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FOREWORD ix

FOREWORD

I was in Europe at the time of the Institute of Medicine's symposium, and I
read the accounts of the meeting in the headlines of the French, German, and
British newspapers. Banner headlines, lead stories, front pages everywhere. The
announcement was that a nuclear war would cause AIDS.

No matter that the real AIDS is caused by a virus. The concept of immune
deficiency as a consequence for the survivors of radiation, malnutrition, bums,
grief, and other assaults of nuclear bombardment was compelling.

It was as though the problem of hydrogen bombs had suddenly turned into
something the writers could lay hands on. Something to sit down and think
about, and compose a front page story about; something different from all those
unthinkable matters. To be sure, there were some lines at the bottom of the
stories, continued on inside pages, giving some new estimates of the numbers of
people to be killed outright by blast and bums, the utter impossibility of any
health care system doing anything even marginally useful, and some mention of
the "nuclear winter" scenario. But it was AIDS that caught the attention of the
press, AIDS that made the story.

When I got back to New York a few days later, the whole story had
vanished from the papers, but I found clippings from most of the earlier reports
that had appeared in the national papers and news magazines. Same story: AIDS.

And then that was the end of the matter. No more stories in the days and
weeks that followed, not about the medical consequences of nuclear war. Back
to normal: the stuck inconclusive Geneva talks, the harangues by statesmen
hungry for television, the talk of new talks, arms control talks, treaty violation
talks, editorials saying that neither side can trust the other or ever

Copyright © National Academy of Sciences. All rights reserved.
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FOREWORD X

will, endless bewildering columns on the SDI and the talk about SDI. Wretched,
dishonest, evasive talk, political talk, with no mention anywhere of burnt
blasted vaporized human beings in the billions and half the planet frozen and
irradiated. The same turning away from real life and real death danger that we
have all been tolerating, some of us even encouraging, since we and the
Russians began building our "arsenals," as we like to call the things to make it
seem like old times, same old clash of arms, same excitements. The British and
the French with theirs, and the Chinese and Indians and God only knows who
else with theirs, all of humanity caught up in the craziness like lemmings
running headlong toward the cliff, everyone muttering unthinkable.

We behave as if we really believe these are weapons—even, burn our
tongues, weapons of "defense.”" We brandish them, display them like the spears
and banners of primitive tribes shouting insults across a river boundary, getting
ready to fight, to defend, to burn up the earth for the honor. Maybe holding
back, but only for the moment, at the thought of catching AIDS. And then, next
day, that thought gone.

When I complain, as I bitterly do, to my journalist friends about all this,
they say what on earth do you expect us to do? We can't run front page stories
every day about the world coming to an end, they say. People won't read things
like this, they say.

I raise my voice, yell sometimes, what the hell are newspapers for? You're
supposed to provide information, real news, and this is the news of the world,
the news of the end of the world, print more of it for God's sake before it's too
late, I say. Put the nuclear winter up there on the front page every day, give it
the biggest blackest headlines you've got, make it the main story, run it and run
it. I say all that, and things like that, and they look at me with embarrassment.

But AIDS! And then nothing. And in that one day of stories, down at the
bottom, winding things up, a short paragraph saying 56 million Americans
would be killed outright in a 100-megaton attack on cities; not much better in an
attack on military targets (our "assets," we call them), 38 million if they do that.
That's from 100 megatons, the equivalent of a warning shot over the heads of a
crowd considering that we and the Soviets have between us 20,000 megatons or
whatever the number now is.

I complain to my journalist friends in a voice as reasonable as I can make
it, even good-natured, can't you at least do more to get the public thinking hard
about nuclear winter? Too much uncertainty, they say, you can't be sure about
the weather, can't predict it until it really happens. Anyway, people don't want
to read about it, be told about it. Not a good thing to think about. And anyway,
what can be worse than 2.2 billion sudden human deaths? They ask me that,
then say, that's the closest estimate available for the deaths in a really full-scale
nuclear war, when everything is let fly. How can you get
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people (the "reading public," they say) to think about a lot of clouds, even the
extinction of some other kinds of life on the planet, when you've got a number
that is at least half the human species? Then they use the word that has become
the cliche of late twentieth century statecraft: unthinkable.

That is the center of the trouble, I see that. Nuclear war is for sure, beyond
question, dead certainly, literally, figuratively, any way you don't want to think
about it: unthinkable.

If we go on this way, unthinking, putting it out of our minds, leaving it to
statecraft of the kind we've got all over the world, or leaving it to the editorial
writers, the columnists, the TV newsmen, or the military people, first thing you
know some crafty statesman or some other crafty unbalanced military
personage, one side or the other, is going to do something wrong, say something
wrong, drop something, misread some printout, and there will go 30,000 years
of trying ever since Lascaux right up to Bach and beyond into this benighted
century—all civilization, gone without a trace. Not even a thin layer of fossils
left of us, no trace, no memory.

Pay attention to George Kennan and Solly Zuckerman and their books
along with this one. They have thought longer and more clearly than most
people close to the complexities. Solly Zuckerman, with years of experience as
science adviser to the British cabinet, says we're in trouble because of the
weapons-scientists ("technicians," he calls them, with austere and adult
contempt), and the lack of anyone with the authority and power and real brains
(brains, not easy cleverness or clever craziness) to tell them what to do, or more
importantly what not to do. Tell them: that's enough now, don't improve the
technology, don't make anything technically sweeter or smarter, go home and
we'll pay you to stay there.

Unthinkable is the word for whatever is in front of our eyes but too big to
figure out, too frightening. Pay attention, in this book, to the doctors and the
scientists here assembled.

Everything needed for thinking clearly, wincing all the way but thinking
anyway, is written down in these chapters. Anyone, any age, can read what's
here and understand what we could be in for if we stay on this road. What to do
is another matter, but at least the facts of the matter are laid out here. You'd
better bet your life it's thinkable.

LEWIS THOMAS, M.D.
PRESIDENT EMERITUS
MEMORIAL SLOAN-KETTERING
CANCER CENTER
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PREFACE Xiii

PREFACE

On August 6, 1945, a 15-kiloton atomic bomb ignited the center of the
Japanese city of Hiroshima, flattening it and killing more than 100,000 people.
Just three days later, a second bomb was exploded over the city of Nagasaki,
resulting in the deaths of another 70,000. For months after the attack, many
survivors developed symptoms that puzzled doctors: blood cell abnormalities,
high fevers, chronic fatigue, diarrhea, vomiting, and depression. Physicians
began to term these symptoms "radiation sickness." It would eventually be
revealed that survivors were experiencing an increased incidence of certain
forms of cancer.

Now, forty-one years later, the destructive power of a 15-kiloton bomb
(equivalent to 15,000 tons of TNT) is dwarfed by weapons of megaton force (1
million tons of TNT). Although development of ever more destructive weapons
continues, scientific examination of the effects of nuclear weapons upon the
short- and long-term health of survivors, as well as upon the environment, has
lagged until very recently.

In 1981, Paul Crutzen and John Birks calculated the effects on the Earth's
atmosphere of large-scale fires that would result from a major nuclear
exchange. A subsequent series of analyses expanded on the concept of a midday
twilight or "nuclear winter" that might follow in the weeks and months after a
nuclear war. This led to a fundamental reassessment of postwar environmental
conditions, especially those affecting food production. The early 1980s also saw
the beginning of new efforts by physicians and by scientists from many
disciplines and many nations to examine the indirect health-related

Copyright © National Academy of Sciences. All rights reserved.
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PREFACE Xiv

effects of nuclear war, including intermediate-term consequences for survivors
and effects on persons living far away from anticipated war zones. More
comprehensive appraisals were produced of the catastrophic social, economic,
and psychological sequelae of nuclear war. Scholars began anew to examine the
psychosocial dimensions of nuclear arms competition, international conflict,
and the threat of nuclear war.

The time seemed propitious, therefore, to convene an international group
of scholars in the autumn of 1985 to review the medical implications of these
and other new studies. In addition to considering the direct and indirect health
effects of nuclear attack, these physicians and scientists were asked to examine
the availability of medical resources and the psychological issues surrounding
nuclear weapons and war. It was fitting that this conference was organized
under the auspices of the Institute of Medicine in Washington, D.C. Since being
chartered by the National Academy of Sciences in 1970, the Institute has
devoted itself to examining developments in science, health care, and public
policy that affect the health of the public. Indeed, it has asserted that nothing
can have greater potential impact on health than a nuclear war. A statement
adopted by the IOM membership in 1982 reflects that concern: "Nuclear war is
the single event that could terminate all our efforts to improve the human
condition. That possibility seems particularly ironic at a time when great strides
are being made in alleviating human ills, and even greater advances are in
prospect. . .. The only preventive medicine we know that can avoid the medical
consequences of nuclear war is to prevent nuclear war itself."

It is also fitting that this symposium occurred during Frederick Robbins's
tenure as president of the Institute of Medicine. Dr. Robbins has long been
concerned with the threat of nuclear war, and this symposium last fall was an
appropriate tribute to his five years of leadership. In fact, the symposium has
had the support and guidance of three Institute presidents. David Hamburg, who
was Fred Robbins's predecessor, contributed in several ways to the success of
the symposium—through the support of the Carnegie Corporation of New
York, which he now heads, through his advice on the program as it was being
developed, and through the extraordinary chapter that opens this book. Finally,
Samuel Thier, the current president of the Institute, has directed the review and
dissemination of the results of the symposium, including this volume.

In his opening remarks to the conferees, Frank Press, president of the
National Academy of Sciences and chairman of the National Research Council,
emphasized the value of vigorous scientific debate on this topic: "The
profundity of the consequences of nuclear war are such that symposia of this
type—building up momentum for these issues and for public concern and
disseminating the kind of information and knowledge that is generated at a
conference like this—are a most valuable public service."
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Moreover, Dr. Press reminded the audience that, despite the level of
internal government activities, many of the best ideas for the control of nuclear
weapons and the best estimates of the consequences of nuclear war have come
from scientists and scholars working outside official circles. Indeed, during that
September weekend, more than 80 scientists from nine countries were joined by
concerned members of the general public. Thirty papers were presented which,
after subsequent refinement, have become the contents of this volume. The
authors come not only from government laboratories but also from private
consulting firms, hospitals, and academia.

In the months that have passed since the symposium, the failures of U.S.
and European space launch vehicles and the accident at the Soviet nuclear
power plant have dramatized an important point: there are difficulties inherent
in the design, maintenance, and operation of complex fail-safe systems. The
tragedies at Cape Canaveral and Chernobyl seem to underscore certain
conclusions in David Hamburg's opening chapter and in Part IV of this volume:
namely, we cannot depend indefinitely upon technology, prudence, or good
luck to safeguard mankind from the risk of nuclear war. In fact, it is argued, the
hazards of nuclear weapons and modem strategic systems are so complex and
permit so little margin for human error or misunderstanding in a time of crisis,
that even the most sophisticated efforts of crisis management might fail us in a
nuclear confrontation. In the long run, strategic military crises must be
prevented from developing among the nuclear powers of the world, because
neither human judgment nor technology can be relied upon to avoid nuclear war
in the event of a prolonged and complex confrontation.

This volume is divided into five parts. The first provides an overview of
the physical and environmental effects of nuclear war, setting the stage for later
sections that address the medical impact of various types of nuclear attack.
Among the papers in Part I is a disturbing report by Theodore Postol from the
Stanford Center for International Security and Arms Control. Based on the
properties of modem nuclear weapons, he estimates that firestorms triggered by
nuclear explosions would kill two to four times as many people in or near cities
than have been predicted by standard government studies. Unlike Hiroshima
and Nagasaki, where many of the survivors were able to walk out of the blast
zones and seek help, contemporary weapons would produce vast "hurricanes of
fire," making escape impossible over wide areas.

Other contributors to Part I review the physics of large urban fires and
update projections of nuclear winter. "Nuclear famine" is also described,
drawing on the very recent work of SCOPE (The Scientific Committee on
Problems of the Environment of the International Council of Scientific Unions).
Because of the dependence of third-world countries on rice, wheat, and corn
harvests, as well as on agricultural support from the world's superpowers, a
nuclear attack that destroyed crop harvests and stockpiles and interrupted
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distribution systems might kill more people in noncombatant nations than in
combatant ones. And new ecological concerns are raised—for example, the
toxicity of an environment laden with the by-products of burning plastics and
other man-made materials.

In Part II, the consequences of nuclear war are considered from a
standpoint of deaths, injuries, and, especially, the health of survivors. In
preparation for this symposium, a Princeton University research team developed
the first detailed computer model outside the classified literature for calculating
U.S. casualties from a nuclear war. This model was then used to examine the
sensitivity of casualty estimates to various assumptions about nuclear weapons
effects. The work indicates that if some heretofore standard assumptions are
revised—as proposed in several of the other papers in this volume (e.g., greater
lethality of firestorms or of radiation exposure)—a "limited" attack solely on
strategic nuclear targets would kill tens of millions, a figure much greater than
earlier government estimates. The Princeton group also demonstrates that it is
virtually meaningless for military analysts to distinguish between attacks in
which nuclear weapons are used on military-related industries but not on
civilian targets and attacks in which cities are targeted per se: the toll is nearly
as great in either case because such industries are so frequently located within
or adjacent to major population centers.

Also in this section, physicians and scientists describe problems of triage
and care of the injured survivors of nuclear war. They provide new estimates of
the lethality of radiation exposure under wartime conditions, consider the
effects of food shortages and malnutrition on the prospects for survival, and
discuss the psychological consequences of surviving major disasters. Scientists
from Norway and the Soviet Union offer estimates of the long-term genetic and
carcinogenic effects of nuclear weapons use. In a provocative new synthesis,
the combined effects of high levels of ionizing and ultraviolet radiation, bums
and physical trauma, malnutrition, and psychological stress upon human
immunology are examined; investigators from Brown University argue that
these multiple insults would impair the cell-mediated immune capability of a
great many survivors, making them likely to succumb to diseases such as
pneumonia, tuberculosis, and cancer—diseases that are prevalent among today's
victims of the virus-caused immune deficiency known as AIDS.

Part III reviews the demand for medical resources after a nuclear attack
and estimates the actual supply likely to be available. If a single one-megaton
bomb were exploded over the city of Detroit, for example, it is calculated that
survivors would need about forty times the number of bum beds currently
available throughout the entire United States. They would also need twice the
number of intensive care beds currently available, and the need for blood
transfusions would exceed the existing supply many times over. A more
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extensive nuclear exchange involving the United States, Europe, and the Soviet
Union and its allies would wipe out most of the world's supply of
pharmaceuticals, medical equipment, and food. Also in Part III, two social
scientists offer an economic and social perspective on the consequences of
nuclear war.

Contributors to Part IV address the nuclear arms race from a psychosocial
point of view: How does the threat of nuclear war affect the attitudes and
behavior of adults and children? Studies provide evidence that many young
children are worried about the possibility of nuclear war; most learn about
nuclear war from television or the media and rarely discuss it with their parents.
One study indicates that people in their late teens are somewhat less concerned
than younger children; and surveys of adult attitudes consistently indicate that
although most people believe a nuclear war has a moderate chance of occurring
within their lifetime (and also believe they will not survive it), they take no
action toward preventing it.

The maintenance of hope and the denial of responsibility in the nuclear age
are also discussed in Part IV. Furthermore, a review of the demands on
managers of nuclear weapons systems leads to serious concern that there might
be a breakdown of leadership in the case of a nuclear attack. The attitudes of
world leaders toward war and power are examined, as is the history of decision-
makers' behavior under the stress of international crises.

Finally in this section is a call for improving the screening system used to
select nuclear weapons handlers. Although psychological problems are
supposedly discerned before candidates are chosen, a psychiatric interview for
weapons handlers is not required, and more than 3,000 previously screened
armed forces personnel are removed each year from weapons handling because
of alcohol or drug abuse, mental disorders, and other psychosocial problems.

Rounding out the book are remarks by Carl Sagan and Lynn Anspaugh,
who offer contrasting viewpoints on the prospects for recovery from nuclear
war and on the use of scientific information in policy-oriented discussions in
this area. Many scientists, like Sagan, emphasize the importance of assuming
"worst-case" analyses as the basis for policy discussions—much as military
planners assume worst-case scenarios in projecting defense needs—while others
agree with Anspaugh that the uncertainties in any discussions of the
consequences of nuclear war are so numerous, and so fundamental, that they
preclude the application of these studies to policy debates. There seems to be
wide agreement that the biological and environmental effects of nuclear war are
not fully understood and that our knowledge of these issues will continue to
grow as research continues; however, compared with research expenditures on
the physical aspects of nuclear weapons effects, biological, psychosocial, and
ecological studies appear to be underfunded and late in starting.
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Herbert Abrams, a member of the symposium'’s steering committee, closes
the volume with a powerful, personal summary of lessons to be learned from
the Institute of Medicine's conference.

The value of this symposium is, in large part, a credit to the steering
committee, which worked many long, hard hours despite ongoing
responsibilities at universities, hospitals, and research facilities. All the
members of the committee, along with the authors of these chapters, share a
deep commitment to the importance of this work and made many extraordinary
efforts to make the symposium successful. Special recognition is due Marc
Messing, who served as symposium coordinator, and the staff of the National
Academy Press, which transformed the symposium papers into this attractive
volume. It was our pleasure to work with them.

The symposium could not have taken place nor could this volume have
been published without the generous support of the Carnegie Corporation of
New York. We also want to thank the National Research Council for its
financial assistance.

We believe that the papers presented here constitute the most
comprehensive and authoritative review to date of health-related issues
associated with modern nuclear weapons and the threat of nuclear war.
Moreover, as a result of preparation for the symposium and interaction at the
conference itself, new calculations and hypotheses emerged that are potentially
of far-reaching importance. It is our hope that this volume will increase public
understanding of the risks and consequences of nuclear war and will inspire
scientific efforts and government actions designed to avoid such a catastrophe.

ROBERT Q. MARSTON, M.D.
CHAIRMAN

FREDRIC SOLOMON, M.D.
PROJECT DIRECTOR
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UNDERSTANDING AND PREVENTING
NUCLEAR WAR: THE EXPANDING
ROLE OF THE SCIENTIFIC
COMMUNITY

David A. Hamburg, M.D.

Carnegie Corporation, New York, New York

The consequences of nuclear war constitute the central facts of our age.
Everything else in contemporary experience hinges on them, depends on them,
follows from them. Therefore, it is exceedingly important to get the facts
straight. We deal with a metric that our species has never had to deal with in the
millions of years of its history—a metric involving the sudden elimination of
tens or hundreds of millions of people and perhaps the deaths of billions in a
matter of months. That is something we have never had to accommodate, and I
am not sure we can. Grasping the meaning of these numbers is a very difficult
thing to do, for it constitutes a qualitative break with the experience of the
species. It is not just World War II written large. It is a fundamentally and
profoundly different experience. So I believe that the facts that scientists are
clarifying here represent the most important facts our species has ever had to
deal with.

We all like to see the caring, loving, creating side of human experience.
We want to believe that this side will dominate in world affairs, and perhaps it
will. Indeed, an occasion like this gives some hope that it will, but let us recall
George Bernard Shaw's incisive remark: "We cannot help it because we are so
constituted that we always believe finally what we wish to believe. The moment
we want to believe something, we suddenly see all the arguments for it and
become blind to the arguments against it. The moment we want to disbelieve
anything we have previously believed, we suddenly discover not only that there
is a mass of evidence against, but that this evidence was staring us in the face
all the time."

The tendencies to wishful thinking, to complacency in the face of hard
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reality, to avoidance of facts, to denial of the significance of facts—these are
perhaps our worst enemies in the nuclear arena. There are people who believe
that we can manage any kind of crisis, take any kind of risk, treat nuclear
weapons like any other weapons, and still come away from every brink in good
shape.

Beyond the fact of the large scale of killing throughout human history, and
the unprecedented scale of killing that now lies before us, is an underlying fact
that deserves our serious attention. Human societies have a pervasive tendency
to distinguish between apparently good and bad people, heroes and villains, or,
more generally, between in-groups and out-groups. Historically, it has been
easy for us to put ourselves at the center of the universe, attaching a strong
positive value to ourselves and our group, while attaching a negative value to
certain other people and their groups. It is prudent to assume that we are all, to
some extent, susceptible to egocentric and ethnocentric tendencies. The human
species is one in which individuals and groups easily learn to blame others for
whatever difficulties exist, but in terms of the nuclear predicament, blaming is
at best useless and most likely counterproductive. We have seen all too much
finger-pointing between the superpowers, and for that matter, among nations
throughout the world.

The crux of my presentation is that the circumstances surrounding nuclear
war call for a new level of commitment by the scientific community to reduce
the risk of nuclear war. What the world requires is really a mobilization—
something akin to a wartime mobilization of the best possible intellectual,
technical, and moral resources over a wide range of knowledge and
perspectives. We need a science-based effort to maximize the analytical
capability, the objectivity, the respect for evidence that is characteristic of the
scientific community worldwide, and indeed the worldwide perspective that is
itself an integral part of the scientific community.

These efforts should bring together scientists, scholars, and practitioners to
clarify the many facets of avoiding nuclear war. To generate new options for
decreasing the risk, we need analytical work by people who know the weaponry
and its military uses. But that is far from enough to do the job. We also need
scholars who know the superpowers in depth; people who know other nuclear
powers; people who know third-world flash points; people who know
international relations very broadly; people who know a lot about policy
formation and implementation, especially in the superpowers; people who
understand human behavior under stress, especially leadership under stress;
people who understand negotiation and conflict resolution—and much more. In
other words, the relevant knowledge and
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skills cut right across all the sciences—physical, biological, behavioral, social.

Analytical studies of this kind are likely to be much more useful if they are
informed by the perspective of policymakers, and policymakers can benefit
greatly from having such studies—new ideas, a wider range of options, and
deeper insights—in other words, a continuing dynamic interplay between the
scientific community and the world of policy.

I want to refer to a few examples of the emerging generation of rather
complex, serious, analytical efforts in the scientific and scholarly communities
on the issue of avoiding nuclear war, bringing in heavy intellectual and
technical firepower for peace, not for war. I cite examples that are primarily
taking place in the United States because I am more familiar with them and
have actually been involved in some. U.S. activity has been rapidly increasing
in recent years, and I hope there will be similar upsurges in many countries.
Now let us consider some examples of international scientific cooperation for
avoiding nuclear war.

Since this conference is a medical one, it is appropriate to point out the
recent activity of medical organizations in this field. A serious, worldwide
effort has been made to stimulate public awareness of the harsh facts of nuclear
war. Many different facets of the problem have been illuminated by analytic
work and education of the public on the basis of best available information.
Prominent in this effort have been the Physicians for Social Responsibility,
International Physicians for the Prevention of Nuclear War, World Health
Organization, British Medical Association, and the American Medical
Association; others have contributed as well. The central point is that a kind of
awakening has occurred in the medical community to the responsibility of
addressing the immense nature of the threat to public health.

The present meeting is an activity of the National Academy of Sciences,
which in 1980 established the Committee on International Security and Arms
Control (CISAC), chaired for several years by Marvin Goldberger and now
headed by Wolfgang Panofsky, both distinguished physicists. There is a
counterpart "CISAC" in the Soviet Academy of Sciences, chaired by
academician E. P. Velikhov, also a physicist of note. Both committees are
staffed by people with rich backgrounds in arms control and international
security. CISAC's main function is to meet with its Soviet counterpart twice a
year, once here and once in the Soviet Union, with a good deal of preparation
between meetings. The discussions have dealt with almost all the major topics
of the arms control field; in fact, CISAC has primarily been an arms control
committee. These meetings have made it possible to consider in an open-
minded, exploratory way a
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variety of major issues between our two countries. There has been a minimum
of boilerplate; a minimum of hostile rhetoric; and a good deal of serious,
thoughtful discussion based on the facts of the awesome nuclear stockpiles:
ways to reduce those stockpiles, ways to balance them, ways to increase their
stability, and ways to enhance safety in their maintenance.

CISAC has also had the useful function of educating the members of the
National Academy of Sciences. For the past 3 years, it has conducted in-depth
seminars immediately preceding the annual meeting of the Academy, and
hundreds of Academy members have participated in both occasions. The first
was a broad coverage of the arms control field and the second a specific focus
on strategic defense. CISAC also put together a volume called Nuclear Arms
Control: Background and Issues, published by the National Academy Press in
1984. Indeed, it has been altogether a constructive and stimulating body both in
its activities in this country and in its interchange with Soviet counterparts over
its history. And 1986 should see further extension in the range of its activities.

In 1985, there was a new initiative in the National Academy of Sciences—
the creation of a Committee on the Contributions of the Behavioral and Social
Sciences to Avoiding Nuclear War. This group explores in depth some of the
topics that are represented in this meeting as well as others. It is an enterprise of
great potential importance and we may well find it useful to approach the Soviet
Academy in due course about some counterpart group.

Now let us move to another important organization in this country, the
American Association for the Advancement of Science (AAAS). This is a very
interesting organization because it is a kind of broad umbrella group covering
all the sciences. It is deeply engaged in national science policy and is an
important articulator of relationships between the scientific community and the
government, a useful link between that community and the society at large, and
in recent years a very active participant in the arms control and national security
fields.

In 1981, AAAS established the Committee on Science, Arms Control and
National Security to encourage its own members to become more informed on
these matters and more deeply involved in them and, also, to provide links
between the scientific community and the policy community. It has been very
effective, in my judgment, in fostering a lively interplay between scientists and
policymakers on arms control and international security issues.

The AAAS annual meeting is a very large gathering that evokes a great
deal of public interest and media coverage. AAAS also holds about 10 major
symposia each year on reducing the risk of nuclear war. They cover arms
control, of course, but also approaches beyond arms control, such
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as crisis prevention, about which I will say more later.

The official journal of the AAAS, Science, has increasingly given extended
coverage to the issues under discussion at this meeting and related ones. Under
its new editor, Daniel Koshland, there is a commitment to increase even further
the coverage of subjects pertinent to the avoidance of nuclear war. In November
1985, AAAS's magazine for the lay reader, Science 85, had a special issue on
science, technology, and peace. Coinciding with its publication was a
symposium for journalists based on this issue.

AAAS also sponsors seminars for members of Congress and their staffs.
The most recent one centered on crisis prevention and nuclear risk reduction.
This year, for the first time, AAAS will have a highly visible and very-high-
quality meeting that will be the first of an annual series of national colloquia on
avoiding nuclear war, bringing together the scientific and scholarly
communities with a wide cross-section of national leaders and the public at large.

Now I turn to another organization, the American Academy of Arts and
Sciences, based in Cambridge, Massachusetts. Its Committee on International
Security Studies (CISS) has just completed a major study of weapons in space,
reported in the most recent issue of Daedalus . A book based on this project is
forthcoming. CISS is also completing a project on Crisis, Stability and Nuclear
War, conducted jointly with Cornell University, that looks particularly at crisis
management issues, command and control communication questions for both
U.S. and Soviet nuclear forces, delegation of authority in time of crisis, and the
very dangerous interplay of military alerts between the superpowers.

The American Academy will soon be publishing a volume that analyzes
whether the superpowers place too much emphasis on the technical aspects of
weaponry and not enough on underlying political and psychological factors that
exacerbate conflict. It aims to illuminate underlying factors in the U.S.-Soviet
relationship that make the weapons so dangerous.

The American Academy is actively supporting Pugwash. Pugwash, of
course, was the pioneering international forum in this field. Active interest
continues, and one phenomenon of the American participation is a growing
involvement of young scholars. Pugwash is dealing with critical issues:
conventional deterrence in Europe, regional conflicts that can lead to nuclear
war, and the ramifications for Europe of strategic defense.

The American Academy is also trying to enlarge the role of U.S.
universities and colleges in addressing nuclear issues. It has started a
Kistiakowsky visiting scholar program honoring the late scientist who was the
President's Science Adviser in the Eisenhower administration. In this program,
distinguished scholars visit smaller colleges and universities that
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are starting courses and other activities in this field. Perhaps the most striking of
the American Academy's outreach efforts occurred some months ago in a
meeting held jointly with the Planetary Society and with the cooperation of the
National Academy of Sciences. The meeting was devoted to ballistic missile
defense (BMD) and antisatellite (ASAT) matters, including effects of the BMD
and ASAT programs on U. S.-Soviet political relations, on the superpowers'
strategic stability, and on civilian uses of space. This meeting was covered
extensively by the national news media in this country. Finally, in connection
with the American Academy's Weapons in Space Project, there is a U.S.-Soviet
activity led on the Soviet side by academicians Velikhov and Segdaev, together
with Professor Frank Long of Cornell University.

