to accompany ATOC.97

        
          [image: ]

          Figure 9.6 Location map of proposed ATOC source in the Monterey Bay National Marine Sanctuary.

          From Box 12, Folder “Marine Mammal Correspondence Pre-September 1993,” Acoustic Thermometry of Ocean Climate Project Records, 1991–1996, Scripps Institution of Oceanography Archives, SAC 32, Special Collections & Archives, UC San Diego. Reprinted with permission of the Scripps Institution of Oceanography.

        
        A major question was whether they would have to obtain a “small-take exemption”—a formal legal release from the laws prohibiting activities that might adversely affect threatened or endangered marine species—or whether they could proceed without it. According to an official with the Fish and Wildlife Service who reviewed the ATOC proposal, the term harass in the Marine Mammal Protection Act would cover any “intentional or negligent act or omission that creates the likelihood of injury to wildlife by annoying it to such an extent as to significantly disrupt normal behavioral patterns which includes breeding, feeding, or sheltering.”98 Because the acoustic transmission would penetrate a large portion of the Pacific, the potential harassment was considerable.

        In March 1992, Bowles wrote to the Office of Protected Resources at the NMFS with a request to proceed without a formal exemption. While discussing plans for the Hawaii source to be located at Kepuhi Point on the island of Kauai (at eight hundred meters depth, with a source transmitting at 70 Hertz and 195 decibels) she argued that there would be no impact and therefore no take: “We do not anticipate any deleterious effects to the hearing, migration, communication or reproduction of marine mammals off the island of Kauai, although some species may avoid the transmission site during the first few months of exposure.”99 What was the basis for this conclusion? Small cetaceans and monk seals have poor hearing in the relevant frequency range, and humpback whales, which do hear well in that range, swam through the region only for a few months. Therefore, she doubted that there would be major effects. “Within the zone of influence, humpback whales may alter swim direction and exhibit subtle changes in behavior until they habituate,” she speculated, but this was too minor to constitute a take.100

        NMFS representatives saw the matter differently. They concluded that under the law any behavioral changes would represent a take, and so the ATOC team would have to apply for a small-take exemption. This involved formal public hearings, followed by a 60-day comment period, a 120-day period for agency response, and whatever additional time it took for the Office of Management and Budget to approve the exemption. NMFS officials did not suggest that the scientists would not, in the end, get the exemption, but they did suggest that the process would likely take a year.101

        Bowles and her colleagues were shocked at the prospect of such a long delay for what seemed to them purely bureaucratic reasons, and they tried to find a way around it. Exceptions to the rule were permitted for a small number of specific reasons falling into two main categories. The first was commercial activity, which ATOC clearly was not.102 The second was for scientific activity in aid of the purposes of the Marine Mammal Protection Act, including survival and recovery efforts such as captive breeding and bona fide scientific research that might aid such efforts.103 You could do scientific research that might disrupt marine mammals in the short run if the goal were to understand and better protect them in the long run.104 That was not the purpose of ATOC, although the idea of pretending that it was occurred to them, as Bowles explained to David W. Hyde, a physical oceanographer at SAIC who was serving as ATOC project manager.105 She wrote, “You can’t get a scientific research permit because . . . NMFS already knows you are doing the work for other reasons.”106

        Bowles lamented that none of the required steps—public hearings, public comments, agency responses—were (in her opinion) “really necessary to protect the marine mammals; in fact they foster resistance among agencies and commercial operations to approach the NMFS at all. Other sources of noise, such as shipping, most tomographic experiments, and private vessels are completely unregulated. Therefore, as usual, the scientific community is getting picked on.” She noted that the Marine Mammal Protection Act was up for reauthorization and suggested that the Department of Defense “put some lobbyist to work to try to get the regulation changed.”107

        Bowles recognized, however, that the law was the law (at least for the time being), and so she focused her attention on getting the small-take exemption. If she succeeded, then at the very least the project scientists would have “no problems with stupid and useless monitoring requirements above and beyond what we have already agreed to, if we can just get through the regulatory paperwork.”108 Bowles was not alone in feeling that Marine Mammal Protection Act regulations were “stupid and useless”—many of her colleagues felt the same way. They also shared the view that scientists involved in the project were the most qualified to judge its impacts. Again, the NMFS viewed the matter differently.

      
      
        Estimating the Take

        The NMFS guidelines required the scientists to calculate the numbers of animals likely to be “taken,” based on numbers of marine mammals and other species that inhabited the affected waters, swam at depths where the transmissions could be heard, and were able to hear in the relevant frequency range. These were not trivial estimates to make, particularly because there were limited data on marine mammal numbers and habits. Moreover, because the ATOC signal was purposefully designed to penetrate the entire ocean, the affected area was the entire ocean—or a great deal of it—and on some interpretations one might end up “taking” practically every whale in the sea. Even Bowles admitted, “It looks like we’re going to get a permit to take an astronomical number of whales.”109

        Bowles thought that this would not be a problem—“apparently no one raised an eyebrow about the 386,000 marine mammals we were supposed to disturb at Heard Island”—but she was concerned that an early draft application made it seem as if ATOC was a done deal. This, she worried, could cause problems. “I’d like to suggest a couple of minor changes that may save us some trouble later,” she wrote to David Hyde. “You should emphasize that you are developing this Acoustic Observatory rather than treating it as a fait accompli. This covers your backside and emphasizes the fact that this project is really research.”110

        Meanwhile, Bowles had solicited advice from Christopher W. Clark, a biologist-engineer at Cornell specializing in the acoustic response of marine mammals, and Daniel P. Costa, professor of ecology and evolutionary biology at the University of California, Santa Cruz. Clark had worked with the Navy on Whales 93, an initiative to use SOSUS—by then renamed the Integrated Undersea Surveillance System (IUSS)—to locate and track whales on ocean-basin scales; Costa was working with the ONR on the announcement of a program in low-frequency sound and in the process of developing his own grant proposal to study sound effects on elephant seals.111 Bowles wanted their input on a draft plan, to be included in the permit application, for a biological component to the ATOC research program.

        Both Clark and Costa were disturbed by what Bowles had sent them. They found the plan poorly crafted and thought that it read very much as if ATOC were a fait accompli. The biological work at Heard Island was too short and too limited to demonstrate anything, and it was misleading for the ATOC scientists to suggest otherwise. What was needed, both felt, was to draw a clear distinction between monitoring and research, and to propose and execute a properly designed research program. The proposal as it stood was formulated as a monitoring program—to observe and detect any adverse effects; both Clark and Costa argued this was a bad approach, scientifically and politically. Scientifically, it did not constitute research for the simple reason that it would not answer any scientific questions. If you did observe effects, you would not be able to explain why, and if you didn’t, you’d be stuck with the problem of equating absence of evidence with evidence of absence. Either way, you were trying to do something logically impossible: to prove a negative. Politically it looked precisely like they were covering their derrières, trying to avoid the biological issues more than to address them. They agreed with Bowles that the biological program needed to be “really research,” but so far it wasn’t.

        What ATOC needed, Clark argued, was a well-structured scientific research program, capable of determining whether systematic behavioral changes were occurring and, if they were, whether those changes were comparable to other changes associated with oceanographic or meteorological variables. The studies should include analysis of species-specific vocal rates and repertoires, location and tracking of individual whales, characterization of whale migration tracks and corridors, and evaluation of species-specific spatial and temporal distribution; this degree of detail was necessary to produce meaningful results. Solid data on these matters would enable scientists to determine whether ATOC changed anything and also contribute to basic understanding of marine mammals. In short it would be real research. It would also help to address another concern. Cetacean biologists were following the project closely, and a properly structured research program would help to persuade them that ATOC would be beneficial rather than harmful. As Clark put it, “Whales are not going to go away.”112

        A month later Clark was frustrated that the proposed program was still vague and structured only to passively monitor the mammals, which was unlikely to satisfy the cetacean biologists. In a letter to Hyde, Clark warned that the marine mammal community was very aware and “very sensitive to the ATOC program,” and that “we will receive an unusually large amount of attention and scrutiny.” He concluded emphatically: “WE MUST HAVE A PLAN AND CLEARLY DEFINED, COHERENT OBJECTIVES OR WE’RE GOING TO [GET] RELATIVELY POOR RETURNS ON THIS FANTASTIC OPPORTUNITY. WE MUST BE VERY SUCCESSFUL IN THIS RESEARCH PROGRAM, NOT JUST MILDLY SUCCESSFUL.”113

        Costa agreed, blaming their problems on Bowles’s inexperience: “After reading over the permit [application] as it stands now, I’m not very optimistic. It is way too vague. . . . NMFS is very concerned with actual numbers, not the vague statements made by Ann. After review of her draft, it is apparent that she has never written an NMFS marine mammal permit before. . . . I have written far too many of these damn things in the past and know only too well the kinds of comments NMFS is likely to ask. . . . You can put it in as it is, but I guarantee you will get it back.”114 Later that day, after speaking with several folks at NMFS and the Marine Mammal Commission, he sent a second email: “NMFS is concerned that Ann doesn’t have a clue as to what the issues are and I agree.”115

        Costa also agreed that it would not be enough merely to get some data; they needed enough data of sufficient quality to answer the key biological questions in a convincing manner. Their goal should not be to get “past the paperwork” but to do the job right. “The goal is to have a well-designed scientific program that is defensible and stands on its own. . . . The future after [the] ATOC pilot program is contingent on quantitative data on the impact or lack thereof of ATOC emissions [sic] over the next 30 months. Just getting a permit is half the problem. Getting solid data, so that 2 years from now you can go to the table and say, ‘look here are data that show. . . . This is what I am trying to help you achieve.’”116

        To their credit, Bowles and Hyde took this advice to heart and worked to improve the specificity and focus of the proposed marine mammal research program as part and parcel of the first phase of ATOC.117 In the end, $2.9 million dollars would be earmarked for a scientific research program that would involve acoustic tracking of animal response to the ATOC transmissions, direct observations through aerial surveys, and monitoring of specific individual marine mammals equipped with tracking devices. The revised application emphasized that this would not be just a monitoring program, designed to detect adverse impacts of ATOC, but a research program to improve scientific knowledge and understanding. They further stressed that full-scale acoustic tomography would not proceed until phase 1 resolved the question of biological impacts. In September, the scientists submitted a draft application to the NMFS for a Scientific Research Permit, with a small-take exemption, under the Marine Mammal Protection Act.118 After a further round of revisions based on comments from the NMFS, a revised application was submitted on December 8, 1993.119

        The application and Hyde’s cover letter emphasized the features intended to minimize the impacts on marine mammals, although in most cases these features had technical justification as well. Transmitting over a somewhat smaller area than the Heard Island test, the scientists would be able to use a somewhat less intense source (195 decibels instead of 206–21) at a slightly higher frequency (70 Hertz versus 57 Hertz), which should lessen the environmental impacts (and was also less expensive). The 70 Hertz frequency was suggested as a better range in which to work because it was similar to noises to which marine life was already exposed. Rather than using a surface source on a boat, they would locate the Point Sur transmitter on a sea mount at a depth of 880 meters. This would place the source below the highly productive surface layers of the sea; it would also maximize long-range transmission in the sound channel. (The Kauai source would be similarly located.) Finally, they added a new element to their protocol: the transmissions would begin with a five-minute ramp-up period intended to permit sensitive animals to swim away before receiving the full impact.

        A critical eye might have noticed that both the cover letter and the proposal made no reference to Heard Island and therefore no mention that certain program specifications were changes over the feasibility study design. One might think that Hyde would have wanted to emphasize those changes, to stress the project scientists’ willingness to modify protocols in response to biological concerns. Instead, he downplayed any suggestion of early missteps, insisting that “from the outset, the design of ATOC sound transmissions has been particularly sensitive to the regulations of the Marine Mammal Protection Act.”120

        If by “ATOC” he meant the project as it developed after Heard Island, then this statement was true. But if one viewed Heard Island as the first step of ATOC, it was not. Nor was it true if one considered the scientists’ attempt to avoid having to apply for a small-take exemption. In the special issue of the Journal of the Acoustical Society of America presenting the Heard Island results, seventeen papers dealt with acoustic transmission; only one dealt with biological effects.121 Chris Clark had already noted this, writing to Hyde in July 1993: “We suffer from the history of the Heard Island Experiment. No matter how you try, people see ATOC as an extension of HI [and they] do not like the way HI was handled.”122 The permit request also referred to the proposed first phase as “experimental research . . . to establish the feasibility of a future global ocean climate monitoring program.” Again, this was true insofar as the Heard Island work had established only the feasibility of detecting sound waves over the required distances and adequately identifying acoustic arrival times, not the feasibility of a large-scale, ocean-monitoring program. It was also a reasonable characterization, given that the permit under consideration was only for the first two-year phase of the study. This characterization, though, could be read as downplaying the scientists’ intent, clearly stated elsewhere, to run an ocean climate-monitoring program over the course of a decade or longer.

        Bowles was certainly right about one thing: the permitting process produced voluminous paperwork. And this paperwork makes clear that the physical oceanographers and engineers involved with ATOC presumed that the transmissions would be benign without much scientific evidence to support or refute that view. Repeatedly they argued that transmissions of this type were acceptable because the Navy had already used them for decades. This was dubious on two counts. Most Navy sonar operations involved passive listening; it was not clear how much the Navy had yet operationalized active sonar systems. But even if it had, it was possible—and indeed, there was at least some evidence to suggest it was probable—that past Navy work had done harm but had gone undetected because no one had paid adequate attention. Scientists and Navy officials had assumed the transmissions were benign, but they did not know that to be the case.123

        The marine mammal research program now proposed was an improvement over what had gone before, but it was not research in the sense of having a primary purpose to produce new knowledge about marine life. Perhaps more to the point, the ATOC scientists faced a clear challenge of overcoming their structural bias. It was not the case that either outcome—harm or no harm—would be equally acceptable to them; for ATOC to proceed, they needed the outcome to be no harm. Biologists might have been equally interested in knowing whether low-frequency transmissions did or did not affect marine mammals, but not the oceanographers. A discovery that the ATOC transmissions had measurable impacts on marine life would be damaging, even fatal, to the project.

        Hyde did not manage to transcend this optimistic bias. On the contrary, his overt presumption that there would be no harm was evident everywhere. In his cover letter to NMFS, for example, he wrote: “We believe that the ATOC transmissions will have no significant impact on marine mammals. . . . As designed, a key program objective will be to demonstrate that the planned global network can be operated without any adverse effects on marine mammal populations.”124

        This was the sort of language pharmaceutical companies might be tempted to use in planning a clinical trial of a promising new drug. It was the sort of language that the US Department of Energy used to describe its studies designed to demonstrate the safety of its proposed nuclear waste repository at Yucca Mountain, Nevada.125 It did not convey epistemic neutrality. Moreover, Hyde’s assertion in his cover letter that significant impacts were unlikely was at odds with information found in the proposal itself, which noted that “no studies of marine mammal reactions have been conducted to acoustic sources confined to this part of the acoustic spectrum [70 Hertz].”126 Most previous studies of response to noise were “short-term, surface-based measurements . . . of startle response or transitory avoidance . . . a poor method for estimating long-term changes in behavior that could have significant biological consequences, such as increased activity, avoidance of critical habitat, interruption of feeding or failure to find a mate.” The bottom line: “Long-term health effects of noise have never been examined in marine mammals.”127

        Bowles had claimed that the behavioral changes observed at Heard Island were “not associated with any long-term effects,” but the entire experiment had lasted less than a month. In fact, there were almost no data to support or refute the presumption of no long-term effects. The ATOC scientists would insist they were working to get those data, but the NMFS regulations stipulated that to be eligible for a scientific research permit a project could not be a cover for others activities and must “ultimately benefit the marine mammals studied.” This was a sticky wicket, for it was one thing to claim that ATOC would do no harm, another to assert a positive benefit. This was no doubt why Clark had stressed the importance of a bona fide research program that would benefit understanding of marine mammals overall, but ATOC scientists seemed still to be struggling with the point.

        In December, Walter Munk became involved, and with Hyde he penned a letter to the NMFS stressing that what they were now calling the Marine Mammal Research Program (MMRP) was an “ambitious effort,” for which they had “assembled an impressive group of renowned marine mammal scientists.”128 Bowles had been taken off the case: Chris Clark would direct the program, Dan Costa would be the principal investigator for the California team, and their work would be facilitated by a program manager, Clayton Spikes, chief engineer with a firm known as Marine Acoustics Inc. Spikes had served as technical coordinator for IUSS applications in cetacean research, marine mammal tracking, and fishing policy enforcement.129 The scientists would also establish an independent expert advisory board.

        The biological team would complement “the exceptional group of underwater acoustic scientists involved with the ATOC project.” The latter would carefully describe the physical environment of the transmissions to make sure that the conditions under which observations were made were well documented, enabling “verifiable testing for any possible significant changes in their behavior or distributions as a function of measurable data (source range, received level, signal-to-noise ratio, etc.).” The overall goal was a “research data collection program that is sensitive enough to detect any potential changes, and [will] be able to associate those changes with the characteristics of the physical acoustic environment in which the animals are exposed.”130

        It still remained unclear if establishing whether ATOC would hurt marine mammals constituted a “benefit,” and the scientists were in a double bind. No one knew—and there was no way to know—whether these studies were likely to have adverse effects. The only way to find out was to do the studies, which, if they did have adverse effects, would be disallowed. As the permit application noted, “We do not have a basis for estimating the nature or level of these influences without an experimental program that exposes significant populations of potentially affected species over a time span of one or more seasons.”131

        This would be a key issue in the public discussion that ensued. There was no reason to suppose that ATOC would be of major benefit to marine life and a great deal of concern that it could do harm. This concern was felt not just by ordinary citizens but also by scientists at other universities, in federal agencies, and on the staff of environmental organizations.

      
      
        Public Outcry over ATOC

        Public hearings on ATOC were announced in the Federal Register on February 3, 1994, but word was already spreading in the marine mammal community. By Scripps’ own estimate, the ATOC take could be up to 670,000 animals per year, encompassing ten different species of whales, eight species of dolphin and porpoise, and various seals, sea lions, otters, and turtles, including several threatened or endangered species.132 While the word take in this context meant any effect, no matter how small, biologists began to dispute the claim that the effects would be small.

        As word of the project spread, opposition grew among marine biologists, conservationists, and, especially, aficionados of whales. As one conservationist put it, “whale lovers went wild.”133 Led by Dalhousie University biologist Hal Whitehead, a sperm whale expert, and Linda S. “Lindy” Weilgart, a postdoctoral fellow at Cornell University’s Bioacoustics Research Program, opponents of the project took to the internet, creating a Listserv (marmam@uvvm.uvic.ca) based at the University of Victoria.134 They soon had over 1,500 subscribers. Postings warned of severe damage to marine mammals and suggested that the rushed character of the original permitting process was a deliberate attempt to avoid public discussion.135 While many of the emails were quite emotional, the people posting them were not necessarily ignorant of science. Many of the postings came from graduate students, offering well-informed discussion of acoustics, tomography, and even Walter Munk’s status in the oceanographic community.136

        Senior members of the scientific community also weighed in. Louis Herman, director of the Kewalo Basin Marine Mammal Laboratory, Honolulu, publicly emphasized a point noted by Bowles in her 1992 correspondence with the NMFS—that the ATOC signal fell within the frequency band of the humpback whale song. He did not agree that the effects would be minor until the whales “habituated.” Rather, he thought ATOC might obscure the whales’ sounds, rendering them less detectable or even unrecognizable.137 The ATOC permit acknowledged that long-term effects would be difficult to detect, he noted, yet it was precisely such long-term effects that were “of the greatest concern.”138

        As it became clear that the hearing would be contentious, Scripps director Frieman sent a letter defending the project to a long list of senators and representatives, urging them to send faxes to the NMFS in support of the project; he supplied both the NMFS fax number and a sample letter. Frieman sought to steer the conversation away from whales and back to global warming, emphasizing that ATOC could provide concrete data to assess whether climate models were correct in predicting measurable effects from the observed increases in atmospheric greenhouse gases: “The current projections of global warming are largely based on computer modeling [and] there are no measurements of ocean temperature which can be used to assess the modeling predictions. ATOC’s ability to measure annual change in ocean temperature of as little as 0.005 degrees Celsius over very large ocean areas will fill in a critical missing piece in the global warming puzzle.”139

        Meanwhile, the mass media had picked up the story. Many Scripps scientists would later blame the negative public reaction on an article in the Los Angeles Times, published on March 22 to coincide with the first public hearings, with an alarming headline asserting that ATOC could make whales deaf.140 The widely syndicated article probably did help mobilize opposition, but the project had already been placed in the public eye in a feature story in the San Diego Union Tribune, where the possibility of deafness had been raised not by hysterical environmentalists or sentimental whale lovers but by Navy insider Sam Ridgway.

        Ridgway was chief veterinarian for the Navy’s marine mammal research program, and he had worked for over thirty years at the Naval Control and Ocean Surveillance Center at Point Loma, San Diego. The article explained that the Navy had been using marine mammals for some time, training dolphins, whales, and sea lions to one day “help fight a war.” The Point Loma facility housed dozens of marine mammals, more than fifty of which were considered “surplus—some of them retired from active duty stretching back to patrolling Vietnam’s Cam Ranh Bay.” Three beluga whales, captured in 1977, had been used in experiments related to submarine warfare beneath the polar ice caps; dolphins had been used in sonar research; whales had wires attached to their heads, recording their brain waves. The article suggested that Ridgway’s long experience made him uniquely suited to evaluate the impact of the ATOC transmissions, and he felt that it was possible for whales’ hearing to become overloaded by the ATOC sounds: “Continued exposure to this degree of sound could result in some degree of deafness,” he concluded.141

        Juxtaposed in the article with Ridgway’s conclusion were Walter Munk and David Hyde insisting otherwise. Munk was quoted saying that there was “a great deal of scientific literature that would suggest that the sound levels we’re generating do not do any damage.” Hyde was quoted as flatly asserting that the ATOC transmissions “cannot cause long-term hearing damage.”142 The next day—March 22—the Los Angeles Times ran its front-page story, “Undersea Noise Test Could Risk Making Whales Deaf.” The framing was the clash of the titans: on one side oceanographers promising to solve the problem of global warming (and arguing that the potential harm to all marine life from global warming was far greater than the potential harm to a few species from ATOC) and on the other side, marine biologists wanting to save the whales.