Let me now mention a set of studies being supported by the Carnegie
Corporation of New York on different facets of strategic defense and to some
extent dealing also with the way the Strategic Defense Initiative (SDI) impinges
on other security uses of space and on civilian uses of space. This is, after all,
an exceedingly complex area: technical feasibility, economic considerations,
strategic considerations, international relations; there are so many facets
affected by SDI that it is important to have a set of objective, analytical, science-
based, independent studies. These studies are open to full critique, will be
published, and should be useful to governments and the public. I have already
sketched the American Academy of Arts and Sciences study. There is another
being done in the University of California system headed by Professor Herbert
York and involving various campuses of the university, as well as the special
laboratories associated with the University of California. The American
Physical Society is also conducting a study with the cooperation of the U.S.
Department of Defense. And the Johns Hopkins School of Advanced
International Studies, headed by the former Secretary of Defense, Dr. Harold
Brown, and the United Nations Association of the United States are each
conducting their own studies. The earliest such study came from Stanford
University, with Drell and Farley as the principal authors. More recently, the
Stanford group completed a report on a specific space defense research program
that would be consistent with the Anti-Ballistic Missile (ABM) Treaty and with
improved U.S.-Soviet relations.

The crisis prevention approach deserves mention here. In essence, it is an
antidote to complacency in the spirit of science: raising questions, challenging
assumptions in seeking ways to reduce the risk of the use of nuclear weapons,
looking at factors that influence the use of these weapons. Basically it is
preoccupied with the prevalence of error and misjudgment in human affairs.
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Crisis prevention simply says that it is too dangerous to think that we can
manage nuclear confrontations like the Cuban Missile Crisis time after time and
get away with it. There are too many sources of both human and mechanical
error and, above all, the interaction between human and mechanical error that is
enormously exacerbated in time of crisis.

It is appropriate in this medical meeting to reflect on the wider significance
of the growing research literature on iatrogenic illness. For those of you not
close to medicine, the term refers to medically induced illness. Most of the
studies indicating the serious nature of this problem are coming out of our very
finest hospitals. Even with splendid institutions, a science-based profession, and
highly disciplined teams of workers, tragic mistakes are made. Our power is
greater than ever before, both for better and for worse, and not just in medicine.
It has been my personal good fortune to relate to leaders in government,
science, technology, medicine, and business. They have earned my respect. Yet
I have witnessed serious mistakes in each of these spheres.

In the nuclear war arena, we have only one mistake to make. This is the
first time in history that we really cannot afford one serious mistake. Over the
long term it is vanishingly improbable that, in this field where the stakes are
much higher than any other, we could operate indefinitely in an error-free
environment. That is what the crisis prevention approach addresses. It involves
a variety of strategies and techniques.

One fundamental point of crisis prevention is to avoid subjecting either
superpower to any threatening surprises. The upgrading of the Hotline is a
useful step in that direction. Another idea of crisis prevention is to reach
agreements that deal effectively with situations that are predictably sensitive
and potentially explosive; perhaps the best case in point involves the rules of
sea agreement between the U.S. and Soviet navies. It is highly probable that,
during the course of this meeting, somewhere on the high seas U.S. and Soviet
naval vessels or naval aircraft have encountered each other. They might have
had a very nasty, unpleasant, dangerous exchange if not for the fact that the
rules for such encounters are well established, codified in books on the ships at
sea, and updated and clarified every year at a high-level conference between the
two navies. All this is done in a professional, low-key manner that has survived
political vicissitudes between the two nations.

Similarly we had a recent agreement on nuclear terrorism, a very
appropriate subject to worry about between the U.S. and Soviet governments. It
is only a start, but a step in the right direction. This year, too, we have had
systematic regional consultations where we tried to clarify vital interests in
touchy situations. It may not mean anything more than informal
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understandings about what are crucial interests, but it too is a step in the right
direction. Finally, in this crisis prevention approach, one needs institutional
mechanisms that provide a professional exchange of information and ideas on a
regular basis about matters that could become highly dangerous. In this domain,
the best example is the Standing Consultative Commission (SCC). The SCC has
worked well for more than a decade. Various suggestions about risk reduction
centers in Washington and Moscow are now under active consideration; they
build on the SCC experience and could provide a useful long-term mechanism
for crisis prevention.

Crisis prevention endeavors go beyond arms control. They do not make
assumptions about the levels of stockpiles or the hostility between the two
nations, only hope that both will change for the better. That would be a highly
desirable therapeutic outcome, but the question is, what do we do until the
doctor comes? Until that fundamental change in the relationship occurs, can we
alter the circumstances surrounding the likelihood of use of nuclear weapons?

We in the scientific community are beginning to give the problem the
attention it deserves. There is so much more to be done. When we leave this
meeting, I fervently hope that each of us will ask, What more can I do? Who
can I enlist in the effort? How can I widen that network? What tasks are being
neglected? What organizations and institutions am I familiar with that could do
more useful work in this field?

One more point and a vital one: the scientific community must address the
sources of conflict; it must go beyond the manifestations of conflict or the
weapons that make so much damage possible. What is there in human nature
and human interaction that increases the risk of hatred and destruction, and
what can be done to resolve conflicts?

Scientific study of human conflict is only beginning to expand. It is being
stimulated now by the deep concerns that we all share at this meeting, and yet
the status accorded this field of inquiry has been low, the support has been
minimal, and the institutional arrangements have often been inadequate. I
regard it as one of the greatest challenges of science policy in the remainder of
this century to find ways to understand the nature and sources of human conflict
and, above all, to develop effective ways of resolving it short of disaster.

The world is now, as it has been for a long time, awash in a sea of
ethnocentrism, prejudice, and violent conflict. The historical record is full of
every sort of slaughter based on invidious distinctions pertaining to religion,
race, nationality, and so on. The human species seems to have a virtuoso
capacity for making invidious distinctions and for justifying violence on
whatever scale the current technology permits.
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That is old; but what is new—indeed, very new and very threatening—is
the destructive power of our weaponry; not only nuclear but enhanced
conventional, chemical, and biological. What else is new is the worldwide
spread of technical capability. Thus, it is possible almost everywhere to make or
at least to use effectively the weapons of high technology. What is also new is
the miniaturization of weapons, which opens up all kinds of dangerous
possibilities for terrorism. And the technology that permits the widely broadcast
justifications for violence is new, too. Moreover, there is an upsurge of fanatical
behavior. Taken together, these developments provide a set of conditions that
give us a growing capacity to make life everywhere absolutely miserable and
disastrous, even aside from the fact that two nations probably have the capacity
to render human life extinct.

In this kind of world, the scientific community must pull together in a
reasonably unified way so that the physical, biological, behavioral, and social
sciences can address these profound and pervasive problems. This will require
cooperative engagement over a wide range of scientific activity and will
necessitate overcoming some of our own internal barriers within the scientific
community.

There is one final feature about the scientific community that is worth
bearing in mind. I think it is fair to say that the scientific community is the
closest approximation we now have to a truly international community, sharing
certain fundamental interests, values, and standards, as well as certain
fundamental curiosities about the nature of matter, life, behavior, and the
universe. The shared quest for understanding is one that knows no national
boundaries, has no inherent prejudices, no necessary ethnocentrism, and no
barriers to the free play of information and ideas. So, to some extent the
scientific community can provide a model for human relations that might
transcend some of the biases and dogmatisms that have torn us apart throughout
our history and have recently become so much more dangerous than ever
before. Science can contribute greatly to a better future through its ideals and its
processes—as well as through the specific content of its research—and all these
need to be brought to bear now on the problem of human conflict. As I see it,
the essential scientific outlook flows from some very old and cardinal features
of human adaptation through our long history as a species. The evolution that is
distinctively human centers around our increasing capacity for learning, for
communication chiefly by language, for cooperative problem solving, for
complex social organization, and for advanced toolmaking and tool using.
These attributes have gotten us here by enormously enhancing our capabilities,
not only to adapt to the widest variety of habitats, but also
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to modify our habitats profoundly in ways that suit our purposes.

Now we are challenged as never before to find ways in which these unique
capacities can be used to prevent us from destroying ourselves and especially to
prevent the final epidemic; to prevent that will make possible the search for a
decent quality of life for everyone on the planet. If we have lost our sense of
purpose in the modem world, perhaps this perspective can help us regain it.
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Possible Fatalities from Superfires
Following Nuclear Attacks in or Near
Urban Areas

Theodore A Postol, PH.D.
Stanford University, Stanford, California

INTRODUCTION

During the period of peak energy output, a l-megaton (Mt) nuclear
weapon can produce temperatures of about 100 million degrees Celsius at its
center, about four to five times that which occurs at the center of the Sun.

Because the Sun's surface is only about 6,000°C and it heats the Earth's
surface from a range of more than 90 million miles (about 145 million kin), it
should be clear that such a nuclear detonation would be accompanied by
enormous emanations of light and heat.

So great is the amount of light and heat generated by a 1-Mt airburst, that
if one were to occur at a high enough altitude over Baltimore, observers in
Washington, D.C., might see it as a ball of fire many times brighter than the
noonday Sun. Even if such a detonation were to occur near dawn over Detroit,
out of line of sight because of the Earth's curvature, enough light could well be
scattered and refracted by atmospheric effects for it to be observed as a glare in
the sky from Washington, D.C.

This intense light and heat from nuclear detonations is capable of setting
many simultaneous fires over vast areas of surrounding terrain. These fires,
once initiated, could efficiently heat large volumes of air near the Earth's
surface. As this heated air buoyantly rises, cool air from regions beyond the vast
burning area would rush in to replace it. Winds at the ground could reach
hurricane force, and air temperatures within the zone of fire could exceed that
of boiling water.
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The ferocious hurricane of fire would also be accompanied by the release
of large amounts of potentially lethal toxic smoke and combustion gases,
creating an environment of extreme heat, high winds, and toxic agents in target
areas.

Although the smoke from these fires has been the subject of considerable
attention, as it is possible that significant climate effects could result from its
sudden injection into the upper atmosphere, there has been no comprehensive
evaluation of the implications of these fires for those in target areas.

In this paper, the potential implications of these fire environments on
casualty estimates is assessed.

The standard model for calculating deaths and nonfatal injuries from
hypothetical nuclear attacks assumes that the same casualty rates will occur at
each level of blast overpressure as that which occurred at Hiroshima. This
methodology, which will henceforth be referred to as blast effect, or simply
blast scaling, is the standard methodology used by government agencies to
estimate casualties in nuclear war.

The preliminary analysis presented in this paper indicates that if fire
effects are included in assessments of possible fatalities from nuclear attacks
using megaton or near megaton airbursts in or near urban areas, about two to
four times more fatalities might be expected relative to those which might be
expected from blast scaling calculations.

This enormous increase in projected fatalities is partly a result of the very
large expected range of superfires, which would extend well beyond that in
which large numbers of blast fatalities would be expected, and partly because of
the high lethality in the blast-disrupted and fire-swept environments within the
burning region.

The very great uncertainties in the speculated differences between blast
and fire scaling are due to the great uncertainties in the radius of the potential
fire zone, as well as to uncertainties in the exact nature of the environments
within these zones.

Another feature that emerges from the analysis is that the projected
number of injured requiring medical treatment would be drastically reduced
relative to that projected by blast scaling, as many injured that would otherwise
require treatment would be consumed in the fires. This is consistent with the
findings of German review commissions! which were set up during World War
II to evaluate the effects of large-scale incendiary raids against their cities and
with the findings of the U.S. Strategic Bombing Survey after World War II.2
Both reviews found that the ratio of fatalities to injuries was much higher when
the effects of incendiaries, rather than high explosives, was the major source of
damage from air raids.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/940.html

The Medical Implications of Nuclear \War

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

ALITIES FROM SUPERFIRES FOLLOWING NUCLEAR ATTACKS IN 17
OR NEAR URBAN AREAS

In this paper, the following will be discussed. First, the blast and
incendiary effects that would accompany the detonation of a 1-Mt airburst will
be described. A baseline estimate of the radius of potential incendiary effects
from the airburst will then be established; and the distinctive characteristics of
the resulting giant area fires, high winds, and unusually high average air
temperatures will be described. Evidence is presented to show that contrary to
what has been previously believed,>> attacks on lightly built-up, sprawling
American cities, where the amount of combustible material per unit area is
relatively low, could well result in extreme conditions somewhat comparable to
those of the firestorms experienced in Japan and Germany during World War II.
Estimates of noxious gas concentrations then will be made using data presented
in the previous section, and it will be shown that the combination of these toxic
agents within the fire zone are likely to be lethal to all unprotected individuals.
Anecdotal and medical observations from World War II firestorm experiences
will be reviewed, and a very crude cookie cutter model will be discussed. It is
argued that more sophisticated models are unjustified in view of the large
uncertainties in possible fire radius but that the simplicity of this model still
allows a preliminary assessment of the importance of fire effects. The currently
standard blast effect scaling method will be reviewed and compared and
contrasted with the fire effect scaling method. Projections of casualties using
both blast and fire scaling will then be presented for airburst antipopulation
attacks. This establishes a reference case for the comparison of casualty
projections by both methods and for different target sets. It will be shown that
blast scaling may underestimate fatalities from airburst attacks in or near urban
areas by factors of about two to four. Casualty projections are then compared
for the antipopulation reference attack and a very limited anti-industrial attack,
which is not designed to kill large numbers of people. However, the inclusion of
superfires in casualty predictions indicates that this more limited attack might
actually result in about two to three times more fatalities than that predicted by
the government for the antipopulation attack. This serves to underscore the need
for a better understanding of these weapons effects.

INCENDIARY EFFECTS OF NUCLEAR WEAPONS

In this section, the events associated with the detonation of a 1-Mt airburst
are described. Because the weapons' effects of interest here, blast and thermal
radiation (heat emanating from the fireball), do not change drastically with yield
and because many of the weapons in today's arsenals are of comparable yield,
this discussion will provide background infor
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mation that will allow the reader to construct a picture of an urban target area
following a nuclear attack.

When a nuclear weapon is detonated, an enormous amount of energy is
released in an extraordinarily short interval of time. Nearly all of this energy is
initially released in the form of fast-recoiling nuclear matter which is then
deposited into the surrounding environment within hundredths of millionths of a
second.

Unlike a comparable chemical explosion, in which almost all the explosive
power is in expanding gaseous bomb debris, more than 95 percent of the
explosive power is at first in the form of intense light. Since this intense light is
of very short wavelength (it is soft x-rays), it is efficiently absorbed by the air
immediately surrounding the weapon, heating it to very high temperatures
creating a "ball" of fire.

Because the early fireball is so hot, it quickly begins to violently expand,
initially moving outward at several millions of miles per hour while it also
radiates tremendous amounts of light and heat. This rate of expansion slows
rapidly, and by the time the fireball begins to approach its maximum size, its
average speed of expansion is no more than 5,000 to 10,000 miles/h (about
8,000 to 16,000 km/h).

During the course of its expansion, almost all of the air that originally
occupies the volume within and around it is compressed into a thin shell of
superheated, glowing, high-pressure gas. This shell of gas, which continues to
be driven outward by hot expanding gases in the fireball interior, itself
compresses the surrounding air, forming a steeply fronted luminous shock wave
of enormous extent and power (see Figure 1A).

By the time a 1-Mt fireball is near its maximum size, it is a highly
luminous ball of more than 1 mile (1.6 kin) in diameter. At 0.9 second after
detonation begins, it is at its brightest. Its surface, which masks the much hotter
interior of the fireball from the surroundings, still radiates two and a half to
three times more light and heat than that of a comparable area of the Sun's
surface.

By taking into account atmospheric attenuation (12-mile [about 19.3-km]
visibility), at a distance of 6 miles (about 9.7 km), it would be 300 times
brighter than a desert Sun at noon; and at 9 miles (about 14.5 km), it would still
be 100 times brighter. Thus, extensive fire ignitions would accompany such an
airburst over an urban/industrial area.

Figure 1 shows the development of a 1-Mt airburst detonated at an altitude
of 6,500 feet (about 2 km) at five distinct points of time during the process.®

At 1.8 seconds (Figure 1A), the fireball is no longer expanding very
rapidly, although it is still like a giant luminous and buoyant bubble in the
Earth's atmosphere. It has already passed the time of maximum bright
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ness, and the shock wave has broken away from it, already reaching a range of
more than 0.5 mile (about 0.8 km) from its point of origin.

When the primary shock wave from the explosion reaches the ground (see
Figure 1B), a secondary shock wave is generated by reflection. The primary and
secondary shock waves then propagate outward along the ground, forming a
single vertical shock wave called the reinforced Mach front (see Figure 1C).
The overpressure in this shock is roughly twice that of either the primary or the
secondary shock.

By judicious choice of height of burst, it is possible to maximize the area
over which this Mach front delivers a predetermined level of destructive
overpressure. For the choice of burst height in this example, the area over which
15 pounds per square inch (psi) or more occurs has been maximized.

Figure 1C shows the situation at roughly 11 seconds after detonation. The
shock wave would be about 3 miles (about 4.8 km) from the point on the Earth's
surface over which the detonation occurred (this point is called ground zero),
and the peak shock overpressure would be 6 psi. In the next 5 seconds, the
shock would reach a range of 4 miles (about 6.4 km) and decay to a peak
overpressure of 5 psi.

Figure 2 shows the sequence of events as they might occur at a wood
frame house at a distance of 4 miles. Since the shock wave would take 16
seconds to arrive at the 4-mile range, when the detonation begins, a bright flash
of growing intensity would be observed at the house within tenths of seconds.
Because the shock wave would take a long time to arrive, this is the only initial
indication of a detonation (see Figure 2A). Hence, sounds and noise levels
around the house, at least at this moment, would be relatively unaltered.

The fireball, of course, continues to grow in brightness. Within 1 second, it
is at its maximum brightness, appearing 800 to 900 times brighter than a desert
Sun at noon. The tremendous rate of arrival of radiant power would result in the
effusion of black smoke from the front of the house, as paint would be burned
off the wood surfaces (see Figure 2B). If the building has interior household
materials in it, and they are in the line of sight of the fireball, they would
explode into violently burning fires almost instantly.

Fifteen seconds after the peak in the thermal pulse, the shock wave arrives
(see Figures 2D, 2E, and 2F). Unlike a shock wave of comparable peak
overpressure from a high explosive bomb, which persists for about 0.1 second
as it passes, this shock wave persists for nearly 3 seconds. As a result, it is
accompanied by winds of more than 150 miles/h (about 241 km/h). The shock
wave therefore would first strike the building and then envelope it in a region of
high-pressure air and high winds. The building
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Figure 1

The sequence of events for a 1-Mt airburst detonated at 6,500 feet (about 2
km) altitude are shown in A through E. This altitude maximizes the range from
ground zero at which the primary and secondary shock waves coalesce to give
a 15-psi peak overpressure on the ground (see text). By adjusting the
detonation altitude to 11,000 feet (about 3,353 m), the 5-psi distance could be
increased from 3.8 to 4.3 miles (about 6 to 7 km), but the 15-psi range would
shrink to near zero. Source: Glasstone (1962).9
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Figure 2

The sequence of prompt nuclear effects as observed at a range of about 4 miles
(about 6.5 km). Light from the fireball begins to illuminate the structure a few
tenths of seconds after the detonation (A). As the brightness of the fireball
increases (B), the front of the house gives off a thick black smoke as paint is
burned off by the heating action of the very intense light. After the paint is
burned off, the house is bathed in light of decreasing intensity as the fireball
rises and cools (C). About 16 seconds after the detonation, the shock wave
arrives (D). As it propagates across the building, the front wall begins to cave
in, and tiles are stripped from the roof. When the building is completely
engulfed by the passing shock wave (E and F), the high pressure that now
surrounds the building crushes the structure, and the high winds cause further
damage to the building as it collapses. Source: Glasstone and Dolan (1977)3
and Glasstone (1962).6
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The sequence of prompt nuclear effects as observed at a range of about 4 miles
(about 6.5 km). Light from the fireball begins to illuminate the structure a few
tenths of seconds after the detonation (A). As the brightness of the fireball
increases (B), the front of the house gives off a thick black smoke as paint is
burned off by the heating action of the very intense light. After the paint is
burned off, the house is bathed in light of decreasing intensity as the fireball
rises and cools (C). About 16 seconds after the detonation, the shock wave
arrives (D). As it propagates across the building, the front wall begins to cave
in, and tiles are stripped from the roof. When the building is completely
engulfed by the passing shock wave (E and F), the high pressure that now
surrounds the building crushes the structure, and the high winds cause further
damage to the building as it collapses. Source: Glasstone and Dolan (1977)3
and Glasstone (1962).
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thus would be simultaneously knocked down and crushed as the shock
wave propagates past.

Figures 3A and 3B show typical urban residential structures that have been
subjected to overpressures of about 5 psi from nuclear bursts at the Nevada Test
Site. Because these structures were constructed to study the effects of blast,
precautions were taken to prevent them from burning. The exteriors were
painted white to reflect rather than to absorb light from the fireball, windows
facing the explosion were equipped with light-reflecting aluminum finish, metal
venetian blinds, and roofs were made of light gray asbestos cement shingles.
Also, there were no utilities (gas lines, electric lines, stoves, etc.) that could be
sources of secondary fires from blast effects.

Of course, if fires from thermal and secondary blast effects had been
allowed to initiate in these structures, they would clearly bum with great
efficiency.

It would take 37 seconds from the time of detonation for the shock wave to
reach a distance of about 9.5 miles (about 15.3 km). At this distance, 35 to 36
seconds before its arrival, the fireball would be about 100 times brighter than
the Sun at noon. This is bright enough to cause first-or second-degree skin bums
on those in line of sight. It is also possible, but much less certain, that some
scattered fires could be set in very highly combustible items (possibly some dry
grass, leaves, or newspapers, and also interior curtains and other lightweight
materials).

When the shock wave finally arrives, it will have a peak overpressure
between 1 and 1.5 psi, which would knock windows (possibly with their
frames) out, along with many interior building walls and some doors (see
Figures 4 through 7 and their figure captions).

By 110 seconds, the characteristic mushroom cloud will have reached
about 7 miles (about 11.3 km) altitude (see Figure 1E). However, from the
ground within the target area, it might be difficult to observe, as great amounts
of dust kicked up by the blast wave and the accompanying high winds, as well
as smoke from the fires initiated by the bright thermal flash of the fireball,
could obscure the vision of those inclined to look. For those in the target area
who are uninjured or still alert enough to be aware of their surroundings, the
drama would not yet be over, as fires would begin to simultaneously develop
and intensify over a vast area.

The situation in the target area therefore would be one of extremely severe
blast damage to a range of 3 to 4 miles (about 4.8 to 6.4 km) from ground zero
and very slowly diminishing levels of serious damage out to ranges well beyond
10 miles (about 16 km). Streets would be blocked with debris, water pressure
would drop to zero, gas lines would be opened in places, and power would be
off. Essentially all windows would have been broken, buildings that were not
knocked down would have suffered
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Figure 3

The effects of 5 psi of overpressure from a nuclear detonation are shown for
two structures (A and B) that are typical of those in the United States. Since
the structures were built to study the effects of blast, precautions were taken to
minimize the possibility that fires would be initiated by light from the fireball
or blast disruption effects. For this reason, neither of the buildings contained
utilities of any kind. In addition, the roofs were made of light gray asbestos
shingles, and windows facing the blast were equipped with metal venetian
blinds with an aluminum finish. Source: Glasstone (1962).6
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extensive interior and wall damage (see Figures 4 through 7), and fires of
varying intensity would have been initiated at many points within the target area.

Figure 4

The effects of a nuclear detonation-generated blast of 1.7 psi on a wood-frame
building. Figure 2A shows a similar structure before the blast and Figure 3B
shows that structure after a blast of 5 psi. Although the building shown in this
figure was not knocked down, the front door was broken into pieces and the
kitchen and basement doors were torn off their hinges. In addition, many of the
windows, including their frames, were blown into the building interior. Such a
building, if ignited by blast orthermal effects associated with a detonation,
might burn with great efficiency. Source: Glasstone (1962).6

Figures 8 through 10 show plots of the overpressure and thermal fluence as
a function of range for airbursts of 1-, 0.5-, and 0.1-Mt yields. Each graph
assumes a visibility of 12 miles (about 19.3 km), and for purposes of
comparison, each graph is also accompanied by a plot of the overpressure and
thermal energy that occurred at Hiroshima.

It should be noted that the ratio of thermal to blast effects change
drastically in Figures 8 through 10, as the scales of each of these two quantities
are different with changes in weapon yield. The reasons for this are as follows.

Blast energy from a detonation fills the volume surrounding it. A
detonation would therefore fill a volume with blast energy in direct proportion
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to its yield. Since the size of the sphere's radius varies as the cube root of its
volume, so does the range at which a given peak overpressure occurs. Hence,
the range at which a given peak overpressure occurs scales as the cube root of
the yield.

Thermal energy, unlike blast energy, instead radiates out into the
surroundings. Thermal energy from a detonation will therefore be distributed
over a hypothetical sphere that surrounds the detonation point. If the sphere's
area is larger in direct proportion to the yield of a detonation, then the amount
of energy per unit area passing through its surface would be unchanged. The
radius of this hypothetical sphere varies as the square root of its area. Hence, the
range at which a given amount of thermal energy per unit area is deposited
varies as the square root of the yield.

Figure 5

The first floor joists of a strengthened wood-frame building that has been
subjected to a 4-psi blast from a nuclear detonation. If the building structure
had not been strengthened, the blast would likely have caused it to collapse. At
the 4-psi range, the light from the fireball of a 1-Mt detonation could be 500 to
700 times brighter than a desert sun at noon. Such intense light would ignite
furnishings and curtains in the building, which could then ignite the rest of the
damaged structure. Source: Glasstone (1962).°
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Figure 6

Ilustration of the possible appearance of a building whose exterior walls are
predicted to collapse when loaded at normal incidence with a 1.5-psi blast
from a nuclear detonation. Ignitions caused by the light of the fireball or blast
disruption could potentially result in the rapid development of well-aerated and
extremely intense fires in such structures. Adapted from J. Wiersma and S. B.
Martin, 1973. An Evaluation of the Nuclear Fire Threat to Urban Areas,
Contract DAHC20-70-C-0219, Menlo Park, Calif.: Stanford Research Institute.

This square root scaling is further modified by absorption and scattering of
light in the air, and so it would vary with weather and visibility.

As a result of these different scaling rules, at any range at which a given
overpressure were to occur, the ratio of thermal to blast energy would vary with
weapon yield. For almost all ranges of interest here, in which fires can be set by
light from the fireball, unless visibility is significantly less than 12 miles (about
19.3 km), the ratio of thermal to blast effects would increase with an increase in
weapon yield. Hence, weapons of higher yield are yet better incendiaries than
those of lower yield.

SUPERFIRES AND THEIR ENVIRONMENTS

Figure 11 shows the area over which simultaneous fires could be initiated
by the light from a 1-Mt airburst if visibility is good (10 to 12 miles [about 16
to 19.3 km]). The radius of the circle is 12 km.

At this range the 2 psi of peak overpressure from the blast wave would be
sufficient to knock nonsupporting interior walls out of most buildings (see
Figure 7). It may shatter or badly damage exterior nonsupporting walls on many
buildings as well. Secondary fires from overturned stoves, broken gas lines, and
electrical shorts could then be expected with low but significant frequency. In
addition, the 10 calories per square centimeter
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(cal/cm?) deposited by the fireball would ignite some light fabrics, curtains, and
perhaps other easily combustible items.

At the center of Figure 11 is a silhouette of the area that burned in the
firestorm following the atomic attack of August 6, 1945, on Hiroshima. A box
with sides of 1 mile (about 1.6 km) length puts the scale of the possible fire
region in perspective.

Under the assumptions used in the construction of Figure 11, an area of
about 175 mile? (about 450 km?2), about 40 times larger than that at Hiroshima,
would simultaneously contain fires. It is emphasized, however, that the area
over which ignitions could play an important role in the development of a mass
fire is highly uncertain.

If clouds or heavy fog were in the path of radiant energy from the

Figure 7

The interior of the Hiroshima District Monopoly Bureau building, about 2.3
km from the hypocenter. The building was probably subjected to a blast of
about 3 psi, which did not knock it down but caused heavy interior damage.
Because of the different way blast and thermal effects scale with weapon yield,
the amount of thermal energy from the fireball of a 1-Mt detonation would be
greater than that which occurred at the 3-psi range at Hiroshima. At the 3-psi
range from a 1-Mt detonation, the amount of thermal energy delivered by the
fireball would be about 3 times greater than that which occurred at Hiroshima.
This would greatly increase the likelihood of fire ignitions in the building
interior. Adapted from The United States Strategic Bombing Survey, Physical
Damage Division, 1947.
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Figure 8

The peak blast overpressure and the total amount of thermal energy per square
centimeter are plotted as a function of range from detonation. (A) Range
dependence of peak overpressure and thermal energy from a 12.5-kt detonation
at a height of burst of about 1,800 to 2,000 feet (about 550 to 610 m). (B)
Similar curves for a 1,000-kt detonation at a height of burst of about 8,000 feet
(about 2,440 m). Because the two heights of burst are chosen so that they are
related by the power of the ratio of the two yields [1,000 kt/12.5 kt® = 4.3],
the range at which a given overpressure in B occurs is simply 4.3 times that in
A. However, as can be seen from a comparison of these graphs, the thermal
energy per square centimeter does not scale in the same way as the peak
overpressure. For the 1,000-kt weapon (and assuming 12 miles [about 19 km]
visibility), the thermal energy at a range which results in a given overpressure
is much higher than that which occurs at the same peak overpressure for the
smaller detonation. Thus, the use of blast scaling alone as a method of defining
the environments in which casualties may occur could potentially lead to
predictions that could seriously be in error.
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fireball, the range of thermal ignitions shown in Figure 11 would likely be
reduced (however, secondary ignitions from blast effect would likely be
affected little). If the target area were instead experiencing dry summer weather,
many fires could be set in grass and leaves at a greater range. In winter, if there
were snow cover, this could not occur. But the snow would reflect additional
fireball light into the low-relative-humidity interiors of houses, where fires
would then be more likely.

Also influencing the nature and scale of mass fire dynamics is blast
damage from the shock wave. The blast from the detonation would knock down
some buildings and leave others standing. In standing buildings, windows
would be shattered and many interior walls and doors would be
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Figure 9
The two graphs are similar to those shown in Figure 8, except the choice of
yields is 12.5 (A) and 500 (B) kt.
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blown out or badly damaged, making the buildings and their interiors more
combustible (see Figures 4, 5, and 7). In other standing buildings, exterior walls
could also be knocked down or badly damaged (see Figure 6). These buildings
could provide a well-aerated structure for fire development.

In addition, the blast wave could also initiate secondary fires, as gas mains
would be broken, electrical shorts would be created, stoves would be knocked
over, and the like.

Thus, highly uncertain sources of ignition and conditions of fire spread
could influence the extent of a mass fire region, its development over time, and
its intensity following an airburst over or near an urban/industrial
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Figure 10

The two graphs are similar to those shown in Figures 8 and 9, except the
choice of yields is 12.5 (A) and 100 (B) kt.
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area.” Nevertheless, as individual fires bum and intensify over a vast region, the
volume of heated and buoyantly rising air from the fire zone could increase to
significant levels. If a sufficiently intense source of air heating were created
within the fire zone, the expanding hot air from that region could begin to lift
the vertical column of cooler air above it (see Figure 12A). If the rate of air
heating were very high, this pumping action could be very great. Conversely, if
it were very low, the pumping action could be insignificant relative to that of
other forces influencing the motion of the air above.

10 ealicm?
20

firea that Burned Burmit Dur firea
Fallawang Tha Aiaenic
Atack at leush-rna\

Figure 11

The area over which a mass fire could be initiated from the combined blast and
thermal effects of a 1,000-kt detonation at a height of burst of 8,000 feet (about
2,440 m). The outer circle is highly speculative, as 10 calories/cm? from the
fireball might only initiate scattered and isolated fires in highly combustible
exposed materials. However, the 2-psi blast would result in considerable
interior and exterior damage to structures of the type shown in Figures 4
through 7. The disruption from blast effects could then initiate many secondary
fires that could also contribute to the growth of a mass fire of unprecedented
scale. By comparison, the silhouette shown in the center of the diagram is the
area that burned following the atomic bombing of Hiroshima.

Conceptually, as such a fire develops and as each layer of air in the column
is pushed upward to a slightly higher altitude, that layer would bear a greater
weight of air above it than that of the outside air at the
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same altitude (Figure 12A). Because air pressure at each altitude would be a
result of this weight, the pressure within the air column would be initially
greater than that of the surroundings, resulting in an outward horizontal
expansion of the air in the column (see Figure 12B).

As this occurs, the weight of air above the ground within the column
would decrease, while it would increase above the ground outside the column.
In response, the air pressure at ground level within the column would also
decrease, and the air pressure external to the column would increase. Air would
then begin to flow into the fire zone from the surrounding regions at ground
level.

At upper altitudes, the buoyantly rising heated air from the fire zone would
still create outward driving pressure differentials, and a gigantic circulating air
flow would develop with winds moving outward at high altitudes and inward at
low altitudes.

On the ground, the resulting fire winds would begin to fan the individual
fires, causing them to burn more intensely, radiating greater heat, and
generating firebrands. This action then would cause the fires to spread and
intensify yet more rapidly, increasing the rate of air heating within the fire zone
and generating still more intense fire winds, further fanning fires of still greater
intensity. Thus, a fire of gigantic scale and ferocity could develop, resulting in
very high average air temperatures and winds near the ground.

Figure 13 shows the circulating air motion predicted by two exploratory
numerical simulations of extremely intense firestorms.® Such numerical
simulations contain many assumptions that can result in artifacts; and hence,
their predictions should be taken as illustrative, and detailed results should be
viewed with appropriate caution.

The calculations assume heat inputs per unit area comparable to those of
the Dresden firestorm (about 250 kilowatts per meter squared), but over a circle
of much larger radius (10 km). Of interest is the circulating vortices which
occur at about a 10-km altitude in Figure 13A and at a 5-km altitude in
Figure 13B.

In Figure 14 the two different assumptions about the rate of change of
temperature with altitude used in these calculations are shown. The simulated
result in Figure 13A assumed a dry adiabatic lapse rate” of -9.8 °K/km, while
the simulated result shown in Figure 13B assumes a standard U.S. atmosphere,
with a tropospheric lapse of -6.5 °K/km (see Figure 14).

The additional buoyancy generated by the colder atmosphere simulation in
Figure 13A relative to that in 13B is likely the cause in the upward

* The lapse rate is the rate at which the atmospheric temperature changes with altitude.
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Figure 12

The drawings show how a mass fire that bums simultaneously over a large area
can generate high ground winds. In A, buoyantly rising air from a fire zone
pushes air at higher altitudes upward and outward. Eventually this action can
result in the establishment of a macroscopic flow field of enormous power and
extent (B). If the heat output per unit area from combustion is reduced, but the
area over which the heat output is produced is increased, such a large
circulating pattern might still occur. Thus, predictions of ground winds and air
temperatures from mass fires must consider both the scale of the fire and the
heat input per unit area in the region where such fires bum.
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Figure 13

Two numerical simulations reported in note 8 of flow patterns from a very
intense mass fire that results in 250 kw/m? of heat input over a circle of radius
10 km are shown. The two simulations assume different vertical temperature
profiles (shown in Figure 14). Although the large-scale atmospheric motions
for the two different vertical temperature profiles differ, the predicted ground
winds near and within the fire region are almost identical. It is therefore
possible that subtle details of weather may not be an important factor in the
creation of severe ground conditions in and around a sufficiently intense mass
fire.

Source: Hassig and Rosenblatt (1983).%
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A conceptual demonstration of fire interactions on a much smaller scale is
shown in photographs of a fire experiment with candles (see Figure 15). The
flow fields from the separate fires clearly interact, as the fires and their plumes
begin to merge, resulting in a mass fire of enormously greater scale.

It is therefore possible, at least conceptually, that intense regions of fire
initiated from multiple attacks with low-yield nuclear weapons could also
generate mass fires of enormous scale and intensity, possibly indistinguishable
from those initiated by larger-yield weapons.

Small, Larson, and Brode have constructed a hydrothermodynamic theory
that permits exploratory scaling studies of possible near surface environments in
regions of mass fire. The average ground temperatures predicted in some of
their calculations are shown in Figure 16.

In these calculations, it is assumed that a mass fire would burn out to a
range of 12 km. Heating rates that are appropriate for fuel loadings found in
lightly built-up cities of the type found in the western United States are assumed
as input for the results presented in Figure 16A (average heat input rates of
about 25 to 30 kw/m?), and rates more appropriate to heavily built-up eastern
industrial cities are used as input in Figure 16B (average heat input rates of
about 75 to 80 kw/m?). Other assumptions of a blast-modified versus
unmodified city assume that centers of the fire regions would be so heavily
damaged by blast that much of the combustible material would be buried in
rubble and, hence, would not be sufficiently exposed to burn.

A most striking prediction of these calculations is that the average ground
level air temperatures would be above the boiling point of water throughout the
fire zones, even if the city were lightly built-up. The calculation for the lightly
built-up city also predicts average winds of 35 to 40 miles/h (about 56.3 to 64.4
km/h), which is comparable to those that are known to have occurred at
Hamburg. Predictions for a heavily built-up city estimate that there would be
average wind speeds near 60 miles/h (about 96.5 km/h). Channeling of such
average winds down streets or over terrain features for either case could well
result in hurricane-force winds at the street level.

ESTIMATES OF NOXIOUS GAS CONCENTRATIONS
WITHIN THE MASS FIRE REGION

The physical environments discussed in the previous sections are average
environments. Actual physical conditions could differ substantially from
location to location within a fire zone. However, areas that experience winds
less than the average may experience temperatures higher than the
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Figure 15

The series of photographs illustrates how the pumping action from buoyantly
rising air from a collection of individual fires can create large-scale air currents
that would not result if each fire were to burn in isolation. In A, a circle of
candles that are part of a matrix of candles separated by 0.5 inch (1.27 cm) are
lit. Buoyantly rising air from individual fires immediately results in large-scale
air currents that bend the flames toward the center of the burning circle. In B
through D, the inward air motion becomes increasingly well established,
resulting in fire spread to the entire area surrounded by the original circle of
flames. Reprinted from A "Fire Book" on Fire Safety in the Atomic Age. ©
1952 National Fire Protection Association, Quincy, Mass. Reprinted with
permission.
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Figure 16

Calculations of average air temperatures for modeled mass fires in lightly (A)
and heavily (B) built-up cities. The lightly built-up city is assumed to consist
of a 3- to 12-km outer belt where 15 percent of the area is covered by buildings
of 1.5 stories average height. The average fuel loading per story is assumed to
be 16 Ibs/ft?. It is further assumed that 90 percent of the fuel is consumed
within 3 hours and each pound of fuel consumed releases 8,000 BTUs of
energy. In the central region of radius 3 km, the average fuel loadings are
higher. The heavily built-up city shows similar results for a city that consists of
a 6- to 12-km outer belt with 25 percent of the area covered by buildings of 2.5
stories average height. The fuel loading per story is also 16 lbs/ft?, and the
region within 6 km of the city center is still more built up. The solid curve
shows average air temperatures (in degrees Fahrenheit) for the cities if all
materials are assumed to burn according to these rules. The dashed curves are
predictions of the model if it is assumed that the centers of the cities mostly do
not burn, due to rubble from blast burying most that is combustible. Adapted

from Larson and Small (1982).1°
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average, as heat generated by local fires might not be carried off as
efficiently. In addition, other toxic effects of a mass fire may play an important
role in determining whether or not those within the fire zone could survive. It is
therefore of interest to examine and identify some of the other possible threats
to those in a fire zone.

Because heating rates from combustion in the fire zone would result in
high ground winds, there would be considerable mixing of large volumes of air
with combustion products. A detailed calculation of combustion gas
concentrations therefore requires a computationally powerful simulation or
hydrothermodynamic modeling techniques of the kind discussed in the previous
section.

However, because these techniques already provide estimates of the
average air temperature and heating rates within the fire zone, they can be used
to derive a very crude estimate of average gas concentrations as well.

In addition to estimates of the average air temperature and heat input for
both the lightly and heavily built-up cities, estimates of the average output of
energy and noxious gases per unit weight of burned material are also required.
With these inputs, a very rough estimate of gas concentrations can be made for
the postulated regions of mass fire.

The procedure for doing this is as follows. First, the average air
temperature and heat input data from the hydrothermodynamic calculations are
used to estimate the mass of air that would be heated per unit weight of material
burned. The mass of material that must be burned to produce this energy and
the amount of gas that would be given off in the process of combustion are then
calculated. The ratio of the mass of combustion products to that of the heated
air then gives a rough measure of the gas concentration.

Quantitative estimates of carbon monoxide and carbon dioxide generation
in open fires vary by about an order of magnitude, ranging from about 600
pounds of carbon monoxide per ton (about 273 kg per metric ton) to about 50
pounds per ton (about 23 kg per metric ton).'3!° Values for the ratio of carbon
dioxide to carbon monoxide produced in different combustion experiments also
vary considerably (from 10 to 50).2°?> Using these extremely varied data on
combustion product outputs and the heating rate/average air temperature
relationships calculated by Small, Brode, and Larson,”!” the range of average
carbon monoxide and carbon dioxide concentrations can be estimated for the
area within the region of combustion.

Neglecting radiative losses, the amount of energy required to raise the
temperature of a mass of air in the combustion zone by T degrees is governed
by the heat capacity of air:
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Energy
required to
raise a
mass of Change in
air by = Mass * Heat capacity = air
™F of air per unit mass temperature n

or E =M x Cy x T, where E is the amount of energy in British thermal
units (BTUs) required to raise a mass of M pounds of air by 7° F; M is the mass
of air to be heated in pounds; Cy; is the heat capacity of air, which is equal to
0.24 BTU/pound/°F; and T is the change in air temperature from its ambient
value.

This energy equation (equation 1) can, of course, also be used to estimate
the mass of air (per unit time) that is heated within the combustion region of the
superfire:

E

= — 2
M ¥ (2)

For the lightly built-up city environment, the average temperature would
be raised from around room temperature to slightly more than 200°F (about 93°
C) (hence, T = 130-150°F) by a postulated heating rate of 6.55 kcal/m?/s = 26
BTU/m?/s. This results in the heating of a mass of air per unit time of about M =
26 BTU/s/m?%/[(0.24 BTU/Ib/°F)(150°F)] = 0.72 Ibs/s/m?.

Because about 8,000 BTU of energy is released per pound of burning
material, and between 50 and 1,000 pounds of carbon monoxide is released per
ton of material burned (about 23 and 455 kg per metric ton), the rate at which
carbon monoxide (CO) might be produced is between

(26 BTU/m%s)(50 |b CO/ton)

(8,000 BTUAB) 2,000 1bs/ton)
= 8.1 % 10 7 Ib/mifs

Mass of CO produced/m®/s =

and

(26 BTU/m?/s)( 1,000 Ib CO/ton)

(#,000 BTU/RKZ,000 Ibs/ton)
1.6 = 1077 Ib/m?/s

Mass of CO produced/m¥s =

The fraction of carbon monoxide that could be present may therefore be
between 8.1 x 105/0.72 = 0.0001, or 0.01 percent, and 1.6 x 1073/0.72 = 0.0022,
or 0.22 percent.

Because the estimates given here are so rough, the range of carbon dioxide
to carbon monoxide ratios quoted earlier is applied to estimate
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the carbon dioxide concentrations. This suggests that at the lower end of the
carbon monoxide production, the amount of carbon dioxide in the air could be
of order 0.1 to 0.5 percent. At the higher end the average concentration could be
as high as several percent.

The reader may wish to note, when reviewing the contents of the next
section on combined toxic effects of fire gases, that a carbon dioxide to carbon
monoxide ratio of about 30 results in both thresholds for human collapse being
reached simultaneously.

In addition, it is known that a variety of relatively typical building
materials (Douglas fir and red oak woods) can produce hydrogen cyanide and
sulfur dioxide when they burn. Ratios of hydrogen cyanide to carbon monoxide
production of about 0.0025 to 0.005 have been observed experimentally.??
Similar ratios have also been observed for sulfur dioxide. These ratios suggest
that if these materials are common, average hydrogen cyanide and sulfur
dioxide levels could be in concentrations of parts per million to tens of parts per
million.

The estimates given above are very crude, and they therefore should be
considered with appropriate caution.

The efficiency of combustion, for example, would vary strongly with
circumstances at each location within the fire zone. When materials are exposed
to high air temperatures and winds, they burn differently than when they are
confined to closed spaces or under rubble.

On the other hand, the calculations given above underestimate the mass of
material that is burned per mass of heated air, as the radiative energy is not
included in the energy balance equation (equation 1).

COMBINED TOXIC EFFECTS OF FIRE GASES AND
ELEVATED TEMPERATURES

The combined toxic effects of heat, combustion gases, aerosols (smoke
from fires and dust heated and carried by hot winds), and physiological stresses
created by fear, hysteria, and strenuous attempts to escape can result in a serious
threat to the lives of unsheltered individuals within a region of mass fires. Even
sheltered individuals may be threatened by a similar array of toxic effects, as
shelters must be carefully designed to protect occupants from the effects of
infiltration of poisonous gases and from heating by fire and hot rubble.?4-26

During World War II in Germany, for example, the infiltration of carbon
monoxide into shelters was the apparent immediate cause of death of many in
the shelters. It was further judged to be the cause of death in 70 to 80 percent of
reported fatalities from large-scale incendiary raids. However, such statistics
have great potential to be misleading.'-?
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Table 1 Physiological Effects from Exposure to Elevated Temperatures
(Hyperthermia)

Exposure Level Physiological Effects

100°F (38°C) Danger of heat prostration and heat stroke.

110°F (43°C) Body heat balance cannot be long maintained.

120°F (49°C) Three to five hours tolerance time.

130°F (54°C) Danger of heat prostration and stroke within tens of minutes.

For instance, after the extremely successful allied incendiary air attack of
July 26 and 27, 1943, on Hamburg, the heating of rubble from the fire made it
impossible to enter the main area of the firestorm for 2 days following the raid.
In fact, the heat content of the debris was so great that nearly a month after the
raids (up to August 25), hosing of hot rubble and smoldering fires had to be
carried out at different locations every day.?’ Thus, even if sheltered individuals
had escaped death from the carbon monoxide that infiltrated the shelters, they
may have instead met death in the extreme temperatures of shelters buried
under fire-heated smoldering debris.

Some of the physiological effects of exposure to various levels of
excessive heat, oxygen starvation, carbon monoxide, and carbon dioxide are
summarized in Tables 1 through 5 and Figures 17 through 20. The Figures are
derived from those published previously, 222428 and Tables are derived from
data published previously.?223-3 It is unlikely that these toxic agents would be
encountered singly in the environment of a mass fire.

Table 2 Physiological Effects from Exposure to Carbon Dioxide

Exposure Level  Physiological Effects

2% CO, Breathing becomes deeper.

4% CO, Considerable discomfort with quickened and deeper breathing.

7% CO, Extremely labored breathing, accompanied by headache,
dizziness, and sweating; may also be accompanied by nausea.

8% CO, Dizziness, stupor, and unconsciousness within about 4 hours.

9% CO, Labored respiration and extreme shortness of breath accompanied
by congestion; loss of blood pressure and death within about 4
hours.

10% CO, Unconsciousness occurs within about 10 minutes.
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Table 3 Physiological Effects from Exposure to Carbon Monoxide

Exposure Level

Physiological Effects

0.01% CO
0.02% CO

0.03% CO

0.04% CO

No appreciable effects if exposure limited to several hours.
Headache after 2 to 3 hours, followed by collapse within 4 to 5
hours.

Headache within about 1.5 hours, followed by collapse within
about 3 hours.

Headache within 1 hour, followed by collapse within 2 hours and
death within about 3 to 4 hours.

Table 4 Physiological Effects from Exposure to Oxygen Starvation (Anoxia)

Exposure Level

Physiological Effects

17% 0,
14% 0,

11% 0,
8% O,

Respiration volume increases, muscular coordination diminishes,
attention and clear thinking require greater discipline.

Dizziness, shortness of breath, headache, numbness, quickened
pulse, efforts fatigue quickly

Nausea and vomiting, exertion impossible, paralysis of motion
Symptoms become serious and stupor sets in, unconsciousness
occurs

The most immediate threat to individuals caught within a zone of mass fire
is excessive heating of the body (hyperthermia) due to extended exposure to
high-temperature air and to radiant energy from combusting materials (Tables 1
and 5 and Figure 20).

When the body carries a burden of excess heat and the air temperature is
elevated, it is difficult for the body to radiate, convect, or evaporate away this
excess energy to the environment. The body reacts to this circumstance by
increasing its respiration and heart rate, which then results

Table 5 Estimated Levels of Toxic Agents Causing Death in 4 Hours

Variable Estimated Lethal Levels
Temperature 130°F (54°C; hyperthermia)
Oxygen 8.00% (anoxia)

Carbon monoxide

Carbon dioxide

0.04%
20.00%
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in increased sweat production followed by the transport of excess body heat to
the environment by evaporation. If the metabolic rate is increased from
strenuous activity or excitement, a significant additional burden of body heat is
added to that which already must be conducted to the environment. In addition,
evaporative cooling in humid air is much less efficient than that in dry air, and
there is a constant biological need for the replacement of essential body water
throughout this process.
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Figure 17

Human tolerance to variations in oxygen levels as a function of time. The
lower band represents the minimum oxygen partial pressure that can be
tolerated in the air entering the lungs. The reaction to changes in oxygen levels
depends both on the magnitude of the change and the time over which the
change occurs. When oxygen levels drop gradually from the normal sea level
value, the usual symptoms are sleepiness, headache, fatigue, altered
respiration, psychologic impairment, inability to perform even simple tasks,
and eventual loss of consciousness. When oxygen levels instead drop
suddenly, the intermediate symptoms are bypassed, and humans rapidly lose
consciousness and go into spasms or convulsions. Adapted from Wilton et al.
(1976)? and Bucheim (1958).%°

Thus, even if only the effects of elevated air temperature are considered, a
combination of apparently nonthreatening contingencies can still result in a
serious, near certain threat to life from heat prostration or stroke.

Keeping this in mind, note that exposure to air temperatures much above
130 to 140°F (54.4 to 60°C) for several hours will result in death from excessive
body heating, even if the individual were calmly resting.

If, as expected, the regulator of the breathing function, carbon dioxide, is
also present in the fire, it will cause the body to react by further increasing the
respiration rate (Tables 2 and 5 and Figure 18).

In isolated circumstances, when carbon dioxide concentrations rise above
about 2 percent, breathing becomes deeper. At a 5 percent carbon dioxide
concentration, extremely labored breathing is induced, and this is possibly also
accompanied by nausea. The human carbon dioxide tolerance level is usually
considered to be between 7 and 9 percent, with unconsciousness
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generally occurring within 10 minutes when the concentration level is about 10
percent.

Carbon dioxide is found in fire environments because it is formed in the
process of combustion. It may also be accompanied by small but biologically
significant concentrations of carbon monoxide, which is also formed in the
process of combustion.

Carbon monoxide, which is a chemical asphyxiant, is an extremely
dangerous combustion product of fires (Tables 3 and 5 and Figure 19), and it
bonds to the hemoglobin in red blood cells with an affinity of between 200 and
300 times that of oxygen. Because of this high affinity, very small
concentrations of this material can cause a considerable decrease in the oxygen-
carrying capability of the blood, as well as in the blood's ability to eliminate its
presence by subsequent exposure to oxygen.

When the body respiration rate is increased by exposure to both carbon
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Figure 18

Human tolerance to variations in carbon dioxide levels as a function of time.
As with exposure to changes in the level of oxygen, if changes are gradual,
tolerances and symptoms are different than when changes are sudden. In Zone
I, no psychophysiological effects occur in most subjects. In Zone II, a
perceptible doubling in the depth of breathing will occur and small threshold
heating losses occur. In Zone III, mental depression, headache, dizziness,
nausea, air hunger, and decreases in visual discrimination occur. In Zone IV,
deterioration results in inability to take steps for self-preservation. Dizziness
and stupor is then followed by unconsciousness. Adapted from Wilton et al.
(1976)? and Bucheim (1958).%3
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ical effects in humans at concentrations as low as 1 to 5 parts per million;
hydrogen cyanide, which is also a threat at trace concentrations; and many other
materials that can be generated by the combustion of both synthetic and natural
materials found in urban and commercial areas.

The combined effects of exposure to elevated temperatures and different
concentrations of carbon monoxide, carbon dioxide, and oxygen are shown in
Table 6. These data were derived from those published previously** by
extrapolation from experiments performed on adult albino Swiss mice, and
therefore, they should only be regarded as indicative of trends.

The experimental studies reported previously** indicate the possibility of
strong synergisms among the identified toxic agents produced in fires. In
particular, some combustion products of synthetic materials like polyvinyl
chloride (PVC) plastic pipe could be 50 times more toxic when exposures occur
in combination with other combustion agents. However, at this time much
additional work is required before useful insights along these lines will be
available.

Table 6 Estimated Combined Levels of Toxic Agents Causing Death in 4 Hours

Toxic Agents Estimated Lethal Levels
Combination of Two
Carbon monoxide 0.02% CO + 120°F (49°C)
+ temperature
Carbon dioxide 14% CO, + 120°F (49°C)
+ temperature
Oxygen + carbon monoxide 17% O, + 0.02% CO

14% O, + 0.01% CO
Oxygen + carbon dioxide 14% O, + 14% CO,
Carbon monoxide 0.02% CO + 14% CO,

+ carbon dioxide
Combination of Three

Oxygen + carbon monoxide 14% O, + 0.01% CO + 5% CO,

+ carbon dioxide 17% O, + 0.01% CO + 14% CO,

Oxygen + carbon dioxide 11% O, + 5% CO, + 120°F (49°C)

+ temperature 14% O, + 7% CO, + 120°F (49°C)
17% O, + 10% CO, + 120°F (49°C)

Carbon monoxide 0.01% CO + 5% CO, + 120°F (49°C)

+ carbon dioxide 0.01% CO + 10% CO, + 110°F (43°C)

+ temperature 0.02% CO + 7% CO, + 110°F (43°C)

Oxygen + carbon monoxide 17% O, + 0.01% CO + 110°F (43°C)

+ temperature
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MASS FIRE EXPERIENCES OF WORLD WAR II*

Although it is known that firestorms occurred at Hamburg, Kassel,
Darmstadt, and Dresden in Germany and at Hiroshima and other cities in Japan,
there are little quantitative data from these experiences, and much information
is in fact contradictory.

The firestorm resulting from the second of three highly successful
saturation incendiary raids at Hamburg is the most well documented to
date."*-37 The German Fire Protection Police reports indicate that between
50,000 and 60,000 people in the fire zone were killed. At the peak of the fire's
intensity, 5 to 6 mile? (about 12.9 to 15.4 km?) were simultaneously in flames,
and estimates suggest that its power output reached 1 million or 2 million
megawatts (MW).

By comparison, a mass fire initiated by a 1-Mt airburst over a typical urban
area in the United States could involve areas considerably larger than 100 mile?
(about 259 km?) and have peak intensities of perhaps 15 to 50 million MW.
Because of this considerable difference in scale and the instantaneous way fire
and high levels of blast damage would be delivered by airbursts with weapons
of megaton or fractional megaton yield, comparisons with these much smaller
fire experiences of World War II could be misleading. This possibility is at least
suggested by the casualty data obtained from studies of the atomic attack on
Hiroshima. In that attack, the report of the U.S. Strategic Bombing survey noted
that the near simultaneous initiation of fires, collapse of buildings, blockage of
streets, and loss of water and power over an area of about 4.4 mile’ (about 11.3
km?) made escape from the aftermath of the attack considerably less likely,
resulting in the very high casualty rates.

In support of this view, about the same number of people were killed in the
incendiary saturation raid of March 9 and 10, 1945, against Tokyo (84,000
people were killed in the Tokyo raid, and between 70,000 and 80,000 are
believed to have been killed at Hiroshima).

Although a much larger, more heavily populated area of nearly 16 mile?
(about 41 km?) of Tokyo was subject to an intense fire, which was sometimes
accompanied by winds that were described as hurricane force, many were able
to escape, presumably because street access was relatively

* This section draws heavily on the extraordinary accounts of allied fire protection
engineers in World War II, who not only felt a duty to plan the incendiary attacks against
Germany and Japan in war but also felt a duty to report their consequences in peace. I
have also benefited greatly from numerous conversations with Horatio Bond, who has
shared much of his knowledge and time with grace and generosity.
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unimpaired and the fire developed and propagated over a much longer time
period.

It should also be noted that more recent analyses of the most successful
incendiary attacks of World War II indicate a high correlation of success with
raid intensity.’® When raids delivered large amounts of ordnance in short
intervals of time, casualties were extremely high, as was the total damage. In
this sense, a nuclear weapon could be considered the nearly ideal example of an
incendiary weapon.