        The whales were represented by the Cornell postdoc Lindy Weilgart. The ATOC sounds could cause deafness in nearby whales, she asserted, “leaving them unable to navigate or find food.” She noted that the ATOC broadcasts at 195 decibels were “10 million times as loud as the 120-decibel levels that were known to disturb some whales,” concluding: “We are invading an ocean habitat that so far has been untouched by man. It’s an experiment of tremendous implications and we are doing it without a clue of what it would do.”143 In a line that was widely quoted, she concluded that a “deaf whale is a dead whale.”144

        ATOC scientists would seize on these comments as proof that the public had become inflamed on the basis of a misunderstanding. Weilgart’s comments about the logarithmic decibel scale would have been accurate had they referred to sound transmission in air, but transmission through water is different, and 195 decibels in water does not have the same effect on an eardrum as 195 decibels in air does.145 Moreover, anyone who knew anything about the Navy’s extensive undersea programs—or the history of fishing or telegraphy—knew that to say that the deep-ocean habitat was “untouched by man” was just plain wrong.146 In contrast, by ATOC scientists’ own account, the ATOC signal was equivalent to 110 decibels in air—a level of noise comparable to a rock band—so even on a technically accurate comparison, the ATOC noise was very loud.147

        The Times article was syndicated in local papers across California, including the Santa Rosa Press Democrat, the Paso Robles Press, the San Luis Obispo County Telegram-Tribune, the Pleasanton Valley Times, the Hayward Daily Review, the San Ramon Valley Times, the Watsonville Register-Pajaronian, the Alameda Times Star, the Pinole West County Times, the San Jose Mercury News, and many more. Almost anyone who read a newspaper in California that day would likely have seen it, as well as many people beyond the state, as the article ran in the Orlando Sentinel, Detroit News, Denver Post, and elsewhere. Many of the syndicated headlines were even more inflammatory than the original: several referred to the acoustic source as a “boombox,” and the Portland, Maine, Press Herald changed risk to fact: “Sound-Blast Proposal Imperils Sea Creatures: The High-Decibel Experiments, Part of Global-Warming Research, Would Harass and Kill Whales and Dolphins.”

        Perhaps the fairest article was run by the San Francisco Chronicle under the headline, “Undersea Plan to Study Global Warming Inflames Foes.” This time the framing was biologist versus biologist: Hal Whitehead versus Dan Costa. Whitehead argued that if whales were not actually deafened, they might nevertheless suffer hearing loss and disturbances in feeding and socializing. Costa argued that most scientists were convinced that there was “no evidence” that marine mammals were damaged by the loud, low-frequency noises already part of the underwater environment. “Annoyed,” perhaps, but “certainly not endangered.”148

        The US National Academy of Sciences Ocean Studies Board had meanwhile been reviewing the relevant evidence. Their 1994 report offered no clear guidance; the panelists found “almost no quantitative information” on which to base a conclusion. What data were available suggested a wide range of sensitivity among marine mammals.149 Most marine mammals probably barely noticed low-frequency sound, but others clearly did. Discussing baleen whales (which include the gray, right, fin, and humpback whales), the committee allowed that the effects could “conceivably range from potential hearing loss and gradual deafness for the entire species—and eventual extinction” to “practically no discernible impact.”150

        One might say that this conclusion was singularly unhelpful, except for the fact that the law was clear that the burden of proof was on the group seeking to be exempted from the law. Their obligation was to demonstrate that no harm would be done (so that the law was not violated), or, if some adverse effects were unavoidable, that the overall scientific justification and benefits were clear (so the violation was warranted). This was a standard that the ATOC scientists were challenged to meet, and the hearings did not go well for them.

      
      
        NMFS Hearings, March 1994

        Initials hearings were held at the NMFS headquarters in Maryland. Walter Munk testified on behalf of the project, emphasizing that the oceans were not only an important reservoir of global heat and carbon dioxide but also a “reservoir of ignorance.” ATOC could diminish that ignorance and ensure that policy decisions were made on the basis of complete information. Christopher Clark, emphasizing his past work studying the impact of explosives used in oil and gas exploration, supported Munk’s conclusion that biological effects would likely be small, and he assured the assembled group that, given his expertise, any harm to marine mammals would be “a particularly acute concern” to him.151

        Various written statements were submitted in support of the project, including a seven-page letter from one of America’s most distinguished scientists, Robert White. White had edited the 1978 special edition of Oceanus on oceans and climate, and he had been tracking the issue for a long time. He been among the first American scientists to warn of the dangers of global warming, highlighting the problem in the 1960s in his capacity as first (and only) administrator of the Environmental Services Administration (a precursor to the EPA) and the first administrator of NOAA.152 In 1979 he served as chairman of the first World Climate Conference, and in the 1980s he continued to track the issue as president of the University Corporation for Atmospheric Research, president of the National Academy of Engineering, and vice chair of the National Research Council. Probably no scientist in the United States, except possibly Roger Revelle, knew and cared more about the issue of climate change than Robert White.153

        White argued that information on global ocean temperatures was essential to determine “whether climate warming is unequivocally occurring.”154 While marine mammal protection was important, the need for information about global climate change was urgent, and land-based and satellite measurements were unlikely to be as conclusive as ATOC. The decision was a difficult one, he allowed, but on balance, the threat of global warming outweighed the potential risk to marine mammals.155

        Biologists did not agree. Besides Whitehead and Weilgart, others testifying against ATOC included Robbins Barstow, a past president of the Cetacean Society. Oceanographers seemed to be taking offense at the questions being posed—particularly that anyone should doubt their good intentions—but Barstow argued that the public and other scientists had the right to “question and debate the merits of this request and its implications for marine mammals and ocean ecology.”156 Inadvertently proving the point, Ocean Science News contemptuously dismissed Barstow’s views: “The hysteria of some in the marine mammal community has finally reached the point where the love of ‘Flipper’ is endangering the good and important work of all ocean scientists. It is time to call a halt to this craziness.”157

        Crazy or not, newspapers across the country continued to run the story. The day after the hearings, the Los Angeles Times article was picked up by more West Coast papers, including the Seattle Times and the Oregonian, and the Associated Press released a similar article that traveled to many additional papers. The mantra “a deaf whale is a dead whale” was spreading around the country. The Los Angeles Times also published a follow-up article describing how activists were mobilizing to stop the project. A marketing director in Los Angeles was quoted: “This is a nightmare. I’ve been calling everyone I know. I’ve been calling senators and the governor. It would be criminal to do this.”158 This article was also widely syndicated; in the San Jose Mercury News, the marketing director’s quotation was printed under the headline in large bold font.159

        ATOC was no longer a scientific project being evaluated by scientists on scientific terms. It was a matter of public affairs, and the NMFS had given the public until Friday to submit additional comments. Submit they did. An NMFS spokesman described the public response as “unprecedented,” as letters, faxes, phone calls, and emails began to pour into the NMFS offices, not only from ordinary citizens but also from members of Congress.160

        On March 23, a group of representatives from Pacific Rim congressional districts—Patsy Mink of Hawaii and George Miller, Ron Dellums, and Sam Farr of California—wrote to Commerce Secretary Ronald Brown requesting an extension of the public comment period on the permit applications. (The NMFS is part of NOAA, which is part of the Department of Commerce.)161 Senator Barbara Boxer asked for the public hearings to be held in California so that affected parties could participate; she was seconded by George Miller of California, chairman of the House Natural Resources Committee; by Gerry Studds of Massachusetts, the chairman of the House Merchant Marine and Fisheries Committee who had also been involved in the discussion of seabed radioactive waste disposal; and by California’s senior senator, Dianne Feinstein.162 Both Boxer and Feinstein also wrote to the NMFS; Feinstein queried whether the experiment could be done at another site with less impact on marine mammals.163

        Adverse media coverage continued, as editorials against the project began to appear across the country. The San Francisco Examiner took a particularly derisive position: “Imagine what it would be like if aliens from space decided—in the name of science—to target the Earth’s inhabitants from their orbiting ships with megadecibel blasts of noise that could frighten or deafen many of the people below. Substitute humans for aliens, and you pretty much have the scenario for an experiment proposed by the Scripps Institution of Oceanography.”164 The Ventura Star Free-Press called the project “frightful”; the Seattle Post-Intelligencer called it “goofy.” Alluding to claims that many marine mammals were deaf in the 70 Hertz frequency range, the Los Angeles Times suggested that it was the Scripps scientists who were deaf, while the San Francisco Chronicle concluded that they were both deaf and dumb: “Whales and dolphins, which are known to have a high degree of intelligence, must be wondering just how lethally dumb their terrestrial mammalian cousins can get.”165 An op-ed writer in the Santa Barbara News-Press asked: “These people are all supposed to have college degrees, aren’t they? The only rational explanation for this scheme is that the Scrippsites have already run this experiment on themselves, scrambling their brains beyond recognition.”166

        In their attempts to reassure the public, some Scripps scientists further inflamed them. David Hyde was quoted saying, “We are not out to harm a single whale with these underwater sounds,” insisting that he and the other ATOC scientists were prepared to stop the experiment “on evidence that it is harming a single animal.”167 But the question was never whether ATOC scientists were out to harm whales—no one had ever alleged that. The question was whether they would do so negligently—stupidly—and Hyde’s cavalier comment underscored the point: it was hardly credible that they would give up ATOC on the death of a lone fish or barnacle.168 Hyde also accused Congress of being in a “reaction mode,” yet to many a “reaction mode” seemed appropriate. Some Scripps scientists acknowledged that perhaps they had not adequately informed the public, but most took the approach that the best defense was offense, accusing the public of being emotional, hysterical, and ill informed. Others blamed the marine mammal experts for “irresponsibly alarming the public with misconceptions.”169

        As faxes and phone calls poured in and press coverage spread to the Washington Post, the NMFS agreed to the congressional request to extend the public comment period and hold additional hearings in Hawaii and California. Meanwhile, resistance grew. On March 31, the Advisory Council of the Monterey Bay National Marine Sanctuary called for delay until more information was gathered.170 On April 5, the New York Times quoted the distinguished marine biologist and former chief scientist of NOAA Sylvia Earle as saying, “If you further damage the patient, the earth, while you try to take its temperature, then maybe the method is flawed.”171

        NMFS had scheduled California hearings for April 18 but agreed to a delay. Director Frieman wrote another letter, sent to over sixty-eight members of Congress, in which he tried to counter the “deeply disturb[ing]” media coverage and stressed the various steps that had been taken both to minimize impacts and detect any that might occur.172 He also wrote to the Scripps associates—prominent individuals who supported the institution financially—to reassure them that the Scrippsites had not had their brains scrambled. On the contrary, ATOC was both necessary and well conceived: “The most significant effort to date to determine if greenhouse gases are indeed causing a heat transfer to the oceans as part of global warming.” Revealingly, he insisted that “until global warming is better understood, governments will not be able to take effective steps to counteract its negative impact.”173 Like many ATOC scientists, Frieman assumed that the chief obstacle to policy action was a lack of scientific proof of the problem; thus, modest harms could be justified by the greater good that would come from obtaining proof. Among the letter’s recipients were Jonas Salk, Walter Cronkite, philanthropists David Packard and Cecil Green, actor Ted Danson, and many others.

        Scripps moved into damage-control mode. Alarmed that press coverage and editorials were almost uniformly negative, and ignoring that much of the adverse commentary was coming from scientists—particularly cetacean biologists—Scripps staff insisted that the negative views were due to misinformation and misunderstanding. They concluded that a concerted public relations effort was needed. In April, the communications office prepared a package of materials seeking support from counterparts at Woods Hole and other oceanographic institutions: “ATOC scientists were unable to convince this audience [at the NMFS hearings] that the project would do no real harm to the marine ecosystem and have been fighting a major public relations battle since then. . . . The media attack has resulted in public hysteria, and has created political pressure for NMFS and ATOC. At this point, we need your help to serve as the point of contact for your local media and government offices.”174 The package included copies of model letters to send to relevant officials and suggestions for specific actions, such as calling local science writers; it also included a model letter from a “concerned citizen.” Scripps also solicited feedback on a proposed “fact sheet” on ATOC, which included a set of “frequently asked questions.”175 One portion read:

        
          Q. How are ATOC’s acoustic sources designed to minimize impact on marine mammals?

          A. The sources will radiate about 200 watts of acoustic energy, much less than many sonars, communications, and geophysical research sound sources which have been in use for many years. The ATOC signal is about the same level as radiated by an individual large ship traveling at 20 knots speed. [The] signals . . . travel along the ocean’s “deep sound channel,” buried for most of their path within the ocean’s background noise. . . .

          Q. Are the sounds emitted from the acoustic sources “blasts” . . . ?

          A. No. The ATOC source transmits a very low frequency sound, spread from 60 to 90 Hz, which sounds like a distant rumbling to the human ear. Its energy is in the frequency band below the range most animals hear.

          Q. Will the ATOC underwater sounds deafen whales, dolphins, seals or sea lions?

          A: Absolutely not. No physiological damage will occur to marine life as a result of ATOC sounds, even if they dive deep. Ships pass by animals hundreds of times a day without their sounds harming them. Scientific data and years of observations support this finding.176

        

        And:

        
          Q. Did the scientists consider marine mammals when they designed ATOC?

          A. Yes. Since its inception, ATOC has worked with leading marine biologists to design ATOC signal characteristics, transmission schedules, and source locations.177

        

        This “fact sheet” was circulated among Woods Hole scientists, one of whom was behavioral ecologist Peter Tyack, an expert on whales and dolphin communication.178 Tyack sent it to Chris Clark, who wrote a long, detailed critique.179 Responding to the question of how ATOC’s acoustic sources were “designed” to minimize impacts on marine mammals, he wrote emphatically: “Wrong question. I think it is unwise and slightly untrue to say that, except for the 5 min. ramp up, the source characteristics were designed to minimize impact on marine mammals. The reasons were based on [the] oceanographic experiment’s needs.” Responding to the question of whether the signal would deafen mammals, he wrote, “This is scientifically not a true response.” Responding to the statement “Ships pass by animals hundreds of times a day without their sounds harming them,” he wrote “(we don’t know this) . . . Scientific data (What data?).”180

        Clark offered the following alternative:

        
          Although there are no specific scientific experimental data relating low-frequency underwater sound levels with auditory damage, we believe that there is little chance that animals will suffer physiological damage as a result of ATOC sounds. The animals (i.e. blue, finback, humpback whales, etc.) believed to have the most sensitive hearing in the frequency ranges of the ATOC sounds are not known to dive deeply enough to come with a range (~500–600 feet) of the loudspeaker that might cause temporary loss of hearing. The animals (i.e. toothed whales, sea lions, turtles, seals) that are known to dive to great depths probably have poor hearing in the frequency range of the ATOC sound. However, scientific knowledge on this subject of the effect of loud, low-frequency sounds and marine mammals is extremely limited, and it is for this reason that we are supporting marine mammal research.181

        

        On the question of whether scientists had considered marine mammals when they first designed ATOC, he wrote: “A8: Since its inception (Is this really true?) ATOC has worked with marine biologists to design ATOC signal characteristics, transmission schedules, and source locations. I would take issue with this statement. ATOC is designed as an oceanographic experiment not a [marine mammal] experiment.”182 Clark also noted a comment to the effect that scuba divers would not be able to hear the sources either, to which he replied, “This diver statement is not a documented statement at all.”183

        The fact sheet was indeed misleading. Besides the problems that Clark noted, there was also this: what mattered was not what the ATOC signals would sound like to a human ear or even to most animals, but what they would sound like to particular marine mammals whose echolocation system depended on their sensitive ability to detect low-frequency sound. Some cetacean biologists had suggested that man-made background noise generated by ships, sonar, and other sources might contribute to whale stranding by masking echolocation signals, so if the ATOC signal were similar to these sources, that was not reassuring. Nor was there scientific evidence to support the claim that the ATOC signal would be “buried for most of their path within the ocean’s background noise”; this was one of the questions at stake.

        Moreover, by posing the question in terms of “deafening,” Scripps scientists were perpetuating the very mistake for which they had criticized others. Deafening was the extreme of potential harm, but lesser yet still serious harms had also been flagged as concerns. Ships did pass animals hundreds of times per day, but there was no comprehensive study of the impacts. As for military sonar projects, they were generally secret, so most biologists would have no way of examining, much less demonstrating, whether they had contributed to past harms. As the NRC had already concluded, scientists didn’t know, and if the Navy knew, it was not saying.184

        Clark’s response was forwarded to Director Robert Gagosian, who concluded that Woods Hole should not join forces with Scripps on the press release and instructed the Woods Hole communications office to keep some distance: “We still want a low profile. If [our] people . . . don’t agree with the SIO [Scripps Institution of Oceanography] answers, then we don’t want SIO as our spokesperson. I know that Peter [Tyack] does not agree with the ‘absolutely not’ answer to the whale deafening question. I don’t want us to be associated with what we consider incorrect answers.”185

      
      
        Spring 1994: The Debate Continues

        Things were going badly for the ATOC team. The hearings in Hawaii were contentious, and the NMFS decided to delay the California hearings until May. Meanwhile, the scientists had decided to revise the marine mammal research program design under the advice of an advisory board assembled the previous December.186 In February the board had submitted an extremely detailed, seven-page, single-spaced summary of recommendations. Noting that ocean acoustics research had been going on for many years “with little or no consideration of its potential effects on marine mammals,” they suggested that the present crisis offered an opportunity to redress that imbalance.187

        Echoing Clark’s advice, the advisory board suggested that scientists should not merely monitor the effects of ATOC’s initial eighteen to twenty-four months phase but should “develop the basis for predicting the effects of the long-term ATOC program.”188 This would not be easy, because the kind of broad objectives that would satisfy marine biologists “would be difficult to meet under any conditions, and especially within the next two years.” As if to underscore the point that the oceanographers’ sanguine view had not been grounded in science, the board noted, “At present, little is known about the natural history, demography, and normal behavior of many potentially affected species. Although short-term behavioral and distributional effects of ATOC are amenable to study with the proposed approach, it will not be practical to answer all the basic questions about potential long-term and population effects within the scope of the ATOC MMRP as presently proposed.” It was no use claiming that the project would be stopped if adverse effects occurred if you hadn’t specified in advance—and, worse, didn’t actually know—what constituted an adverse effect. The board recommended that “the MMRP and ATOC as a whole should develop a list of potential marine mammal responses that, if they occur, would be considered sufficiently severe and adverse to warrant a change in the experimental procedure and/or suspension of ATOC transmissions.”189

        Two months later, the board suggested additional adjustments to the protocol. Originally, the Marine Mammal Research Program was slated to run concurrently with the first phase of climate studies, but this meant that the experiment lacked a control. “This represents a poor experimental design,” they noted, suggesting that the first five months of the program be dedicated exclusively to the MMRP, in the following controlled manner: a one-week period with twenty-minute ATOC broadcasts every four hours, followed by a two-week period with no broadcasts, repeated for five months. This would allow for comparison of mammalian behavior with and without ATOC signals. In the first two experimental periods, the signal would be run at 180 decibels, “the level at which 50% of gray whales indicated an avoidance response” in previous studies. Then in the following five periods, the signal would be increased to 195 decibels, the level at which ATOC proposed to operate.190 The source should be controlled by biologists (not oceanographers or technicians) with authority to suspend operations immediately if any “significant disturbance” was observed. At the end of the five-month period, a two-day workshop should be convened to permit open discussion with “colleagues, interested parties, and the media”—and the results reviewed by the MMRP advisory board, the NMFS, and the Marine Mammal Commission.191 The key point, as Dan Costa emphasized, was to design the protocol in a manner that was optimal for observing marine mammals—rather than optimal for ATOC—and to seek objective, independent peer review. This was good science. It was also the only way to regain credibility and “seize the high ground.”192

        ATOC scientists were not quite ready to seize the high ground, but they did agree to two modifications. First, they would prepare environmental impact statements for both the California and the Hawaii sites. Second, they agreed to accept the recommendation not to proceed until after the Marine Mammal Research Program had submitted its results and had those results independently reviewed. The NMFS announced that no permits would be issued until after the draft environmental impact statement had been submitted and assessed.193

        Despite these changes, the May 16 hearings in Santa Cruz went much the same way as the previous ones. Then the conflict escalated as a consortium of environmental groups—the Natural Resources Defense Council, the Sierra Club Legal Defense Fund, the Environmental Defense Fund, Earth Island Institute, the American Oceans Campaign, the League for Coastal Protection, and the Humane Society of the United States—filed suit in federal court to stop the project. The plaintiffs accused the researchers of violating the National Environmental Policy Act, the Marine Mammal Protection Act, and the Endangered Species Act.194 Scientists who saw themselves as environmental saviors found themselves cast in the role of environmental villains.

      
      
        More Stakeholders Join In

        Christopher Clark was not the only expert who noted that certain ATOC claims were not supported by evidence and tried to persuade the ATOC team to adjust their approach. Robert J. Hofman, the scientific program director for the Marine Mammal Commission in Washington, did so, too. He had been invited to comment on an early draft of the environmental impact statement; in June—just a few weeks after Gagosian had decided that Woods Hole would not cosign the Scripps fact sheet—and he had this to say: “Parts of the draft as presently written appear to make claims or statements which are not supported by data or analysis. . . . One example is the sentence in the Abstract which reads: ‘all available data from research on marine mammal hearing indicate there will be negligible, if any, impact from ATOC transmissions.’ It seems to me that it would be more accurate to say something like—‘Available data are insufficient to conclude that ATOC transmissions will have negligible effects on marine mammals and the Marine Mammal Research Program described herein has been designed to resolve the uncertainties.’”195 The ATOC scientists were either unwilling or unable to take this advice.