In the period between July 24 and July 30, 1943, there were three large
raids against Hamburg.?® The first of these raids occurred on July 24 and 25 and
destroyed about 1.5 mile? (about 4 km?) of the west section of the city; the next
raid occurred on July 27 and 28 and resulted in the famous firestorm that
destroyed 5 to 6 mile 2 (about 13 to 15.4 km?) of the city's southeast section;
and the last raid occurred on July 29 and 30, involving about 2 mile? (about 5
km?) of the city's south section, while many units were still involved in fighting
the great firestorm started 2 days earlier.

Each of these great raids involved about 700 planes, delivering about 1,300
tons (about 1,181 metric tons) of high-explosive bombs, 500 tons (about 455
metric tons) of oil incendiaries, and 600 tons (about 545 metric tons) of 4-pound
(about 1.8-kg) magnesium incendiaries.

The incendiaries were designed to penetrate roof and floors into the
interior of buildings, where tests had shown that fires were most efficiently set.
High explosives were used to block access roads with rubble and craters and to
break waterlines that might be utilized by firefighters. In addition, contrary to
the advice of experts, military analysts believed that high explosives would also
open buildings so they would burn more rapidly and with greater efficiency.*

Delivery of high-explosive bomb loads was spaced out over the entire
period of the raid, so that firefighters would be kept in shelters, creating time for
fires set by incendiaries to intensify. In addition, small high-explosive air mines
with delayed fusing were dropped along with incendiaries to deter attempts to
put out newly initiated fires.

In the second and most successful of the great raids at Hamburg, the raid
of July 27 and 28, 1943, within about 20 minutes, two of three buildings within
a 4.5-mile? (11.6-km?) area were on fire, and a major fire was in progress.® As
the individual fires grew and increased in intensity, sparks and radiated heat
reached combustible interiors of nearby uninvolved buildings through shattered
and undamaged windows. The fires thereby increased in volume and intensified
for a period of about 3 hours and then raged at full force for another 3 hours.

During the period of intensification, a tremendous hurricane of fire
developed; this was accompanied by irregular intervals of squall. As air was
drawn toward the fire from all directions, the pumping action from
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different sections of the fire may have resulted in the unusual shifts of winds
noted by firefighters in their reports. The rapidly shifting winds and fire spread
foiled attempts to establish firebreaks. At the edge of the fire, the winds were
sufficiently intense to uproot trees 3 feet (about 1 m) in diameter and to prevent
firemen from coming within hose range.

In the air above the intensifying storm of fire, pilots encountered turbulent
flying conditions, presumably due to the buoyantly rising heated air that was
causing the intense ground winds below.!> The intensity of these turbulent
updrafts from fires could even have posed a threat to those in the bombers above.

In incendiary raids over Japan, for example, B-29 pilots reported that
rising columns of hot air from mass fires below could bounce the planes from
15,000 to 17,000 feet (about 4,572 to 5,182 m) in a matter of seconds. Such
violent air disturbances were sometimes encountered 3 or 4 miles (about 4.8 or
6.4 km) laterally from the center of a mass fire. Because these air disturbances
were quite violent and it was believed that several B-29s had been lost due to
encounters with them, missions were planned so that planes could drop their
bombs and turn away before reaching areas of danger downwind.

The extremely intense ground winds at Hamburg, in combination with the
fire, soon caused buildings to collapse into streets, further preventing the
movement of firefighting units and the escape of people (Figure 21B shows a
fire truck buried in the debris of a Hamburg street, and Figure 21C shows debris
piled at the edges of formerly blocked streets). In some cases, units were
trapped by debris and could not withdraw, resulting in the loss of both
equipment and the lives of firemen. With many simultaneous large fires burning
unchecked and with winds tending to go toward the center of the firestorm
region, many streets became filled with flames, acting as gigantic channels for
the high-velocity fire winds. Because of the terrific heat and showers of embers,
existing open spaces, even parks, could not be used as sanctuaries by
firefighters. In some cases, even strong men had to crawl on their hands and
knees, hugging street curbs, to move against the wind.

Even though warning had been adequate and people had entered shelters
by the time the raid began, thousands still died in the streets.

As the raid and fires intensified, heat and smoke became intense within
shelters, and panic broke out in many places. Those who remained calm still
had to choose between the increasingly unviable circumstance of the shelter and
the intensifying hurricane of fire in the streets.

For most people there was no question of getting away. The areas hit were
so great that once the fire intensified, the long travel time to the perimeter made
it physically impossible for them to escape.

From areas where tire-filled regions could be observed, hundreds of
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Figure 21

A, B, and C show various street scenes after the great incendiary raids at
Hamburg in late July of 1943. A shows a district near the city center after
streets have been partially cleared of debris. This section was not in the
firestorm. B shows the condition of streets in a firestorm area after the attack.
This street acted like a channel, creating very high winds which carried flames,
firebrands, and debris. The buried vehicles in the middle of the picture are fire-
trucks that were trapped by falling debris. Since the lives of their crews were
threatened by the heat and high winds, the vehicles had to be abandoned. C
shows a street level view of the firestorm-devastated area after debris was
cleared from the streets. During the firestorm, and for 2 days afterward, such
streets were impassable even with tracked vehicles, as they were covered with
high-temperature rubble from collapsed buildings. D is a picture of a burning
section of London taken from the dome of St. Paul's on 29 December 1940.
The relatively ineffective German incendiary raids early in World War II
alerted allied military decision makers to the potential effectiveness of
incendiaries for destruction. Reprinted from Fire and the Air War. © 1946
National Fire Protection Association, Quincy, Mass. Reprinted with permission.
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Figure 22

A through E show some of the ways hundreds of thousands died in mass fires
resulting from large-scale incendiary raids during World War II. A through C
are photos of the dead found in shelters. The sequence of events varied, but it
appears that those in shelters most often succumbed to carbon monoxide that
filtered into shelters from partially combusting debris around shelters. A and C
show corpses that were desiccated from the effects of extreme heating of
shelters from surrounding rubble of collapsed buildings. In some cases shelter
heating may have been the cause of death, but it is believed most victims in
shelters were killed by carbon monoxide poisoning. However, even if carbon
monoxide poisoning could have been avoided, the heating of many shelters
from overburdens of fire-heated rubble would have almost certainly killed the
occupants at a later time. D shows a victim who attempted to flee the fire zone
rather than stay in a shelter. Since the street winds and temperatures were so
high, hyperthermia, possibly in combination with combustion product
poisoning, killed many thousands in the streets of Hamburg. E shows corpses
in a truck. These victims were probably overcome by heat and carbon
monoxide as they attempted to escape a fire zone. Reprinted from Fire and the
Air War. © 1946 National Fire Protection Association, Quincy, Mass.
Reprinted with permission.
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people were seen leaving shelters. After traveling short distances in the
open, they would slowly collapse, as if exhausted. In some cases they did not
immediately become motionless, but they tried to get up. In other cases their
clothes burst into flames as they were engulfed in tornado-like fire whirls that
propagated unpredictably down streets. Many killed in this manner were found
to be naked (see Figure 22D).

Those who stayed in their shelters faced a different fate. As buildings
collapsed under the heat of fire and the force of winds, many shelters became
overburdened with debris (Figures 22A, B, and C). In many cases, death came
easily (Figure 22A), as people slipped calmly into unconsciousness in carbon
monoxide-infiltrated shelters. In other cases, there were signs of panic and
attempts to escape.

Many shelters that had been closed off by rubble also suffered very high
heating rates from an overburden of hot rubble and burning debris (Figure 22B).
In these shelters, shrunken bodies were often found lying in a thick greasy black
mass, which appeared to be melted body fat. In many shelters in which
shrunken bodies were found, there were also bodies that had been reduced to
bits of ashes.

Since many of the shrunken bodies burned to ash within a few weeks of
exposure to air, it may be that oxidation exposure or temperatures differed
markedly even within the same shelter.

In all cities that were subjected to successful Allied incendiary attacks and
surveyed by German medical teams, carbon monoxide poisoning was regarded
as the primary cause of death or injury, sometimes reaching to as much as 80
percent of all incendiary raid casualties. Air blast was found to be a relatively
infrequent cause of death, generally affecting only those within a radius of
about 30 meters of the explosions.

I was unable to find any unambiguous data on survival rates within the
region of mass fire at Hamburg. It is interesting to note that a figure of 15,000
to 18,000 lives is often quoted as the number of people saved from the
Hamburg fire storm. However, a review of Hamburg Fire Department records’’
reveals no data regarding survival in the fire zone, although documents do
indicate that 18,000 people were rescued during the period from July 25 to
August 4.

There is a reference to the fact that hundreds of thousands of people
possibly escaped the fire, presumably in its early phases, and there are
additional personal reports® of people who survived in bomb craters, in which
the water table was sufficiently high that body parts could be covered with
water-soaked clothing, and in public bunkers, which apparently were thick-
walled, freestanding structures that were removed from the areas covered with
the debris of collapsed buildings. However, the location of these bunkers in the
fire zone and the numbers of people saved by them were not reported.
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At this time, the complete absence of any tabulated data for a circumstance
that is relatively well documented remains conspicuous.

MODEL FOR ESTIMATING FATALITIES FROM SUPERFIRES

As should be evident from the three previous sections, the environment
resulting from a mass fire over vast blast-disrupted regions of a nuclear target
area could plausibly kill all or most people who could not escape the region of
fire.

Even in the case of lightly built-up cities, average air temperatures could
be well over 200°F (93°C) over nearly all of an involved region. At these
temperatures, even resting individuals would be subject to serious threat of
death from excess body heating within tens of minutes. Those with elevated
metabolic rates due to hysteria, stress, panic, or strenuous activity would be
threatened in still shorter times. The heated environment, elevated metabolic
states, and the presence of carbon dioxide would induce increased respiration
activity which would, in turn, increase body uptake of carbon monoxide, sulfur
dioxide, nitrogen dioxide, toxic smoke, and other materials. Superheated,
hurricane-force winds would do further damage to uncollapsed structures.
Firebreaks of many hundreds of feet would have no inhibiting effect on the
spread of mass fire.

In outlying concrete-reinforced structures that may be seriously damaged
but not initially knocked down by the blast, basements would offer apparent
refuge. However, winds generated by the pumping action of rising heated air
over large areas would be most severe in these outlying regions near the edge of
the superfire.

Burning debris and overburdens of rubble could trap sheltered individuals.
Carbon monoxide and other toxic gases could, with very high probability,
infiltrate such shelters, and serious delayed thermal heating could occur either
from burning overburden or hot rubble from collapsed sections of buildings. In
addition, high-temperature winds in combination with fire could bring down
sections of many structures and spread hot and burning debris around shelter
entrances and ventilation accesses.

Given this situation and the enormous range of uncertainties associated
with the possible scale of such fires, even a qualitative estimate of the potential
consequences of superfires on fatality and casualty estimates is necessarily
uncertain. Nevertheless, as will be evident from the discussion in the two
sections that follow, even qualitative, speculative estimates strongly indicate
that superfires would be a threat of major importance.

Consider the baseline fire radius hypothesized at the beginning of the
section Superfires and Their Environments and consider the possibility that
within the baseline fire radius of 7.455 miles (12 km) the superfire
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calculations performed by Small, Brode, and Larson would apply.”"> Then,
speculate further that all individuals are killed.

Both the assumed fraction of those killed and the radius within which
superfires might rage are, of course, highly uncertain numbers.

As noted many times above, the fraction of those killed within the
superfire depends on numerous as yet unresolved physical uncertainties and
scenario-dependent details. The radius within which a superfire might occur
would depend on the type of combustible material at different ranges, its
distribution, atmospheric visibility at the time of attack, whether the ground is
desert or covered with dry combustible vegetation or noncombustible but highly
reflecting snow, whether or not cloud heights are such that fireball light is
reflected back toward the Earth or away from it, and a host of other uncertain
contingencies.

For example, if there is either snow cover on the ground or clouds at
heights that reflect thermal radiation back to the Earth, the range at which a
major mass fire might occur (assuming that all other assumptions remain
unchanged) might instead be 9 to 10.5 miles (15 to 17 km). This would increase
(or decrease in the opposite circumstance) the area of superfire by 11/2 to 2
times.

Thus, if a population were uniformly distributed over the target area, the
number of predicted fatalities, assuming a 12-km lethal radius in which all
would die and a 17-km radius in which only half would die, results in the same
prediction of fatalities. In light of the very great range of uncertainties and the
severe environmental conditions within the region of fire, it is therefore
reasonable to scope out the possibilities by assuming a cookie cutter” fatality
condition.

FATALITY POTENTIAL OF SUPERFIRES

The Influence of Casualty Rules on Predictions of Deaths and Injuries
from Nuclear Attacks

In order to estimate the number of fatalities and injuries resulting from a
nuclear attack, it is necessary to know where weapons would fall in relationship
to population, as well as the probability that individuals would suffer death or
injury from each of many possible weapons effects. For a presumed set of
detonations, such calculations therefore require both population distribution
data and rules for estimating the probabilities of death or injury from each attack.

*By cookie cutter it is meant that all individuals caught within the fire zone are
assumed to be killed by fire effects, while all individuals outside the fire zone are
assumed to survive fire effects.
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Figures 23A, 23B, and 23C show such a set of rules for an assumed 1-Mt
airburst detonated at about a 2.2-km altitude (this is the same scaled height of
burst used at Hiroshima). Because the height of burst is such that the likelihood
of fallout in the target area would be relatively low, the weapons effects that
pose major threats of death or injury would be blast, heat from the fireball, and
fires that follow in the aftermath of the detonation.

Each of the three graphs in Figure 23 shows several curves for the
probability of fatality, casualty (fatality plus nonfatal injury), or nonfatal injury
as a function of range from the detonation. The solid curves are those used by
the U.S. Congress Office of Technology Assessment (OTA) in its 1979 study
The Effects of Nuclear War*' to estimate deaths and injuries from airbursts on
urban and other targets. Since OTA's assumptions about casualties and injuries
are similar to those used by the Department of Defense (DOD),*>*? they also
give results similar to those of the standard DOD methodology.

The broken curves plotted in Figures 23A and 23B are derived from
fatality and casualty data from Hiroshima (as noted above, casualties are the
sum of fatalities and nonfatal injuries). The Hiroshima data are scaled by
assuming that the probability of injury or death at each range from the 1-Mt
detonation is only a function of the peak blast wave overpressure.

For example, the peak overpressure at 0.95 miles (1.5 km) from ground
zero at Hiroshima was about 5 psi, and the probability of being killed was about
0.3. For the 1-Mt airburst, this same overpressure would occur at about 4 miles
(6.5 km). Therefore, it is assumed that the probability of being killed would also
be about 0.3.

In order to understand the potential implications of these rules for death
and injury estimates, it is necessary to choose a set of targets. Obviously, if the
targets are chosen in sparsely populated areas, casualties will be lower than for
a choice of targets in heavily populated areas.

For purposes of analysis, a reference case of 100 1-Mt warheads on the
100 largest city centers in the United States is of interest.

This reference case results in no overlap of areas that are subject to the
effects of multiple weapons, as could be the case in many imaginable nuclear
attacks; and it applies the casualty rules to circumstances similar to those from
which the data were derived. It is therefore a baseline measure of the potential
influence of casualty rules on predictions of deaths and injuries from nuclear
attacks, which can then be used as a reference against alternative possibilities of
interest to analysts.

Thus, it is emphasized that the above choice of targets is chosen for its
analytic interest; it is not a scenario, and I attach no significance to this target
set beyond that of a baseline reference.
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The calculations that I performed for the presumed 100-city attack, using
first the OTA/DOD rules and then a blast scaling of Hiroshima data, gave
identical predictions within a few percent. It is therefore clear that the
government rules for estimating fatalities and injuries are virtually
indistinguishable from blast scaling of data from Hiroshima.

Figure 24 shows the range dependence of the government's probability of
injury assumptions for a 1-Mt airburst. At selected ranges below the horizontal
axis, the overpressure and thermal energy deposited from the fireball of a 1-Mt
airburst is shown (12-mile [19.3-km] visibility). Above the axis is the thermal
fluence which occurred at a similar overpressure
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Figure 24

Some aspects of the physical environment that could influence the probability
of death at different ranges from a ground zero are compared for 1-Mt and
12.5-kt detonations. The solid curve shows the probability of blast injury as a
function of range from ground zero derived by applying the OTA rules to the
case of a 1-Mt airburst. (These rules are also discussed in the legend to
Figure 23 and the text.) The 3-psi range at Hiroshima occurred at about 1.5
miles (about 2.3 to 2.4 km) from ground zero. As indicated on the upper side
of the range axis, the amount of thermal radiation delivered along with the
blast was about 7 cal/cm?. Individuals subjected to these effects at Hiroshima
would not have been in the region of mass fire that occurred after the attack. At
the 3-psi range for a 1-Mt airburst, about 20 cal/cm? could be delivered along
with the blast. Many fires would be set at this range, and many additional fires
might even be set at much greater range (perhaps at the 12-km range or
greater). Individuals injured by the 3-psi blast at the 9-km range might
therefore have to walk 3 or more km through a zone heavily damaged by blast
and with fires of increasing intensity. By comparison, an injured individual
who survived blast and radiation effects at ground zero in Hiroshima would
have had to walk less than 2 km to escape the fire zone. It is therefore clear
that using blast alone as the criterion for estimating fatalities could well result
in a serious underestimate of the probability of death.
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at Hiroshima. Thus, at Hiroshima, about 12 to 13 calories per square centimeter
was deposited at the range at which 5-psi occurred. In contrast, at the 5-psi
range for the 1-Mt airburst, about 45 cal/cm 2 occurs.

Because this environment is created at about 6.5 km from the detonation
point and, as shown earlier, it is plausible that a mass fire could rage to a range
of 12 km, it appears unlikely that a simple scaling rule of the kind used in the
OTA/DOD methodology adequately accounts for the circumstance of those at
the 6.5-km range.

Figure 25 shows estimates of fatalities and casualties for the 100-city
reference case. Blast scaling predicts that there would be 14 million to 15
million fatalities and 22 million to 23 million injured.

An alternative postulate, discussed in the previous section, is that
superfires of uncertain scale would occur, killing all within a range of 6 to 8
miles (9.5 to 13 kin) from each ground zero. For the area outside the range of
the superfire, then, it can be postulated that the blast injury rules derived from
Hiroshima data apply.

Under these assumptions, the number of outright fatalities increases by a
factor of between 2.5 and 4, resulting in a prediction of from 36 million to 56
million fatalities, while the number of injured decreases dramatically to
between 3 million and 11 million. This is in accord with German experiences
during World War II, in which medical surveys determined that incendiary raids
always resulted in a much higher ratio of killed to injured.

The mason for this dramatic change in distribution of fatalities and injuries
can be quickly grasped from Figure 23C. The result of the new assumption is
that many who would be counted as injured in the blast methodology instead
are counted as dead; it also counts uninjured individuals within the fire zone
among the dead as well. The only nonfatal injured are therefore those who are
injured by the effects of the blast but are outside the perimeter of the superfire.

Even though the scale, ferocity, and effects of these superfires are as yet
highly uncertain, it is not difficult to test the sensibility of this hypothetical
casualty estimate.

Because the area covered by such fires is proportional to the square of the
fire radius, if the average fire radius were to increase or decrease by 10 to 15
percent, the result would be an increase or decrease in the affected area of about
20 to 30 percent. The population density is, to a first approximation, relatively
constant for such small changes in fire radius.** This means that a 10 or 15
percent increase or decrease in fire radius results in about a 20 to 30 percent
increase or decrease in predicted fatalities.

Thus, the minimum postulated superfire radius used in the calculations
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summarized in Figures 25 and 26 (6 miles or 9.5 km) would have to be reduced
by a factor of somewhat less than the square root of two before predictions of
fatalities could be similar to those of blast scaling methodologies.
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Figure 25

The potential effects of differing assumptions about the causes of fatalities and
injuries. A reference attack that assumes that a single 1-Mt detonation occurs
over the population center of each of the 100 largest metropolitan areas is used
to determine the potential significance of differing fatality and injury rules.
When only blast scaling from Hiroshima is used to estimate fatalities and
injuries, about 14 million fatalities and 23 million injured are projected. If it is
assumed that mass fires kill everyone within 6 miles (about 9.7 km) of the
ground zeros and injuries beyond that range occur because of blast at the same
rate as that which occurred at Hiroshima, 33 million would be killed and 12 to
13 million would be injured. If the fire zone extends to 8 miles (about 12.9 km)
instead, 56 million would be killed and 6 to 7 million would be injured. Similar
results are also shown for a reference attack that does not seek to kill
population but only attempts to destroy 100 of the most important industrial
facilities that would provide military products that could directly support a war
effort.

High survival rates at a range of about 4 miles (6.5 kin) would therefore
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be required. At this range, however, the thermal fluence from the fireball would
be about 45 cal/cm?, which is enough to set almost any interior household
material in line of sight of the fireball on fire immediately (Figure 2B shows the
emission of smoke from the front of a wood frame house from 25 cal/cm?).

If, instead, it is assumed that all those who are not injured by blast could
miraculously escape the hostile effects of near-hurricane-force winds and air
temperatures above that at which water boils, and only those who are injured
according to the blast scaling rules shown in Figure 23C die in superfires of
radius 6 to 8 miles (9.5 to 13 km), then the number of deaths would increase by
a factor of around two, to 27 million to 33 million.

It is therefore difficult to see how casualty rules that do not include the
hostile effects of mass fires over such vast areas can result in projections more
plausible than even those that follow from the preliminary speculations
contained in this study.

COMPARISON OF OTHER TARGET SETS WITH THE
REFERENCE CASE

Daugherty, Levi, and von Hippel** have made a very complete and
uniquely systematic study of possible fatalities and injuries from nuclear attacks
against the United States. They have not only systematically examined a wide
range of possibilities by varying the assumptions about the biological
consequences of given nuclear environments (for example, variations in the 50
percent lethal dose [LDsy] for radiation exposure) and the behavior of
individuals within these environments (how fallout protection factors, and
hence casualties, differ if sheltered people make short excursions from their
shelters), but they have also examined the potential consequences of plausible
variations in the nuclear environment itself (how injury and fatality estimates
vary if populations are subject to fires as well as to blast).

Furthermore, they have systematically examined the implications of their
assumptions for different potential target classes on both an individual and
multiply aggregated basis. By doing this, they have created a menu of
possibilities from which analysts or decision makers may choose to
contemplate, or to reject as implausible, any of a wide range of potential nuclear
attacks.

This kind of analysis is, so far, absent from studies and results of studies
published by government agencies.

Two interesting reference cases studied by Daugherty et al.** are
noteworthy:
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1. An attack of 100 single 1-Mt airbursts on 100 U.S. urban centers.
2. An attack of 101 nuclear airbursts on 101 key military-industrial targets.

As noted by Daugherty et al., because the first reference case has no areas
of overlap from the effects of multiple weapons detonations, the 100-city
reference case provides a baseline of analytic interest for comparison with other
cases in their menu of possibilities.

In addition, if the reference case is calculated using blast scaling casualty
rules derived from data following an attack on a city center (Hiroshima), an
unambiguous estimate of the potential significance of fire effects is established.

The second reference case is of interest relative to the first since it provides
just such a comparative case from their menu.

This attack is of interest not only because of its central role in many policy
statements and deliberations but also because it does not target population per
se. Instead it uses essentially the same number of warheads (101 versus 100) to
attack a small number of very-high-value military-industrial end product
facilities, and therefore represents what some might argue is a minimal attack
that could quickly interrupt U.S. conventional war production capabilities.

As shown in Figure 26, if I assume that the 100 detonations are airbursts of
1-Mt yield and that the hypothesized superfire casualty rules of the previous
section apply, 25 million to 37 million deaths and 2 million to 7 million injured
would result. Thus, if fires kill substantial numbers of people in target areas, the
attack that does not target population per se might result in the death of between
1.5 and 2.5 times more people than the blast scaling would predict for the
antipopulation attack of a similar size.

It is also of interest to examine the potential effects of choice of weapon
yield. If the rules for guessing the radius of superfire are scaled by assuming
that the fire radius occurs at the 10-cal/cm 2 range (12-mile [ 19.3-kin]
visibility), then Figure 27 shows the predicted results for the anti-industrial
attack, assuming that the attack is instead executed with 101 weapons of either
500- or 100-kiloton (kt) yield.

In this case, the 500-kt attack would kill 23 million people, 1.5 times that
predicted by blast scaling for the antipopulation reference attack, and the 100-kt
attack would kill about 8 million people, about two-thirds that predicted by the
application of blast scaling to the antipopulation reference attack.

However, it is noteworthy that the fire radius derived for the 100-kt
weapon is about 4.5 km, and the already speculative cookie cutter fire
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model is still more speculative, as it is more likely that many of those who
would not have been severely injured would have some chance to attempt to
escape the fire region.
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Some of the results shown in Figure 25 are rearranged to illustrate that when
the proposed alternative method of assessing casualties is applied to attacks
aimed at industrial facilities rather than population centers, the result could be
greater casualties than in the antipopulation attack. Since such attacks have
sometimes been proposed as relatively limited, and hence more sensible and
more plausible than antipopulation attacks, this comparison serves to
underscore the potentially misleading character of such arguments.

CONCLUSION

During World War 1II the extraordinary power of science was turned to
building a weapon that could create energy densities and temperatures
comparable to those that normally exist in the interiors of stars. Today,
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the results of those and subsequent efforts have given us weapons with effects
that are of vast and nonintuitive scales.
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The effects of applying the fire casualty rules discussed in the legend to
Figure 25 and the text to attacks that utilize weapons of lower yield. The
predicted casualties when 100 0.5-Mt weapons are substituted for 1-Mt
weapons are only slightly diminished. When 0.1-Mt weapons (100 kt) are
substituted, casualties drop significantly. It should be noted, however, that for
these much lower yield detonations, blast scaling from Hiroshima data may be
no less uncertain than alternative rules discussed in this paper.

One of these effects is superfires; they would accompany nuclear
detonations in or near urban areas and might result in two to four times as many
fatalities as that predicted by standard government blast scaling rules.

The effects of such fires, while recognized by many during and at the end
of World War II, has remained an issue of discussion and research only among
a small group of dedicated researchers. As such, an under
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standing of their effects and the possible scale of unpredictable consequences
that could accompany the use of nuclear weapons in many applications remains
poorly understood, or absent, from the cognition of planners and decision
makers. Without this understanding, the probability of misjudgment and
miscalculation could be considerable.
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A Review of the Physics of Large Urban
Fires

H. L. Brode, PH.D., and R. D. Small, PH.D.
Pacific-Sierra Research Corporation, Los Angeles, California

INTRODUCTION

A review of historical urban fires can help to illustrate the nature of large
fires and the devastation that they can cause. The observations and descriptions
of those fires provide the basis for understanding the much larger fires that
would result from a nuclear explosion. The focus of this paper is on the major
physical factors that are relevant to the characterization of such fires.
Atmospheric responses in the vicinity of a large smoke column are addressed,
and the hazards expected to accompany nuclear fires are briefly discussed.

HISTORY OF URBAN FIRES

Disastrous urban fires have occurred throughout history. In wartime, cities
have been bombarded, sacked, and burned. Fires have also resulted from
earthquake damage, hurricane winds, accidents, explosions, and arson.
Firebombing in World War II was aimed at the destruction of cities and
industries in both Europe and Japan. Despite the large number of city fires, the
available data are mostly anecdotal. Most of the empirical knowledge of nuclear
explosion fires has been obtained from the nuclear bursts at Hiroshima and
Nagasaki.

Table 1 lists several major urban fires, beginning with the London fire of
1666. Although it destroyed an area of nearly 2 km?, only eight people were
killed because the fire moved slowly. The Chicago fire of 1871 killed
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more people and burned a larger area in less time. The San Francisco fire,
following the 1906 earthquake, resulted in greater casualties and left 100,000
homeless. The Halifax, Nova Scotia, explosion started many fires; the casualty
figures include those from the explosion and the fires. Many people died in the
intense Hakodate, Japan, fire storm in 1934. The explosion of a fertilizer ship in
Galveston Bay caused many fires in the adjoining Texas City, Tex.

Table 1 Some Past Large-Scale Urban Fires

City Year Deaths  Area Burned Comments
(km?)