        The NMFS was legally required to notify other pertinent agencies and to invite their comments on the permit application, among them the US Environmental Protection Agency, the US Fish and Wildlife Service, and the California Coastal Commission. Their responses demonstrated to the NMFS that worries over ATOC were not restricted to hysterical environmentalists and ignorant citizens. The principal federal agencies responsible for environmental protection and species management shared several of their concerns, and they said so unequivocally.

        John Turner, chief of environmental services at Fish and Wildlife, expressed his department’s belief that “the proposed research has the potential to harm several species of marine mammals.” They were particularly concerned with the “potential to interfere with long-distance communication by the great whales,” noting that “gray whales have been documented to abandon a breeding lagoon for several years which was ensonified by dredging noises. The whales did not return to the lagoon until after the dredging terminated.”196 Given that the ATOC ramp-up period was only five minutes, a gray whale (even if swimming at top speed) would not be able to escape the affected area unless, by luck, it had happened to be close to its borders. If the ocean were already filled with disruptive noise, as the oceanographers insisted, that was no justification for adding more. Finally, there was the question about whether the project was really needed and whether it would produce the promised results: “Documentation is lacking supporting the assertion that the magnitude and duration of the proposed experiment sound level is required to accurately measure ocean temperature changes.”197 Turner concluded on behalf of his agency: “The [Fish and Wildlife Service] recognizes that ATOC is an innovative method to measure global warming but believes that potential effects to living marine resources have not adequately been addressed. . . . The [Fish and Wildlife Service] recommends that approval of their permit be postponed until enough data and evidence is available to conclude with confidence that marine mammals will not be harmed by the experiment.”198 The Environmental Protection Agency shared similar concerns and reminded the NMFS that by law any environmental impact statement must include evaluation of alternatives, including the alternative of “no action.” All things considered, in this case that might be the right choice.199

        The California Coastal Commission was aggrieved that Scripps had tried to evade its authority by asserting that there would be no impact on the coastal zone.200 The commission begged to differ. The California Coastal Zone Management Act and the California Environmental Quality Act prohibited any development where there were feasible alternatives of lesser impact or required mitigation measures to lessen the impact, and it was up to the commission, not Scripps, to make that determination. By July, the commission had concluded that “the proposed ATOC program would affect resources of the California coastal zone,” and therefore potentially would violate not only federal law but state law as well.201

        Legal counsel advised the Scripps scientists to prepare a “show and tell” to help smooth relations with the California Coastal Commission.202 Scripps was hoping to get the commission to grant a “no-impact” waiver, but the external relations department at the University of California, San Diego, advised them that no-impact waivers were generally understood to apply to “routine types of projects which they have seen over and over again.” In contrast, “a project that has engendered considerable public attention and which is undergoing a full [environmental impact report] is [not] a common occurrence.”203 Scripps staff met with several commissioners and exchanged letters and faxes, but nevertheless continued to argue that the commission lacked authority to review the project. Not surprisingly, the commission disagreed.

      
      
        The Draft Environmental Impact Statement

        In November 1994, the draft environmental impact statement for the Point Sur site was released, followed in December by the one for the Kauai site.204 The documents were extensive and detailed, and considered the option of moving to alternative sites, but in the end they remained committed to the original sites for technical reasons: they were optimal for transmitting in the sound channel and capturing sound over a large expanse of ocean, and they were proximate to existing underwater and land-based faculties. The environmental impact statement also held to the claim that there would be “no significant impacts.”205 From the permitting perspective, the most important part was the biological research program, which had been revised in several ways to resolve the uncertainties and produce bona fide scientific research.206

        The revised program followed many of the key suggestions of the MMRP advisory board, above all addressing the double bind that the only way to determine whether ATOC would do harm was to undertake the very activities that were alleged to cause it. It did this by dividing the research into three phases. Phase 1, lasting from April to October 1995, was a biology-only program consisting of baseline data collection on marine mammals, with no ATOC transmissions. In phase 2, transmissions would begin, but the source would remain under biologists’ control, and the transmission cycle would be greatly reduced as compared to the original concept: only one twenty-minute transmission every four days (versus twenty-minute transmissions every four hours, around the clock, every period). This would allow any affected animals at least three days respite. After one month, preliminary results would be compared with the phase 1 baseline and the project would be modified or aborted if the results provided evidence of disturbance or harm. Assuming this was not the case, phase 3 would be a two-year ATOC experiment, in 1996 and 1997, more or less as originally planned (75 Hertz, 195 decibels, and a duty cycle consisting of twenty minutes full intensity, every four hours). Still, biologists would continue the monitoring activities, and the experiment could be halted at any time if unacceptable impacts were detected. Finally, the Scripps scientists committed themselves to operating “at the minimum power level necessary to support MMRP objectives and feasibility operations.”207 Crucially, ATOC had been made dependent on the MMRP rather than the other way around.

        The ATOC scientists had come a long way from their earlier insistence that no harm would be done. Opponents of the project appreciated the change, as well as that the new report included helpful bibliographies and summaries of existing knowledge about the effects of low-frequency sound, including a “crash course in marine bioacoustics.”208 But many still remained skeptical. As Canadian biologist Paul K. Anderson put it, the draft environmental impact statement underscored “the extreme difficulty faced by the MMRP in attempting to assess risks to marine animals.”209

        A persistent question was whether the time frame was sufficient to detect adverse effects. Fish and Wildlife Service field supervisor Craig Faanes noted that the proposed baseline—April to October—“may not be of sufficient duration to determine whether a species is negatively affected,” particularly if it did not include a mating season. He also raised the question Chris Clark had noted earlier: which “methods and criteria” would be used to determine whether a species had been affected? How would they determine effects on organisms that “are difficult to observe, not present during the time of year the data are gathered, or those for which little information is known on their behavior patterns prior to the project?”210

        Costa had already noted this problem: How can you prove that an absence of observed effects means an absence of actual effects? Although provisions were emplaced for shutdown if “an unacceptably significant disruption of the behavioral patterns of a marine animal” was observed, who would decide what was unacceptably significant?211 Paul Anderson noted that the problem of optimistic bias remained: “Although the objectives are formulated in classic null-hypothesis format . . . the introductory paragraphs suggest a philosophical bias. The stated objective is to ‘validate’ the assumptions that “reactions from marine mammals are unlikely at ATOC received levels <120 dB at distances of >20 km.”212

        Just as ATOC scientists had trouble abandoning the claim that ATOC would do no harm, they had trouble abandoning the presumption that the MMRP would demonstrate that it would do no harm. Indeed, when the MMRP advisory board had first been appointed, its charge emphasized that a “key program objective will be to demonstrate that the planned global network can be operated without any adverse effects on marine mammal populations.”213 That was in 1993; two years later the optimistic bias was still in place.

        Regulations developed by the US Council on Environmental Quality stipulated that comparable presentation of alternatives was the key to “sharply defining the issues and providing a clear basis for choice among options by the decision-maker and the public.”214 EPA officials reviewing ATOC had strongly recommended the “development of a range of reasonable alternatives that . . . satisfy the basic project purpose (collecting data on global warming) but have fewer potential adverse effects on marine biological resources.”215 The draft environmental impact statement did not do that. It evaluated alternatives within the basic ATOC framework in terms of geographic sites, duty cycles, and other technical details and components, but it did not comparably evaluate the “no ATOC” option.

        Meanwhile, another change was taking place: ATOC scientists adjusted their views about what ATOC was intended or could be expected to achieve. Walter Munk explained: “With regard to climate, my views of what we should focus on have been modified over the last two years. A stand-alone detection and mapping of the greenhouse-induced changes over and above the ambient changes will take a long time, a few decades if [climate model] predictions are correct. I now think our emphasis should be to test, and help improve, current climate models.”216 Munk made a similar qualification when he wrote to the California Coastal Commission in June, in anticipation of their approval. Rather than suggesting that ATOC would detect, confirm, or prove global warming, he argued that the point was to test climate models:

        
          ATOC is intended to observe the ocean on the large space scales that characterize climate—3,000 to 10,000 kilometers—so that modelers will be able to:

          
            	A. test their models against the changes seen by ATOC over a few years

            	B. and, if, and when, the models prove adequate at hindcasting, use those same models to make climate predictions.

          

          By testing and improving climate models now, ATOC can make progress toward greenhouse predictions later.217

        

        Munk’s modified position was reasonable, and certainly more defensible than the earlier suggestion that ATOC would prove global warming. It was also consistent with the position that John Spiesberger and his colleagues had argued back in 1983: that meaningful results would take decades. But it was a very different framing than the one ATOC advocates had started with, and it substantially lessened the justification for the project. After all, why risk harm to whales if the experiment wouldn’t prove global warming, anyway?

      
      
        California Coastal Commission Hearings: January 1995

        On January 6, 1995, the California Coastal Commission held public hearings in Santa Cruz and announced that written comments would be accepted through January 31. By this point, many people were engaged with the issue, and hundreds of cards, letters, and faxes flowed in from scientists, conservation organizations, and ordinary citizens.218

        Some of these comments were positive: Scripps scientists had persuaded a number of political leaders to endorse the project, including the San Diego congressional delegation. A few leading scientists also offered endorsements, including David Green, chairman of the NRC committee on low-frequency sound; Kenneth Norris, founding president of the Society for Marine Mammalogy; and James Hansen, who hoped (albeit perhaps ambiguously) that the commission’s “considerations of these proposed measurements will give appropriate weight to their potential value for understanding global climate change.”219

        However, even where support was expressed, it was often in a qualified manner. The members of the Monterey Bay Chapter of the American Cetacean Society were divided, so they had decided to focus their comments solely on the MMRP component. If certain concerns were addressed—outlined in a four-page letter about the research protocols for whales and how the decision to terminate the project would be made—then they would support the project.220 John Pearse, professor emeritus of biology at UC Santa Cruz who had been a member of the NRC’s Committee on Low-Frequency Sound and Marine Mammals, supported the program, not so much because of what it would tell us about global warming but because it “represents a tremendous opportunity to obtain much of the information needed to better protect both marine mammals and their food sources. . . . Without such information, we have no basis for protecting marine mammals, and other forms of marine life, from anthropogenic sound.”221

        Two rare expressions of unqualified support on the biological side came from the Monterey Bay Aquarium. The first was from Stephen K. Webster, PhD, director of education and member-at-large of the Monterey Bay National Marine Sanctuary Advisory Council. Webster felt that ATOC had been misrepresented by the press and misunderstood by the public, and that it “never deserved the play it received in the public press and resulting debate.” The combination of “irresponsible ‘tabloid’ journalism, misinformed self-proclaimed ‘experts,’ and issue-hungry, fundraising fringe environmentalists has elevated this issue to a level of controversy it never deserved, and still doesn’t.” The MMRP would provide “accurate, objective, and scientific supportable conclusions,” and permit “an informed decision about the future of ATOC.”222

        The second was from James Barry, an assistant scientist at the Aquarium Research Institute, who found most of the public reaction illegitimate. It is “ludicrous to think that uneducated, but well-meaning, citizens unfamiliar with ocean physics, sound transmission in water, behavior and physiology of marine mammals, fishes and invertebrates, and other information relevant to the ATOC proposal, should outweigh the highly informed and carefully considered views of experts in these fields.” Certain that anyone opposing the project was letting their emotions interfere with their reasoning—and equating ATOC physical oceanographers with “informed conservationists”—he insisted that “the opinions and advise [sic] of highly informed conservationists, like the scientists proposing this study, are based on fact rather than emotion, and should be heeded. Although public opinion is important, it should carry little weight for [the] advisory committee.”223

        Barry had worked himself into a state of high dudgeon, but the point that he, Webster, and many other ATOC supporters seemed to miss (or ignore) was that a good deal of the “public” criticism was actually quite well informed. Some were scientists not associated with ATOC; others were conservationists and environmental groups that had done their homework; some were educated citizens who had taken the time to learn about the issue and express their views. In any case, whether they were based on fact, emotion, or a mixture of both, the NMFS was legally required to hear them.

        The most obvious well-informed critics were the cetacean biologists, who recapitulated their arguments with greater precision and scientific detail. Lindy Weilgart and Hal Whitehead each submitted line-by-line critiques of the draft environmental impact statement; Weilgart’s ran to nineteen pages. ATOC scientists had accused her of a poor grasp of physics; she in turn accused them of a poor grasp of biology. Among other things, their discussions of marine mammal hearing were based on fallacious analogies with human hearing. Some animals might become acclimated to the noise, as the environmental impact report suggested, but it was equally possible that they might become hearing impaired, and in the short term it would be “impossible to determine which is happening.”224 The ramp-up period was supposed to enable sensitive creatures to move away, but that presupposed that they could swim fast enough and knew which way to go, which might be expecting too much even from intelligent marine mammals, much less invertebrates. In any case the presupposition was unverified.

        ATOC’s own advisory board had doubted that the time allotted for initial scientific studies would be adequate to collect data on long-term effects. In fact, Weilgart noted, the scientists had not even allotted enough time to analyze the results they would have. It was “unrealistic to expect the MMRP to complete a substantive analysis of all types of behavioral reactions, and to prepare a comprehensive report suitable for external review, within 1 mo. after the end of data collection.”225

        ATOC scientists claimed to be sensitive to the biological concerns and willing to stop the program if necessary, but their commitment to the project led to a persistent and obvious optimistic bias. Where scientific data were available that suggested adverse effects, the draft environmental impact statement minimized or dismissed them; where there were no data, it assumed no effects. ATOC’s timetable showed them proceeding with phase two for six months before the pilot study final report was expected, belying the claim that phase two would hinge on the MMRP results. Clearly, ATOC scientists had still not fully embraced the biologists’ concerns. Weilgart summarized:

        
          The DEIS [Draft Environmental Impact Statement] is unconscionably dismissive of likely adverse impacts on marine life. . . . Conclusions of “minimal impact” are repeatedly made, even when these conclusions are based on completely unsubstantiated assumptions. . . . We are asked to accept complete guesses at the auditory sensitivities (thresholds) of the vast majority of species in the study area, particularly the endangered large whales. . . . ATOC’s own independent scientific advisory board states that “ATOC documents assume hearing damage . . . will not occur if received levels of ATOC sounds are below 150dB. The Advisory Board notes that this assumption may or may not be true, but there are no supporting data from marine mammals” (MMRP AB report, June 12, 1994). . . . [The] document consistently attempts to downplay the very real risks that this project presents, concluding minimal impact when effects are unknown or even with evidence to the contrary.226

        

        Whitehead also underscored the optimistic bias. In areas where he had expertise, he found that the document was “often seriously wrong, invariably in the direction of minimizing the potential impacts.” It asserted that refinements to the protocols for the MMRP were agreed to at a meeting in July 1994, but Whitehead was at that meeting and denied this characterization of it. “There was no agreement whatsoever about refinements to the project protocols. In fact, the whole project, from its overall goals and structure, to the details of the research program, was severely criticized by non-ATOC participants.”227

        Despite certain improvements, Whitehead believed the MMRP was unlikely to provide the data needed to make an informed decision. Reiterating the point raised by Chris Clark months earlier, he maintained that ATOC had been “designed to fit the needs of the physical oceanographers,” and the proposed modifications changes were inadequate to resolve the biological questions. “The MMRP may produce some interesting information, but, as it stands, it has no hope of examining the effects of the ATOC source on cetaceans.” The time frame was too short, the geographic scale too small, and the “chances of detecting any of the four ‘unacceptable effects’ [that would trigger project termination] are virtually zero.”228

        This last point was crucial, for the assurance that no harm would be done hinged on the promise to abandon work if “unacceptable” effects occurred. According to the proposal, the four “unacceptable” effects were avoidance or abandonment of previous high-use areas; an increase in at-sea observations of dead animals or strandings; an increased incidence of stressed, emaciated, or diseased animals; and a decrease in calving and pupping rates or total population size. But Monterey Bay—where the study would take place—was not a high-use area, so it was logically impossible for avoidance or abandonment of a high-use area to be observed. Dead animals and strandings are rare events, so even if one or more were observed, it would be impossible in the time allowed to show a statistically significant change. To measure stress, emaciation, or disease in cetaceans, one would have to collect individuals, and there were no plans for that. As for calving and pupping rates, with the exception of gray whales, there were no generally accepted figures, so there would be no way to know if the rates were changing. As for total population, natural variability appeared to be very high, so even if significant changes were observed, what would that mean? For cetaceans, Whitehead dismissed the MMRP as “almost completely useless.” His complaints were reiterated by a research associate in Clark’s laboratory at Cornell, who observed that the draft environmental impact statement was characterized by “an under-emphasis on those potentially negative impacts on marine life that cannot and will not be measured.”229

      
      
        Why Environmentalists Opposed ATOC

        The purpose of ATOC was to confirm the reality of global warming, and so scientists involved had expected environmental organizations to be natural allies. This expectation was thoroughly confounded. Virtually all the comments submitted by environmental groups were thoughtful, detailed, and well informed. Virtually all acknowledged that global warming was a serious problem and that additional information could be useful. Yet not one environmental group was prepared to support ATOC. They all agreed with Weilgart and Whitehead that the analysis was flawed, particularly in assuming no impacts or minimal impacts where data were lacking. ATOC was presented as an environmental project, yet its biases showed a disregard for one of the major concerns of modern environmentalism: protection of threatened and endangered species and their habitats.

        This argument formed the core of a detailed critique by the Center for Marine Conservation (CMC), based in Washington, DC. The purpose of an environmental impact statement, they noted, was to “assist decision makers in choosing a course of action that minimizes adverse effects,” but because this statement never really considered alternatives, it failed in that role: “NOAA, the National Marine Sanctuary Program, the independent scientific community, and the general public were expecting a report that would realistically portray the uncertainties related to the feasibility and safety of the project, that would describe a range of alternatives, and present a preferred alternative that would pose negligible risks to the federally recognized ecological values of the Sanctuary. Instead, the document’s ambiguities, inaccuracies, and treatment of uncertainties has intensified rather than quelled concern over ATOC. Ironically, most of these critics support the overall goal of ATOC to improve our understanding of global climate change.”230 The CMC complaint was not in the least bit hysterical; on the contrary, it quite rationally underscored the central illogic that the draft environmental impact statement repeatedly defaulted “to a conclusion of no expected significant impact,” when the raison d’être of the MMRP was the dearth of scientific basis for predicting the impact. The repeated use of terms including nonexistent, negligible, and minimal to describe potential impacts undermined the report’s credibility. “This tendency to dismiss uncertainty exacerbates rather than alleviates questions regarding impacts,” they concluded.231

        All data evaluation involved judgment calls, the CMC acknowledged, but in their enthusiasm and haste to assert “no impacts,” Scripps scientists had made errors of fact as well as judgment. It was said, for example, that “no information exists on noise impacts to salmon,” but this was incorrect; there was “abundant evidence that salmonids hear and behaviorally respond to low-frequency sounds.” In fact, “repetitive low-frequency sounds are now being used to deflect juvenile salmonids from sloughs leading to water export pumps in the Sacramento–San Joaquin Delta”—which could hardly be efficacious if the salmon were deaf! And at the same time that the draft environmental impact statement claimed that the ATOC program was being designed in a manner to minimize adverse effects, it also admitted that the choice of the source location was based on economics and pragmatics, namely, a “minimum cable run to shore” and “close logistical support.” The authors’ “vested interest in the project” had undermined their capacity to produce an objective report.232

        While public and media attention had focused on whales, other marine life could be affected, too, yet almost no effort had been made to address this. This theme was taken up by the Pacific Fishery Management Council, whose members noted that the monitoring program was focused on marine mammals, not marine life, even though extensive scientific literature documented the effects of sound on fish. They, too, found the draft environmental impact statement dismissive, as in the suggestion that injury to fish was insignificant because any injured fish would just be more easily caught by predators—after all, all fish get eaten sooner or later—as if that were not an ecosystem disruption!233

        Nearly all the environmental groups stressed what the EPA had already noted months before: the law required genuine consideration of the “no action” alternative. Kauai Friends of the Earth argued that this should have included not only alternative means of measuring the speed of sound in water but also alternative means of evaluating global warming. Scripps had dismissed scientific alternatives to ATOC with what the Kauai group called the “astounding proclamation” that all other scientific methods of addressing global warming are “either included in the project as proposed, or would not meet project objectives.” This hardly seemed a meaningful evaluation. The Kauai Friends noted that, consistent with its “presumptive” tone and “hubris,” the report ignored “hundreds of comments offered by the public” at the hearings in California and Hawaii in 1994.234 They, too, made the observation that in the absence of evidence of harm, Scripps had assumed or asserted there would be no harm. This was patently unscientific: a classic error of logic that undergraduates are taught not to make.

        Kauai Friends of the Earth also put their finger on an essential question: ATOC had been presented as a crucial experiment, which would answer the question of global warming. But how definitive would it be, really? How definitive is any scientific experiment? The Kauai Friends had obtained a copy of the original Scripps proposal for ATOC (submitted to ARPA in May 1992) and found ample evidence that, even by the scientists’ own reckoning, ATOC was no sure thing. Scientists had provided detailed discussions of uncertainties about spatial resolution and the analysis of ray paths, and sources of error regarding the interface between ATOC measurements and global circulation models, satellite data, and sea-surface temperatures. This was normal scientific practice, but it underscored that all experiments are subject to interpretation. It also underscored a crucial fact often elided by ATOC advocates: detecting global warming was not the same as confirming the human role in it. Actually, Walter Munk had admitted as much: “The definitive statement on this issue would appear to be contained in the lead article in the special issue of the Journal of the Acoustical Society of America on the Heard Island Experiment wherein the authors (Munk et al.) state the following: ‘. . . Finally it is important to emphasize that acoustic thermometry addresses the issue of measuring climate change (ambient or otherwise) in the oceans; it does not tell us anything about the underlying causes and about the effects on the atmosphere.’”235 The United Nations Framework Convention of Climate Change, adopted in 1992, committed its signatories to preventing “dangerous anthropogenic interference with the climate system,” but if ATOC could not distinguish between anthropogenic and natural change, then what was its point?236 The Kauai group concluded that it had no point, other than advancing the careers of the scientists involved.

      
      
        Would ATOC Be Scientifically Definitive?

        In their public comment, the Kauai group hit upon an issue that scientists had been debating privately for some time: Would ATOC be scientifically definitive? How strong was the link between the speed of sound and ocean temperature? Could it be measured precisely enough?

        In 1990, when John Spiesberger and colleagues submitted the paper “Basin-Scale Tomography” to the Journal of Geophysical Research: Oceans, it was initially rejected, with reviewers questioning whether the technique was sufficiently sensitive and accurate to detect the small changes expected.237 At the time, the total mean global temperature change from anthropogenic warming was only about half a degree Celsius, so the expected annual change was only a tiny fraction of a degree, perhaps one or two hundredths. One reviewer claimed that monthly variability in ocean thermal structure was as great as variability across years, which, if true, would undermine ATOC’s ability to separate the signal from the noise.238

        Technical uncertainties included the accuracy of the estimated ray paths, the accuracy of the clocks and recording devices used, errors in the measured distance between source and receiver, and even errors introduced by the curvature of the Earth.239 The positions of the moored sources were tracked acoustically by bottom transponders, whose positions were in turn determined using the Global Positioning System (which at that time was very new), and the positions of the bottom-mounted receivers were located using transit satellite-navigation systems; these positioning systems potentially introduced error. Errors might also be introduced by the assumption that eddies and internal waves were not confounding the results.240 If these errors were consistent they would not matter, because the goal was to discern progressive changes rather than absolute values. But given ocean complexity and variability, could anyone ever prove that the errors were consistent?

        A significant cause for concern among reviewers was whether the sound-wave travel paths were adequately understood. One reviewer noted that travel time along steep rays is “highly sensitive to properties at turning points,” such as the upper boundary of the sound channel, and it would be easy to misidentify rays with similar travel times: “I’d like to be convinced that the interpretation of travel times is as straightforward as the text suggests.”241 Another reviewer thought the authors were promising more than they could deliver and repeating the “tomography sales pitch that can be found in a dozen or so previous publications”:

        
          The central theme, that travel time measurements can be interpreted as temperature measurements, is an axiom of ocean acoustic tomography and certainly not new or under scrutiny. The more important and much more difficult question to answer is: Along what path through the ocean is the travel time being measured? The determination of path is glossed over with . . . idealized examples where models and measurements match perfectly. But, for many of the long path[s] in the Pacific . . . structure is ambiguous and possibly even chaotic and unknowable. There is a big step missing between the examples and most of the real transmission channels.242

        

        Another reviewer suggested that the basic principles of ocean acoustic tomography were not universally accepted, an interesting state of affairs considering how much money had already been spent: “Ocean Acoustic Tomography . . . is still regarded as a rather controversial subject in Oceanography, because of the inverse relationship between science and funding that seems to apply: high investment for over 10 years and as yet very little return, a rather ironic twist to the meaning of inverse method. . . . I am not trying to be sarcastic, but [it is] important that an article on a subject that is still regarded with considerable suspicion be damn good. . . . By and large, oceanographers have yet to be convinced.”243

        Spiesberger and colleagues revised and resubmitted their paper with a new title, “Listening for Climatic Temperature Change in the Northeast Pacific,” but again they met objections. The reviewers acknowledged the authors’ reputations for high-quality work but continued to worry about the theoretical foundations: “Is ray theory valid or not? . . . The authors need to determine whether ray theory applies or not—or more properly what aspects of ray theory may apply—and then either use it or not as the case may be. . . . . If I had reviewed [an earlier paper] for the Journal of the Acoustical Society I would have rejected it.”244

        Public presentations inevitably have a different character and tone from expert presentations and peer reviews—reviewers are expected to be skeptical and scrutinize details—but these comments show that acoustic tomography was not nearly the cut-and-dried scientific technique that it supporters sometimes implied. ATOC was a highly complex scientific endeavor with myriad possible confounding factors, and it was difficult even for experts to judge the odds of success.

        When one looks closely, one finds this point acknowledged in the draft environmental impact statement: “Whether the ATOC technique will provide useful climatic information depends on [a number of factors. ATOC] . . . is subject to fundamental uncertainties about the extent to which acoustic means can detect ocean climate changes.”245 If it failed to detect a warming signal, it could be because there was no warming, but it could also be that the experiment had failed to detect it. That is true of any negative result, but the additional component was that the accuracy required was extremely great, and the accuracy of the system was unknown. It was one thing to say that ocean acoustics was a well-established science, which it was, but another to say that ATOC was an established technique, which it was not.

        One peer-reviewed paper evaluating the feasibility of the ATOC approach in 1993 had concluded that, when all the uncertainties were considered, the chance of detecting the expected greenhouse-induced warming was “realistic.”246 One could conclude from this language that there was also a realistic chance of not detecting the expected signal. David H. Rind, a climate modeler at the Goddard Institute for Space Studies (where James Hansen was director), suggested that even if one did detect a signal, it would still be hard to know what it meant, in part because of the ocean’s complexity and heterogeneity: “It’s conceivable that [even in the face of global warming] the water could warm in one portion and cool in another, and that would confuse the issue as to what is happening. It’s not as if this data is going to smack you in the face and say, ‘This is happening.’”247

        In fairness to the ATOC scientists, they had not claimed that their data would smack you in the face. Walter Munk had stressed in 1994 that the results would not provide “a stand-alone methodology for monitoring ocean climate variability.”248 Rather, he suggested that, together with satellite altimetry and other sources of information, the data would provide a means to monitor the changing conditions of the ocean, complementing climate models and enabling scientists to test their predictions. That was a fair claim. But as the debate became public and polarized, at least some ATOC’s champions—including Scripps director Frieman—did assert that ATOC would reveal whether anthropogenic warming was underway, and that would make a crucial difference to policy. For this reason, they suggested, the value of ATOC would compensate for any harm to ocean life. Biologist Paul Anderson thus concluded that how one viewed ATOC ultimately depended on four things. As he put it:

        
          
            	A—Believe ANY risk to marine mammals or other organisms is unacceptable.

            	B—Believe that it is POSSIBLE to adequately address the risk in this case.

            	C—Trust that ATOC will modify procedures satisfactorily, or abort, if MMRP results so indicate.

            	D—Believe that our world society is capable of taking corrective action should unassailable greenhouse data become available.249

          

        

        Believing in the capability to take corrective action was clearly the most important. It was more than plausible to argue that there was no such thing as unassailable greenhouse data and that the ATOC data could (and likely would) be challenged in the same manner that other evidence of global warming was being challenged.250 It was also plausible to argue that, even in the face of unassailable evidence, society was simply incapable of taking the necessary corrective action.251

      
      
        Would ATOC Be Politically Definitive?

        No scientific experiment is perfect, but some experiments do produce results that nearly all scientists find compelling and persuasive, and it is certainly possible that ATOC could have done that. But even if ATOC proved scientifically persuasive, this did not mean that it would have the impact on policy that Frieman and others had suggested.

        The person who made this point most cogently was Rodney Fujita of the Environmental Defense Fund (EDF). Fujita had a PhD in marine ecology and had worked with the IPCC on the effect of elevated sea-surface temperatures on coral reefs; no one could accuse him of being ill informed. Moreover, if any environmental organization would have been thought likely to support ATOC, it would have been EDF; global warming was one of the organization’s central concerns. But Fujita insisted that ATOC scientists had not been forthcoming about the insufficiency of necessary evidence: “The fact that there exists virtually no evidence bearing on the question of how marine organisms might respond to the ATOC sound source should be squarely acknowledged. . . . The key to good policy making on this issue is to freely acknowledge the great uncertainties surrounding the potential impacts of ATOC and work to reduce them, rather than attempting to paint a rosy picture that shows that the impacts are likely to be insignificant. Unfortunately, the draft [environmental impact statement] . . . consistently makes the error of concluding that if no evidence for a significant impact exists, the impact must be non-existent.”252

        He allowed that EDF could support the project, but only under certain conditions. These included moving the source outside the sanctuary; establishing “better defined, objective thresholds for adverse impacts that would result in [program] termination”; involving environmentalists and citizens in establishing the termination criteria and determining when they had been met; and recruiting independent, outside experts to assess the results of the pilot study. But the real issue—the one that struck at the heart of the justification for taking the risks that ATOC entailed—was whether ATOC would actually answer key questions about global warming and, if it did, whether that would make any political difference.

        Fujita urged the NMFS to recognize that the “potential for sweeping changes in global warming policies resulting from the ATOC data is low” and to weigh the risks and benefits of the project in this light; to acknowledge the dearth of scientific data pertinent to predicting the risks; and to “come to grips with the limitations of science [and] recognize that uncertainty about the impacts of ATOC will always remain, because the habits of marine mammals, the complexity of the marine environment, and the difficulty of doing controlled experiments that isolate cause and effects relationships in the ocean will often prevent the drawing of strong inferences. Above all, we humans need to avoid hubris.”253 Even if all these conditions were met, however, there was another point to consider. While ATOC scientists accused their opponents of irrationality, they had fallen into an illogic of their own, or at least a counterfactual: the presumption that knowing the scientific facts would lead to a solution to global climate change. All the available evidence suggested that this was not so. Even if ATOC produced evidence that was compelling to scientists, that did not mean it would be compelling politically:

        
          None of us should be overly optimistic that data generated by ATOC, no matter how accurate or precise, will result in a dramatic improvement in climate change policies. ATOC could reduce key uncertainties about ocean heat uptake, [and] while a reduction in this uncertainty, better climate models, and a more definitive indication that global warming is occurring—all potential benefits of ATOC—would definitely be helpful, they are probably not the most important factors limiting progress toward taking action to prevent global climate change. Vast economic and political interests continue to resist significant changes in the current patterns of fossil fuel use and deforestation that are driving climate change, and they are not expected to disappear in the foreseeable future.254

        

        Events over the following two decades would prove Fujita sadly correct.255

      
      
        Comments from Citizens: We Don’t Need It and We Don’t Trust It

        ATOC scientists often asserted that public opposition was based on ignorance, but the public commentary from the California Coastal Commission hearings belies that claim. Citizens in all walks of life—from retirees to schoolchildren—weighed in, and some of them had clearly done their homework. A dive master wrote a six-page letter describing the effect of low-frequency sound transmissions on divers, including several graphs; a teacher of deaf students wrote to emphasize the “well-known adverse effects of long-term exposure to very loud sounds.”256 Others were less fact focused but not necessarily irrational: one letter began clearly: “Why I think California Acoustic Thermometry of Ocean Climate Project (ATOC) is a REALLY BAD idea.”257 Other comments overlapped those of the environmental groups: that the oceanographers were arrogant and dismissive of public concerns, that ATOC might do harm, and that scientists’ claims that ATOC would be definitive and therefore move policy were naïve about political reality.

        Numerous citizens noted the irony of oceanographers asking the public to respect their expertise while they disrespected the expertise of marine biologists. Citizens reminded the commission that the biological team for the Heard Island work had been cobbled together at the last minute and that its leader, Ann Bowles, did not even have a PhD. Others suggested that the scientists seemed to think they were above the law, as they had originally not even bothered to apply for permits for Heard Island, had attempted to claim exemption from the Marine Mammal Protection Act, and had tried to deny the legal authority of the California Coastal Commission. Others took offense at the “patronizing” and “dismissive” tone of the draft environmental impact statement, which failed to answer many of the issues raised at public hearing. This made it seem as if they considered the hearings just another aspect of the law to be skirted.258

        A retired radar and sonar engineer wondered how oceanographers could be so sure that animals would not be harmed. “I have yet to encounter a scientist that can communicate with a whale,” he wrote, “yet we purport to know what they hear and how they interpret it.”259 Others objected to the irony of undertaking the experiment in a marine sanctuary; several took particular offense at the argument, offered in the draft environmental impact statement, that the sanctuary was a particularly good place to study the potential adverse effects because of the large number of marine mammals there. Most respondents considered that logic perverse, if not insane; one respondent compared it to “nineteenth century science, where you had to kill . . . an animal in order to study it.”260 Another asked, “Is this how we go about protecting our endangered species and marine mammals, by turning them into experimental guinea pigs, potentially stressed and disrupted, violated in their own habitat? . . . The name ‘sanctuary’ should speak for itself.”261 And another: “What is a sanctuary for, if not to protect the marine life within it?”262 The oceanographers’ alleged concern for marine life was belied by the project’s history: “We all know that the marine mammal component of this project only came about because of public concern and outcry. If knowledge about marine mammals is so critical, then cancel ATOC and initiate the marine mammal research free from the pressure” of ATOC.263

        The cultural position of whales as an icon of animal intelligence, loyalty, and musical ability clearly contributed to citizens’ sense of outrage.264 It was common knowledge, many argued, that whales used low-frequency sound to navigate and communicate with other whales, so it just wasn’t plausible that ATOC would have no effect. Arguing that ATOC would add only a small increment to the background hum of existing noise pollution was akin to justifying more air or water pollution on the grounds of what we had polluted already.265 If folks had not previously known the extent of ocean noise pollution, they did now, and it only proved that “there is an immediate need for noise reductions to make the oceans quieter.”266 Perhaps the most compassionate respondent was a woman in Santa Cruz who wrote, “I know it’s hard to let go.”267

        One interesting argument was that it didn’t actually matter whether ATOC harmed marine life, because the whole project was superfluous. As the Kauai Friends of the Earth had noted, the United States was a signatory to the UN Framework Convention on Climate Change, which existed because leading climate scientists—most famously James Hansen—had already concluded that global warming was under way.268 While not all citizens were necessarily tracking the progress of climate science, those who were paying attention to ATOC were probably more likely than the average American to know that scientific evidence of climate change was already mounting and that Hansen had testified in Congress to that effect.

        Several respondents argued that the $35 million ATOC price tag would be better spent on developing solar, wind, or tidal power. One characteristic letter read: “We already have plenty of studies and data showing that there is global warming. That is a given. We do not need another experiment that proposes to tell us what we already know.”269 The retired radar engineer concluded sagely by noting that ATOC could actually delay action on the grounds that the science was not yet complete: “The decade or more needed to collect data may be used as an excuse for not taking positive action . . . now.”270 Another put it this way: “Whether ATOC helps or hurts efforts to correct global warming is a political judgment call—it might work either way.”271

        Similar views were expressed by environmentalists, including Naomi Rose, a biologist for the Humane Society of the United States who was interviewed by the Orange County Register in April 1994. “We already know that pumping man-made greenhouse gases into the atmosphere is probably bad news. Instead of studying things to death, we should act to reduce the amount of greenhouse gases that get released,” she said.272 This was also the view of the San Francisco Examiner. An editorial in March concluded: “The money could be far better spent on finding better and alternative energy sources—wind, solar, and even tidal—that would reduce humanity’s dependence on fuels that could contribute to global warming.”273

        For many citizens, ATOC had the wrong affiliations to be credible. While scientists were proud of the swords-to-plowshares aspect of the project, for onlookers the military association was sometimes grounds for suspicion. Bill Dietrich, a reporter for the Seattle Times, had already noted that “rather than taking this as an example of post–Cold War conversion, critics already unhappy with Navy experiments with captive dolphins regarded it with suspicion.”274 UC Santa Cruz physics professor Stanley Flatté put it more bluntly: “Folks thought it was some kind of secret Navy project.”275 He was right: many people read ATOC’s military associations and its Department of Defense funding as evidence that ATOC was actually a cover story for a secret military project.

        Various respondents wondered why ATOC was funded by the Department of Defense rather than the Department of the Interior or the EPA. One respondent demanded sarcastically: “What other projects have been funded by the Advanced Research Projects Agency?. . . . Do they have a track record in environmental science they would care to share with us?”276 Others questioned why portions of the project were classified and why the project relied on Navy facilities. A woman in Hawaii objected to the installation of “the underwater bomber”; presumably she had confused the underwater “boomer,” as several newspapers described it, with a bomber.277 Other letters were more sophisticated but expressed the same idea: that the public was not being told the whole truth—perhaps not even any part of the truth. A man named David N. Seielstad, in the upscale community of Princeville, Hawaii, had read the draft environmental impact statement in detail and wrote at length (with citations to specific pages in the report) about the manifold reasons the program seemed suspicious: “From the beginning the ATOC proposal has had the aroma of a military research project. It is funded by DOD monies. It is administered by the US Navy. The originators of the project seem to be going to great lengths to disguise and conceal the true nature and the purpose of the project. In the proposal (p. 62), provision is made to ‘manage classified aspects of the project. . . .’ The Johns Hopkins University Applied Physics Laboratory (a major Navy research and development contractor) is to use its clearance and store [any classified] data.”278 Seielstad was right about the associations—the Applied Physics Laboratory was a major Navy contractor, and various aspects of ATOC were classified. Other military associations had not been well explained or were covered up, such as links to the Pacific Missile Range Facility, a fact that was first denied and then affirmed. (The facility’s website touts it as the “world’s largest instrumented multi-environment range capable of supporting surface, subsurface, air, and space operations simultaneously.”279) Seielstad noted that when scientists are “less than candid,” the public gets suspicious. After a close reading of the draft environmental impact statement, he had concluded that ATOC was a cover story: “What is ATOC really? It is being promoted as a study of global warming. . . . Who could be opposed to that? [But] ATOC is . . . only masquerading as environmental research.”280

        Similar sentiments were widely expressed. One letter asked the organizers to “stop insulting the intelligence of the human race” with their “global warming greenwash.”281 Another insisted that “if global warming was the true priority, then the use of tax dollars would be more wisely spent in the areas of clean energy and . . . efficiency” and that the classified nature of ATOC “implies that this has nothing to do with global warming, rather it is a military operation intended to improve submarine detection.”282 Still another demanded: “You should be honest with the American public about the true nature of these experiments. If the purpose is to learn more about global warming, why the classified designation? Please respond.”283 And: “If the Navy wants to sell us defense research cloaked as environmental concern, they should have gone to the CIA or NSA and kept their mouth shut.”284 And finally: “It’s amazing to me that the public is viewed as being so stupid that we would believe that the Navy is suddenly concerned about global warming.”285

        One argument in defense of the project was that the Navy had been using this sort of acoustic transmission for decades; this was a major reason the scientists involved considered it unlikely that ATOC would do harm. But to many critics, it proved the Navy was used to operating without environmental oversight. For them, the US military as steward of the environment was simply not plausible. In an interview some years later, Naomi Rose put it this way: “The oceanographers asked: ‘Why would you even think we would hurt the environment?’ and environmentalists responded, ‘Why would we think you wouldn’t?’”286

        Perhaps the best evidence of the widespread presumption that ATOC was a military project is thatATOC’s defenders thought it was a military project, too. Among the rare expressions of public support, several were based on the corollary presumption that ATOC was necessary to defend the United States from its enemies. One man, commenting on the Kauai draft environmental impact statement, wrote: “I am not opposed to this research project, and I encourage you to press on with it. I believe in our military, and the importance of being defensively prepared. I do not agree with the efforts of Greenpeace and others of the liberal left to cripple our ability to defend our country. I am a conservative American, so if they are against your project, I am for it.” Similarly, from a couple in Seaside, California: “We are adamantly FOR the ATOC project. Do not let the Santa Cruz Marxists stop this important work” (fig. 9.7).287

        
          [image: ]

          Figure 9.7 Postcard comment from supporters of ATOC.

          From Box 11, Folder “MMRP draft EIS/EIR vol. 1 comments received and responses, Jan. 1995 C1–C37,” Acoustic Thermometry of Ocean Climate Project Records, 1991–1996, Scripps Institution of Oceanography Archives, SAC 32, Special Collections & Archives, UC San Diego. Reprinted with permission of the Scripps Institution of Oceanography.

        
      
      
        Conditional Approval

        Amid all the claims and counterclaims—oceanographers and climate scientists mostly on one side, and biologists, conservation associations, and citizens mostly on the other—one person attempted to affirm to what was right on both sides of the argument. That person was Sylvia Earle, scientist, engineer, deep diver, and grande dame of American marine science, whose diverse accomplishments ranged from setting a world women’s depth-diving record in 1979 to serving as NOAA chief scientist from 1990 to 1992. Smart, articulate, and beautiful, Earle was well known for her unwavering dedication to protecting the oceans as the “blue heart” of our planet. She did not accept the argument that ATOC would do no harm, but she did believe that with a properly constructed marine mammal research program, it could help advance much-needed scientific understanding and produce a net benefit. In making their final decision, the California Coastal Commission quoted her at length:

        
          It seems obvious that the proposed research will, in fact, have some impact on the behavior of marine organisms. . . . I share with many others deep concerns about adding additional stresses to ocean ecosystems already modified by recent human activities ranging from overfishing to various kinds of pollution including high levels of “noise pollution.” . . . However, I am convinced that the greatest threat to the health of the oceans and to the planet as a whole is lack of knowledge and the profound mistakes in judgment that result from ignorance. Therefore, I believe it is important to try to resolve the problems associated with ATOC, if possible, and find ways to fill the enormous gaps in understanding the nature of the ocean and the effects of human activity on marine life.