London 1666 8 1.8 Burned 4 days;
32,000 homes lost

New York City 1835

Charleston, S.C. 1838

Pittsburgh 1845

Philadelphia 1865

Portland, Maine 1866

Chicago 1871 50 8.6 Burned 1 day;
98,500 homeless;
17,500 homes lost

Boston 1872

San Francisco 1906 452 12.0 Earthquake-

generated
explosions and
fires; 30 ignitions;
burned 3 days;

100,000 homeless

Halifax, Nova Scotia 1917 2,000

Tokyo 1923

1925
1932

Niigata, Japan 1925

Yamanaka, Japan 1931

Hakodate, Japan 1934 2,000 Generated fire storm

Takaoka, Japan 1938

Boston 1942 1,000 Explosion and fire;
burned 3 days;
3,000 injured; 300
missing

Muramatsu, Japan 1946*

Texas City 1947 510 Fertilizer ship
explosion

Chungking, China 1949 1,000

Brussels 1967 250 Burned 6 hours

Chelsea (London, 1973 400 homes lost

England)

Anaheim, California 1982 500 apartments and
1 firehouse
destroyed

Philadelphia 1985 2 blocks of row

houses gutted

2 Approximate date.
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Even modem cities are vulnerable to urban fires. In April 1982, some 500
apartments were destroyed in a few hours as a wind-whipped fire swept through
Anaheim, Calif. A flash bomb on a row house in Philadelphia in early 1985 led
to the burnout of two city blocks. In September 1985, an arson fire virtually
destroyed an industrial section of Passaic, N.J.

These few examples illustrate that major urban fires can be started in many
different ways. In most of these fires, there were few casualties, although
property damage was extensive. When the fires spread from one or a few
ignition points, evacuation and movement from the threat was possible.

In World War II, European cities suffered extensive fire damage. In
several of the German cities attacked with incendiary weapons, fire storms
developed (Bond, 1946). In particular, Dresden, Hamburg, Kassel, Heilbronn,
Darmstadt, and Brunswick suffered intense area fires (see Table 2). When
intense area fires occurred, damage and casualties were significantly higher.

In the more than 70 firecbombed German cities, it is estimated that 500,000
to 800,000 people were killed. In intensity and magnitude, the worst fire
occurred in Dresden (February 1945) with 135,000 to 250,000 deaths. Hamburg
experienced 34,000 to 100,000 deaths in the raids of July 1943. Fire storms
frequently killed more than 5 percent of the population at risk; less intense or
isolated fires seldom killed as many as 1 percent of those at risk. Berlin was
repeatedly bombed, but its defenses prevented concentrated attacks, and the
resulting fires never coalesced into the inferno of a fire storm.

In the raids on Hamburg, the explosive and incendiary bombing was
concentrated in an old part of the city, comprised of a high density of four- and
five-story buildings. Almost all buildings in the area burned simultaneously; the
destruction was nearly complete, and for many escape was impossible. Virtually
all combustibles were burned out; only crumbled ruins or empty masonry shells
of multistory buildings remained. Figure 1 is an overhead photograph of a
gutted section of Hamburg.

A similar, old section was burned in Dresden. Buildings were an average
of three to five stories high, were closely spaced, and were heavily loaded with
combustibles. The lack of an organized air defense allowed the Royal Air Force
(RAF) to concentrate its bombing, which led to many simultaneous fire starts.
The intense fire completely and nearly simultaneously burned out all the
buildings in a broad area.

The concentrated B-29 firebombing of Japanese cities lasted about six
months--from February to August of 1945. Firebombing raids were made on 65
cities. Tokyo was the first city attacked, and that fire was perhaps the most
disastrous of all, burning nearly two-thirds of that city plus Yokahama with
great loss of life (perhaps 200,000 dead). Major fires
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£
5
f Table 2 German Cities Burned in World War 11
2 City Population Deaths Percentage of Remarks
3 (in thousands)  (in thousands)  Population
Killed
Dresden 600-2,000 135-250 20 Fire storm
Hamburg 1,760 34-100 5 Fire storm
Berlin 4,420 52 1 Many small
fires, many
raids, no fire
storm
Darmstadt 109 8-15 10 Fire storm, 90
percent
asphyxiation
deaths
Kassel 228 6-9 4 Fire storm
Heilbronn 78 6-8 10 Fire storm
Cologne 757 5.6 <1
Wuppertal 395 2.6-5.2 1 65 percent fire
deaths
Duisburg 410 1.5-2.6 <1
Bremen 434 1.2 0.3
Pirmasens 50 0.6 1
Brunswick 216 0.56 0.3 Fire storm;
23,000 rescued
59 others 49 cities lost 39
percent

residential units
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occurred at Osaka, Kobe, Kyoto, Nagoya, Nishinomiya, Kawasaki,
Shizuoka, and Kumagaya (the last city attacked).

Figure 1

Photo of gutted Hamburg buildings on July 24, 1943, after a raid by the Royal
Air Force. Reprinted from Fire and the Air War. © 1946 National Fire
Protection Association, Quincy, Mass. Reprinted with permission.

The atomic bomb dropped on Hiroshima instantaneously lit many fires
throughout the city. Three to five minutes after the burst, dust and smoke from
the already burning city could be seen following the rising nuclear fireball cloud.

Figures 2 and 3 are previously unpublished views of Hiroshima taken in
September 1945. Despite some reconstruction, an enormous amount of rubble
and devastation is evident. Only the skeletons of reinforced concrete buildings
and massive masonry structures or chimneys remained standing. In the center of
the city, fire damage was nearly complete.

The sketch of the damage areas at Hiroshima (Figure 4) shows that for
more than 1 mile in radius (about 1.6 km) around ground zero, the destruction
was heavy; nearly all buildings were burned out. An appreciable number of
additional buildings were burned out to 2 miles (about 3 km); even as much as 3
miles (about 5 km) away, some damage was experienced and a few fires
occurred. The yield of the Hiroshima bomb is now estimated at about 15
kilotons (kt). The height of the burst was at an altitude of 1,860 feet (about 567
m). Modem strategic weapons have yields in the hundreds and thousands of
kilotons. Today, an attack on a city like Hi
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Figure 2
View of central Hiroshima in September 1945 showing rubble and
reconstruction. (From the private collection of W. Shephard.)

Figure 3
View of Hiroshima, September 1945. (From the private collection of W.
Shephard.)
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roshima would probably employ one or more weapons with much larger
yields, in keeping with either U.S. or Soviet targeting philosophy and weapon
availability.
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Figure 4
Map of damaged areas in Hiroshima.

Figure 5 illustrates the percentage of buildings that were burned as a
function of distance from ground zero at Hiroshima. At a range of more than 1
nautical mile,” more than half the buildings were gutted by fire. At that point,
the peak overpressure of the nuclear blast wave was about 3 psi, and the fireball
heat or thermal fluence was about 8 or 9 cal/cm? The surveyed area was
composed mainly of industrial or commercial buildings, with some residential
structures intermingled among them.

The bomb that was dropped on Nagasaki also caused intense fires, though
not as widespread as those at Hiroshima because the bomb was exploded over
an industrial area, much of which was not highly built up.

* One nautical mile is about 6,076 feet, 1,851 meters, or 1.15 miles.
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Figure 5
Hiroshima fire destruction (nmi = nautical miles).

A number of enclaves of residential and commercial development,
however, were scenes of intense fires.

From the limited past experience, it is clear that nuclear-caused urban fires
can do extensive damage over very wide areas. Although such fires would be
influenced by many factors, intense and widespread fires appear inevitable in
the event of a nuclear attack on urban areas. Our understanding, based on
historical evidence and a study of nuclear explosions, is summarized in Table 3.

CHARACTERISTICS OF LARGE-SCALE URBAN FIRES

Several obvious facets of large-scale urban fires are unusual and deserve
characterization. Some of these unusual features are attributable to the
uncommonly large size of such fires. An intense large-area fire could exhaust
most of the urban-area fuel in a matter of a few hours; some stores of
flammables such as underground oil storage tanks or large stocks of rubber
goods could, however, continue to smolder and burn for days. And fire in the
rubble of collapsed buildings may burn more slowly.
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Table 3 Summary of Large-Scale Urban Fire Experience

Nonnuclear

Most urban war damage is due to fire.

Much fire damage occurs due to accidents and natural disasters.
Hiroshima

The central area was nearly completely burned out.

Firebreaks were not effective

Some fires spread beyond the initial ignition area.

Possibly, many blast-induced ignitions took place (overturned hibachis or charcoal
braziers).

Nagasaki

Target layout led to smaller, separate fires.

Some areas developed small fire storms.

Weather and topography influenced damage.

Nuclear tests

No large-area fire experiments were conducted.

Numerous ignition thresholds were measured.

Thermal phenomena were studied extensively.

Intense large-area fires have been known to create unusual drafts, with
winds approaching hurricane velocities. Air temperatures in and near these huge
fires may exceed the temperature of spontaneous ignition for most burnables.
The rising column of hot air, smoke, ash, and combustion gases from a large
urban fire can be expected to rise more rapidly, cool more slowly, and
otherwise behave differently from that of a single house fire.

Table 4 lists some of the parameters and factors needed to characterize
large-scale fires. The burning area may be described in terms of the height of
the flames, the rate of burning or rate of heat released, the nature of combustion
gases, average temperatures, and the amount of buoyancy created by the fires.
Those factors, interactively combined with the city layout, can yield a large-
scale urban fire model.

The column above the burning region can be described in terms of its rate
of rise, the altitude that it achieves, the periodic or transient toroidal motions,
the radiation and chemistry of the gases and particulates that are carried aloft,
and their interaction with winds and temperature changes in the atmosphere.

City fires after a nuclear burst are different from fires that spread from a
point or along a front: large areas would burn simultaneously. The diameter of
such fires can be comparable in scale to the height of the atmosphere. Area fires
that are many kilometers in diameter can generate high winds and raise a
column of smoke and water vapor that can reach
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the tropopause.” This fire-generated plume can pump smoke and ash into upper
levels of the atmosphere, forming large, spreading clouds. Conceivably,
firebrands could be dropped at great distances from the fire itself, leading to
additional fires.

Table 4 Large-Scale Fire Features for Which Models Are Needed

Fire size (area) Gas/smoke/ash

Duration Plume heights

Surface winds Plume dynamics

Air temperatures Vorticities

Flame heights Atmospheric/meteorologic influences

Fuel densities Blast damage influences on fire propagation
Combustion rates Multiple burst effects

Heat release

Many parameters should be considered in predicting fire damage from
such large-scale urban fires. Table 5 lists some of these factors. Fires can result
from either blast disruption or thermal (fireball radiation) ignitions. For the
latter, the atmospheric transmission of visible and infrared light is important, as
are the reflection and scattering of light from snow cover or cloud decks. For
blast-induced ignitions, the frequency of open flames, electrical discharges, or
sparks from electrostatic discharge or metal friction from motions induced by
the blast wave can be correlated with the density, type, usage, and content of
buildings and their surroundings and fire suppression measures.

In some cases, the blast can blow out an incipient thermal ignition, but it
can also fan and spread an established fire. The blast can expose fuels by
breaking up structures, thus leading to the possibility of additional ignitions by
subsequent nuclear bursts.

Multiple bursts on or near the same urban area can exacerbate the fire
damage. A second burst can more readily light fires in the debris of a preceding
burst. It can also scatter burning debris from the first burst and thus contribute
to the spread.

High-altitude bursts could burn cities yet cause relatively little direct blast
damage. A city protected by a low-altitude antiballistic missile defense system
could thus be damaged even though no missiles or bombs actually reach it.

A surface burst radiates about half as effectively as an air burst. In
addition, its fireball lies lower on the horizon, and at large ranges, burnable

* The tropopause is the altitude at which the air ambient temperature begins increasing
with altitude; it is viewed as the dividing line between the lower atmosphere and the
stratosphere.
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material is more likely to be shielded from it. Yet even surface bursts are
capable of causing large fires by thermal and blast-disruption ignitions. A
surface burst also leaves a crater, throws ejecta, and causes intense local
radiation fallout.

Rain and snow have helped suppress natural fires, but intense urban-area
fires may not be subject to weather effects--most of the combustibles in a city
are inside the buildings and thus are dry. The disastrous Dresden fire occurred
in February with snow on the ground and clouds overhead.

Civil defense preparations could make considerable difference at fire
peripheries, but most passive measures are of limited value. Window coverings
will be blown away. Firebreaks are otherwise of little value if fires start on both
sides of them or large numbers of wind-borne burning firebrands are carried
across them. Even with electrical and gas utilities turned off, spark ignition
from static electricity discharges or metal scraping on stone or other metal
during blast disruption can light leaking volatile fuels or other flammable
materials. The removal of all gasoline or diesel vehicles could help, but short of
tearing down a city, it is hard to greatly reduce a city's propensity for burning.
Active firefighting during or after a nuclear attack seems quite impractical due
to the overwhelming number of ignitions, blast-caused debris, and the continued
hazards to firefighters.

The bulk of the heat that emanates from a nuclear fireball comes out
mostly in a major pulse whose power is illustrated in Figure 6 (left-hand scale).
The integral of that pulse, or the total accumulated amount of radiated heat, is
indicated by the upper curve with the right-hand scale. For a 1-megaton (Mt)
explosion, the peak occurs at about 1 second, and the pulse lasts some 7 or 8
seconds. It is a brief, but intense, release of heat. Roughly one-third of the total
weapon yield shines away in this thermal pulse.

Table 5 Variables in Fire Damage Prediction

Weapon yield Blast-induced fires

Burst height Building construction

Thermally induced fires Building contents/usage

Visibility/transmittance Building density

Ignition thresholds Firespread

Fire propagation probabilities Firebreaks

Clouds/snow cover reflectance Topography

Multiple bursts Weather

Blast-tire interactions Countermeasures/civil defense
Preparation/evacuation
Fire fighting
Repair/recovery
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Figure 6
Thermal radiation. Source: Glasstone and Dolan (1977).

The normalized power curve of Figure 6 can be approximated by the
analytic formula

27
P = Fma.t (—)1
1+ 7 )

in kilotons per second, in which t© = #%,,,,, and ¢ is the time (in seconds).
The time to peak power and the maximum power are approximated by

fm = ﬂ.ml?“’ﬁ'“h, (2}

= L]
Py = 318WOS6 (3)

In equations 2 and 3, Wy, is the weapon yield (in kilotons).

The total heat (E, in kilotons) released by the fireball up to time t after
burst is the integral of this power:

E = L Pd,
(4)

in which P is the thermal power and df the time increment.

The ignition of combustibles can be related to this total energy. The
ignition threshold energy level for a particular material depends on the weapon
yield. The time of the pulse increases with yield, and for longer pulses more
energy is needed to ignite materials. Threshold ignition levels Ot for common
susceptible materials in an urban environment increase with yield roughly as

Qp ~ 3.5W, 0113 (calfem?) (5)
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Relatively simple formulas can be used to estimate the amount of heat per
unit area, or the number of calories per square centimeter, that will be felt at
various distances. This in turn can be used to predict where fires will develop.
Equation 6 indicates that the fluence decreases as the inverse square of the
distance from the burst.

Q = 1.0TW, TR, (caliem?) 6)
where R is the slant range from the burst (in miles), and T is the
transmissivity or attenuation due to passage through the intervening air.

The transmissivity, and thus fluence, decreases exponentially because of
absorption by moisture or pollutants in the air (equation 7). Some increases can
occur, however, by forward scattering of light. A linear term corrects for this
scattering enhancement. The transmissivity can be approximated by

T=(l + 1.9RIV) exp(—2.9R/V), .
where V is the visibility in miles (12-mile [about 19 km] visibility is
considered a clear day).

As indicated by equation 5, the levels of thermal fluence, or the amount of
heat that it takes to light various susceptible fuels, is a matter of a few calories
per square centimeter. Table 6 lists thresholds for a few materials. From 3 to 10
cal/cm? should prove sufficient to light likely fuels at yields from 20 to 100 kt.
At the larger yields, it takes somewhat more total energy in calories per square
centimeter to ignite susceptible materials.

Factors that can influence the development and spread of fires in urban
areas are listed in Table 7. Although they represent a number of complex
factors, recent studies (Brode and Small, 1984) have attempted to model

Table 6 Approximate Threshold Radiant Exposure Needed for Ignition
Threshold Radiant Exposure (cal/cm?)

Fuel 35-kt Yield 1,400-kt Yield
Dry leaves 4 6

Dry grass 5 8

Newspaper (text) 6 8

Cardboard carton 16 20

Rayon (black) 9 14

Canvas 12 18

Cotton shirt 14 21

Heavy cotton drapes 15 18

Black rubber 10 20

Source: Glasstone and Dolan (1977).
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their influences. These studies reveal that, in general, fires tend to burn out the
entire center of the area around ground zero and create at least some probability
of damage out to many miles.

Table 7 Factors in Target Susceptibility to Fire

Construction (related fire susceptibilities)
Contents (fuel load and ignition sources)
Adjacent structure susceptibility, proximity
Proximity of vehicles

Window area

Weather conditions (cloud cover, snow cover)
Terrain (uphill spread/shadowing)

Disruption sources (open fires, electrical transformers, etc.)
Fuel volatility and dispersion

Multiple burst/exposure factors

Exposing susceptible fuel to second burst
Blowing firebrands

Fire suppression

A number of these variables (see also Table 5) were assigned ranges or
uncertainties and were combined statistically. The probabilities for fire damage
as a function of distance from ground zero for a generic city are plotted in
Figure 7 for 50-kt and 1-Mt explosions. For a 1-Mt explosion, the mean
distance to the point at which 50 percent probability of damage would occur is
about 7 miles (about 11 km), but the range could be greater or, under certain
circumstances, much smaller. The two-sigma values bound 95 percent of the
expected variations, i.e., the damage would be expected to fall outside of these
extreme curves only 5 percent of the time. Only 1 time in 40 might one expect
an urban area to be 50 percent burned out at less than 2 miles (about 3 km) or to
be 50 percent destroyed beyond 6 miles (about 10 km) from a 50-kt airburst.

The results shown in Figures 6 and 7 are for generic cities. The range of
possible fire sizes could be narrowed by choosing specific cities and weather
conditions. Nevertheless, there are many variables that influence the prediction
of fire size, and thus there may remain considerable uncertainty in damage or
casualty prediction. While it may be prudent to assume and plan for the worst
case, it should be noted that smaller values may be equally probable.

MODELING LARGE-FIRE ENVIRONMENTS

Despite the rather large number of disastrous area fires, there exist little
technical data. Observations by survivors are, in most cases, sketchy and
seldom provide sufficient information to construct and verify theoretical
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models. Nevertheless, when whole areas have burned simultaneously, unusual
and extreme conditions have resulted. Survivors of the fire storms at Hamburg,
Dresden, Hiroshima, and other cities recall similar experiences. Extreme
temperatures and high-velocity fire winds were reported in each of these fires.
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Fire damage range summation curves.

We have developed analytical models that explain many of the phenomena
observed in the World War II city fires and predict what might occur for a large-
yield nuclear attack on an urban area. Basically, the models consider the
simultaneous ignition of fires over a large area and
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the resulting distribution of buoyancy (Small et al., 1984, 1985). The buoyancy
initiates a chain of interrelated effects. Pressure forces are created, and as a
consequence, a broad upward motion supported by a high-velocity inward flow
(the fire winds) is produced (Smith et al., 1975; Cox and Chitty, 1980; Zukoski
et al., 1981). This simple view neglects many important transient features of
large fires. Nevertheless, analysis of such flows explains many of the observed
phenomena. Higher velocities could occur, however, if a swirling column
develops (Carrier et al., 1982) from, for example, topography, ambient wind
shears, or fire-generated entropy gradients (Weihs and Small, in preparation).
Such flows rarely seem to occur. In general, motions resulting from the fire-
generated strong buoyancy account for the high-velocity fire winds.

From our analyses, it appears that large-area city fires in World War II, as
well as those that might result from nuclear weapon explosions over urban
areas, are different from small laboratory-scale fires or isolated building fires.
In many of the large World War 1II fires, all combustibles were consumed. This
is not always the case for an ordinary building fire, a fire involving several
buildings, or spreading fires that burn along a front. Furthermore, fires with
radii approaching 5 to 10 km will have convection columns or plumes that are
almost as wide as they are high. In fact, for low inversion heights in the
atmosphere or strong ambient winds, the plume may have greater width than
vertical dimension.

An analysis of large-area fires should include at least three special features.
First, plume motions stem directly from fire dynamics, and therefore, the fire
source must be modeled in some detail. Second, since the plume is likely to be
fairly broad relative to its height, edge entrainment of ambient air is not likely
to be a major factor influencing the plume equilibrium in the atmosphere. Third,
the plumes above large-area fires are more seriously influenced by atmospheric
gradients, inversion heights, and upper atmosphere crosswinds.

Our approach has been to develop a detailed analytical model of the fire
region and to calculate (in numerical experiments) the atmospheric responses to
widespread fires or, in modeling terms, large heat additions in a finite surface
volume.

The fire or source-region analysis (Larson and Small, 1982a,b; Small et al.,
1984, 1985) relates the heat addition to the production of buoyancy and to the
induction (and turning upward) of the fire winds. The analysis is valid only in
the vicinity of a large fire. Even though transient features are neglected, this
analytical view provides some insight into the principal persistent features of
large fires. In addition, the steady-state analysis provides some insight and
guides the formulation of time-dependent calculations. Some sample results are
shown in Figures 8 through 10. Tem
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perature ratios for the fire region are given in Figure 10. Those ratios represent
the average of both the burning structure and street air temperatures. The street
air temperatures are, of course, lower than the fire temperatures; nevertheless,
the predicted mean values indicate an extremely hostile thermal environment
for survivors of the blast. Figures 11 and 12 show that large fires can indeed
generate hurricane-force winds. Velocities on the ground approach 90 miles per
hour (40 m/s) for the largest fires. These derived velocities are averaged over
space and time. Actual velocities in streets or channels may be larger. In
general, the fire wind velocities are greater at the fire edge than in the center of
the burning area. Survivors attempting to escape the burning zone would meet
progressively higher wind speeds.
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Figure 8

Source-region temperature contours: 10-km radius fire.

We have also simulated the time-dependent dynamics of such large-scale
fires and the resulting atmospheric responses. A two-dimensional implicit
hydrodynamics program was used for numerical calculations that modeled the
dynamics of very large fires (Small et al., 1984, 1985). Such calculations
employ finite difference methods to approximate the differential equations of
motion. The model accounted for radiation, the buoyancy generated by the
heating by the fire, and the subsequent rising of the plume in the atmosphere.
The results show high velocities near the
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ground surface, a rapid decay of buoyancy above the flames, significant
periodic vortex motions around the rising column, and occasional penetrations
of the tropopause by the plume. Significantly, the bulk of the column and cloud
(containing the smoke and ash) remains below the tropopause, i.e., it does not
penetrate into the stratosphere where it might remain for long periods. Clearly,
the structure of the atmosphere plays a major role in limiting the plume rise.
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Figure 10
Fire wind dependence on burning rate: 10-km radius fire.
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An example calculation shown in Figures 11 through 15 models a fire with
a 10-km radius. Such a fire would be representative of a 1-Mt yield explosion
over a very large urban area. In the first 15 minutes, the intensity of the burning
is linearly increased and then held constant at 100 kW/m?. This simulates the
development of a superfire of many thousands of ignitions. Initially (Figure 11),
there is evidence of a very turbulent motion with several distinct rotating cells.
The motions extend several kilometers above the fire.

At 25 minutes, the fire winds are well established and extend beyond the
fire region (Figure 12). Notable in the solutions are complex transient motions.
Some local vortex motions account for periodically high centerline velocities
that may loft combustion products through the tropopause; other vortices
influence the ambient air induction (fire winds) and the plume rise. These
vortex motions vary somewhat periodically with time. There is, however, a
uniformity and an overall persistence to the flow.

The calculated plume motions show that the atmosphere plays a major role
in the equilibrium height attained by the fire products. The lofting of fire
products is limited; the tropopause effectively caps the flow (see Figures 13 and
14).

Velocity (mJ/ese)
20 0 40 Time = 15 mirstes
25)
20}
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Figure 11
Velocity vectors at 15 minutes after the start of a 10-km radius fire.
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At 75 minutes (Figure 15), the bulk of the circulation is well below the
tropopause but it extends many kilometers beyond the 10-km fire radius.
Evident above the main flow is another layer containing combustion products
that originally penetrated to higher altitudes and then fell back. Both layers are
contained in the lower atmosphere.

Both the steady-state source-region analysis and the time-dependent
numerical simulations portray physically consistent flow fields. There are,
however, a number of simplifications and assumptions contained in both
models. That there is reasonable agreement between theory and experiment
lends confidence to these models. Nevertheless, it is important to recognize
deficiencies: processes such as turbulence, radiation, and heat release require
improved modeling. The development of these models is continuing.

SUMMARY

The concentrated attacks on urban centers during World War II resulted in
several city fires in which large areas burned simultaneously. Extreme
temperatures and wind fields were created by those fires. Despite a well-
organized German civil defense, firefighting, rescue operations, and emergency
medical aid were severely limited in many of the fires and totally ineffective in
the intense fire storms.

Even larger area fires are likely to result from nuclear weapon bursts. A 1-
Mt yield weapon can start fires over several hundred square kilometers—a fire
area many times larger than those in Hiroshima, Hamburg, or Dresden. In fact,
a greater area may be damaged by fire than by blast.

High mean temperatures, hurricane-force winds, and toxic gases would
characterize the street-level environment. Analysis shows that the fire wind
velocities increase with the size and intensity of the burning city and peak at
approximately 90 miles per hour (40 m/s). Local wind values in natural
channels, between buildings, or in streets may be somewhat higher; and gusts to
even higher speeds can be expected. Intense fires, and thus a more severe fire
environment, are likely in the more densely built cities.

Our calculations show that large-area fires will produce high mean air
temperatures. Flame convection and radiative heating would produce a hostile
temperature environment throughout an intensely burning city, even in the
streets. Extreme thermal conditions and noxious gas accumulations would also
be likely in shelters not properly designed to diffuse or dissipate the heat load
and filter the smoky and poisonous air.

The induced fire winds would be drawn into the burning city from
surrounding areas. Measurable velocities may be felt as far as 40 km from
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the fire, and significant wind speeds may be felt as far as 10 km from the fire
edge. This inflow would feed and fan the fires and replace the gases of the
rising plume or smoke column. The smoke would mostly be contained in the
lower atmosphere, although some may be injected to higher altitudes. The
possible long-term or climatic effects of these fires are currently being
investigated by a number of agencies and laboratories. The smoke load injected
into the atmosphere by a nuclear war is the subject of a continuing study by us.
A previously published study provided detailed estimates of smoke from attacks
on nonurban targets (military strategic forces) (Small and Bush, 1985).
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A MENTS OF THE ENVIRONMENTAL CONSEQUENCES OF 96
NUCLEAR WAR

Recent Assessments of the Environmental
Consequences of Nuclear War

Richard P. Turco, PH.D.
R&D Associates, Marina del Rey, California

NEW FINDINGS

Since late 1984 a number of important scientific studies have considered
the global-scale consequences of a major nuclear war. These studies look
beyond the immediate and direct effects of nuclear explosions (blast, thermal
radiation, and local radioactive fallout) to investigate the more widespread
effects of dispersed radioactivity and severe climatic disturbances—the nuclear
winter (Crutzen and Birks, 1982; Turco et al., 1983). Assessments of the
relevant phenomena have been carded out by the U.S. National Research
Council (NRC, 1985), the Royal Society of Canada (1985), and the Scientific
Committee on Problems of the Environment (SCOPE) of the International
Council of Scientific Unions (Pittock et al., 1986; Harwell and Hutchinson,
1985). Numerous physicists, atmospheric scientists, biologists, and physicians
from around the world have contributed to these projects. In each case the
findings are similar. While cautioning that significant uncertainties remain to be
resolved, each report concludes that a nuclear winter is a clear possibility
following a nuclear exchange. The SCOPE report goes even further, describing
the biological, ecological, and human implications of a nuclear war and its
aftermath. This unique treatise is summarized in the paper by M. Harwell in this
volume (also see Harwell and Hutchinson, 1985).

The SCOPE executive summary of findings on the physical and
atmospheric effects of nuclear war is reproduced in the appendix to this paper.
The report confirms that the coexistence of immense nuclear ar
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senals (about 24,000 warheads carrying some 12,000 megatons of explosives)
and abundant combustible fuels concentrated in industrial and urban areas (up
to several thousand million tons of petroleum and petroleum products and more
than ten thousand million tons of wood and wood products) could bring about a
global nuclear winter in the event of nuclear exchange. The physical mechanism
would involve the ignition of large fires by nuclear bursts, followed by the
insertion of unprecedented quantities of smoke into the atmosphere, where it
could divert sunlight and trigger climatic perturbations.