        

        Earle acknowledge the debate about “the protocols and the likelihood of success of the ATOC research and the MMRP,” but she stressed the high caliber of the scientists involved and felt that if anyone could extract meaningful results from the proposed research, it would be them. She wrote: “Whatever is decided . . . there should be protocols in place for discontinuing activities that appear to be causing problems—even without definitive proof of damage. [Yet it] may well be that more damaging than the effects of the ATOC project and the MMRP is the ignorance that will continue if such research is not conducted. With or without these projects the volume of noise in the sea is likely to increase significantly. It is vital that better understanding be gained of what this means to marine life, to the health of the oceans, and to the human future.”288

        The commission agreed and gave its approval for a two-year project, conditional on the “combination of the monitoring and protective measures incorporated into the project, the up-front commencement of the MMRP, and the relatively short (two-year) duration of the project prior to seeking any further permanent authorization.”289 Project scientists were required to return to the commission for approval in the event of any significant project modifications; if evidence developed “documenting adverse effects on marine resources” different from those already anticipated; and for any extension beyond the two-year period. They also would be required to add a fisheries biologist to the MMRP advisory board and to include effects on fish as part of their analysis.290

        The commission still had concerns, noting that the likely impacts to important marine species were unquantifiable and that “determining the least environmentally damaging alternative prior to receiving monitoring results is similarly difficult.”291 They continued: “This is not an easy issue to resolve, given how little is currently known about marine mammal responses to sound, combined with the difficulty of monitoring these responses. . . . Even with monitoring, assessing whether the project will be beneficial or detrimental may be difficult.”292 They thus concluded, clearly with some reluctance, “Since the only way to determine the project’s impacts is to proceed in the short term and study its impacts, the authorization of a two-year initial ATOC project is warranted.”293

        The oceanographers made two additional concessions: one, to agree to the commission’s insistence that they establish a clear set of “termination criteria” for curtailing sound transmissions; and the other, to move the sound source out of the marine sanctuary. They would place it instead on the Pioneer Seamount, forty-eight nautical miles west of the Pillar Point Air Force Tracking Station near Half Moon Bay, twice as far from land as the original site.294 These changes formed the basis for negotiation with the parties that had sued them. On June 2, 1995, after months of difficult negotiations and a few additional concessions to biological concerns—including that the scientists would make no claim regarding the MMRP proving or disproving long-term impacts—the parties agreed to an out-of-court settlement.295 With the agreements in place, the NMFS issued permits for the initial phase of ATOC MMRP to begin.

      
      
        What Did They Find?

        Engineering tests began on October 28, 1995, and the project was in full swing early in the new year. An interim review in mid-1996 revealed no significant problems, and following the agreed-on terms, the project was allowed to continue through early 1998. Meanwhile, the NRC was preparing to review the MMRP results, taking as its charge the review of both the specific MMRP results and any independent advances in understanding the impacts of low-frequency sound since the last review in 1994. But even before the MMRP was over, scientific articles had begun to appear, particularly in the Journal of the Acoustical Society of America, in which the (widely critiqued) optimistic bias was clearly still intact. A paper published in May 1997, for example, concluded that whales would not hear the signal unless they dived to a depth of four hundred meters, and therefore, “the ATOC signal will probably have minimal physical and physiological effects on cetaceans,” although no direct evidence was offered to support that claim.296 Another paper, published in 1998 in the same journal, subjected three species of rockfish in an enclosure in Bodega Bay, California, to an “ATOC-like” signal; the fish showed no evidence of response. In fact, the alleged “ATOC-like” signal peaked at 153 decibels, well below than the actual 175 to 195 decibels of ATOC transmissions.297

        When the NRC issued its report, it became clear that this optimistic bias was unjustified. The conclusions of the hundred-page report, released in 2000, were summarized in the first paragraph of the executive summary:

        
          Some of the MMRP observations . . . showed no statistically significant effects of ATOC transmission. For these observations, the Committee could not distinguish among true lack of effect and insufficient observations, small sample sizes, and incorrect statistical treatment of data. A somewhat clearer lack of significant effects of the ATOC transmissions was demonstrated in observations of elephant seals’ diving behavior near the Pioneer Seamount source. Some statistically significant differences between control and exposure were found for other species, including (1) an increase in average distance of humpback whales from the California source and (2) increased dive duration for humpback whales off Hawaii. The MMRP found no obvious catastrophic short-term effects as a result of transmissions from either source, such as mass strandings or mass desertions of source areas.298

        

        The worry that the MMRP science would be insufficient to resolve the crucial questions was validated. Some statistically significant effects had been observed, but it was not clear whether they were biologically significant. In other cases, no statistically significant effects were observed, but it was not possible to say whether this was because there were no effects or because there were insufficient data to detect any effects. The result was predictable—and, indeed, had been predicted.

        While the executive summary took the understated tone characteristic of NRC reports, the detailed report was sharply critical. The central problem was the one that ATOC’s critics had long pointed out, and that Chris Clark had tried to address: the design of the project was inadequate to answer the key biological questions. MMRP was essentially a biological “retrofit” onto a program designed for another purpose. Its design was based on neither maximizing the relevance to marine mammals nor minimizing the impacts, but on the project’s primary goal of measuring the speed of sound. “As a consequence,” the NRC concluded, “the results of the MMRP do not conclusively demonstrate that the ATOC signal either has an effect or has no effect on marine mammals in the short or the long-term.”299 After five years, months of hearings, hundreds of comments, and millions of dollars, the question of whether ATOC would or would not harm marine life remained unanswered—and oceanographers had not demonstrated global warming, either.300

        In a footnote, the committee quoted at length Peter Worcester, an ATOC program scientist, who had explained the basis of the program design in written correspondence to the committee: it was based on maximizing the chances of obtaining a meaningful signal over the noise. The ocean is a very variable place, so the observed signals would be affected by many different things; the scientists needed to design the sampling system to differentiate between these sources of short-term variability and the temperature signal of interest. Worcester explained, “The duty cycle is actually set by the need to avoid aliasing [i.e., confusion or conflation] of rapidly changing oceanographic phenomena. . . . The combination of ocean phenomena led to a [sampling] cycle . . . consisting of 1 day with six 20-minute transmissions at 4-hour intervals to adequately sample tidal variability, occurring every fourth day to adequately sample ocean mesoscale variability.”301 This, of course, was precisely the complaint that environmentalists had leveled from the start, and the claim to which Clark had taken exception in the Scripps press release: ATOC was not designed to minimize impacts on marine life. It was designed to detect global warming. All the subsequent attempts to adjust that design amounted to a patch-up job, with the unsatisfactory results that Clark had predicted.

        It was beyond the committee’s charge to recommend whether ATOC continue, but the results suggested that ATOC scientists had been at best premature in their assertions that the project would do no harm. The committee stressed that even now there were inadequate grounds to make such judgments, and that developing grounds would take “a more sustained and integrated approach than has been the case in previous research.”302

        The committee might have left the matter there, but another issue concerned its members: how and why a group of physical oceanographers had found themselves in the position of designing a marine mammal research program. In an implicit rebuke of the quality of science supported by mission-driven agencies, the committee suggested that the research that was needed should not be sponsored by ARPA or the Navy, but by the scientific agencies that funded biological research. ATOC aspired to be basic science, but it had been pursued in the spirit of mission-driven science, without independent peer review and with insufficient attention to corollary scientific issues. When the scientists had tried to address those corollaries, they had created a project that was so poorly designed that it was unable to answer the questions it needed to answer. The committee offered this recommendation: “Mission-oriented agencies should ensure that the research they sponsor will not only contribute to their immediate missions but also answer basic scientific questions. . . . Most importantly, all of these projects should receive strict peer review and be evaluated on the quality of the science proposed.”303 By “peer review,” they meant review by independent and acknowledged experts in the field. If the question was the impact of sound on cetaceans, the relevant reviewers should be cetacean biologists. If the question was about fish, the reviewers should be ichthyologists. And so on.

        This point was reiterated in a findings and recommendations section, in a conclusion that could well have been applied to the whole US Navy oceanographic research program. It was a conclusion with which William von Arx, Henry Stommel, and all the members of the Woods Hole Palace Revolt (as well as the Canadian squid biologist Frederick Aldrich) would have concurred. It was the problem of mission-driven science: “Most marine mammal studies are funded from mission-oriented sources. At this time the greatest source of funding for marine mammal research is the ONR. However, by its nature, ONR-funded research tends to be focused on questions of practical importance to the Navy, and is not necessarily responsive to the broad interests of scientists seeking to learn more about the basic biology of marine mammals. Scientist-driven fundamental research could significantly improve our understanding of hearing and the effects of low-frequency sound on marine mammals, as well as our overall understanding of the acoustic behavior of these animals.”304 The Navy focused on matters of practical import to the Navy. At times those matters aligned with issues of scientific import, creating important domains of knowledge, but at times they did not, leaving significant domains of ignorance.

        The impact of underwater sound on marine life was a domain of ignorance. The Navy had spent untold sums to understand the propagation of underwater sound and had studied animals to help understand that propagation, but the impact of the sound on those animals was essentially unknown. In more than half a century of scientific investigation, the basic science that might have answered the key questions about ATOC’s impact on marine life had never been done. The fact that the Navy had left this area so understudied proved the point: it was naïve to expect Navy-funded research to answer questions peripheral to Navy interests (or, for that matter, to claim that it had ever done so except inadvertently). To understand marine mammals, a program had to be designed to do that. The same might well have been said of any area of oceanographic research. Indeed, of any scientific research at all.

        The NRC report could hardly be read as validation, but it had stopped short of saying that ATOC should be stopped, and so the ATOC scientists did not abandon hope. On the contrary, anticipating a positive recommendation from the NRC, they had been preparing a new draft environmental impact statement and small-take permit application for the project’s continuation, which they released in the spring of 2000 at the same time as the NRC report. Once again, the oceanographers tried to put an optimistic spin on the situation, and once again biologists opposed them. But this time the biologists were fortified with the knowledge that many of their predictions had come true. In September 2000, Paul Anderson posted a scathing denunciation: “Both the [new] DEIS and the small take permit application pretend that the Acoustic Thermometry of Ocean Climate Marine Mammal Research Project effectively dispelled any concerns as to the effect of these sounds on marine mammals. The ATOC MMRP not only did not demonstrate long-term effects, but . . . it failed to adequately investigate short-term responses. The proposal for continuation of ATOC is based on false [premises].”305 NMFS agreed: the MMRP had failed to demonstrate no harm and so the permits would not be renewed. The scientists were instructed to remove their instrumentation. The project ended on a tragic note in August 2000 when the twelve-thousand-pound transmitter was retrieved from the Pioneer Seamount: a winch operator was struck in the head by a piece of equipment and killed.306

      
    
  
    
      
        Coda

        In October 2002, a federal judge halted a National Science Foundation–funded project using intense compressed-air blasts to study the structure of the seafloor in the Gulf of California after two beaked whales were found dead on the nearby Mexican coast with evidence of hearing damage. US District Magistrate James Larson based his ruling in part of evidence that the Navy considered sounds above 180 dB to be “potentially harmful to marine mammals.”307

        That particular incident involved compressed air—not low-frequency active sonar—but it brought into high relief the entire issue of sound in the ocean, including the diverse scientific and military activities that made use of underwater sound. Two years later, when the Navy introduced SURTASS-LFA, a towed low-frequency active sonar system for submarine surveillance (in effect, a towed version of Artemis), environmentalists were poised to object.308 This time, they were armed with substantial scientific evidence that supported their claim that at least some adverse effects could be expected. In response, in 2004, Congress amended the Marine Mammal Protection Act to add a provision addressing “incidental takes” that occur in the context of a “military readiness activity.”309

        Meanwhile, the National Research Council continued to track the science, issuing new reports in 2003 and 2005, while scientists continued to try to assess the cumulative effects of anthropogenic stressors on marine life.310 None of this work definitively answered the question of the impact on marine life of either noise in general, or low-frequency sonar in particular, but it did prove that the ATOC scientists had been premature in insisting their project would do no harm. The 2003 NRC report, for example, noted that “use of one of the Navy . . . mid range active sonar [systems] was found to contribute to a stranding incident in the Bahamas.”311

        Overall, the dominant thrust of the NRC reports was the conclusion that sufficient data to determine the impact of underwater sound on marine life—particularly long-term impact—were lacking. By the NRC’s judgment, direct evidence of marine mammal death has not been found, but there are sufficient data to support the conclusion that there are impacts, both on marine mammals and on fish.312 The question is how significant the effects are.313

        The 2005 NRC report took as its charge the attempt to clarify whether observed effects, such as changes in vocalization patterns, are biologically significant, explaining, “an action or activity becomes biologically significant to an individual animal when it affects the ability of the animal to grow, survive, and reproduce.”314 These scientists noted that short-term disruptions to behavior may or may not be biologically significant—more research was needed—but they also allowed “that wild animals rarely engage in activities that are not biologically significant (even play is not frivolous).”315 An observed effect was therefore likely to have at least some biological effect and it would be mistaken to assume that effects that appear minor to us are minor to the organisms that experience them.

        Recall the ATOC “fact sheet” that described how the ATOC noise would sound to a human ear: the relevant issue was never what those sounds would sound like to a human ear, but what they would sound like to—and what impact they might have on—marine life. That was what ATOC scientists did not know when they began their project, and still did not know when the project ended. Indeed, after more than two decades, three NRC reports, and several lawsuits, the science of underwater sound and its impacts on marine life was still unresolved. But so far as both the scientific community and the courts were able to judge, it was not correct to say that underwater sound has no adverse effect.

        In 2007, a coalition of environmental groups (including the California Coastal Commission) sued to stop the Navy use of middle-frequency sonar off the California coast on the grounds that it could harm whales, dolphins, and other marine life. A US district court judge in Los Angeles agreed and ordered the program halted. The case settled in 2008, but only after the judge (who was described by the Los Angeles Times as having “spent years poring over studies about whale deaths and injuries after Navy exercises”) issued a set of rules that the Navy would have to follow. Previous guidelines that the Navy had developed—such as slowly reducing and then shutting off sonar power when whales or dolphins came with two hundred yards—were, in her words, “grossly inadequate.”316 However, the judge stopped short of banning sonar activities entirely, and another lawsuit, filed in 2012, argued that the exemptions given to the Navy were too broad. In 2016, this case reached the US Ninth Circuit Court of Appeals, which found in favor of the plaintiffs.317

        Since the conflict over ATOC, the Navy has worked with the NMFS to develop guidelines to minimize impacts of its sonar activities. According to the US Department of Justice, “The Navy and NMFS have developed an extensive set of mitigation measures to reduce potential impacts [of sound] to marine mammals [which are] expected to consist of short-term behavioral modifications that the [Marine Mammal Protection Act] classifies as ‘Level B’ harassment.”318 According to the law, level B harassment is defined as “any act of pursuit, torment, or annoyance which has the potential to disturb a marine mammal or marine mammal stock in the wild by causing disruption of behavioral patterns, including, but not limited to, migration, breathing, nursing, breeding, feeding, or sheltering.”319 In other words, independent judges have found, and the Navy has acknowledged, that harassment caused by sonar operations does, in fact, occur. And we have not solved the problem of global warming.

      
    
  
    
      
        Conclusion

        The Context of Motivation

      
      During the Cold War, oceanographers and marine geologists and geophysicists worked productively with Navy patrons to learn a great deal about the deep sea; scientists justly look back on that period with pleasure and describe it as a golden age. Yet Navy priorities were inevitably different from scientific ones, and this sometimes led to conflict.

      Some readers might be tempted to dismiss those conflicts as personal, or perhaps sociological, but the analysis offered here shows that they had epistemic consequences. Navy sponsorship at times impeded the advancement of knowledge rather than promoting it. Potentially significant projects were delayed or rejected on the grounds that they did not fit the mission profile, and many questions were neglected for lack of military salience. The US Navy never told oceanographers what to think and only rarely told them what to do, but military interests framed oceanographic studies in impactful ways, and inevitably some matters received more attention than others. It was never true, as one historian has recently claimed, that scientists during the Cold War “received virtually unlimited research funds to investigate whatever they wanted.”1 On the contrary, it was clear even at the time that there were definite limits to what the Navy would fund and both benefits and costs to Navy support. Is it possible in hindsight to evaluate both the benefits and the costs, the gains and the losses?

      Most of the oceanographers in this story would have rejected the notion that Navy money was tainted, but some did worry that the Navy was pulling them in directions that were not altogether good. Yet at the same time, and perhaps somewhat perplexingly, nearly all of them insisted that the Navy was funding “basic research.” This conclusion attempts to make sense of the complex issue of the impacts of Navy patronage in terms both of what was gained and what was lost—what was done and what was left undone—when the context of motivation was military defense oceanography.2

      
        The Pure Science Ideal

        In insisting that their work was “basic” science, the oceanographers in this story were invoking what historians have called the pure science ideal.3 Like many slogans and catch phrases, this one has meant different things to different people, but we cannot dismiss it as too malleable to be meaningful because it has been highly persistent as an actor’s category—a term with meaning to the people who used it. In the late nineteenth century, American scientists used the pure science ideal to argue for increased federal government support for scientific research; in the twentieth century they invoked it to justify the creation of the US National Science Foundation as a largely self-governing agency. The foundation, established in 1950 and heralded by its first historian as a “patron for pure science,” has been viewed as exemplary for its commitment to investigator-driven scientific research.4 It has been, and remains for many scientists, the best source of “untainted” money.5

        Yet ironically (and probably not coincidentally), the ideal of pure science—in the past variously glossed as scientific research that is free, undirected, curiosity driven, investigator initiated, fundamental or, most commonly, “basic”—was most vehemently promoted at the very moment when American science was becoming tightly coupled to the geopolitical ambitions of the national security state. Moreover, this was a change from what many had argued before. American earth scientists, in particular, had argued before World War II that a sharp separation between pure and applied science was neither to be found nor desired. Pure and applied science were, in the words of one scientific leader, two sides of the same coin.6 After the war, however, as money poured into earth science to support costly investigations in oceanography, meteorology, seismology, isotope geochemistry, glaciology, and more, scientists insisted that they were pursuing basic science even when their work was funded by the US Department of Defense, and even when their projects were manifestly connected to national-security concerns and, in some cases, even to specific military missions.7

        In this story, Alvin is the clearest example. Why did oceanographers insist that the submersible was designed and built for basic research when the facts were otherwise? More broadly, why did so many oceanographers insist that the Navy supported basic research when its projects were understood as military defense oceanography, framed and constrained by the Navy need to know?

        One reason these oceanographers had a positive view of Navy patronage is clear: the Cold War was a good time for them. Oceanographers and marine geophysicists working under Navy patronage answered many important scientific questions and resolved long-standing scientific debates. They were able to do these things because there was a confluence of interest between what many oceanographers (particularly physical oceanographers) wanted to learn and what the Navy needed to know. Henry Stommel and Arnold Arons wanted to study ocean circulation. Harry Hess was interested in seamounts and guyots. Bill Menard was utterly taken by seafloor topography and the Pacific Ocean fracture zones. Engineers at Woods Hole were excited to build Alvin. The Navy was interested in these matters and shared many of these goals, albeit for different reasons. For these men, Navy support did not create a conflict, because they were not being asked to do anything they did not want to do. On the contrary, they were being enabled to do what they wanted to do. The Navy was supporting their basic research. But then why not just admit that this was done under the auspices of military defense oceanography and defend that as a fine thing? Why downplay the military connections?

        Many of these military projects were classified and so could not be discussed except in the most general terms, but scientists could have explained that their work was broadly relevant to antisubmarine warfare or ocean acoustic surveillance or deep-sea rescue and salvage without revealing classified details. Some of them did. Scripps’s Fred Spiess took pride in the usefulness of his work and made no attempt to hide or downplay his military connections. But he was an exception. Moreover, classification does not explain why, later, scientists and popular writers expunged Alvin’s early history from their accounts of it, or why many oceanographers continued to deny the military applications of their work long after projects had been declassified.8

        I have come to believe that the answer to this question is that these scientists were working to advance knowledge under circumstances that they worried—and their leaders had often publicly insisted—were at odds with that advance. Because their beliefs about the freedom of science were so deeply held—and often tied to their politics—the option to question and revise those beliefs did not appear to be available.9 Their scientific conclusions were subject to revision in light of new evidence, but their philosophy of science proved less epistemically open, and so they resisted the truth about their circumstances and insisted that they remained fundamentally free, even when that was manifestly not the case. This, I suggest, is why scientists painted their projects white: to admit that their work was driven by extrinsic considerations would have been to suggest that it was—or at least might have been—tainted. Because, after all, some science is tainted.10

      
      
        Tainted Science

        In recent decades, revelations that the US tobacco industry funded research intended to obscure and conceal the causal links between its products and adverse health effects has led to questions about the propriety of accepting further research funds from that industry; many universities no longer accept tobacco industry funding.11 Some scientific journals will not accept articles even for consideration if the research was tobacco industry funded.12 Research shows that these journals are right to do this: peer-reviewed studies of the impact of funding sources on investigations, with respect to not just the health effects of tobacco use but also the safety and efficacy (or lack thereof) of pharmaceuticals and other medical interventions, has demonstrated that the interests of sponsors can affect research results.13 These impacts are so substantial that they have a moniker: “the funding effect.”14 Thus, increasingly journals require funding disclosures, to illuminate for editors, reviewers, and readers potential conflicts of interest.

        The rationale is clear and compelling. When a particular outcome is desired (and investigators know or suspect what that outcome is), it can affect research in myriad ways, both minor and profound.15 Not all patrons want accurate information. Misinformation and disinformation can be of value—and when it is, some groups will seek to create, sustain, and promulgate it.16

        The facts of funding bias are consistent with the intuitions of many scientists, as well as nearly all historians, sociologists, and ordinary people, that of course it matters who pays for science. Funders want particular questions answered, and sometimes they also want particular answers—whether or not those answers are true. In theory, peer review should sort out biased research and faulty findings, but in practice peer review is a weak filter.17 Research has demonstrated that a good deal of problematic science has passed peer review and been published in respected journals. Not all of this bad science is industry funded, and not all industry-funded science is bad, but quite a lot of it is.18

        This helps to explain why so many scientists believe that “pure” or “basic” science is superior to that which is “applied,” “directed,” or “mission driven”; they believe that the latter is subject to potentially distorting external pressures to which the former is not.19 If so, it would make sense that scientists would insist on the purity of their research—on its basic and fundamental character—even when their funders have specific goals and concrete purposes in mind. To allow that their research was funded by an outside organization with an interest in something other than the advancement of learning would be to raise the specter of taint. It would also raise the specter of loss of independence and freedom, the very issues that Denis Fox and Claude ZoBell back in the 1930s, and Henry Stommel and his colleagues in the 1960s, did raise.