In addition to the major national and international studies mentioned
above, a number of important individual scientific contributions to the nuclear
winter problem have been made recently. Small and Bush (1985) reassessed the
potential quantity of fuel that might burn in nuclear detonations over rural
(nonurban) targets. They found quantities 10 to 100 times smaller than previous
estimates (Crutzen and Birks, 1982; Turco et al., 1983; NRC, 1985). Although
the methodology of the study by Small and Bush is more thorough than earlier
approaches, some of the key assumptions have been questioned; a subsequent
analysis increases the fuel estimates of Small and Bush by a factor of about 10
(Pittock et al., 1986). Regardless of the resolution to this problem, wildland fire
smoke remains a secondary contributor to a nuclear winter, with industrial and
urban smoke being the primary contributor.

The heights of deposition of smoke in large fire plumes have been studied
by Cotton (1985) and Manins (1985). It now seems clear that smoke from large
nuclear-initiated fires would be injected into the upper troposphere, with some
directly reaching the stratosphere. Most of the smoke injection would be above
the low-altitude zone of normally rapid washout. However, the fraction of the
smoke that might be removed immediately in the induced "black rain" is
currently unknown; fractions of 30 to 50 percent assumed in recent assessments
seem reasonable (NRC, 1985; Pittock et al., 1986).

Even if the smoke is not initially injected into the stratosphere, several new
studies show that heating produced by the absorption of sunlight will cause the
smoke to rise into this region (Haberle et al., 1985). Such studies also indicate
that solar heating could lead to the stabilization of elevated smoke layers and
accelerate their spread into the Southern Hemisphere. The result would be more
widespread and prolonged climatic disturbances.

The expected climatic impacts of dense smoke layers include land surface
temperature decreases of up to 35°C within one week during the summer half of
the year, major shifts in global wind patterns, and substantial decreases in
precipitation in many continental regions (Thompson, 1985; Cess et al., 1985;
Malone et al., 1986). When proper comparisons
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are made between these new results and the original nuclear winter calculations
of Turco et al. (1983), the predicted temperature declines are found to be very
similar.” The latest physical modeling of the radiative and climatic effects of
dense clouds of smoke (Cess et al., 1985; Covey et al., 1985; Ramaswamy and
Kiehl, 1985) reinforce the cooling mechanisms postulated for a nuclear winter.

In summary, a growing body of detailed technical analyses supports the
general principles of the nuclear winter theory. Thus, although substantial work
remains to be done, the theory now stands on a much firmer scientific basis than
ever before. In light of these newest confirmations of the possible physical
aftermath of a major nuclear war, greater emphasis should be placed on
understanding the biological and ecological consequences, particularly the
agricultural and human impacts. These are, after all, of the most urgent concern
to the global community (Harwell and Hutchinson, 1985).

POTENTIAL CONTRIBUTION OF PLASTICS TO NUCLEAR
WINTER

Modern civilization is finding more uses for plastics in construction,
durable goods, and packaging. When burned, plastics typically generate a sooty
toxic smoke (and could therefore contribute to a nuclear winter). The
industrialized world is producing plastics and noncellulosic synthetic fibers at
the rate of about 60 million metric tons, or teragrams (1 teragram [Tg] = 10!2 g),
per year (U.N. Statistical Yearbook, 1981; Handbook of Economic Statistics,
1984). In the United States, plastics output is projected to increase by up to 5 to
6 percent per year through this decade (U.S. Industrial Outlook, 1985).
Worldwide output has grown roughly 10-fold over the last two decades, and at
current rates of growth output could redouble by the turn of the century. In
1983, production in the North Atlantic Treaty Organization (NATO) and
Warsaw Pact alliances and Japan amounted to about 46 Tg of plastics and 8 Tg
of noncellulosic fibers. Plastics are derived primarily from petroleum and
account for about 2 percent of total petroleum consumption.

The breakdown of production and usage for various plastics in the United
States is given in Table 1. Considering the 70 percent of all plastics represented
by the data in Table 1, about one-third goes into each of the packaging and
construction industries, about one-quarter into consumer durables, and the rest
into the transportation industry. These statistics are

* That is, by taking into account the moderating effect of oceans on land temperatures
and the normal seasonal differences in initial land temperatures.
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TABLE 1 Plastics Production, Use, and Properties

Production/Use? (Tg/yr) Specific
Fraction of  Extinction
Total Coefficient
Pack- Construc- Consumer Transpor- Production’ of Smoke®
Plastics aging tion Durables tation Represented  (m?/g-plastic)
Polycthylene 2.87 0.7 0.70 0.12 0.70 0.5
Polyvinylchloride 030  1.89 0.49 0.10 0.81 1.0
Polystyrene 0.74 015 0.48 0 0.63 1.5
Polypropylene 0.42 0.04 0.87 0.16 0.68 0.5
Polyurethane 0 0.18 0.39 0.19 0.86 0.5
Polyester 040 015 0.33 0.09 0.95 1.0
Phenolic 0 0.99 0.08 0 0.91 0.5
Acrylonitrile- 0 0.09 0.16 0.11 0.69 12
butadiene-
styrene
EpoxyMelamine 0 049 025 0 0% 03
Total 473 475 3.75 0.77 0.70°
Weighted-
average”
specific
extinction
coefficient of
smoke
(m¥/g-plastic) 073 07 0.75 0.73

NOTE: Data on production and consumption apply to the United States in 1984 and are taken
from Modern Plastics (1985). Only the predominant families of plastics are considered.

“Packaging includes containers, wrappers, fillers, bottles, caps, cups, and so on. Construction
materials include pipes, panels, insulation, wiring, tiles, moldings, fixtures, and so forth. Con-
sumer durables include appliances, electronic gear, housewares, toys, records, tapes, and the
like. Transportation refers to plastics used in cars, trucks, buses, aircraft, and so on.

bThe fraction of production of each type of plastic that is included in the four use categories
(i.e., excluding miscellaneous uses—for which statistics are unavailable—and exports).

“The specific extinction (scattering plus absorption) cocfficients apply at visible wavelengths.
The values are based on laboratory data obtained from the references cited in the text, but have
a substantial uncertainty. (The coefficient for phenolics is only estimated.) The extinction coef-
ficient, when multiplied by the quantity of a particular type of plastic that may be bumed, and
divided by the area over which the smoke may be dispersed, provides an estimate of the extinction
optical depth of the resulting smoke layer.

4This is the fraction of the 7otal production of plastics (all types and all uses) represented by
the data in the table. According to Modem Plastics (1985), total U.S. plastics consumption in
1984 was nearly 20 Tg.

“The average extinction coefficient corresponding to the specific mix of plastics in each use
category.
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consistent with other surveys of plastics consumption (U.S. Statistical
Abstracts, 1985).

There are two lifetimes of plastics that are of interest: their functional
lifetime from manufacture to disposal as trash and their lifetime in the
environment after disposal. It is assumed that plastics used in packaging (about
33 percent of the total produced, or 16 Tg/year at present) have an average
functional lifetime of 3 months. Thus, relatively little packaging material is
stockpiled at any time. Of the remaining plastics, it is assumed that equal thirds
have functional lifetimes of 10, 20, and 40 years (i.e., about 22 percent of total
production, or 10 Tg/year of each type at present). The longer-lived materials
would be used mainly in construction as well as in certain items of furniture and
appliances. In addition, polymeric fibers, used principally in carpeting, are
assigned a lifetime of 10 years (8 Tg/year is produced at present). While the
useful lifetimes of plastics in society are difficult to determine accurately, our
estimates based on broad use categories should be adequate.

In disposal, plastics may be burned, buried, or simply discarded as loose
rubbish. Only about 10 percent of all collected municipal waste is burned, and
thus incineration represents a minor sink for plastics (Guillet, 1973). No
meaningful recycling of plastics occurs. Most polymers are also immune to
decomposition in soils. However, solar ultraviolet radiation causes bond
incisions in many polymers, leading to chemical activity and degradation,
although continuous direct exposure to sunlight is required for effective
decomposition (Guillet, 1973). Today, discarded plastics continue to
accumulate in dumps, salvage yards, and landfills. Some of this material would
be accessible to burning in a nuclear war.

Production records indicate that about 750 Tg of plastics and noncellulosic
fibers were manufactured from 1963 to 1983 in the United States, Europe, the
USSR, and Japan. With the assumed lifetimes discussed above, it is estimated
that about 400 Tg of polymers are in use today.

Given the production rates and lifetimes of various plastics products and
the amounts available in 1983, estimates of future accumulations can be made
(Figure 1). If production were to remain constant at the 1983 level, the quantity
of plastics in use would continue to grow, approaching 700 Tg in several
decades. If production were to increase by 5 percent per year until the turn of
the century (as might be anticipated based on past performance; U.S. Industrial
Outlook, 1985), about 800 Tg could be in use in the NATO and Warsaw Pact
alliances by the turn of the century, with the quantities in use in these countries
continuing to grow well into the century. Greater amounts would have been
produced and discarded, and much of this would be accessible at trash disposal
sites. More than 1,600 Tg of plastics and fibers will have been manufactured in
the countries of interest by the turn of the century.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/940.html

|E§ %gg!zal Implications of Nuclear War
MENTS OF THE ENVIRONMENTAL CONSEQUENCES OF 101

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

NUCLEAR WAR

g

MASS OF PLASTICS AND MOMGELLULOSIC FIBERS 1T

1983 1453 it 203 2013 033
YEAR

Figure 1

Projections of the total production and accumulation of plastics and
noncellulosic fibers in the United States, Europe, the U.S.S.R., and Japan. The
calculations correspond to the following assumptions about future plastics
production: (a) production is constant at the 1983 rate for an indefinite period,
and (b) production grows annually by 5 percent of the 1983 rate from 1983 to
2003 and is constant thereafter. The assumed plastics lifetimes are discussed in
the text.

The smoke produced by burning polymers has been studied in the
laboratory (Tewarson, 1982; Seader and Einhorn, 1976; Morikawa, 1978;
Hilado and Machado, 1978; Quintiere, 1982; Bankston et al., 1981). For the
materials in Table 1, measured smoke emission factors (grams of smoke per
gram of material burned) range from several percent to 20 percent or more.
Under smoldering conditions, as much as 50 percent of some plastics may be
converted into smoke particles. Under flaming conditions, the smoke is
typically black and sooty, with a large optical absorption coefficient.

Table 1 summarizes data on the specific extinction coefficient of the
smoke generated by a variety of plastics during flaming combustion (the
specific extinction coefficient is expressed in terms of the square meters of
cross section produced by each gram of material burned). The values for
individual plastics differ by a factor of 5 or more. However, the average
weighted coefficients corresponding to the four principal use categories in
Table 1 are very similar. On this basis, a specific extinction coefficient
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of 0.75 m?%g-plastics burned may be employed to make estimates of optical
effects.

Plastics can be treated with flame retardants and smoke retardants. In the
United States in 1984, 200,000 tons of flame retardants were used (about 1
percent of the weight of the plastics produced) (Modem Plastics, 1984). Flame
retardants do not generally reduce the smoke emissions of plastics and can
increase emissions dramatically in some cases (Bankston et al., 1981). Practical
and economical smoke retardants for plastics have not yet been developed. Such
retardants may eventually reduce the smoke emissions of certain plastics by up
to 50 percent (Modem Plastics, 1984) but will never eliminate the smoke
altogether.

Accumulated plastics are concentrated in urban zones where, because of
their variety, utility, and durability, they find countless practical uses. In the
United States, the top 277 metropolitan areas hold about 75 percent of the
population (U.S. Statistical Abstracts, 1985) and, presumably, at least this
fraction of all plastics. The burning of hundreds of teragrams of plastics would
produce enough sooty smoke to contribute to a nuclear winter, perhaps even
leading to one in the absence of other sources of smoke and dust. Of course, a
substantial portion of the urban areas of the warring nations would have to be
ignited in fires, as has been postulated in a number of recent studies (Crutzen
and Birks, 1982; Turco et al., 1983; NRC, 1985; Pittock et al., 1986).

Table 2 defines a plausible range of optical perturbations that might result
from plastics combustion in a future nuclear war. The range of potential global-
average absorption optical depths resulting from plastics smoke—accounting
for a plausible range of parameter variations—is about 0.1 to 1.2. It has been
shown that smoke injections leading to equivalent global absorption optical
depths of ~0.2 could greatly perturb the climate (Thompson, 1985; Cess et al.,
1985; Malone et al., 1986). The baseline scenario of Turco et al. (1983)
projected an equivalent global absorption

Table 2 Projected Smoke Potential of Plastics in 2000 A.D.

Mass of Plastics (Tg) 1,000-2,000
Total Extinction Cross-section (10'2 m?) 750-1,500
Fraction Activated by Fires® 1/8-1/2
Equivalent Global Extinction Optical Depth® 0.2-1.5
Global Absorption Optical Depth® 0.1-1.2
TRAPS Baseline Urban Smoke Absorption Optical Depth (global) ~0.5

2 This factor assumes that one-fourth to two-thirds of all plastics in the warring nations could be
burned in a major nuclear war and that one-fourth to one-half of the smoke would be removed
immediately by precipitation (Pittock et al., 1986)

b This assumes that the smoke is uniformly distributed around the entire planet.

¢ This corresponds to a range of 0.2 to 0.5 for the single-scatter albedo of the smoke.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/940.html

The Medical Implications of Nuclear War

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

MENTS OF THE ENVIRONMENTAL CONSEQUENCES OF 103
NUCLEAR WAR

optical depth of about 0.5, which produced a nuclear winter. Accordingly,
smoke and toxic gases from plastics alone would seem to guarantee some
nuclear winter-like environmental effects in the event of a future nuclear
conflict. Additional sources of climate-altering aerosols would be soot from oil
and structure fires, smoke from wildfires, and dust from surface detonations.

The estimates presented here are uncertain because, among other things,
extrapolations of trends in plastics consumption have been extended several
decades into the future. However, the drift toward greater worldwide
dependence on plastics and synthetic fibers is very clear. Nuclear arsenals may
be reduced substantially in the coming decades, but there is currently little
reason for optimism. Thus, in a politically divided world, we must seriously
consider how advanced technologies may someday interact to threaten the
future of mankind.
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APPENDIX

Scope/Enuwar Executive Summary

The executive summary of the SCOPE (Scientific Committee on Problems
of the Environment) ENUWAR (Environmental Effects of Nuclear War)
Report, Volume I: Physical and Atmospheric Effects (Pittock et al., 1986),
reviews the most important findings of recent detailed scientific studies of the
nuclear winter phenomenon (SCOPE 28, Volumes I and II, John Wiley & Sons,
Ltd., Chichester—available also from Wiley, Inc. for North America). The
summary is reproduced here in its entirety by permission of SCOPE.

Executive Summary

This volume presents the results of an assessment of the climatic and
atmospheric effects of a large nuclear war. The chapters in the volume follow a
logical sequence of development, starting with discussions of nuclear weapons
effects and possible characteristics of a nuclear war. The report continues with a
treatment of the consequent fires, smoke emissions, and dust injections and
their effects on the physical and chemical processes
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of the atmosphere. This is followed by a chapter dealing with long-term
radiological doses. The concluding chapter contains recommendations for
future research and study.

In assessments of this type, a variety of procedural options are available,
including, for example, "worst case" analyses, risk analyses, and "most
probable" analyses. All of these approaches have relevance for the subject
addressed here due to the large uncertainties which surround many aspects of
the problem. Some of these uncertainties are inherent in studies of nuclear war
and some are simply the result of limited information about natural physical
processes. In general, in making assumptions about scenarios, models, and
magnitudes of injections, and in estimating their atmospheric effects, an attempt
has been made to avoid "minimum" and "worst case" analyses in favor of a
"middle ground" that encompasses, with reasonable probability, the
atmospheric and climatic consequences of a major nuclear exchange.

The principal results of this assessment, arranged roughly in the same
order as the more detailed discussions contained in the body of this volume, are
summarized below. The Executive Summary of Volume II (Harwell and
Hutchinson, 1985), which describes the ecological and agricultural
consequences of a nuclear war, is included as Appendix 1 at the end of this
volume. A Glossary is included as Appendix 2 and a list of participants in the
study is included as Appendix 3.

1. DIRECT EFFECTS OF NUCLEAR EXPLOSIONS

The two comparatively small detonations of nuclear weapons in Japan in
1945 and the subsequent higher yield atmospheric nuclear tests preceding the
atmospheric test ban treaty of 1963 have provided some information on the
direct effects of nuclear explosions. Typical modem weapons carded by today's
missiles and aircraft have yields of hundreds of kilotons or more. If detonated,
such explosions would have the following effects:

* In each explosion, thermal (heat) radiation and blast waves would result in
death and devastation over an area of up to 500 km? per megaton of yield,
an area typical of a major city. The extent of these direct effects depends
on the yield of the explosion, height of burst, and state of the local
environment. The destruction of Hiroshima and Nagasaki by atomic
bombs near the end of World War II provides examples of the effects of
relatively small nuclear explosions.

* Nuclear weapons are extremely efficient incendiary devices. The thermal
radiation emitted by the nuclear fireball, in combination with the
accidental ignitions caused by the blast, would ignite fires in urban/
industrial areas and wildlands of a size unprecedented in history. These
fires
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would generate massive plumes of smoke and toxic chemicals. The newly
recognized atmospheric effects of the smoke from a large number of such
fires are the major focus of this report.

» For nuclear explosions that contact land surfaces (surface bursts), large
amounts (of the order of 100,000 tonne per megaton of yield) of dust, soil,
and debris are drawn up with the fireball. The larger dust particles,
carrying about half of the bomb's radioactivity, fall back to the surface
mostly within the first day, thereby contaminating hundreds of square
kilometers near and downwind of the explosion site. This local fallout can
exceed the lethal dose level.

* All of the radioactivity from nuclear explosions well above the surface
(airbursts) and about half of the radioactivity from surface bursts would
be lofted on particles into the upper troposphere or stratosphere by the
rising fireballs and contribute to longer term radioactive fallout on a
global scale.

* Nuclear explosions high in the atmosphere, or in space, would generate an
intense electromagnetic pulse capable of inducing strong electric currents
that could damage electronic equipment and communications networks
over continent-size regions.

2. STRATEGIES AND SCENARIOS FOR A NUCLEAR WAR

In the forty years since the first nuclear explosion, the five nuclear powers,
but primarily the U.S. and the U.S.S.R., have accumulated very large arsenals
of nuclear weapons. It is impossible to forecast in detail the evolution of
potential military conflicts. Nevertheless, enough of the general principles of
strategic planning have been discussed that plausible scenarios for the
development and immediate consequences of a large-scale nuclear war can be
derived for analysis.

* NATO and Warsaw Pact nuclear arsenals include about 24,000 strategic
and theatre nuclear warheads totaling about 12,000 megatons. The
arsenals now contain the equivalent explosive power of about one million
"Hiroshima-size" bombs.

* A plausible scenario for a global nuclear war could involve on the order of
6000 Mt divided between more than 12,000 warheads. Because of its
obvious importance, the potential environmental consequences of an
exchange of roughly this size are examined. The smoke-induced
atmospheric consequences discussed in this volume are, however, more
dependent on the number of nuclear explosions occurring over cities and
industrial centers than on any of the other assumptions of the particular
exchange.
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* Many targets of nuclear warheads, such as missile silos and some military
bases, are isolated geographically from population centers. Nevertheless,
enough important military and strategic targets are located near or within
cities so that collateral damage in urban and industrial centers from a
counterforce nuclear strike could be extensive. As a result, even relatively
limited nuclear attacks directed at military-related targets could cause
large fires and smoke production.

* Current strategic deterrence policies imply that, in an escalating nuclear
conflict, many warheads might be used directly against urban and
industrial centers. Such targeting would have far-reaching implications
because of the potential for fires, smoke production, and climatic change.

3. THE EXTENT OF FIRES AND GENERATION OF SMOKE

During World War 11, intense city fires covering areas as large as 10 to 30
square kilometers were ignited by massive incendiary bombing raids, as well as
by the relatively small nuclear explosions over Hiroshima and Nagasaki.
Because these fires were distributed over many months, the total atmospheric
accumulation of smoke generated by these fires was small. Today, in a major
nuclear conflict, thousands of very intense fires, each covering up to a few
hundred kilometers, could be ignited simultaneously in urban areas, fossil fuel
processing plants and storage depots, wildlands, and other locations. Because
there have never been fires as large and as intense as may be expected, no
appropriate smoke emission measurements have been made. Estimates of
emissions from such fires rely upon extrapolation from data on much smaller
fires. This procedure may introduce considerable error in quantifying smoke
emissions, especially in making estimates for intense fire situations.

* About 70% of the populations of Europe, North America and the Soviet
Union live in urban and suburban areas covering a few hundred thousand
square kilometers and containing more than ten thousand million tonne of
combustible wood and paper. If about 25-30% of this were to be ignited,
in just a few hours or days, tens of millions to more than a hundred
million tonne of smoke could be generated. About a quarter to a third of
the emitted smoke from the flaming combustion of this material would be
amorphous elemental carbon, which is black and efficiently absorbs
sunlight.

* Fossil fuels (e.g., oil, gasoline, and kerosene) and fossil fuel-derived
products (including plastics, rubber, asphalt, roofing materials, and
organochemicals) are heavily concentrated in cities and industrial areas;
flaming combustion of a small fraction (~25-30%) of the few thousand
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million tonne of such materials currently available could generate 50-150
million tonne of very sooty smoke containing a large fraction (50% or
greater) of amorphous elemental carbon. The burning of 25-30% of the
combustible materials of the developed world could occur with near total
burnout of less than one hundred of the largest industrialized urban areas.
Fires ignited in forests and other wildlands could consume tens to
hundreds of thousands of square kilometers of vegetation over days to
weeks, depending on the state of the vegetation, and the extent of fire-
spread. These fires could produce tens of millions of tonne of smoke in
the summer half of the year, but considerably less in the winter half of the
year. Because wildland fire smoke contains only about 10% amorphous
elemental carbon, it would be of secondary importance compared to the
smoke created by urban and industrial fires, although its effects would not
be negligible.

The several tens of millions of tonne of sub-micron dust particles that
could be lofted to stratospheric altitudes by surface bursts could reside in
the atmosphere for a year or more. The potential climatic effects of the
dust emissions, although substantially less than those of the smoke, also
must be considered.

4. THE EVOLUTION AND RADIATIVE EFFECTS OF THE
SMOKE

The sooty smoke particles rising in the hot plumes of large fires would

consist of a mixture of amorphous elemental carbon, condensed hydrocarbons,
debris particles, and other substances. The amount of elemental carbon in
particles with effective spherical diameters on the order of 0.1 um to perhaps
1.0 pum would be of most importance in calculating the potential effect on solar
radiation. Such particles can be spread globally by the winds and remain
suspended for days to months.

Large hot fires create converging surface winds and rapidly rising fire
plumes which, within minutes, can carry smoke particles, ash and other
fire products, windblown debris, and water from combustion and the
surrounding air to as high as 10-15 kilometers. The mass of particles
deposited aloft would depend on the rate of smoke generation, the
intensity of the fire, local weather conditions, and the effectiveness of
scavenging processes in the convective column.

As smoke-laden, heated air from over the fire rises, adiabatic expansion
and entrainment would cause cooling and condensation of water vapor
that could lead, in some cases, to the formation of a cumulonimbus cloud
system. Condensation-induced latent heating of the rising air parcels
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would help to loft the smoke particles to higher altitudes than expected
from the heat of combustion alone.

Although much of the water vapor drawn up from the boundary layer
would condense, precipitation might form for only a fraction of the fire
plumes. In the rising fire columns of such fires, soot particles would tend
to be collected inefficiently by the water in the cloud. Smoke particles
however, are generally composed of a mixture of substances and might, at
least partially, be incorporated in water droplets or ice particles by
processes not now well understood. Smoke particles that are captured
could again be released to the atmosphere as the ice or water particles
evaporate in the cloud anvils or in the environment surrounding the
convective clouds. Altogether, an unknown fraction of the smoke entering
the cloud would be captured in droplets and promptly removed from the
atmosphere by precipitation.

Not all fires would, however, induce strong convective activity. This
depends on fuel loading characteristics and meteorological conditions. It
is assumed in current studies that 30-50% of the smoke injected into the
atmosphere from all fires would be removed by precipitation within the
first day, and not be available to affect longer-term large-scale,
meteorological processes. This assumption is a major uncertainty in all
current assessments. For the fire and smoke assumptions made in this
study, the net input of smoke to the atmosphere after early scavenging is
estimated to range from 50 to 150 million tonne, containing about 30
million tonne of amorphous elemental carbon.

Smoke particles generated by urban and fossil fuel fires would be strong
absorbers of solar radiation, but would be likely to have comparatively
limited effects on terrestrial longwave radiation, except perhaps under
some special circumstances. If 30 million tonne of amorphous elemental
carbon were produced by urban/industrial fires and spread over Northern
Hemisphere mid-latitudes, the insolation at the ground would be reduced
by at least 90%. The larger quantities of smoke that are possible in a
major nuclear exchange could reduce light levels under dense patches to
less than 1% of normal, and, on a daily average, to just several percent of
normal, even after the smoke has spread widely.

* Because of the large numbers of particles in the rising smoke plumes and

the very dense patches of smoke lasting several days thereafter,
coagulation (adhering collisions) would lead to formation of fewer, but
somewhat larger, particles. Coagulation of the particles could also occur
as a result of coalescence and subsequent evaporation of rain droplets or
ice particles. Because optical properties of aerosols are dependent on
particle size and morphology, the aggregated aerosols may have different
optical properties than the initial smoke particles, but the details, and even
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the sign, of such changes are poorly understood. The optical properties of
fluffy soot aggregates that may be formed in dense oil plumes, however,
seem to be relatively insensitive to their size. This is not the case for more
consolidated particle agglomerates.

» Little consideration has yet been given to the possible role of
meteorological processes on domains between fire plume and continental
scales. Mesoscale and synoptic-scale motions might significantly alter,
mix, or remove the smoke particles during the first several days. Studies
to examine quantitatively the microphysical evolution of smoke particles
during this period are needed. While changes in detailed understanding
are expected, a significant fraction of the injected smoke particles is likely
to remain in the atmosphere and affect the large-scale weather and climate.

5. SMOKE-INDUCED ATMOSPHERIC PERTURBATIONS

In a major nuclear war, continental scale smoke clouds could be generated
within a few days over North America, Europe, and much of Asia. Careful
analysis and a hierarchy of numerical models (ranging from one-dimensional
global-average to three-dimensional global-scale models) have been used to
estimate the transport, transformation, and removal of the smoke particles and
the effects of the smoke on temperature, precipitation, winds, and other
important atmospheric properties. All of the simulations indicate a strong
potential for large-scale weather disruptions as a result of the smoke injected by
extensive post-nuclear fires. These models, however, still have important
simplifications and uncertainties that may affect the fidelity and the details of
their predictions. Nonetheless, these uncertainties probably do not affect the
general character of the calculated atmospheric response.

* For large smoke injections reaching altitudes of several kilometers or
more and occurring from spring through early fall in the Northern
Hemisphere, average land surface temperatures beneath dense smoke
patches could decrease by 20-40°C below normal in continental areas
within a few days, depending on the duration of the dense smoke pall and
the particular meteorological state of the atmosphere. Some of these
patches could be carded long distances and create episodic cooling.
During this initial period of smoke dispersion, anomalies could be
spatially and temporally quite variable while patchy smoke clouds
strongly modulate the insolation reaching the surface.

* Smoke particles would be spread throughout much of the Northern
Hemisphere within a few weeks, although the smoke layer would still be
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far from homogeneous. For spring to early fall injections, solar heating of
the particles could rapidly warm the smoke layer and lead to a net upward
motion of a substantial fraction of the smoke into the upper troposphere
and stratosphere. The warming of these elevated layers could stabilize the
atmosphere and suppress vertical movement of the air below these layers,
thereby extending the lifetime of the particles from days to perhaps
several months or more.

Average summertime land surface temperatures in the Northern

Hemisphere mid-latitudes could drop to levels typical of fall or early
winter for periods of weeks or more with convective precipitation being
essentially eliminated, except possibly at the southern edge of the smoke
pall. Cold, near-surface air layers might lead initially to fog and drizzle,
especially in coastal regions, lowland areas, and river valleys. In
continental interiors, periods of very cold, mid-winter-like temperatures
are possible. In winter, light levels would be strongly reduced, but the
initial temperature and precipitation perturbations would be much less
pronounced and might be essentially indistinguishable in many areas from
severe winters currently experienced from time to time. However, such
conditions would occur simultaneously over a large fraction of the mid-
latitude region of the Northern Hemisphere and freezing cold air
outbreaks could penetrate southward into regions that rarely or never
experience frost conditions.
In Northern Hemisphere subtropical latitudes, temperatures in any season
could drop well below typical cool season conditions for large smoke
injections. Temperatures could be near or below freezing in regions where
temperatures are not typically strongly moderated by warming influence
from the oceans. The convectively driven monsoon circulation, which is
of critical importance to subtropical ecosystems, agriculture, and is the
main source of water in these regions, could be essentially eliminated.
Smaller scale, coastal precipitation might, however, be initiated.

Strong solar heating of smoke injected into the Northern Hemisphere
between April and September would carry the smoke upwards and
equatorward, strongly augmenting the normal high altitude flow to the
Southern Hemisphere (where induced downward motions might tend to
slightly suppress precipitation). Within one or two weeks, thin, extended
smoke layers could appear in the low to mid-latitude regions of the
Southern Hemisphere as a precursor to the development of a more
uniform veil of smoke with a significant optical depth (although
substantially smaller than in the Northern Hemisphere). The smoke could
induce modest cooling of land areas not well buffered by air masses
warmed over nearby ocean areas. Since mid-latitudes in the Southern
Hemisphere would already be experiencing their cool season, temperature
reductions would not likely
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be more than several degrees. In more severe, but less probable, smoke
injection scenarios, climatic effects in the Southern Hemisphere could be
enhanced significantly, particularly during the following austral spring
and summer.

Much less analysis has been made of the atmospheric perturbations
following the several week, acute climatic phase subsequent to a nuclear
war involving large smoke injections. Significant uncertainties remain
concerning processes governing the longer-term removal of smoke
particles by precipitation scavenging, chemical oxidation, and other
physical and chemical factors. The ultimate fate of smoke particles in the
perturbed atmospheric circulation is also uncertain, both for particles in
the sunlit and stabilized upper troposphere and stratosphere and in the
winter polar regions, where cooling could result in subsidence that could
move particles downward from the stratosphere to altitudes where they
could later be scavenged by precipitation.

Present estimates suggest that smoke lofted to levels (either directly by
fire plumes or under the influence of solar heating) which are, or become,
stabilized, could remain in the atmosphere for a year or more and induce
long-term (months to years) global-scale cooling of several degrees,
especially after the oceans have cooled significantly. For such conditions,
precipitation could also be reduced significantly. Reduction of the
intensity of the summer monsoon over Asia and Africa could be a
particular concern. Decreased ocean temperatures, climatic feedback
mechanisms (e.g., ice-albedo feedback), and concurrent ecological
changes could also prolong the period of meteorological disturbances.

6. ATMOSPHERIC CHEMISTRY IN A POST-NUCLEAR-WAR
ENVIRONMENT

Nuclear explosions and the resultant fires could generate large quantities of

chemical compounds that might themselves be toxic. In addition, the chemicals
could alter the atmospheric composition and radiative fluxes in ways that could
affect human health, the biosphere, and the climate.

Nitrogen oxides (NO,) created by nuclear explosions of greater than
several hundred kilotons would be lofted into the stratosphere. Depending
on the total number of high yield weapons exploded, the NO, would
catalyze chemical reactions that, within a few months time, could reduce
Northern Hemisphere stratospheric ozone concentrations by 10 to 30% in
an atmosphere free of aerosols. Recovery would take several years. How
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ever, if the atmosphere were highly perturbed due to smoke heating and
by injection of gaseous products from fires, the long-term ozone changes
could be enhanced substantially in ways that cannot yet be predicted.
Ozone reductions of tens of percent could increase surface intensities of
biologically-active ultraviolet (UV) radiation by percentages of up to a
few times as much. The presence of smoke would initially prevent UV-
radiation from reaching the surface by absorbing it. The smoke, however,
might also prolong and further augment the long-term ozone reduction as
a result of smoke-induced lofting of soot and reactive chemicals,
consequent heating of the stratosphere, and the occurrence of additional
chemical reactions.

Large amounts of carbon monoxide, hydrocarbons, nitrogen and sulfur
oxides, hydrochloric acid, pyrotoxins, heavy metals, asbestos, and other
materials would be injected into the lower atmosphere near the surface by
flaming and smoldering combustion of several thousand million tonne of
cellulosic and fossil fuel products and wind-blown debris. Before
deposition or removal, these substances, some of which are toxic, could
be directly and/or indirectly harmful to many forms of life. In addition,
numerous toxic chemical compounds could be released directly into the
environment by blast and spillage, contaminating both soil and water.
This complex and potentially very serious subject has so far received only
cursory consideration.

If the hydrocarbons and nitrogen oxides were injected into an otherwise
unperturbed troposphere, they could enhance average background ozone
concentrations several-fold. Such ozone increases would not significantly
offset the stratospheric ozone decrease, which also would be longer
lasting. It is highly questionable, however, whether such large ozone
increases could indeed occur in the presence of smoke because ozone
generation in the troposphere requires sunlight as well as oxides of
nitrogen. It is possible that, in the smoke perturbed atmosphere, the fire-
generated oxides of nitrogen could be removed before photochemical
ozone production could take place.

Precipitation scavenging of nitrogen, sulfur, and chlorine compounds
dispersed by the fire plumes throughout the troposphere could increase
rainfall acidity by about an order of magnitude over large regions for up
to several months. This increased acidity could be neutralized to some
degree by alkaline dust or other basic (as opposed to acidic) compounds.
Rapid smoke-induced cooling of the surface under dense smoke clouds
could induce the formation of shallow, stable cold layers that might trap
chemical emissions from prolonged smoldering fires near the ground. In
such layers, concentrations of CO, HCI, pyrotoxins, and acid fogs could
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reach dangerous levels. The potential for local and regional effects in
areas such as populated lowland areas and river valleys merits close
attention.

7. RADIOLOGICAL DOSE

Near the site of an explosion, the health effects of prompt ionizing
radiation from strategic nuclear warheads would be overshadowed by the
effects of the blast and thermal radiation. However, because nuclear explosions
create highly radioactive fission products and the emitted neutrons may also
induce radioactivity in initially inert material near the detonation, radiological
doses would be delivered to survivors both just downwind (local fallout) and
out to hemispheric and global scales (global fallout).

* Local fallout of relatively large radioactive particles lofted by the number
of surface explosions in the scenario postulated in this study could lead to
lethal external gamma-ray doses (assuming no protective action is taken)
during the first few days over about 7 percent of the land areas of the
NATO and Warsaw Pact countries. Areas downwind of missile silos and
other hardened targets would suffer especially high exposures. Survivors
outside of lethal fallout zones could still receive debilitating radiation
doses (exposure at half the lethal level can induce severe radiation
sickness). In combination with other injuries or stresses, such doses could
increase mortality. If large populations could be mobilized to move from
highly radioactive zones or take substantial protective measures, the
human impact of fallout could be greatly reduced.

* The uncertainty in these calculations of local fallout is large. Doses and
areas for single nuclear explosions could vary by factors of 2-4 depending
on meteorological conditions and assumptions in the models. A detailed
treatment of overlapping fallout plumes from multiple explosions could
increase the areas considerably (by a factor of 3 in one sample case).
Results are also sensitive to variations in the detonation scenario.

* Global fallout following the gradual deposition of the relatively small
radioactive particles created by strategic air and surface bursts could lead
to average Northern Hemisphere lifetime external gamma ray doses on
the order of 10 to 20 rads. The peak values would lie in the northern mid-
latitudes where the average doses for the scenarios considered would be
about 20 to 60 rads. Such doses, in the absence of other stresses, would be
expected to have relatively minor carcinogenic and mutagenic effects
(i.e., increase incidence at most a few percent above current levels).
Smoke-induced perturbations that tend to stabilize the atmosphere and
slow deposition of radioactive particles might reduce these estimated
average doses by perhaps 15%.
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Intermediate time scale and long term global fallout would be deposited
unevenly, largely because of meteorological effects, leading to "hotspots"
of several hundred thousand square kilometers in which average doses
could be as high as 100 rads, and, consequently, large areas where doses
would be lower than the average value.

In the Southern Hemisphere and tropical latitudes, global fallout would
produce much smaller, relatively insignificant, radiological doses about
one-twentieth those in the Northern Hemisphere, even if cross-equatorial
transport were accelerated by the smoke clouds. Additional local fallout
would be important only within a few hundred kilometers downwind of
any surface burst in the Southern Hemisphere.

Additional considerations not factored into the above estimates are
possible from several sources. Doses from ingestion or inhalation of
radioactive particles could be important, especially over the longer term.
Beta radiation could have a significant effect on the biota coming into
contact with the local fallout. Fission fractions of smaller modern
weapons could be twice the assumed value of 0.5; adding these to the
scenario mix could cause a 20% increase in areas of lethal fallout.
General tactical and theater nuclear weapons, ignored in these
calculations, could also cause a 20% increase in lethal local fallout areas
in certain geographical regions, particularly in Europe. The injection into
the atmosphere of radionuclides created and stored by the civilian nuclear
power industry and military reactors, a possibility considered remote by
some, could increase estimates of long-term local and global radiological
doses to several times those estimated for weapons alone.

8. TASKS FOR THE FUTURE

Extensive research and careful assessment over the past few years have

indicated that nuclear war has the potential to modify the physical environment
in ways that would dramatically impair biological processes. The perturbations
could impact agriculture, the proper functioning of natural ecosystems, the
purity of essential air and water resources, and other important elements of the
global biosphere. Because current scientific conclusions concerning the
response of the atmosphere to the effects of nuclear war include uncertainties,
research can and should be undertaken to reduce those uncertainties that are
accessible to investigation.

Laboratory and field experiments are needed to improve estimates of the
amount and physical characteristics of the smoke particles that would be
produced by large fires, particularly by the combustion of fossil fuels and
fossil fuel-derived products present in urban and industrial regions.
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Experimental conditions should be designed to emulate as much as
possible the effects of large-scale fires.

Laboratory, field, and theoretical studies are needed to determine the
potential scavenging rates of smoke particles in the convective plumes of
large fires and the scavenging processes that operate on intermediate and
global scales as the particles disperse.

» Further theoretical calculations of the seasonal response of the atmosphere

to smoke emissions from large fires are needed, particularly of the extent
of the perturbation to be expected at early times, when the smoke is
freshly injected and patchy. Simulations must be made for later times
from months to a year or more, when the atmosphere has been highly
perturbed and a substantial fraction of the smoke may have been lofted to
high altitudes. Closer attention should be paid to the possible effects in
low latitudes and in the Southern Hemisphere, where the climatic effects
are likely to be much more important than the direct effects of the nuclear
detonations, which are expected to be confined largely to the Northern
Hemisphere.

Laboratory and theoretical studies are needed of the potential chemical
alterations of the atmosphere on global and local scales, and of the extent
that smoke particles could affect and might be removed by chemical
reactions high in the atmosphere.

Radiological calculations should be undertaken using models that more
realistically treat the overlap of fallout plumes, complex meteorological
conditions, and that consider both external and internal doses. Patterns of
land use and likely targeting strategy should be used in estimating the
potential significance of various scenarios. The question of the possible
release of radioactivity from nuclear fuel cycle facilities in a nuclear war
should be explored more thoroughly.
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Nuclear Famine: The Indirect Effects of
Nuclear War

Mark A. Harwell, PH.D., and Christine C. Harwell, J.D.
Cornell University, Ithaca, New York

INTRODUCTION

Over a 2-year period, the Scientific Committee on Problems of the
Environment (SCOPE)-Environmental Effects of Nuclear War (ENUWAR)
project involved the participation of about 100 physical and atmospheric
scientists and an additional 200 agricultural and ecological scientists from more
than 30 countries around the world in a unique undertaking to assess the global
consequences of nuclear war. The atmospheric scientists convened in a series of
workshops, taking stock of their ongoing research and identifying the next
issues to be examined with their computer models. From this emerged the
characterization of the projected nuclear war-induced disturbances in the global
atmosphere, with specified uncertainties and research needs (Pittock et al.,
1985). We on the biological side did not have the luxury of existing funded
laboratory and modeling research projects on the consequences of nuclear war;
instead, our mission was to inspect the current information, models, and
understanding of how biological systems respond to stress. From these data and
models, developed for reasons far removed from considerations of nuclear war,
we synthesized a portrait of the global world after nuclear war (Harwell and
Hutchinson, 1985). The focus was on human population impacts mediated by
disruptions in ecological, agricultural, and other life-support systems.

The consensus that developed was stark: the indirect effects of a large-
scale nuclear war would probably be far more consequential than the direct
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effects; and the primary mechanism for human fatalities would likely not be
from blast effects, not from thermal radiation bums, and not from ionizing
radiation, but, rather, from mass starvation. Whereas the direct effects of such a
nuclear war could result in several hundred million human fatalities, according
to several studies (e.g., Bergstrom et al., 1983; Ambio, 1982), the indirect
effects could lead to the loss of one to four billion lives.

This conclusion is derived from considerations of the vulnerabilities of
ecological and agricultural systems to the types of disturbances potentially
associated with the occurrence of a large-scale nuclear war. Thus, the biological
analyses were not linked to any specific nuclear war scenario or to any single
specific projection of alterations in the physical environment. This
disassociation with particular scenarios was sought to avoid being limited by
the current uncertainties of the physical estimates. Many of these uncertainties
are irreducible, such as the specific details of an actual nuclear war, details that
would only become certain as the war itself developed. Other uncertainties can
be reduced by further investigations, such as the processes controlling smoke
emissions and scavenging in the atmosphere. However, we cannot delay making
biological and, especially, human impact assessments until such issues become
fully resolved. By examining the vulnerabilities of biological systems to classes
of perturbations, our results can be applied to a full range of possible physical
outcomes of nuclear war. Moreover, since the biological systems were found to
be so sensitive to nuclear war-induced stresses, consensus was reached on
biological responses and human impacts with perhaps less uncertainty than
remains for the physical estimates.

The categories of potential physical nuclear war-induced stresses that were
examined are listed in Table 1. There was an emphasis on the effects from
climatic disturbances, discussed in detail below, but other mechanisms for
indirect effects were examined, including, in particular, effects from ionizing
radiation and from increased levels of ultraviolet light. The climatic stresses
were categorized with respect to the types of biological issues of importance.
Specifically, an acute phase of climatic disturbance characterized by an abrupt
onset of lowered temperatures and associated reductions in sunlight was
identified as representing the potential environment in the first few days to
weeks after a nuclear war. No single temperature or light decline was assumed;
rather, the vulnerability of biological systems to brief episodes of chilling or
freezing temperatures was examined. Similarly, for chronic-phase climatic
disturbances, the vulnerability of biological systems to a few degrees' (Celsius)
reduction in average temperatures persisting over the growing season,
accompanied by 5-20 percent reductions in sunlight and possible decreases in
precipitation, was evaluated.
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Table 1 Nuclear War-Induced Stresses Examined

Climatic

Acute

Temperature—episodes of chilling or freezing
Light—episodes of 1-10 percent normal insolation
Chronic

Temperature—average decreases of 1°C, 3°C, 5°C, 7°C, 10°C below normal over
growing season

Light—associated reductions in insolation by 5-20 percent
Precipitation—reductions by 25-50 percent

Radiation

Local fallout

Global fallout

Focus on external gamma doses

Other stresses

Fire

Ultraviolet-B radiation

Atmospheric pollutants

In order to make these evaluations, no single set of experimental data was
available; instead, a number of lines of reasoning were drawn on to exploit the
full range of relevant information, including historical analogs, statistical
analyses, laboratory physiological studies, simulation models, and expert
judgment. The historical approach involved examination of specific episodes of
environmental stresses and responses which have actually been experienced.
For instance, incidents of freezing events in subtropical regions (e.g., Florida
and southern Texas) were examined for their effects on fish populations, fruit
trees, and other biological systems. Statistical analyses were done on data
representing multiple years and multiple locations to determine the relationships
among the physical environment and biological systems. For instance, the
relationship between the average air temperature experienced over growing
seasons and the length of the frost-free period (a measure of growing season
duration) was characterized statistically. Laboratory data were evaluated for
physiological-level information, such as the growth rates of crop plants under
laboratory conditions of different levels of temperature, light, moisture
availability, and air pollutant exposures. Computer simulation models of
ecological and agricultural systems were used for assessing the effects of
chronic alterations in climate on crop yields and ecosystem productivity. And
the judgment of scientists with expertise in specific agricultural and ecological
systems was relied on to identify and evaluate available data and models and to
extrapolate beyond the current experimental and historical records to obtain the
best estimates of biological system responses to nuclear war. For the most part,
the physiological-level data and expert
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judgment were used to evaluate acute vulnerabilities, and the less extreme
perturbations associated with chronic-phase conditions were more suited to
historical, statistical, and computer simulation analyses.

These approaches were applied to each major biome type (Table 2 and
Figure 1), covering freshwater, marine, and terrestrial ecosystems from the
Arctic to the Southern Ocean and including the main grain crops in the northern
temperate, tropical, and southern temperate regions of Earth. A number of
international conferences were convened, each of which specifically addressed
particular system types: northern temperate ecosystems were addressed at
Toronto, Canada; northern temperate agriculture at Essex, United Kingdom;
tropical ecological and agricultural systems at Caracas, Venezuela; Southern
Hemisphere extratropical ecological and agricultural systems at Melbourne,
Australia; and general biological responses to radiation at Pads, France. Other
conferences dealing with more generic biological issues were held in
Stockholm, Sweden; New Delhi, India; Leningrad, USSR; and Essex, United
Kingdom. A special conference on the experiences and extrapolations from the
Japanese nuclear bombings was convened in Hiroshima and Tokyo, Japan. At
each conference, as broad a consensus as possible was sought among the experts,

Table 2 Biome Approach to the Ecological Evaluations

Northern Hemisphere terrestrial ecosystems
Arctic and boreal

Deciduous forests

Coniferous forests

Grasslands

Arid and semiarid

Northern Hemisphere aquatic ecosystems
Freshwater

Marine

Estuarine

Tropical ecosystems

Evergreen rainforests

Deciduous forests

Montane-cloud forests

Alpine

Grasslands and savannahs

Mangroves

Southern Hemisphere extratropical ecosystems
Australian ecosystems

New Zealand ecosystems

Southern Ocean and Antarctica
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with identification of unresolved issues and research needs. Many of the
latter were addressed within the ENUWAR project itself, with specific
statistical and computer simulation analyses being initiated. We used the reports
of the various conferences, the results of the commissioned analyses, and
additional studies conducted by the ENUWAR teams at Cornell University and
the University of Toronto as the bases for writing Volume II of the ENUWAR
report. This was subjected to an extensive review process, during which we
ensured faithful representation of the consensus of the participants of the
conferences; the completed book (Harwell and Hutchinson, 1985) provides the
technical basis for the conclusions presented here.

ECOSYSTEM VULNERABILITIES

The vulnerabilities of ecological systems were found to differ among
ecosystems, types of disturbances, and time of year. For example, temperate
forests were found to be most sensitive to acute, extreme temperature changes
that occur during the spring or summer, whereas marine ecosystems were quite
tolerant to changes in air temperatures. However, marine ecosystems were
found to be very vulnerable to disruptions in the levels of incident sunlight, with
acute reductions in insolation resulting in the collapse of phytoplankton and,
perhaps, zooplankton populations on a large scale. Grassland ecosystems and
the wheat-growing areas of Australia were assessed to be most vulnerable to
chronic disturbances in precipitation, which is during the summer in the case of
African grasslands and during the winter in the case of Australian wheat-
growing areas.

These conclusions were based primarily on the understanding of plant
responses to light, temperature, and moisture levels; by contrast, animal
responses, especially with respect to propagation of effects from one species to
another through species-species interactions, were considered to be more
speculative and probably never fully predictable. It is clear that inadequate data
bases and simulation model resources exist for precise characterization of
ecosystem responses, particularly to the less extreme range of physical
disturbances. Nevertheless, the various approaches outlined above suggest the
cross-system vulnerability estimates provided in Table 3.

Other analyses addressed the prospects for recovery for various
ecosystems and the processes by which recovery could be affected. The
consensus was that nuclear war-induced disturbances to the environment would
include virtually every environmental problem of concern today—habitat
destruction, species extinction, air pollutants, toxic chemicals, acid
precipitation, ozone depletion—only on a scale of totally unprecedented
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extent and intensity. Precisely what the full ecological ramifications of such
stresses would be and the specific pathways that subsequent recovery would
follow are urgently in need of a concerted research effort in the general field of
stress ecology. Other considerations, however, show clearly that even without
any disturbance to ecosystems, these natural systems could support only a very
small fraction, on the order of 1 percent or less, of the current human population
on Earth. The reason for this is that there would simply not be the base of
utilizable energy sufficient to maintain 5 billion people if we did not have
agricultural and other human-controlled systems to rely on. Thus, the carrying
capacity of natural ecosystems is greatly exceeded by the current human
population, and disruptions in human support systems that would force humans
to rely substantially on natural systems for sustenance would necessarily lead to
reductions in the human population. This fact provides the overriding incentive
to examine the vulnerability of agricultural and food distribution systems to
disruptions following a nuclear war.

AGRICULTURAL VULNERABILITIES

An examination of the vulnerabilities of agricultural systems showed that
these systems are the most sensitive of any biological systems to changes in
climatic conditions. There are several mechanisms by which climatic alterations
translate into reductions or loss of crop yields. For most agricultural crops,
temperature is the critical variable, although many crops are also sensitive to
changes in precipitation and others can be limited by insufficient sunlight. Our
studies focused on grain crops because these contribute the majority of the
caloric inputs into the human diet on the global scale and because these crops
are more effectively stored than most other food crops (e.g., fruits), a factor that
could be critical in the aftermath of a nuclear war. Considering first the effects
of temperature on grain yields, a number of factors are important:

1. Brief episodes of chilling or freezing temperatures—The occurrence of
even short-duration events of freezing temperatures during the growing
season leads to loss of grain yields, as demonstrated in laboratory
experiments and in the historical record; for example, in 1816 (the year
without a summer) a series of frosts occurred during June through
September, resulting in the loss of grain crops in the northeastern United
States, eastern Canada, and western Europe. The occurrence of such
episodes following a nuclear war could be expected to happen during the
acute period, when average temperatures might be reduced by tens of
degrees Celsius for days to weeks. Because of cloud patchiness during the
period of early smoke cloud development, it could be expected that even
greater
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temperature reductions could occur for brief periods of time. Furthermore,
during the chronic period that would extend into growing seasons one or
more years after a nuclear war, average temperature reductions of
relatively small amounts (in the range of 1°C-5°C) would be associated
with episodes of chilling or freezing events. The historical record
indicates that years with extreme low temperatures during the growing
season (e.g., 1816) had average temperature reductions of less than 1°C,
which nonetheless caused large crop losses.

2. Insufficient growing season length—Associated with the average
reduction in temperatures over the spring-summer months, which is
expected during a chronic post-nuclear-war period, would be a shortening
of the length of the growing season, with delay in the occurrence of the
last day of freezing temperatures in the spring and an early onset of
freezing temperatures in the fall. Several lines of evidence indicate that in
the Northern Hemisphere continental regions of the mid-latitudes (i.e., the
main grain-producing areas), on average, a 1°C reduction in average
temperature correlates to a 10-day reduction in the growing season length.
For example, Figure 2 shows the average temperatures and growing
season lengths for several locations in the United States over a several-
year period. The importance of this phenomenon can be seen when a
growing season is shorter than the growing season length requirements of
the crop in order for it to reach maturity and produce a yield.
Exacerbating this problem is the fact that reduced growing season
temperatures result in the slower development of crop plants, thereby
increasing the growing season length requirements for the crop to reach
maturity. More on the growing season limitation aspects will be discussed
below.

3. Insufficient growing degree-days—The term thermal time is used as a
measure of the number of hours during the growing season that air
temperatures exceed a specified base level by various amounts and is
calculated by multiplying the amount of time that the air temperature
exceeds the base level times the increment of temperature above that
level. For example, for a base level of 10°C, 2 days with a temperature of
20°C would have the same thermal time as 1 day with a temperature of
30°C (i.e., 20 degree-days). As with growing season requirements, each
variety of crop plant has a particular requirement for a total amount of
thermal time, measured as growing degree-days, that is needed in order
for the crop to mature. Below the threshold for thermal time, maturity
does not occur and grain yields are lost. Again, during the chronic period
after a nuclear war, the thermal times may be too low for grain production.

4. Insufficient integrated sunlight time—A similar situation exists for the
numbers of hours during the growing season during which sunlight levels
exceed a certain amount. Simulations of Canadian wheat production
showed that reductions in insolation by about 20 percent over the growing
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season led to a total loss of yield because the required threshold level was
not exceeded.
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Figure 2
Relationship between mean annual temperature and duration of frost-free
period.

Source: Harwell et al. (1985, p. 279). Reprinted with permission from the
Scientific Committee on Problems of the Environment (SCOPE).

Thus far we have looked at mechanisms by which temperature and
light reductions would lead to a total loss of crops for the growing season.
In addition, the altered climate could be sufficiently benign so that some
productivity remained possible, but the yields could be substantially
reduced from current levels. The mechanisms are as follows:

5. Reduced productivity in response to the physical environment—
Laboratory data show those circumstances under which the thresholds of
stress that would eliminate production are not exceeded, but less than
optimal conditions reduce yields. These can result from reduced
temperatures, reduced light levels, and reduced precipitation levels. As an
example of the latter, the historical record and computer simulations
indicated that wheat yields in Australia are essentially linearly reduced
with reductions in rainfall; i.e., a 25 percent reduction in precipitation
could be expected to result in at least a 25 percent reduction in yields.

6. Disruptions in energy inputs to agriculture—The considerations to this
point have focused on the yields that would be possible assuming
continued high levels of energy inputs to agriculture, e.g., inputs of fer
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tilizers, pesticides, herbicides, fuel for tilling and harvesting, machinery,
etc. However, in the aftermath of a large-scale nuclear war, the
availability of these subsidies to agriculture, in combatant countries and in
noncombatant countries that rely on other countries for energy and
commodity imports, would be severely disrupted or eliminated. Current
yields of grains are heavily dependent on such energy subsidies, as
demonstrated in Figure 3, which shows the tremendous increase in yields
over the last four decades. This is largely in response to increases in
energy subsidies. Assessments indicate that even in the absence of any
climatic disturbances, disruptions in agricultural subsidies could lead to
reductions in crop production by up to 50 percent.

The Agriculture Canada model of spring wheat production illustrates the
potential effects of chronic climatic alterations on crop production following a
nuclear war (Figure 4). A map of the wheat-producing provinces of western
Canada shows the current boundaries for wheat production and the boundaries
associated with a reduction in temperatures over the growing season on average
by 1°C, 2°C, 3°C, and 5°C. The 1°C reduction in average temperature results in
a decrease in the potential growing area by a relatively small amount, but a 2°C
reduction in average temperature

MEAN RICE YIELD
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Figure 3

Mean rice yield. Source: Harwell et al. (1985, p. 343). Reprinted with
permission from the Scientific Committee on Problems of the Environment
(SCOPE).
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eliminates the majority of the growing areas; a 3°C reduction would result
in the complete elimination of any wheat production in Canada. This effect
follows both from the reduction in the growing season length and in the
insufficient levels of thermal time. Similar results were found for all other crops
simulated, including crops that grow in much warmer climates such as soybeans
(for which only a 4°C-6°C reduction in average temperature would eliminate
yields in the southern United States).

Rice was evaluated in particular because of its large share of the human
diet on a worldwide basis and because a disproportionate number of immediate
post-nuclear-war survivors would live in tropical and subtropical regions. We
found that rice is the most sensitive of the grains to temperature reductions and
that rice yields can be eliminated even in the absence of frost. In fact, at certain
times during the growing season, temperatures below 15°C lasting for only one
or two nights would be adequate not to kill the rice plants but to preclude the
formation and maturation of the rice grains. The historical evidence of rice
production in Japan adds considerable support to the conclusion that rice is
extremely sensitive to temperature; for example, when average summer
temperatures are reduced in Japan by 1°C-2°C, crop failure occurs.