      
      
        Unalloyed Science for Unalloyed Knowledge

        The freedom of scientists under Navy patronage to be driven by intellectual interests rather than geopolitical tensions was at the heart of the questions raised at Scripps in the late 1930s, and again at Woods Hole in the early 1960s, about the desirability of military funding. It was what Denis Fox and Claude ZoBell called the “freedom of science,” what Henry Stommel called the “drive to wrestle personally with the unknown.” Navy support created the opportunity for Stommel to spend his life wrestling with the unknown, but it also involved constraints that, as William von Arx had noted, were always there “in a ghostly way.”20

        To say that scientists working with the Navy had both opportunities and constraints is not, however, much of a finding: we can say that about anyone working in any system. Moreover, there is nothing in principle wrong with being paid to solve a problem: doctors, lawyers, and engineers do this every day. So do exploration geologists and geophysicists. Spiess and Vine thought it was a good thing to have an operational problem to solve. But that is not how most of their colleagues saw it.

        Consider again the idea of “pure” science. The opposite of pure may be impure, but it may also be mixed. Another opposite of pure is alloyed, and alloys are created because they are in some characteristic better suited than pure metals for a particular purpose. The conditions under which oceanographers worked during the Cold War were clearly mixed: a mix of freedom and constraint, a mix of generous funding and fiscal limitations, a mix of autonomy and external direction. We might therefore conclude that Cold War oceanography was an alloyed science—suited to the purposes of the period—a blend of different but compatible needs and interests. However, the notion of an alloyed science does not quite explain why so many oceanographers fussed about freedom and autonomy and insisted that they were being funded to do work they wanted to do.

        I suggest that a large part of the answer is that these oceanographers believed that scientific integrity depended on epistemic independence. They believed that, to find the truth about the world, they needed to be personally independent, their science driven by curiosity and curiosity alone.21 And it wasn’t just oceanographers; throughout the second half of the twentieth century, American scientists clung to the myth of unfettered research and insisted on the imperative of intellectual autonomy and the centrality of curiosity as the primary driving force of science.22

        Sociologist Thomas Gieryn has focused attention on the sociological dimensions of “boundary work” in helping to establish and maintain professional identity and independence. No doubt when scientists insist on the imperative of autonomy, it contains elements of this.23 But scientists’ insistence on their own autonomy also reflects their beliefs about the nature of knowledge, about what is required to learn about the world, about what it takes to find truth. It reflects an epistemology that presumes that it takes unalloyed science to produce unalloyed knowledge.

        Consider Stommel’s ideal scientific agent: a man or woman wrestling with nature, unimpeded by potentially interfering considerations. He or she is free to pursue leads wherever they go, and thereby discover diverse and sometimes unexpected truths about the natural world. Stommel’s vision is an epistemological one. It is a belief about what it takes to produce reliable knowledge. But it is also a moral claim, because truth is good and falsehood is not.

        Consider the antonyms for the terms pure, basic, and fundamental. The dictionary gives a long list of antonyms for pure and nearly all of them carry negative ethical connotations: impure, sullied, dishonest, fake, counterfeit, invalid, ingenuine, unreal, contaminated, corrupt, dirty, tainted, uncertain, and even vulgar. The antonyms of basic are not quite so emotionally charged, but they do suggest lesser value: auxiliary, inessential, insignificant, minor, nonessential, secondary, unimportant, unnecessary, extra, peripheral. The antonyms of fundamental include trivial, minor, subordinate, and needless. What scientist would want to do work that is unnecessary, peripheral, or needless, much less counterfeit? And while an alloy is a mixture that may be good or bad depending on your purposes, something that is alloyed is debased. (The very word debased—suggesting the presence of base metals—implies a loss of value.) The implication is clear: scientists want to do work that is central and not peripheral, reliable and not counterfeit, dignified and not debased. They want to do work that is unalloyed, and they want their work to be good.

        Steven Shapin has suggested that the early modern ideal of scientific knowledge was rooted in gentlemanly ideals of personal and fiscal autonomy: scientists had to be gentlemen because only they had the requisite autonomy to be intellectually trustworthy.24 Whether or not one can trace an unbroken thread from the seventeenth century to the twentieth, one can say that the ideal of scientific research as an activity of independent individuals has been particularly resonant in American culture, where it overlaps with prevailing beliefs about the power and virtues of individualism and competition. Historian Paul Lucier has suggested that the trope of “unfettered research” was an essential element in the professionalization of American science as “no-strings-attached cash became the holy grail of the professionalization process.” Aspiring late nineteenth-century men of science earned their keep in diverse ways, but “whatever occupations [they] might actually have engaged in, they were treated as short-term steps toward this long-term objective.”25 Yet even as these men aspired to remove themselves from the commercial economy, they valorized the principles of autonomy, individualism, and unfettered competition that in the late nineteenth century were thought to characterize it.

        David Hollinger has noted that the ideal of the autonomous scientific agent competing in a free market of ideas closely parallels the autonomous economic agent essential to classical formulations of enterprise capitalism.26 In this sense, laissez-faire individualism is enshrined in the foundations of both Anglo-American political-economic and Anglo-American scientific thought. Vannevar Bush expressed this sentiment when he wrote Science: The Endless Frontier, the brief not only for what would become the US National Science Foundation (albeit in a different form) but also that provided the culturally accepted justification for spending taxpayer dollars on activities that previous generations had rejected as elitist and arcane.27 Bush insisted that “scientific progress on a broad front results from the free play of free intellects, in the manner dictated by their curiosity for exploration of the unknown.”28

        In essence, American scientists in the second half of the twentieth century subscribed to a theory of knowledge (sometimes explicit, more often not) in which personal freedom was requisite for scientific progress and curiosity provided the appropriate context of motivation. Yet the reality of their scientific lives was that the lion’s share of their work—and nearly all the monetary and logistical support for it—was motivated and justified by Cold War tensions and perceived political imperatives. It is therefore perhaps not surprising that so many of them insisted that context was irrelevant and that extrinsic considerations drove their patrons but not them.

        Epistemologies have histories, and Vannevar Bush’s views were rooted in an already-established discourse about the role of science in American democracy and political economy. At the nation’s inception, Thomas Jefferson’s colleagues rejected his call for a Department of Science as inappropriate for a republic; they would accept the US Coast Survey as the nation’s first scientific agency only because it was clearly requisite to national defense and trade. Throughout the nineteenth century, American scientists would find support and motivation for their work in the context of the expansion of American economy and territory, as well as national defense, but they continued to struggle to overcome arguments that pure science was elitist, undemocratic, and, especially, European.29

        In the late nineteenth century, American physicist Henry Rowland pled for pure science as an alternative to the crass materialism he saw dominating American society in the Gilded Age; he argued against a perceived hostile environment.30 Some decades later, sociologist Robert Merton defended the ideal of disinterested science in response to totalitarian threats to both scientific and political freedom. His most famous essay—“The Normative Structure of Science,” published in 1942—stressed the importance of disinterestedness in the context of an ideal scientific community that is open, sharing, and fully communicative. The additional element carried by disinterestedness is the preservation of the credibility of the scientific expert in contradistinction to the shill, the snake-oil salesman, and the charlatan.31

        Merton’s most full-throated defense of scientific autonomy was published earlier—in 1938—just as military support for American science was ramping up in anticipation of entry into World War II, which is to say, just as the story told in this book begins. In Science and the Social Order, Merton noted the enormity of the pressures under which scientists in Nazi Germany had found themselves, suggesting that the natural autonomy of science made it threatening to totalitarian regimes. While Merton recognized that “pure science” was an idealization that could be interrogated on a number of grounds, he argued that its central function as a norm was to protect scientific integrity by ensuring, or at least attempting to ensure, its autonomy:

        
          One sentiment which is assimilated by the scientist from the very outset of his training pertains to the purity of science. Science must not [in this view] suffer itself to become the handmaiden of theology or economy or state. The function of this sentiment is to preserve the autonomy of science. For if such extrascientific criteria of the value of science as presumable consonance with religious doctrines or economic utility or political appropriateness are adopted, science becomes acceptable only insofar as it meets these criteria. In other words, as the pure science sentiment is eliminated, science becomes subject to the direct control of other institutional agencies and its place in society becomes increasingly uncertain. . . . The exaltation of pure science is thus seen to be a defense against the invasion of norms that limit directions of potential advance and threaten the stability and continuance of scientific research.32

        

        Thus, what might at first seem hypocritical or even dishonest—that American scientists were insisting that they were doing pure science (and merely painting their projects blue for credulous military men) at the very moment when they were trading autonomy and openness for a greater measure of material support—is not hypocritical at all.33 It is what we should expect. These scientists were guarding their integrity by insisting that they had not sacrificed core values. They were defending their research as worthy of societal trust and support. They were insisting that their science remained untainted.

        Moreover, an argument that in hindsight we find unconvincing may nevertheless have been sincerely held. Historian Loren Graham (1998) has shown that many scientists in the Soviet Union believed in dialectical materialism, which often informed their science in productive ways. Sigrid Schmalzer has suggested that Chinese scientists generally shared Mao Zedong’s goal of making Chinese science “self-reliant.”34 And we have seen that many American scientists in the Cold War accepted the goal of containing communism, even if that was only occasionally made explicit.

        Scientists often share the politics of their patrons; they may also find ways to adjust their views to accommodate practicalities. Robert Kargon and Elizabeth Hodes have described how conservative American scientists in the 1930s who believed in laissez-faire capitalism struggled when these views came into conflict with the opportunities presented by expanded federal funding of scientific research.35 Federal funding went against these men’s stated principles, but in the end they softened their principles and accepted the money.

        In chapter 1 we saw how some scientists who benefited from military largesse had previously opposed state funding of science as a threat to scientific integrity. As followers of Michael Polanyi and members of the Society for Freedom in Science, they feared that state funding would mean state control, raising the specters of suppression and oppression.36 But when war broke out and government funds began to flow, most of them shifted their positions and joined their colleagues in accepting state support. Some justified their change of heart by the exigencies of World War II (and then the Cold War); others denied that it was a change of heart by insisting that the work they did was pure and that they had state support without state control. In chapter 4 we saw Roger Revelle and Maurice Ewing invoking the ideal of “independent scientific exploration” as a lever to try to wrest some measure of autonomy from their patrons and to argue that excessive control by patrons would undermine the science that the patronage was intended to foster. And throughout this story (with the notable exception of the Woods Hole Palace Revolt), oceanographers mostly focused on the positive: the ways in which Navy support facilitated work that would otherwise have been difficult or impossible and empowered them to achieve goals that might otherwise have remained unachievable. After all, money is a form of freedom, and if smart scientists have money to spend, they are bound to learn something. Conversely, as Frederick Aldrich learned to his dismay when he sought to use Alvin to study the giant squid, ideas with no money go nowhere.37

        Given this, we can appreciate oceanographers’ positive view of the US Navy as their sponsor. The Navy was a good patron for science because it was rich, because its funding and logistical support enabled scientists to do work they wanted to do, and because a confluence of interest meant that a good deal of the work that the Navy supported was intended to answer questions about the natural world. What the Navy needed to know overlapped considerably with what scientists wanted to know. Moreover, as we have seen throughout this book, and Navy officers themselves stressed, Navy interest in the ocean ranged widely. As the TENOC report put it, “the successful design, construction, and operation of a powerful modern Navy” depended on how well the ocean environment was understood.38 A wide range of scientists could pursue their interests under Navy sponsorship.

        The net result of Cold War Navy-scientific cooperation was that knowledge about the ocean was expanded, and not just in a minor way. Questions that had been debated for centuries—about the nature of the deep-sea circulation, the structure and origins of the seafloor, and whether or not continents moved—were addressed and answered to scientists’ satisfaction. In science, as elsewhere, money is power: in this case, the power to build new instruments, to travel to new places, to investigate, to study, to support graduate students, and ultimately to learn. Navy support was powerfully enabling.

        But the Navy was a good patron for another, more epistemological reason: because it had no prior interest in the outcome of the investigations it sponsored, no expectation of what the right answer should be. Scientists funded by the Navy did not have the autonomy to study anything they wanted, but they did have something that was equally or even more important: the autonomy to design their studies as they saw fit and pursue leads where they led. They had this freedom because the Navy shared their desire for accurate information. This is relevant not only for our understanding of Cold War oceanography, but also for our understanding of contemporary science.

        To make this point clear, we have to be willing to use a word that makes some science studies scholars flinch: the US Navy was a good patron because it wanted to know the truth. We have to be able to speak about truth without scare quotes.

        Whether ocean circulation was shallow or deep, whether it was wind driven or density driven, whether guyots were rare or widespread: in all these cases and many more, it was in the Navy’s self-interest to know the answer. The Navy’s interest was concrete and immediate and what it needed was knowledge. Accurate knowledge. Comprehensive knowledge. Good information would help its men and officers to perform their tasks, whereas incorrect or incomplete information could spell disaster. A missed shadow zone could mean the difference between escaping an enemy and being torpedoed. An undiscovered or wrongly located seamount could mean a devastating submarine crash. We might say that the Navy’s epistemic stance was one of neutrality: it had no interest in the factual outcome of the work it sponsored, apart from a compelling interest in it being factual. This was no small thing, because, as we’ve noted, not all patrons are interested in facts. But during the Cold War the US Navy was.39

        The Navy did put pressure on scientists to put operational needs before intellectual ones, and it did restrict what scientists could publish.40 But nowhere have we seen evidence that Navy officers pressured scientists to find a particular result, to design a study or interpret their data in a particular way, or to prefer one theoretical interpretation over another. From an intellectual perspective, I would argue, this is the critical feature that accounts for scientists’ overall positive view of their military patrons despite the various difficulties they encountered along the way. The key element that makes sense of the stories told in this book is that the Navy did not interfere with scientists’ epistemic flexibility and interpretive independence.

        The Navy interest in good information (along with its ample purses) enabled it to support science in a manner congenial to scientists and productive of authentic, robust understanding. And this is key feature that distinguishes the Navy during the Cold War from other sorts of patrons—such as the tobacco or chemical industries—who have sometimes supported science not to advance knowledge but to cloud, confuse, or even obstruct it.41 This is not an argument for “pure” science in any absolute sense; we have seen throughout this book that the Navy was not supporting pure science. It was supporting useful science, but what made that science useful was its veracity. To be useful it had to be true.

        Returning to Steven Shapin, he has also stressed that, gentlemanly origins or not, science has never been pure.42 Scientists have always needed funds to pay for experimental apparatus, laboratory supplies, the costs of fieldwork, and the salaries of laboratory and observatory assistants. Once science became a professional activity, scientists needed salaries, too. In the twentieth century, these costs mushroomed as scientific research increasingly relied on sophisticated instrumentation and “research platforms,” such as particle accelerators, gigantic telescopes, space satellites, and, as I have stressed here, oceanographic vessels. With the rare exceptions of some independently wealthy individuals who funded their own investigations, scientists have always needed patrons.43 To suggest that patronage, in some general way, is problematic is to ignore history and beg the question at hand. That question is not, Does patronage affect science? Inevitably, it must. Rather, the question is: How does patronage affect science? Or, better, how did this particular form of patronage affect this science at this time? How did it structure what scientists found themselves working on and, more important, found themselves wanting to work on?44

        To return to our story, we can now ask: How did the Cold War context motivate some lines of research and discourage or even block others? How did it affect what scientists thought their goals should be? How did it influence their self-perception, how they understood their relationships with colleagues in other fields and academic departments and even the world at large? Above all, how did it help to determine what they cared about?

      
      
        Incompetence or Hubris?

        One of this story’s more perplexing aspects is why brilliant scientists—committed to knowledge based on evidence—dismissed or discounted evidence from other fields, in some cases even other branches of their own field. We saw this in chapter 8, when Charles Hollister refused to accept the evidence of turbulence in the deep benthic boundary layer, and even more clearly in chapter 9, when Walter Munk and colleagues insisted that ATOC would have no significant biological impacts in the face of clearly articulated objections and evidence from biologists.

        The physical oceanographers who conceptualized and developed ATOC did not initially consider potential impacts on marine life, at least not in any serious way. When they were forced to do so, their initial reaction was to assert that any impacts would be insignificant, despite their lack of relevant evidence, expertise, or knowledge. Then, when it became clear that potential biological impacts would have to be addressed, they continued to discount the concern. They insisted that the outcry was the result of public scientific illiteracy and emotional overreaction, even when the “public” comments were offered by qualified experts in marine biology.

        Recall the comments of Robert J. Hofman, the scientific program director for the Marine Mammal Commission in Washington, DC, when asked to comment on an early draft of the ATOC environmental impact statement. The ATOC scientists had made numerous claims that were “not supported by data or analysis,” he observed, including the claim that “all available data from research on marine mammal hearing indicate there will be negligible, if any, impact from ATOC transmissions.” This was simply false: the reality was that the available data were “insufficient to conclude that ATOC transmissions will have negligible effects on marine mammals.”45 Even after relevant data were collected under the auspices of the ATOC Marine Mammal Research Program and evaluated by the US National Research Council—and the latter concluded that the assertion of “no harm” was not defensible given available scientific evidence—ATOC scientists continued to insist that they were right and everyone else was wrong. It might seem that the oceanographers were committing the logical fallacy of conflating absence of evidence with evidence of absence, and indeed, they did do that. But it was worse than that. They were making claims that even their own studies suggested might not be true.

        In 2003, the NRC noted that marine mammals were known to change their vocalization patters in the presence of anthropogenic noise. How did they know this? Among other things, it had been documented by Ann Bowles in an article published in 1994 based on the original Heard Island experiment. In a special volume of the Journal of the Acoustical Society of America, Bowles and colleagues reported that sperm whale “clicks, clangs and a few codas” were detected during 24 percent of the experiment baseline period but fell to zero during their transmissions. They also found that several individual marine mammals changed course to avoid the direction from which the transmissions were coming. “The results,” they wrote, “suggest that . . . whales could have altered their distribution in the immediate vicinity of the . . . transmissions.”

        Bowles stressed that these results were very limited, which they were. But rather than inquire further as to what they might signify, she tried her best to explain them away, emphasizing that the whales “returned or were replaced by new individuals quickly when transmissions stopped.” All well and good, but if the full-scale ATOC program were implemented, the transmissions would have been continual for a decade. How would this affect them? She speculated that “in the long run animals might have habituated well to the transmissions,” but the operative word here was might. What she actually knew—what her own evidence showed—was that marine mammals had been affected: whales went silent and changed their course. In her own words: “Changes in behavior of pilot whales and sperm whales provided unequivocal evidence of behavioral effects of the transmissions.”46 The ATOC team did not just dismiss data other people had collected; they dismissed data they had collected!

        How could they have done this? When asked, most participants referred back to their long history of Navy-sponsored work, suggesting that none of the earlier projects had done any harm. But none of those earlier projects had been subject to comparable scrutiny, not by the Navy, not by independent biologists, and certainly not by the public. It was only because ATOC was a civilian project—outside the norms under which they had previously operated—that scientists faced public scrutiny, and that was something for which they were unprepared.

        All experts operate to some degree in communities that are segregated from other experts, not to mention from the lay publics, but military security and classification meant that Cold War scientists had even less interaction outside their domains than would otherwise have been the case. Even members of Congress frequently lacked information about classified scientific work; Harry Truman famously had to be informed about the Manhattan Project when he suddenly became president of the United States upon the death of Franklin Roosevelt. As historian Paul Edwards has stressed, on many different levels the Cold War created a closed world, and that closure had both social and intellectual consequences.47

        US Navy patrons accepted that for projects to succeed, they needed to give scientists some intellectual latitude.48 They also accepted that it was appropriate as patrons of science to permit publication to the extent compatible with Navy interests. But they did not encourage scientists working on classified projects to interact with other experts, much less broader communities. As Joe Worzel complained, classification made it impossible to interact with scientific colleagues in related disciplines who lacked security clearance, even when you had good reason to believe that such interactions were necessary for success. Scientists working on classified projects certainly did not feel that it would be a good idea to talk freely about them to the public or the press, to write popular accounts, or to explain the meaning and significance of their work in broader venues and larger terms.

        To a historian of twentieth-century science, this stands out as a significant shift: American earth scientists before World War II routinely wrote popular books and articles even on seemingly arcane topics. William Bowie, chief of the Geodesy Division of the US Coast and Geodetic Survey, wrote pieces for the New York Times and Popular Science and even had a radio program on geodesy, hardly the sexiest of scientific fields. Throughout the nineteenth and early twentieth centuries, American scientists presented public lectures, particularly if their work involved expeditions to glamorous, exotic, or dangerous places. Historian Paul Lucier notes that scientific lectures to the public were so common in the nineteenth century that Scientific American called them an “established institution.”49 Some scientists did this for money; fees for lectures and newspaper articles could be important sources of financial support, particularly for research that had an expeditionary component. (Before World War II, when funds for scientific research were scant, payments for popular accounts and public lectures were an important means of supporting scientific work. Popular accounts might also elicit interest from private patrons and clubs, such as the elite New York–based Explorers’ Club, of which Charles Hollister would later be a member.50) Other scientists, like Bowie, who worked at federal agencies felt that the public who paid their salaries deserved to know how their monies were being spent.

        After World War II, this changed. When funding for scientific research increased, outward communication from the scientific community decreased. Although it is a challenge to read historical silences, one cannot help but notice this one: earth scientists in the postwar years simply did not engage the general public in the manner that they previously had. Before the war, scientists lived in a world where support for research was hard to come by and outreach might yield useful connections. During the Cold War, outreach was at best tricky: classification sometimes made it impossible and a steady stream of funding made it unnecessary. In the Cold War, scientists lived in a world where they were accountable to one another and to the patrons who paid the bills, which in oceanography mostly meant the Navy. Scientists who had worked with the Navy for decades were used to proceeding without public scrutiny, and the notion of the public as ultimate patron was rarely if ever even raised. It is hard not to conclude that their inability to communicate with colleagues in other disciplines, much less the general public, was a consequence of this state of affairs. When conditions changed, not only did they not know how to communicate, they did not even realize that they needed to. What is worse, when the need became apparent, many of them resented it.

        This inability to communicate was exacerbated by the hubris that led these scientists to believe so strongly in their projects—so strongly in the premise that they were necessary for national defense and perhaps even world peace—that they brushed aside not only any suggestion that they might do harm but also any suggestion that the harms might be unjustified. In oral histories and interviews, Cold War oceanographers frequently noted the important role they had played in containing communism. Some felt that by virtue of the weapons they had helped to build and the delivery systems they had helped to perfect, that they had saved (or at least helped to save) American democracy.51

        When the Cold War ended, these men looked for a new mission, and they found it in climate change: as they had saved the world from communism, they would save it from climate change. The problem, however, was that the world didn’t want to be saved—or at least, not in the way that these oceanographers were proposing. As many citizens noted and ecologist Rodney Fujita stressed, there was already substantive evidence that anthropogenic climate change was under way; the obstacle to action was not lack of knowledge but lack of (political) power. To Maurice Ewing it was obvious that helping the Navy do its job was meritorious and scarcely needed explaining, much less defending, and he resented it when Columbia students and colleagues suggested otherwise. When Columbia voted to eliminate classified research, he left the institution in disgust. To Charles Hollister, it was obvious not only that his expertise on the seafloor should be respected by politicians and citizens but also that his conclusions should be heeded. When that did not occur, he did everything in his power to try to sustain the seabed research program and also to discredit the Yucca Mountain alternative. To the scientists involved in ATOC, it was obvious that ATOC should be pursued.

        The ATOC scientists were unprepared for the public outcry over ATOC; they had never experienced such press interest or scrutiny in anything they had done before.52 In particular, scientists working with the Navy had not had to concern themselves with environmental impacts. It was not so much that they did not care about marine life but that they had never had to care. As the chief of naval research had put it so succinctly when rejecting using Alvin to study giant squid, it wasn’t part of the mission profile.

        Scientists supported by taxpayers might reasonably have expected to have to explain their work—its significance, impacts, meaning, and hazards (both moral and physical)—but these scientists had no habit of doing so, no experience, and for that reason little ability. When asked to explain themselves, their response essentially amounted to “trust us, we’re experts.”53 But as we have seen, the public did not trust them. Physical oceanographers who had worked for decades on problems related to submarine warfare were excited by the prospect of applying their knowledge to a new, important peacetime problem, but what they failed to realize is that those decades of work had cast them in a certain light, as men with certain affiliations and affinities. Throughout the Cold War, many things had been hidden, so it was not unreasonable for citizens to wonder what they were hiding now. The cost of their military associations in this case was not truth, but trust. Scientists who had worked for decades studying the ocean as a theater of warfare were simply not credible when they presented themselves as guardians of the ocean as an abode of life.54

      
      
        Accountability and Mode 2 Science

        The history recounted here fits several aspects of what Helga Novotny, Michael Gibbons, and their colleagues have called “mode 2” science.55 These scholars identify two primary types, or modes, of scientific research. Mode 1 is characterized by knowledge produced by expert practitioners of a discipline, judged by fellow experts and driven by disciplinary priorities. Mode 2 is characterized by diverse practices of knowledge production, motivated by society’s needs, and judged by broader communities with a stake in the outcome. One may query whether mode 1 science—accountable only to its practitioners and motivated by purely disciplinary concerns—has ever actually existed; scientists have always had patrons, who in turn have always had expectations. History belies the suggestion that there was ever a time or a kind of science in which scientists were accountable only to themselves.56 But the idea that there may be different modes of accountability, shifting with political, social, and cultural context—that contexts of motivation may bring with them shifting frameworks of accountability—does illuminate a key aspect of the ATOC story and the end of the Cold War broadly.

        When physical oceanographers first developed the ATOC concept, it was based on work they had done before. These scientists saw an opportunity to use existing knowledge and technologies in a novel way—moving from warfare to weather, as von Arx had put it—but within the same basic structures of work and patronage. They published their early papers in traditional venues and sought funding from their traditional patrons. When they turned to the Strategic Environmental Research and Development Program (SERDP) as a new source of funding, it was knowing that it had been created by the Department of Defense to forge a link from Cold War to post–Cold War research. SERDP was designed to create continuity, not disjunction.

        In fact, the oceanographers faced several disjunctions. It was not just that the social and fiscal contexts had changed; the law had changed, too. The Marine Mammal Protection Act (1972) and the Endangered Species Act (1973) made illegal certain activities that in the 1950s and 1960s had been perfectly permissible. By the early 1990s, these laws had been in place for two decades; one might think this was sufficient time for the scientific community to adjust. But consider this: Walter Munk began his career at Scripps in the 1930s; by the time he led ATOC, he had been doing oceanographic research with Navy support for nearly sixty years. That was a long time. Long enough, perhaps, to have become accustomed to a certain way of doing things and to breed a certain confidence that those ways were good ones. Likewise, for Maurice Ewing at Lamont: when he faced questions from Columbia colleagues in 1968, he had been working under Navy auspices and conditions of secrecy for thirty years. Times had changed, but these men had not.

        It was not that oceanographers had not been accountable before, but the range of people to whom they had become accountable—the range and diversity of people who were aware of what they were doing and felt warranted to comment and even to intervene—was much greater. While oceanographers had obviously not always agreed with their Navy patrons on all issues, they had shared a basic belief in the value—even the necessity—of the projects that they were undertaking. The public, however, did not necessarily share that belief, and when oceanographers insisted that they were right and their critics were wrong, both their colleagues and the general public began to question the presumption that these were people in whom they should place their trust.

      
      
        Opportunities and Opportunism

        The triumph of earth sciences in the second half of the twentieth century is that questions that had been long considered moot were conclusively answered; the triumph of earth scientists is that they effectively used the opportunities presented by the Navy’s interest in their science. In this sense, we can say that the scientists in this story were opportunists in the positive sense of the word: oceanographers took advantage of the opportunities created by postwar circumstances in a flexible and creative manner.

        Cognitive scientist Donald A. Norman notes that most human action is opportunistic; we take advantages of circumstances and act as opportunities arise. For Norman, this is a good thing: opportunistic action is flexible and involves “less mental effort [and] less inconvenience” than premeditated action. It may even be “of more interest,” because it is more likely to be innovative.57 If Norman is right, then scientific work may be at its best when it is opportunistic. In that case, the success of oceanography in the Cold War is no mere coincidence or contingency. On the contrary, the opportunism of men like Harald Sverdrup, Henry Stommel, Harry Hess, Maurice Ewing, Bruce Heezen, and Paul Fye, and women like Joanne Malkus and Tanya Atwater, was precisely why they were successful.

        But there is a negative side to opportunism, the pejorative sense with which we are all familiar: an opportunist is unprincipled and therefore not to be trusted. If scientists are opportunists and the public has discerned this, albeit vaguely, perhaps this has implications for public trust? The scientists involved in ATOC were opportunistic in applying their Cold War knowledge of ocean acoustics to the study of global climate change. Charles Hollister was opportunistic when he championed the seabed radioactive waste disposal to advance his own research programs. Maurice Ewing built an entire career on the opportunities offered to him by the US Navy. These men all expected society to welcome their work, and for a long time, society did. But they were surprised, disappointed, irritated, angry, resentful, and even hurt when that no longer occurred. Ewing left Columbia in a huff. Hollister turned to lobbying and public relations, neither of which worked out as he hoped. The ATOC scientists attempted to convince their adversaries with reassurances, but these reassurances rang hollow, in part because environmentalists saw them not as newfound allies but as opportunists pursuing fame (if not fortune) at the expense of marine life.

      
      
        Trust in Science?

        In 1975, sociologists Todd La Porte and Daniel Metlay found that most Americans at the time felt that the effect of science and technology on their lives was largely beneficial, and they trusted scientists more than politicians or business leaders. (This is still largely true, even as overall trust has declined.58) The authors suggested that this trust was founded in a distinction between factual and valuational premises: scientists are trusted to the extent that they are perceived to make decisions based on facts, not values. They also noted that most citizens distinguish between science and technology, feeling largely favorable about the former but wary about the latter.59 “Should this distinction be lost,” they concluded, “[negative] attitudes now mainly associated with technology could spill over to scientific research as well.” Their conclusion echoed Merton’s earlier argument about the risks to science of being “subject to the direct control of other institutional agencies.”60 If oceanographers were primarily serving the military, why should the public have trusted their pronouncements? If the tiger can change his stripes, what does that say about the tiger?

        Scripps in the 1990s was indeed trying to change its stripes. Consider once more the press release on ATOC, which opened with the following claim: “Scripps Institution of Oceanography began nearly 100 years ago as a marine biological laboratory seeking knowledge about the world’s oceans. Studying the life that inhabits the oceans and the environment in which they live has been the primary concern of Scripps scientists. Today that commitment continues.”61 This was simply untrue. Scripps was founded in 1903 as a marine biological laboratory, but that identity had been rejected in the 1920s when Scripps refashioned itself as an oceanographic institution. Harald Sverdrup had been brought to La Jolla in the 1930s to make the oceanographic aspiration a reality, and he did so—as we saw in chapter 1—by downgrading biological studies in favor of physical and chemical ones. These choices antagonized the staff biologists, Denis Fox and Claude ZoBell, and Sverdrup’s long saga of troubles in the late 1930s and early 1940s had as much to do with their perception that he was disrespectful of biological work as it did with his political commitments, patriotism, or anything else.

        When World War II ended, Sverdrup’s personal inclination toward physical over biological science was reinforced by the Cold War context of motivation. In May 1945, Sverdrup and Richard Fleming composed a document entitled “Memorandum on Post-war Studies of Oceanography of the Surface Layers” in which they offered what would become accepted wisdom in the years to come: that oceanographic knowledge was essential for modern naval operations.62 To underscore the point, they compiled a chart enumerating specific military problems and the fields of oceanography relevant to them. On the left were the scientific topics: surface temperature distributions, currents, waves, swell and surf, bottom sediments, tides and tidal currents, marine meteorology, transparency of seawater, and—the final item—biology and chemistry. On the right were the military matters that could justify efforts in that domain: vessel design, amphibious landings, weather prediction. What stands out in their analysis is not only the dominance of physical over biological questions but also the far greater specificity offered for the former. Physical oceanography was divided into eight categories related to eight different sets of military problems, while all of biology and chemistry were lumped into a single category motivated by only one Navy concern (and a very old-fashioned one at that): fouling and corrosion (fig. C.1).
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          Figure 10.1 “Memorandum on Post War Studies of the Oceanography of the Surface Layers,” prepared by Harald Sverdrup and Richard Fleming, May 31, 1945.

          From Office of the Director Records, 1920–2013, Scripps Institution of Oceanography Archives, SAC 1, Special Collections & Archives, UC San Diego. Reprinted with permission of the Scripps Institution of Oceanography.

        
        After the war, when Roger Revelle was proposed as the next Scripps director, the biologists on staff rebelled. They wanted the next director to redress the imbalance created by wartime concerns, not to reinforce and institutionalize it. Their preferred candidate was Daniel Merriam, a fisheries biologist who ran the Bingham Oceanographical laboratory at Yale in close collaboration with the Department of Zoology. They argued that he could help diversify the institution’s patrons and restore equity for biological work.63 Instead, they got one who solidified the links to the US Navy and for whom biological matters were rarely of top concern.

        Revelle’s focus on the physical sciences was driven to a large extent by his conviction that the military would be the guarantor of scientific research in oceanography in the years to come. This was expressed concretely in revisions to the graduate curriculum de-emphasizing biology—in fact, eliminating marine biology altogether—and a conscious decision to reject a major role for fisheries investigations and focus instead on what he called the “basic problems of the sea.”64 Consider this comment on the work of the Scripps Marine Life Research program, which had a long-standing relationship with the California fishing industry and had of late been studying the California sardine. Revelle wished to refocus the program on the “dynamic analyses . . . of the processes in the sea,” and he suggested that the problems of the sardine industry might be best addressed by fundamental studies “treating the sardines en masse as if they were particles of a fluid somewhat similar to seawater.”65

        One can take Revelle’s point that advances in understanding fish migrations might ensue from a better understanding of the currents in which they swam and sardines could be used to track those currents, but was life itself not a basic problem of the sea? Was it not one of the most basic problems of science? To be sure, the travails of the sardine industry were not a fundamental scientific problem, but neither was the long-range detection of Soviet submarines or the salvage of lost hydrogen bombs.

        The balance between physical and biological science arose as well at the Woods Hole Oceanographic Institution. In 1955, biologist Alfred Redfield, one of the first scientists recruited by Henry Bigelow in the 1930s and who later served many years as associate director, raised the matter of the place of biology in the institution. Like his counterparts at Scripps, Redfield was concerned that biology was being relegated to second-class status. The response of the Woods Hole scientific advisory committee suggests that he was right. Biology, they suggested, should have a place at Woods Hole, but physical oceanography would set the research agenda: “The committee considered Dr. Redfield’s discussion of the place of biology in the Institution and feels that further efforts to stimulate support for work in this field are desirable. Perhaps the best kind of activity would be biological work which demanded the use of the Institution’s resources and knowledge in physical oceanography, but which also pointed toward providing . . . new information which could be used in physical oceanography.”66 Just as one can accept Revelle’s point that physical oceanographic investigations might help the fisheries industry, one can accept the Woods Hole advisory committee’s point that it made sense for Woods Hole to prioritize biological studies that could interact with physical oceanography in productive ways. But their framing and phrasing make clear that biology was being viewed as handmaiden to physical oceanography. To the extent that choices had to be made, biology was expected to support physical oceanography, rather than the other way around.

        Let me not overstate the case: biological questions were not abandoned at oceanographic institutions. Research on sardines continued, oceanographers studied life in the context of the deep scattering layer, and dolphins attracted a certain amount of attention. But overall, one particular set of questions was preferred, and the history told here explains why. Oceanographers after World War II built a science consistent with creating the kind of oceanography that the US Navy needed.

      
      
        The Social Construction of Ignorance

        Historians Robert Proctor and Londa Schiebinger have promulgated the term agnotology to describe the study of ignorance, and in recent years a significant literature has developed on this theme.67 One point of this literature is to show that it is not unreasonable to pose questions about scientists’ failures to explore certain domains or to learn certain things.68 Knowledge has a history and ignorance does, too.69 When we permit this framing, we can pose an important question that might otherwise get lost: what were the intellectual costs of letting the US Navy define the mission of American oceanography in the Cold War?

        One obvious answer involves climate change. As we have seen, in the late 1950s oceanographers were well aware of climate change as an issue of scientific and social import. Roger Revelle was one of the first American scientists to pay sustained attention to the issue; his 1957 paper with Hans Suess describing increased atmospheric carbon dioxide as a “great geophysical experiment” is now considered a classic.70 The paper was a call to arms, suggesting that scientists should pay attention to this “great experiment” and design investigations to discern its effects, if any, on weather and climate. William von Arx made a similar argument a few years later in his 1965 memo on “science in bondage.” These ideas built on a long tradition in oceanography that recognized the links between oceans and climate. Harald Sverdrup had focused on air-sea interaction as an important component of oceanographic research in the 1930s, and when NOAA administrator Robert M. White took up the question in 1978 in a special issue of Tellus—Woods Hole’s in-house journal—the issue was entitled “Oceans and Climate” (chapter 9).

        Oceanographers could have taken up climate change as a central research focus at any point in the 1950s, 1960s, or 1970s, and a handful did. The most important was Charles David Keeling, who (with Revelle’s support) began the systematic measurement of atmospheric carbon dioxide in 1958 and dedicated the rest of his career to it. Over the following five decades, Keeling produced the graph that now bears his name and is engraved on the wall of the National Academy of Sciences headquarters in Washington, DC: the Keeling Curve. In 2001, he was awarded the National Medal of Science for this work, and his son Ralph carries it on today. One might have thought that students would have been clamoring to work with Keeling père on such a significant topic, that monies would have flowed freely toward it, and that the subject would have generated a significant, expanding research program. But before his death Keeling wrote poignantly of the difficulties he had faced in obtaining and sustaining funding, and colleagues have noted that he had very few graduate students.71 There are no doubt several reasons this was so—Keeling suggested that his work was viewed as “monitoring” rather than “research,” and colleagues have suggested that his sedulous approach to laboratory measurement made him a tough taskmaster. But one important dimension of his story is indisputable: the Navy was just not much interested in measuring carbon dioxide. Indeed, if von Arx’s judgment was correct, the Navy was not interested in climate at all—which is (as we saw) why von Arx wanted to focus on it!72

        Oceanographers at Scripps did not become seriously interested in carbon dioxide and climate change until the late 1980s, more than a decade after colleagues at the Goddard Institute of Space Studies (James Hansen), the National Center for Atmospheric Research (Stephen Schneider), or the Geophysical Fluid Dynamics Laboratory (Kirk Bryan, Syukuro Manabe, Richard Wetherald). It was also nearly a decade after the National Research Council produced its first major report on the topic, chaired by MIT meteorologist Jule Charney.73 Most of the scientists who took up climate change in the 1970s and 1980s were meteorologists or atmospheric physicists rather than oceanographers. Revelle, an oceanographer, and Hans Suess, a marine geochemist, recognized the significance of carbon dioxide and climate in the 1950s and called on colleagues to pay attention. Von Arx did the same in the 1960s, White in the 1970s. But for the most part, the call went unheeded.

        As an institution, Scripps took up climate research with vigor only after Navy funds were on the decline. In 1987, director Edward Frieman proposed that the institution make a conscious decision to develop climate change as a research focus; his proposal to the University of California was framed explicitly in the context of the need for a new, motivating focus in the face of declining Navy interest and support.74 In later years, as climate change came to the fore as both a scientific and a social issue, the university would make much of the legacy of Roger Revelle, emphasizing his leadership and vision on climate change.75 But this is revisionist history. Revelle had wanted to lead on climate—he had tried to lead—but the reality is that few of his colleagues followed.

        Physical oceanographers were not wrong to shift their attention to climate science in the late 1980s, and they were not wrong in the early 1990s to propose ATOC. As Rodney Fujita and others noted, a better understanding of ocean heat uptake would definitely have been a useful thing. But their representation of ATOC was not merely that it was a project that would help us learn about important aspects of global warming, which their colleagues at NASA had already concluded was under way. They implied that it was the crucial experiment that would prove global warming and thereby break the political logjam. But as several commentators noted, by 1995 there was already a good deal of scientific data showing that climate change was under way, as well as an emerging political commitment to doing something about it. In 1992, world leaders had signed the UN Framework Convention on Climate Change and President George H. W. Bush had pledged to act on that commitment. In 1994, atmospheric physicist Benjamin Santer and his colleagues demonstrated that greenhouse gases were driving tropospheric warming, a finding that led the IPCC the following year to declare that the “balance of evidence” suggested that anthropogenic climate change was under way.76 Perhaps this is why James Hansen was lukewarm in his endorsement of ATOC. Like so many members of the public, he understood that oceanographers were proposing to prove something that he and many of his colleagues in climate modeling felt they already knew.77

        If physical oceanographers had a more balanced appraisal of the role of science in the climate change debate, they might have understood that their project was not as crucial as they made it out to be and perhaps walked away from ATOC before they had invested so much in it. They might have understood, as Fujita stressed, that what the world most needed at that juncture was not more science, but more political will. They might have realized that ATOC came too late.

        We can tell a similar story about Woods Hole, which nowadays has an entire institute dedicated to understanding the role of the oceans in climate change. It, too, was late to the climate table.78 The scientists who might have earlier led such an effort—George Veronis, William von Arx, Melvin Stern, and especially Henry Stommel—all left in the aftermath of the Palace Revolt.79 Oceanographers could have been leaders in understanding climate change, but for the most part they were not. Navy patronage helps make sense of why.

        Moreover, to the extent that the world needed more ocean science in the 1990s, ATOC made clear that what was needed most was not physical oceanography, but marine biology. Recall that a principle argument used in favor of ATOC—and the default assumption that it would do little or no harm—was that the Navy had been using this sort of underwater sound in its operations for decades. This was true. So why was there so little information about its effects?

        The answer by now is clear: the Navy concentrated its patronage on matters that were pertinent to its mission, particularly submarine warfare. It focused—as Paul Fye aptly put it—on what it needed to know. In marine science, this led to a heavy emphasis on physical oceanography and geophysical studies of bottom topography. Research on biological matters was pursued to the extent that it was deemed pertinent (think fouling organisms and the sonar profile of tuna, as well as Sam Ridgway’s work with the dolphins and whales at Point Loma).80 But one of the realizations that emerged from the ATOC debacle was just how little biology had been deemed pertinent. The Navy had been using low-frequency sound for decades—even using marine mammals in its work—yet it had never funded the scientific research that would have permitted the National Research Council to evaluate how that sound affected marine mammals.81 The Navy had paid even less attention to fish. The ONR did fund basic science—so did other Navy bureaus—but it was basic science that “fit the mission profile.” Biology sometimes fit the bill, but mostly it did not. This becomes acutely clear when we consider fish.

      
      
        Forgetting Fish

        In his 1965 annual report to the ONR, Fred Spiess encapsulated the focus of his research group as “knowledge of the generation, propagation and detection of energy in the ocean.”82 That was a fair characterization, and not just of the Marine Physical Laboratory, but of a goodly portion of Cold War physical oceanography. Fair enough: the Navy needed to understand the ocean as a medium through which energy was propagated. But there was no comparable Navy-funded laboratory at Scripps dedicated to understanding the ocean as a place in which fish and other organisms lived. Navy support led to an expansive understanding of the ocean as a theater of warfare, but not so much as an abode of life, and that—even more than climate change—is the road not taken of this story.

        Nineteenth- and early twentieth-century oceanographers had been deeply interested in marine life. Biological sampling was a central activity of the great Challenger expedition, and its chief scientist, Wyville Thomson, was a zoologist. In the early twentieth century, the dominant justification for expanding oceanography as a modern, international science was its relevance to fish. In 1902, when Swedish oceanographer Otto Pettersson spearheaded the formation of the International Council for the Exploration of the Seas, fish were a major part of its context of motivation. A decline in European fish stocks was already attracting scientific attention and social concern, and Pettersson and his colleagues felt that coordinated oceanographic research could determine the cause and suggest remedies.83 Some investigators, for example, considered that an observed abrupt decline in a fish stock in a particular region might simply indicate that the fish had gone somewhere else; others suggested that the impacts of ocean currents on nutrients might be involved. These hypotheses could be tested through appropriate oceanographic work.

        For the next three decades, diverse oceanographic investigations were undertaken, driven by the belief that a better understanding of currents, of the distribution of temperature and salinity, and of nutrients could help explain fluctuations in fish populations. These fluctuations had serious consequences for European countries that relied on fish as a source of food and economy. Even Harald Sverdrup thought that understanding the distribution of nutrients and plankton was an important element of oceanographic work because of its relevance to fish.84

        Fast-forward to 1998. The School of Marine Affairs at the University of Washington has organized a symposium to celebrate its twenty-fifth anniversary. Among the presentations is a paper by Dayton L. Alverson and Karma J. Dunlop on the status of world marine fish stocks.85 Everyone at the meeting is well aware that fisheries around the globe are under duress. The loss of Newfoundland cod has made newspaper headlines; comparable collapses have occurred in Russia, Germany, France, and the United Kingdom. And it is not just cod: the populations of several species that people like to eat, including orange roughy, Chilean sea bass, and bluefin tuna have collapsed. Leading Canadian biologist Daniel Pauly and his colleagues have introduced the alarming idea of “fishing down the food chain”—that as stocks of the largest and most desirable fish are depleted, fishermen begin to target lower trophic levels; their theory is strongly supported by data from the UN Food and Agricultural Organization.86 (A few years later, Dalhousie University scientists Ransom Myers and Boris Worm would publish results in Nature suggesting that ocean ecosystems have been so systematically harvested that only 10 percent of wild fish populations remain.)87 In this context, Alverson and Dunlop raised a shocking point: despite the diverse lines of evidence that suggested severe problems in global fisheries, there was no general agreement as to how to evaluate fish stocks, so it remained unclear whether current fishing levels were unsustainable for most species. Even more startling, in a panel discussion of their paper, it was noted that a majority of marine species remained unidentified.88

        At the end of the twentieth century, many (perhaps most) American biologists would have said that natural history—with its emphasis on taxonomy and classification of species—was a relic of the past, a very nineteenth-century activity, redolent of Wyville Thomson, if they even knew who he was. The exciting work in biology was in molecular biology, genetics, and especially the cutting-edge field of synthetic biology.89 But in fact, the basic natural historical work of identifying, naming, and classifying the world’s marine life had never been completed. Scientists at the end of the twentieth century not only did not know the size of most fish populations; they did not even agree on how to determine their size. Nor did they know how many different species of fish there were. Even among identified species, life histories were poorly known: scientists did not know, for example, how long many species of fish lived or whether females were fertile throughout their lives, which in turn made it virtually impossible to make accurate analyses of populations.90 For all the spectacular advances in oceanography in the twentieth century, basic questions about fish and fisheries remained unanswered.91 Scientists literally did not know how many fish there were in the sea.92

        As the world entered the twenty-first century, it became clear that the collapse of the world’s fisheries was a major environmental catastrophe—as severe as terrestrial biodiversity loss and perhaps more so. Of particular concern has been the impact of fishing on deepwater species. An estimated 40 percent of the world’s trawling grounds are now in waters deeper than the continental shelves, where fish grow slowly and can live to a great age.93 For the remaining 60 percent in shallow waters, the issue is no longer one of “risk,” but of documented damage.

        In 2000, the US secretary of commerce declared a disaster in the West Coast groundfish fishery. In 2003 the Canadian government announced the complete closure of the Newfoundland cod fishery after a moratorium implemented in 1992 had not produced sufficient recovery to justify reopening.94 This closure was not merely a matter of environmental impact, but of social and economic impact as well. As Canadian minister Yvonne Jones explained: “The closure of northern . . . cod fisheries indefinitely is devastating news to Newfoundland and Labrador. It will have an enormous economic impact. . . . The life blood of many communities . . . has been taken away.”95 Jones could have gone further: the end of the Newfoundland cod fishery marked the end of a source of food and livelihood that previously sustained communities in the northeastern Atlantic region for more than three centuries.96

        One might suppose that the Newfoundland cod fishery was mismanaged (and on some level that would be inarguable), but similar patterns were being recognized around the globe. In 2003, the European Commission reported that closures or very severe catch limits had been enacted or were recommended for “all cod stocks outside the Baltic Sea,” and as well as for whiting in the Irish Sea, sole in the western English Channel and Bay of Biscay, hake and lobster off the Iberian Peninsula, and many more.97 Around that same time, the Pew Oceans Commission released the first of a series of preliminary reports on the state of the world’s oceans. Their report on fish and fisheries concluded that the combined effects of overfishing, bycatch, habitat degradation, and fishing-induced food web changes have fundamentally altered the composition of ecological communities and the structure, function, productivity, and resilience of marine ecosystems.98 In 2008, one study would predict the collapse of all wild fish populations by 2050.99 And in 2012, United Nations Secretary General Ban Ki-moon announced that more than half of global fisheries were exhausted and a third of critical marine environments—including seagrasses, mangroves, and coral reefs—destroyed.100

        In the years since the University of Washington conference at which Alverson and Dunlap stressed what we didn’t know about fish, it has become clear that we do know something deeply troubling. The collapse of the world’s ocean ecosystems is an environmental calamity of enormous proportion, arguably as significant as anthropogenic global warming, if not more so (and intricately interconnected to it). While this global environmental catastrophe was unfolding, where were the oceanographers? If Pettersson and his colleagues recognized the developing problem in 1903 and thought that oceanographers could help to solve it, what happened?

        Framed this way, the answer is clear: social and political context had shifted the priorities of oceanographers by altering the problems that were understood to justify government investment in their science—in short, by changing the context of motivation. European oceanography—in Scandinavia, in Germany, in the United Kingdom—was badly damaged during World War II and took a long time to recover. During that time, the United States—as in so many areas of science—became the leader in oceanographic research, where, as we have now seen in detail, attention focused on military affairs. (The Soviet Union continued to sustain a focus on fisheries research, but US scientists seem not to have paid much attention.)101 With the US dominating global scientific oceanography, and the needs of the US Navy dominating US oceanography, oceanographers in the late twentieth century constructed reliable knowledge about the ocean as a physical medium through which sound and submarines might travel, but they also constructed substantial ignorance about the ocean as an abode of life. There is no reason in principle why attention to physical oceanography should have crowded out good biological work, but in practice, it did. It is not just in hindsight that we can see this. As the conflicts at Scripps in the 1930s and the Palace Revolt at Woods Hole in the 1960s revealed, scientists at the time saw it, too. (At Lamont, which was always Navy funded, there was never any biological work to crowd out.)

        The forces driving the collapse of ocean ecosystems, like the forces driving climate change, are not primarily the result of ignorance, but to the extent that ignorance plays a role, we might suppose that there is still time for scientists to pick up the dropped intellectual stitches. Fisheries scientists have certainly tried. In 2010, the Pew Charitable Trusts and Alfred P. Sloan Foundation announced the culmination of their “landmark” Census of Marine Life, a ten-year study involving 2,700 scientists from eighty nations.102 The census generated countless scientific papers, numerous books and conference proceedings, and even inspired a song.103 But like ATOC, it came too late. In this case, much too late. Scientists were trying to count something that to a large extent was already gone.104

        In theory we can always go back and study the things that we have previously neglected. In practice, however, we cannot, because the world is not the same place. As Heraclitus put it long ago, we cannot step twice in the same river; he might also have said the same ocean. Many of the fish that we have valued—as well as many others that we should have valued but did not—are gone, and those that remain live in ecosystems that are drastically altered. It has even been argued that the entire field of marine conservation is based on a fallacy: designing management plans for populations that have already been decimated and building those plans on baselines that are far below what they were before the onslaught of global human predation.105 We cannot go back and pick up where we left off because the ocean is now a different place. Much of what we would want to study is no longer there. The world has been changed; we cannot rewind the tape. We can understand what we have done and why we did it, but we cannot go back and do something else instead.

      
      
        The Giant Squid, Once More

        At the beginning of this narrative, we noted both historians’ interest in whether military support had “distorted” American science in the Cold War and their discomfort with that term. In the chapters that followed, we saw that some of our historical actors felt that military funding was distorting—using that very word. We may argue whether the word distorted is the best one to describe what we have documented; perhaps it is better to say that throughout the history recounted here scientists encountered both epistogenic, or knowledge-producing, and agnotogenic, or ignorance-producing, forces, tendencies, and trends.

        We might expect scientists who are not well funded to complain that they lack sufficient funds, but even among those whose work was amply supported—Henry Stommel, William von Arx, Joanne Malkus, Fred Spiess, and even Paul Fye—the concern arose that there might be a time and place when an important question might arise that would be neglected because it lacked Navy relevance.106 Stommel understood this in terms of a romantic (pastoral!) ideal of scientific freedom, in which each man or woman sets his or her own scientific course. Fye expressed it in terms of “an essential degree of freedom” needed to pursue research.107 Spiess recognized that the Navy was “strongly hardware oriented,” with a tendency to support machines rather than men, building rather than thinking.108

        We have seen how Scripps scientists who focused on biological questions, already marginalized in the late 1930s, were further marginalized as military concerns became central, and how Frederick Aldrich was turned away from using Alvin. We have also seen how Alvin almost didn’t make its most famous and important scientific contribution, as the Navy declined to fund a scientifically exciting but militarily irrelevant investigation of hydrothermal systems at the mid-ocean ridges. And we have seen how geologists who might have made good use of Navy data were unable to do so because of security restrictions. We will never know what these men and women might have done had they been as well supported as their colleagues whose interests did mesh with the Navy’s need to know, but we can surmise that they would have done something, and it might have been significant. Consider, once more, Frederick Aldrich and what he didn’t get to learn about the giant squid.

        Aldrich proposed his investigation in 1965. Fast-forward to 2005, when Japanese scientists for the first time observe and photograph a giant squid in its native habitat.109 The results are published in the Proceedings of the Royal Society and widely reported in the popular press. The New York Times heralds the discovery as “a long-awaited breakthrough,” quoting one scientist: “This has been a mystery for a thousand years.”110 Compared to a thousand years, a delay of forty is perhaps no big deal. There is of course no way to know what Aldrich would have found, or what anyone else might have done in those intervening forty years. But it is clear that Aldrich’s project was not rejected because it was uninteresting or scientifically insignificant. If in using Alvin Aldrich had been able to jump-start a serious study of the giant squid, maybe—just maybe—we would today have a better understanding of the evolution of vision and sight, and maybe even a better answer to the creationists favorite counterargument against natural selection.111 Or maybe we wouldn’t. But we would certainly have learned something that, forty years later, people definitely thought mattered.

      
      
        Epilogue: Motivation Matters

        Navy sponsorship created men who called themselves “Navy- and vehicle-oriented oceanographers” and the geopolitical context of the Cold War—particularly the imperative of elucidating underwater sound propagation for submarine and antisubmarine warfare—made it possible for them to obtain funds for a variety of projects, such as Alvin, which otherwise would have been too expensive and arcane to undertake.112 But the Cold War not only led to financial support and political justification; it also provided psychic motivation, by creating a sense of importance, a sense of being needed, a sense of being part of something larger than oneself.

        When Charles Bates, a geophysicist in the Hydrographic Office (and later an ARPA program director) wanted to recruit young scientists from Princeton in 1948, he wrote to his academic colleagues in the geology department asking them to identify promising candidates and enumerating the benefits of a job at Hydro. Besides the good pay, ample vacation, and intrinsic interest of the work, there was a major advantage that was often overlooked: “Since the work is of a military nature, there is also a certain satisfaction in conducting work for the Armed Services during the current Cold War.”113

        Al Vine believed that meaningful motivation was requisite for most men to do good science. Speaking at a conference on deep-sea research in 1956, he thought that money without clear motivation was hurting his science: “Most of these things [being proposed for the future] are copied from work done in the past when people had far less money than we have now. I am not worried about money as much as about the zeal of people to identify the problem and the particular vehicle that will help them solve it.”114 A decade later, when the Office of the Oceanographer of the Navy sought to define its agenda, one memo noted that defense and nondefense programs could thrive in tandem, because there was “no conflict in the[ir] motivation.”115

        In 2001, Fred Spiess prepared a historical retrospective for the Acoustical Society of America. He began his paper by talking about “the personal relationships that made those times productive and enjoyable.” The Navy context fostered a tremendous sense of teamwork, he recalled, as civilian scientists, Navy scientists, and Navy officers worked side by side to define problems and find solutions. Spiess therefore focused his paper neither on data or theories, nor instruments or experimental practices, but—of all things!—on committees. These included the Hartwell committee that helped push forward SOSUS, and Project NOBSKA, which first met at Woods Hole in 1956 and laid the foundations for what would become the Polaris submarine program. These committees generally met in the summer, often for a month or more, and members came to know one another well. Each time they reconvened they renewed their sense of communal purpose: “Each of us returned home having made new friends and with an expanded view of where our own ideas might fit into the wider scheme of things.” Spiess thus entitled his paper “Motivating the Underwater Acoustics Community.”116

        William von Arx wanted his science to be “inner-directed,” but Spiess found it satisfying to have an extrinsic motivation connected to the “wider scheme of things.” He also found it satisfying to be part of a collegial group of like-minded men, working together on significant matters. While von Arx and his colleagues defended the virtues of basic science—which they interpreted as fundamentally individualistic and nonutilitarian—Spiess defended the virtues of collegiality and usefulness. The distinction between basic and applied science could be parsed in terms of intellectual centrality, but it could also be parsed in terms of ambitions and aspirations, which is to say, in terms of motivation.117

        At one extreme, the Thresher and Scorpion searches and the H-bomb recovery at Palomares were military projects; they had clearly defined objectives related to military hardware and their time frame was immediate. The purpose of scientists’ involvement was not to answer questions about the natural world, but to help the Navy solve the problem at hand as quickly as possible. At the other extreme, the nature of vent ecology is a scientific problem: no one expected that understanding tube worms would have military salience and it mattered little how long the questions took to answer. Not unexpectedly, the Navy paid for all of the former but little of the latter.118 In this sense, we can say that (with some exceptions) the Navy did not pay for basic science.

        Yet a distinction that is clear on its edges can be blurred in the middle, and much of the story told in this book lies in that middle. To Henry Stommel, Joanne Malkus, and William von Arx, Artemis was applied science (or engineering), but to Alan Berman it was research because it was not an operational system. The boundaries of research and application were necessarily subjective, depending on one’s goals. Edward Frieman, the physicist who took the reins of Scripps in the mid-1980s, once commented that “to a physicist, all oceanography is applied science.”119 To a historian, the crucial question is not whether oceanography in the Cold War was basic or applied, but how the Cold War context and military patronage shaped what was learned—as well as what was not learned—about the natural world.

        Philosopher of science Susan Haack has aptly noted that “the external environment in which scientific work is conducted can affect which questions are thought worth investigating . . . and even, sometimes, what results are reached . . . and the environment may be more, or less, hospitable to thorough honest investigation.”120 Quite so. But in this case to think of military considerations as “external” is to miss the point: oceanography grew and prospered in the Cold War because oceanographers shared or internalized the values of their Navy patrons.121 Oceanographers chose to work on subjects that interested them, but those interests were bred, developed, and sustained in a context in which some lines of inquiry were well funded and rewarded—materially, intellectually, and emotionally—while others were not. Fields that were nourished flourished, and those that were not did not.

        Moreover, as scientists trained students, the interests of the next generation were weighted toward issues originally driven by Cold War concerns, even after military funding had decreased or ceased, and even after the political context that inspired them had changed.122 Military concerns were naturalized, so the extrinsically motivated became the intrinsically interesting. One scientist at the Naval Electronics Laboratory encapsulated this experience in 1967, when he wrote to Bruce Heezen describing work he was doing on sound velocity in marine sediments on behalf of a particular Navy project. “This sounds like a drag,” he confessed, “but, surprisingly, I find myself really interested in it!”123 And when I was in graduate school at Stanford at the tail end of the Cold War, the dean of the School of Earth Sciences admonished us not to do just anything that struck our fancies, but to focus on “the next most important question.”124 But the next most important question depends on what was answered last, and that, in turn, depends to a substantial extent upon who has been footing the bill.

        Scientists were not naïve about the way in which Navy patronage fostered and sustained some areas of their science and not others, and periodically they tried to diversify their funding sources for just this reason. In 1968, Fred Spiess suggested to Scripps’s director William Nierenberg that they solicit more NSF support for Deep Tow so that his group might address a wider range of earth science topics: “Development and use of our deeply towed geophysical instrumentation and navigation system has . . . opened up a wide range of new geological-geophysical research opportunities. . . . It seems appropriate, therefore, to request partial NSF support for this work in order to insure our ability to attack problems of basic geological importance without necessity of weighing Naval relevance.”125

        Paul Fye had earlier come to the same conclusion, particularly with respect to the cost of vessel operations. In a letter to NSF earth science director William Benson in 1959, he summarized his situation:

        
          Since the war, the cost of ship operations, other than those related to applied research projects, has been borne mainly by the Office of Naval Research. Although this support has been generous, and in the case of physical oceanography has been unrestrictive in terms of specific research, these funds have been inadequate to provide an essential degree of freedom in the planning of field operations and the development of research programs. Such programs have always to a certain extent been dependent upon associations with military application-type research projects and this has invariably influenced to some degree the direction of the research itself.126

        

        Of course it did. How could it not?
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Woods Hole Oceanographic Institution
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Phone: (508) 548-1400

Telex: 951679

June 14, 1990

Drs George Grice, Judith McDowell,Werner Deuser, Joseph Pedlosky:

Thank you for sending the packet including the memo to
Senior Scientists of Pebruary 14th and the letter from Lane,
@  Fronchmen and hssociates of Mey 8.

My first surprise is the low position of ships on the totem
pole. Taking the two documents together, I deduce that ships are
now regarded to be of lower priority than facilities including a
softball field, basketball court, tennis court, volleyball sand-
pit, paddle tennis court and jogging paths.

My second surprise was the Suggestion that the Institution

needs to "create a new image". I myself rather like the 0ld

Atlantis as a symbol. If something more in accord with our new

sense of priorities is desired, perhaps something like the above
mple letterhead would do.

Yours sincerely,

Hrrrge Sl

Henry Stommel
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(ghTevel Hadloactive Veste Storage Act Gf 1987," (5.1266),
introduced by Senators Evans (R-WA): Murkowskl (RZAK); and Reche
@3y
Cails for regional scorage facilicies and has a strong
subseabed section that catablishes the university
consortivs, sets objectives, and suthorizes fuading for the
consortiva’ (§150 nillion ovér 5 years).

"Subseabed Nuclear Waste Disposal Research Act of 1987,
(5:1428) , introduced by Senator Hecht (R-NV):
Escablishes the Office of Subscnbed Disposal Research within
ehe Office of Energy Research of DOE, establishes the
university consortius, and sets Gbjeccives.

"Muclear Vasce Policy Acc Amendments of 1987," (S.1668),

incroduced by Senators Johnston (D-LA) and MeClure (R-1D).
Reduces the nunber of land sites to be characterized for a
nined repository from 3 to I, provides incentive payments of
$100 aillion per year to the'host scate, and calls For a
Teport on subseabed disposal within 9 ménths. §.1665 is the
primary legislative venicle-

"Nuclear Vaste Pollcy Act Amendments of 1987, (I.R.2888),
iatroduced by Nc. Udall (D-AR) and others
Establishes o Nuclear Waste Policy Commlssion to review the
progran, including lmplementation of section 225
(alternative nethods such as subseabed); and make
Feconaendations €o Congress in 17 months.

Ulluclear Waste Tolicy Act Amenduents of 1987," (H.R.2967),
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Sinilar to H.R.2888, and aiso creates a super Negotiator to
facilitate séléction of repository sites. H.R.2067 is the.
prinary legislative venicle.

“High-Level Radioactive Vaste Storage Act of 1987," (H.R.3077),
intzoduced by M. Morrison (R-UA):
Reglonal storage facilitios and a strong subseabed section
that establishes the university consortiua, sets cbjectives,
2nd authorizes funding for the consortium ($150 millien oeet
B'years). Similar to S.1266.

"Subseabed Nuclear Waste Disposal Research Act of 1987,"
(I-R.3499), introduced by e, dones (D-NC), Chairnan of House
Coamittes dn Nerchant Marine and Fisherics.

Escablishes the Office of Alternacive bi
che DO OFfice of Civillan Radioactive Wabce Management,
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yeers) to provide techaical support. This Ls ehe best bill
Tor subseabed.
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