From these and many other analyses and considerations, the strong
consensus that emerged among the agricultural scientists associated with
ENUWAR is that the acute phase of climatic disturbances could eliminate grain
production in the Northern Hemisphere following a large-scale nuclear war that
occurred in the spring or summer and perhaps at other times of the year.
Furthermore, the chronic-phase climatic conditions could also be expected to
result in severe reductions or total elimination of yields of Northern Hemisphere
grain crops, and Southern Hemisphere crops could also be adversely affected.
Superimposed on these responses would be severe reductions in yields in
response to the loss of energy subsidies, reductions in precipitation, and loss of
arable land in combatant countries because of radioactive fallout. Additional
yield reductions could follow enhanced levels of ultraviolet light and air
pollutants. Clearly, there are multiple mechanisms by which food production
could be disrupted on at least a hemispheric scale. A critical point in this is that
these disruptions would occur at climatic disturbances at the very low end of the
range of climatic changes projected to be likely to occur; thus, many of the
uncertainties associated with climatic projections are irrelevant to the impacts
on food production, since the levels of temperature changes under discussion
(e.g., tens of degrees Celsius average decreases in air temperatures in the grain-
producing areas of the Northern Hemisphere for a spring-summer nuclear war)
well exceed the thresholds necessary for elimination of grain yields.
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VULNERABILITY TO DISRUPTIONS IN FOOD
AVAILABILITY

These conclusions of the potential for massive disruptions in food
production must be examined to assess the potential impact on humans. Since
we cannot predict precisely by how much food production would be affected,
because of the climatic and nuclear war scenario uncertainties discussed above,
we again focused on the vulnerability of the human population to disruption in
food production for 1 or more years. The key issue here is the amount and
duration of food stores distributed around the world.

In order to make this assessment, we examined data from the U.N. Food
and Agriculture Organization and other sources for 15 countries on the
quantities of grains stored, the current and estimated immediate post-nuclear-
war population levels, the age structure of the population, and the minimal
caloric consumption rates that humans require for subsistence. These 15
countries include about 65 percent of the human population and were selected
to represent the range of situations in the world, including highly industrialized
nations, likely combatants, underdeveloped countries, Northern and Southern
Hemisphere locations, tropics and temperate regions, and various population
densities. Included in the analyses are the United States, the USSR, China,
India, Australia, Japan, Costa Rica, Nigeria, and others. In addition, we
acquired less extensive data to analyze the situation in 120 other countries,
representing almost the entire world's population. Some simplifying
assumptions were required: (1) grains were assumed to be fed only to humans,
diverting the large quantities that currently are designated for animal feed; (2)
the diet was assumed to change to primary reliance on grains as opposed to
current patterns of consumption; (3) no imports or exports of grains or energy
supplies were assumed to occur in the aftermath of a large-scale nuclear war;
(4) grain stores in combatant countries were assumed to be destroyed
approximately in proportion to the loss of human life from direct effects of
nuclear detonations; and (5) within each country, food distribution was assumed
to work perfectly, such that each person would receive exactly the minimal
amount needed for survival; furthermore, if it was found that there would be
insufficient food to keep the full population in the country alive for 1 year, then
the maximum numbers of people that could be maintained were assumed to
consume all the food stores, and no food was assumed to be eaten at all by those
eventually doomed to starvation. Clearly this last set of assumptions provides a
very considerable overestimate of the number of people that the food stores
would actually keep alive and provides the physically limited upper value for
population maintenance. The issues of societal disruption and other factors that
could lead to a less-than-perfect
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distribution of food in the aftermath of a nuclear war were not analyzed but
require a concerted scientific study.

The picture that emerged from the calculations of the food supply is as
follows:

1. For a very few countries, specifically those that are the major grain
exporters, such as the United States, Canada, and Australia, the grain
stores are, in principle, sufficient to keep the surviving population alive
for a few years. Again, other factors might change this conclusion if food
were not appropriately distributed, and long-term sole reliance on such
grains could lead to nutrient deficiencies that were not calculated in our
analyses. Also, these would likely be combatant countries, so the direct
effects of nuclear detonations would be extensive.

2. For the rest of the world, including the vast majority of countries and of
the human population, there is less than 1 year's food supply typically
available during the year; for most countries the food duration is on the
order of half a year or less. Furthermore, if the war were to occur prior to
harvest (i.e., when food supplies were at their minimum levels), most of
the stores would last only a matter of weeks to a few months.

3. Consequently, if food production were disrupted for one or more growing
seasons, there simply would be not enough food to keep most of the
survivors alive. Starvation, and the diseases and societal disruptions
associated with starvation, would account for global declines in the
human population.

An indication of the extreme vulnerability of the Earth's human population
to sole reliance on food stores is seen in Figures 5a-c. Figure 5a shows the
current population, as distributed within latitude bands, and the population
distribution expected after a large-scale nuclear war (based on other analyses
involving a severe-case impact on cities). Figure 5b compares the current
population with the number of people who could be kept alive for one year
under the assumptions discussed above if food stores were at their median level
at the time of the nuclear war; Figure S5c shows the same, but for food stores at
their minimum levels. These benchmark calculations make clear the extent of
human vulnerabilities on a global scale.

One other analysis is also noteworthy. Even if there were no impacts on
food production at all, but only direct food and energy imports were disrupted,
many countries would still be severely affected. Japan is the most striking case
(Figure 6), where cessation in food imports would result in the loss of half the
total population in Japan, even if 100 percent of current agricultural
productivity could be maintained and if no nuclear detonations occurred in the
country. In the much more likely situation of
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food production impacts, such as from energy input disruptions or from
mild climatic alterations, then 25 percent of current grain production could keep
only about 15 percent of the population alive in Japan.
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Figure 6

Post-nuclear-war chronic phase agricultural effects in Japan. Source: Harwell
et al. (1985, p. 475). Reprinted with permission from the Scientific Committee
on Problems of the Environment (SCOPE).

CONCLUSION

The indirect effects of a nuclear war, especially as mediated by disruption
in food availability, could be much more extensive than the direct effects.
Furthermore, this risk is especially severe for noncombatant countries—for the
4 billion or so humans expected to survive the immediate period after a nuclear
war relatively physically unharmed. Thus, a fundamentally different picture of
the post-nuclear-war world results, where a large-scale nuclear war between the
United States and the Soviet Union would probably result in more eventual
fatalities in India than in the United States and the Soviet Union combined, and
more people would die on the African continent than in all of Europe. Rather
than reflecting images of Hiroshima and Nagasaki, a modem nuclear war
would, for most of the people of the world, much more resemble current images
of Ethiopia and the Sudan.
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Nuclear Winter: The State of the Science

George F. Carrier, PH.D.

Harvard University, Cambridge, Massachusetts

During the past year, it has become widely known that a major exchange
of nuclear weapons could result in, among other consequences, a significant
contamination of a large portion of the earth's atmosphere (NRC, 1985; Crutzen
and Birks, 1982; Turco et al, 1983; and Sagan, 1983-1984). This
contamination, preliminary calculations have suggested, could lead to cooling
of significant portions of the earth's surface—a "nuclear winter." There is little
doubt that atmospheric modifications of this character would occur. But their
extent and duration—and hence their potential impact on people, food supplies,
and other biological systems—are very difficult to determine, and they remain
controversial. In the following, I describe the principal types of contamination
and the uncertainties attendant upon calculations of the atmospheric effects,
given our present, limited knowledge.

The fireballs caused by nuclear weapons directed against hardened military
targets and therefore detonated at ground level would contain large numbers of
dust particles in the submicron size—that is, with typical dimensions of less
than one ten-thousandth of a centimeter—as well as large amounts of nitrogen
oxides (NO,). A major portion of both of these substances would be carried into
the stratosphere where, in otherwise unmodified circumstances, most would
remain for a considerable period (on the order of one year) while being
gradually removed by natural processes. The nitrogen oxides would deplete
stratospheric ozone and increase the flux of ultraviolet radiation reaching the
lower atmosphere; the dust would reduce somewhat the total amount of sunlight
reaching the lower atmosphere.
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Of greater concern are potential modifications to the lower atmosphere.
Weapons directed at targets in or close to cities and detonated in the air would
ignite intense, extensive fires. The fires in turn would generate large numbers of
smoke particles also of submicron size. The smoke would rise to moderately
high altitudes (four to nine kilometers), where it could impede the passage of
sunlight and alter many of the details of the heat balance and motions of the
atmosphere. In particular, published reports say, temperatures near the ground
could be significantly lowered. It is also possible that modifications of the
winds at high altitudes could delay or speed the removal of NO, and dust from
the stratosphere.

Any assessment of this potential threat depends on quantitative estimates
of the numbers of weapons that might be used against the various types of
targets, the yields of those weapons, the amounts of contaminants (dust, NO,,
and smoke) that would be produced, and their lateral and vertical distribution in
the atmosphere. The assessment also depends on calculations of the
atmosphere's response to the presence of those contaminants—that is, the
evolving temperature distributions and motions. However, any attempt to make
such calculations with today's knowledge and today's understanding of many of
the pertinent phenomena is severely impeded by a large number of major
uncertainties.

To understand the extent of those uncertainties and their role in attempts to
estimate the degree of the atmospheric degradation that would follow a nuclear
war, it may be useful to consider the ways in which uncertainties would be
compounded in the events that accompany a major weapons exchange. There
are three types of uncertainties. These concern the nuclear weapons scenario,
the production of smoke and its injection into the atmosphere, and the
atmospheric response to contaminants on the scale envisioned.

The first set of uncertainties cannot be removed. One cannot know in
advance of the nuclear phase of the postulated hostilities, for example, the
numbers of weapons that any combatant would actually use, the distributions of
targets against which those weapons would be directed, or the number of those
weapons that would reach their targets and detonate successfully. One can
postulate, however, a plausible hypothetical exchange and the time of year at
which it is to occur and then try to estimate the atmospheric degradation caused
by that exchange.

In contrast, the second set of uncertainties can be estimated by a process
illustrated in the following example. A moderate amount of observational data
exists concerning large fires in irregularly littered solid fuel, such as would be
found in a city in the aftermath of a nuclear explosion (McMahon, 1983). These
data suggest that between 2 and 6 percent of the fuel actually burned would be
converted to smoke. The data do not imply that the
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fraction converted to smoke cannot be larger; in fact, if the fuel largely
consisted of synthetic organic materials, it is known that the smoke production
could be much larger than 6 percent. Alternatively, distributions of fuel and air
supply are possible for which smoke production can be much lower than 6
percent. Nevertheless, no competing arguments seem to refute the 2 to 6 percent
range, which we will refer to as the uncertainty range. Furthermore, because the
largest number in this range is three times the smallest, we will say that the
uncertainty factor is three.

The size of the smoke particles and the height to which they rise in the
atmosphere are important because a given mass of larger particles will impede
the passage of solar radiation less effectively than will the same mass of smaller
particles. Furthermore, larger particles and those injected at lower altitudes will
be more rapidly removed. To estimate the amount of submicron smoke that
would rise above this altitude requires quantitative estimates for the amount of
fuel in the regions where burning would occur (the fuel supply), the fraction of
the fuel supply that would burn, and the fraction of the fuel burned that would
emerge as smoke. It also requires estimates of the fraction of smoke particles
that would remain at submicron size during their ascent in the smoke plume,
despite their coagulation and incorporation into moisture condensation droplets
that would form at the higher altitudes. I would assert that the uncertainty factor
for the fuel supply is not less than two, that the uncertainty factor in the fraction
burned is not less than two, that the uncertainty factor in the fraction of fuel
burned that becomes smoke is not less than three, and that the uncertainty factor
in the nonagglomerated fraction of the total smoke is not less than three. Thus,
the composite uncertainty factor associated with this second set of uncertainties
is not less than 36. Still other uncertainties are not included in this estimate: the
height of the smoke plume (and hence the height at which the smoke is
injected); the optical properties of the smoke (the more opaque the smoke, the
more it obscures sunlight); and changes in the smoke's optical properties over a
period of time.

In the National Research Council's recent report, The Effects on the
Atmosphere of a Major Nuclear Exchange, a particular scenario for a nuclear
exchange in which somewhat less than half (6,500 megatons) of the world's
arsenal is expended was adopted as a baseline case. In other words, this
scenario was used to illustrate the process of estimating the atmospheric effects
of a nuclear exchange. No pretense is made that this is a "most likely
exchange." It is merely a plausible assumption whose estimated consequences
can give some guidance regarding possible atmospheric degradation. For this
assumed nuclear exchange, the amount of submicron smoke that would survive
the ascent in the fire plume is between 20 million tons and 650 million tons.
These numbers are generally
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consistent with the uncertainty factors given above. (Some small and
unimportant discrepancies arise, however, because this discussion is a highly
simplified recasting of the National Research Council's report.) In that report,
for purposes of inquiry, the investigators chose to assume that 180 million tons
of submicron smoke were injected at altitude (four to nine kilometers) in the
atmosphere.

The third set of uncertainties—those dealing with the atmosphere's
response—complicates the final stage of analysis. Atmospheric scientists have
at their disposal a variety of computational procedures designed to reproduce
some of the large-scale features of the atmosphere's response to various
conditions. These mathematical models are designed to deal with relatively
small variations in normal atmospheric behavior. The modeling of small-scale
processes (such as precipitation, particle removal, the mixing effects of
turbulence, to name a few) are chosen and refined so that they satisfactorily
represent the large-scale consequences of those small-scale processes. They are
satisfactory because they are designed, insofar as possible, to conform to the
observed behavior of the normal atmosphere. In the phenomena of interest here,
however, the conditions include strong and abnormal temperature gradients and
millions of tons of smoke particles at an altitude of several kilometers, yet there
are no observations of an atmosphere in such a severely modified state that
could be used to validate the models. Accordingly, it is especially difficult to
assess quantitatively the inaccuracies that may result when making calculations
with existing mathematical models. Clearly, it is eminently sensible to use these
models to estimate the order of magnitude of the temperature change caused by
smoke, but the results can only be regarded as suggestive. They are definitely
not predictions.

A variety of computational models have been applied to the baseline war
scenario described above and to some variations on that case (NRC, 1985;
Crutzen and Birks, 1982; Turco et al., 1983; McCracken, 1983; Thompson et
al., 1984). The results must be interpreted with care, but they boil down to the
suggestion that the atmospheric response to smoke injection on the order of 180
million tons, as estimated using currently available computational models,
would include temperature changes that could be of serious concern. In
particular, the results suggest that for an exchange occurring in the summer,
with all of the foregoing quantitative uncertainty, intermittent temperature drops
in the northern temperate zone could be on the order of 20 degrees centigrade
and might continue for a few weeks. Although it is even more uncertain,
smaller temperature drops might occur in the tropics of the northern
hemisphere. It is even possible that areas in the southern hemisphere could
experience longlasting temperature drops of several degrees.
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From this discussion and the studies on which it is based, I find
unavoidable the following three-part conclusion:

1.  The uncertainties that pervade the quantitative assessment of the
atmospheric effects of a major nuclear exchange are so numerous and so
large that no definitive description of those effects is possible at this time.
Nevertheless:

2. The model calculations that can be made suggest temperature changes of
a size that could have very severe consequences. This possibility cannot
and must not be ignored. Therefore:

3. It is incumbent on agencies having resources that can be allocated to such
matters and on appropriate members of the scientific and technological
community to support and conduct investigations that can narrow many of
the uncertainties. Only in this way can we approach a posture from which
a more definitive assessment can be made.
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Subsequent to the appearance of the foregoing article, in Issues in Science and
Technology (Winter 1985:114-117), the response of the atmosphere has been
recalculated several times using models which should replicate some features of the real
phenomena in a more realistic way. The results of these calculations do differ in some of
their details from the earlier results but those differences and the uncertainties that
remain are such that no changes in the conclusions cited above are justified.
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Atmospheric Perturbations of Large-Scale
Nuclear War

Robert C. Malone, PH.D.

Los Alamos National Laboratory, Los Alamos, New Mexico

Several of the papers in this volume have discussed nuclear winter, large
fires, and the dynamics of smoke plumes from large fires. I would like to
elaborate on this theme by describing new computer simulations of the
atmospheric consequences of the injection of a large quantity of smoke. I will
focus on what might happen to the smoke after it enters the atmosphere and
what changes or perturbations could be induced in the atmospheric structure
and circulation by the presence of a large quantity of smoke.

To help in understanding the significance of these atmospheric
perturbations and the manner in which they arise, I will start by breaking the
nuclear winter phenomenon into its component parts. A very simplified view of
nuclear winter is represented in Figure 1A, in which is shown a vertical column
of processes and a box to the side that represents smoke injected into the
atmosphere. Ignoring the rest of Figure 1 for the moment, it can be seen that
there are two basic ingredients to nuclear winter: sunlight coming into the
earth's atmosphere and smoke that has been injected into the atmosphere by
fires. The smoke absorbs some of the incoming sunlight, causing a reduction in
sunlight reaching the earth's surface. A radiation

The material on which this presentation is based is drawn from two papers (Malone et
al., 1985, 1986). Readers interested in a more comprehensive discussion that includes
historical background, related research, technical details of the model, and more
extensive references should consult these articles, particularly the latter.

All figures are reprinted from Malone, R. C., et al., 1986, Nuclear winter: three-
dimensional simulations including interactive transport, scavenging, and solar heating of
smoke, J. Geophys. Res. 91 (D1): 1039-1053, © 1986 by the American Geophysical
Union. Reprinted with permission.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/940.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

ATMOSPHERIC PERTURBATIONS OF LARGE-SCALE NUCLEAR WAR 142

deficit at the surface results because the surface continues to emit infrared
radiation (heat). The smoke particles do not trap infrared radiation effectively,
so the heat goes out into space (not indicated in Figure 1). This continuing heat
loss to space combined with reduced incoming sunlight causes the surface to
cool. This is the origin of the so-called nuclear winter effect.

It is apparent that the magnitude of the cooling would depend on the
amount of smoke injected and that the duration of the cooling would depend on
how long smoke remained in the atmosphere.

The latter point brings us to the next element of complication in this
picture, which is the removal of smoke from the atmosphere by rainfall
(Figure 1B). Precipitation scavenging of smoke, as this is also called, was
considered in the TTAPS study of nuclear winter (Turco et al., 1983) and
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Interconnection of the processes which control the distribution and residence
time of smoke in the atmosphere and the resulting surface climatic change.
Some arrows indicate that one process causes another; other arrows indicate
only that a process influences the operation of the process to which the arrow
points. For example, the presence of smoke in the atmosphere results in the
absorption of sunlight, which causes heating, which causes both lofting of the
smoke and lowering of the tropopause. These two effects influence (decrease)
the efficiency with which precipitation removes smoke by changing the
vertical distribution of both smoke and precipitation. Removal by rain changes
the amount of smoke. Heating also modifies the winds, which influence the
distribution of smoke. Source: Malone et al. (1986, p. 1040).
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also in the report on this subject by the National Academy of Sciences (1985).
However, with the models that were available at the time, it was necessary to
assume that the removal of smoke by rainfall occurred at a rate that was
prescribed based on the observed lifetime of smoke particles in the unperturbed
atmosphere. Although it was recognized that changes in the atmosphere would
occur, it was not possible to take these changes into account in the models.

It has now become possible to investigate these atmospheric changes with
more complicated models that have been developed in the last few years. These
changes are quite important because they influence the ability of precipitation to
remove smoke from the atmosphere and, therefore, the duration of the climatic
effects of smoke. Now the last elements can be added to the diagram
(Figure 1C). The principal ingredient in Figure 1C is heating of smoke-filled air
due to absorption of sunlight by smoke particles. This heating causes changes in
the atmospheric circulation and structure (also indicated in Figure 1C)—the
atmospheric perturbations alluded to in the title of this paper.

The first of these perturbations is a major change in the atmospheric
circulation patterns that causes the heated air and the entrained smoke particles
to rise. This carries some smoke particles well above the altitudes to which they
were injected initially by the rites. The second change is one that takes place in
the vertical thermal structure of the atmosphere, which is also brought about by
the heating of smoke-filled air. As I will show in this paper, both of these
effects inhibit the ability of the atmosphere to purge itself of smoke.
Specifically, they reduce the efficiency of smoke removal by precipitation.

In fact, there is a competition between rainfall, which removes smoke from
the atmosphere, and these atmospheric perturbations, which act to isolate smoke
from removal by rainfall. Precipitation scavenging begins to act as soon as
smoke is injected into the atmosphere. In the model calculations, precipitation is
able to remove a substantial amount of smoke during the first two weeks.
During that time these perturbations develop and, at least for summertime
conditions and large smoke injections, can become dominant.

These changes in the atmospheric structure and circulation are important in
their own right, but it should be noted that they form a feedback loop in which
elements of Figures 1A, 1B, and 1C are interconnected. In the full diagram, the
amount (and spatial distribution) of smoke remaining in the atmosphere at any
time is influenced by the changes caused by solar heating of the smoke itself. In
a given season of the year, the intensity of heating depends on the amount
(concentration) of smoke. Consequently, if larger injections of smoke are
postulated, stronger heating results and causes larger atmospheric perturbations
and greater inhibition of smoke
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removal by rain. Thus, the larger the amount of smoke injected, the greater is its
ability to modify the atmosphere and, thereby, to inhibit its own removal. (For
very large smoke injections, another effect, discussed by Malone et al. [1986],
modifies this conclusion.) For a given amount of injected smoke, the intensity
of heating depends on the amount of sunlight that is available. Assuming that
smoke would be initially injected only in the Northern Hemisphere, the heating
of smoke and the resultant atmospheric perturbations would be greater in July
than in January, simply because there is more sunlight in the Northern
Hemisphere in July than in January.

The computer model that we used for our studies is a general circulation
model or global climate model, or simply a GCM. It is a three-dimensional
model that solves on a computer the mathematical equations describing the
evolution in time of the winds, temperature, moisture, and other quantities
throughout the earth's global atmosphere.

To study the nuclear winter problem, the capability of transporting
aerosols (very small particles) with the simulated winds of the model was
added. The model's solar radiation scheme was modified to allow for the
absorption by smoke particles of sunlight coming into the atmosphere. A very
simplified treatment of the removal of smoke from the atmosphere by rainfall
was also added. For this rainfall was used as predicted by the model itself, so
that changes in rainfall caused by the heat-induced atmospheric perturbations
could be taken into account.

In the computer simulation studies that I will describe, smoke was injected
into the model atmosphere over the United States, Europe, and the western part
of the Soviet Union. The injection rate decreased linearly to zero at day 7. Half
of the smoke was injected during the first two days. The sensitivity of smoke
transport and removal to the assumed initial vertical distribution of smoke was
considered by using two profiles: a low injection with smoke distributed
between 2- and 5-km altitude in the lower troposphere, and an NAS injection
(so-called because of its use in the study done by the National Academy of
Sciences) with constant smoke mass density between the surface and a 9-km
altitude (NAS, 1985) but still within the unperturbed troposphere. Both January
and July conditions were used to reveal seasonal differences. The behavior of
aerosols in the normal atmosphere was studied with a passive tracer which, like
smoke, is transported by the model's winds and removed by the predicted
rainfall but, unlike smoke, does not absorb sunlight. This last characteristic
permits the model atmosphere to evolve unperturbed by the presence of the
passive tracer. The contrasting behaviors of interactive smoke and passive
tracer illustrate clearly the importance of atmospheric heating due to sunlight
absorbed by smoke particles.

The amount of smoke that is assumed to be injected into the atmosphere
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is an important parameter, but estimates of this quantity are quite uncertain. The
study by the National Academy of Sciences (NAS, 1985) estimated a range
from 20 teragrams (Tg; 1 Tg = 10'2 grams = 1 million metric tons) up to as
much as 640 Tg of smoke. I will present only results for 170 Tg, a value close
to the NAS baseline value; results for other smoke amounts can be found in
Malone et al. (1986).

Now I would like to explain more fully some of the elements of Figure 1.
Using July conditions, because the atmospheric changes are larger and more
easily seen, I will first describe smoke lofting and then show how the structure
of the atmosphere is changed. Next I will describe how these effects influence
the removal of smoke by rainfall and the lifetime of smoke in the atmosphere.
Finally, I will describe briefly the findings about the climatic impact of smoke.

Figure 2 contains a comparison of two calculations that illustrate nicely the
influence of solar heating on the dynamics of smoke. One calculation was done
with interactive smoke; the results from it are shown with solid contours. The
second calculation was done with a passive tracer; its results
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Figure 2

Longitudinally averaged mass mixing ratios for July conditions at day 20. The
dashed contours apply to a passive tracer, while the solid contours apply to
interactive smoke. In each case 170 Tg (1 Tg = 10'? g = 1 million metric tons)
of material was injected over the Northern Hemisphere continents with a low
injection profile (see text). The contours of mixing ratio are labeled in units of
10" g material/g air. Source: Malone et al. (1986, p. 1044).
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are shown with dashed contours. In both calculations the same amount of
material (170 Tg) was injected over the Northern Hemisphere continents in July
at altitudes between 2 and 5 km (low injections). The contours indicate the
concentrations of material (in parts per billion by mass) remaining at day 20 in
the calculations, averaged over all longitudes. The display extends from the
North Pole to the South Pole and from the surface of the earth up to about 30
km, which is in the lower stratosphere. (I will explain a little more about the
normal atmospheric structure in connection with Figure 3.) These contours tell
us how much of the material is left at day 20 and how it is distributed over
latitude and altitude.

Most of the passive tracer remains at low altitudes, where it was injected,
because the passive tracer and surrounding air are not heated by sunlight. Since
scavenging by rainfall is fastest in the lower atmosphere, the passive tracer is
rapidly removed, as indicated by the relatively small concentrations (Figure 2).

In the interactive case, on the other hand, the smoke does absorb sunlight.
The heating drives vertical motions that carry smoke-filled air upward from the
region of injection in the lower atmosphere. This takes some smoke up higher,
completely out of reach of removal by precipitation. Also, the heating of the
atmosphere inhibits the formation of precipitation. This allows more smoke to
remain, as can be seen by the larger concentrations on the solid contours.

Before showing how the structure of the atmosphere is changed by the
heated smoke, let me first describe the atmosphere as it normally exists.
Figure 3A displays the longitudinally averaged temperature in the atmosphere
for normal July conditions. The temperature contours are labeled in degrees
Kelvin (273°K = 0°C). The structure of the atmosphere in its normal state is
such that the temperature is warmest at the surface and decreases upward with
height to an altitude of about 10 km. This region is called the troposphere. At
about 10-15 km, the temperature becomes relatively constant with height and
then increases with height in the stratosphere because of the absorption of
sunlight by ozone. The heavy dashed line in Figure 3A shows the approximate
position of what is called the tropopause, which is the boundary between the
troposphere and the stratosphere.

For the purpose of this study, the most important characteristic of the
troposphere is that it is the region of the atmosphere in which storms and
rainfall occur. Since precipitation is the primary removal mechanism for smoke,
this is where smoke removal will take place.

Figure 3B also displays the longitudinally averaged temperature for July
conditions, but with the atmosphere being perturbed by the injection of 170 Tg
of smoke. The smoke was injected with constant density from the surface up to
about 9 km (NAS injection), so that all of it is in the
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Figure 3

The longitudinally averaged temperature (degrees Kelvin) in the simulated
unperturbed (A) and perturbed (B) atmospheres for July conditions. The
perturbed distribution in (B) is a 5-day average beginning 15 days after the
initiation of injection of 170 Tg of smoke with the NAS vertical injection
profile. The unperturbed distribution in (A) is a long-term average. In each
figure the approximate position of the tropopause is indicated by a heavy
dashed line.

Source: Malone et al. (1986, p. 1045).
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unperturbed troposphere and is initially subject to removal by rainfall. The
heating by sunlight of this smoke, some of which is carded higher (Figure 2), is
quite intense and changes the vertical thermal structure of the atmosphere
significantly. Figure 3B shows a 5-day average of the temperature during the
third week after smoke injection began. There is still a region in the lower
atmosphere in which temperature decreases with height; that is, there is still a
troposphere. However, the top of the troposphere is now at about 5 km, rather
than at 10-12 km as in the normal atmosphere.

Higher up the solar heating of smoke has raised the temperatures by as
much as 50-80°K above normal. A situation now exists in which the smoke has
created its own "stratosphere." Above the lowered tropopause [heavy dashed
line in Figure 3B], warm air overlies cooler air, a condition that inhibits
convective motions that would bring about precipitation.

Consequently, precipitation is confined below the tropopause and most of
the remaining smoke is above it, as illustrated in Figure 4. The heavy dashed
line, taken from Figure 3B, again represents the tropopause, the boundary
between the troposphere and the heated region. The cross-hatching shows
where precipitation is occurring; clearly, it is confined below the tropopause.
The black stippling, which indicates various concentrations of smoke, shows
that smoke now resides primarily above the tropopause. Smoke that was below
the lowered tropopause largely has been removed by precipitation. Because the
remaining smoke is now separated physically from its primary removal
mechanism, its lifetime in the atmosphere is greatly increased.

This increased lifetime can be seen in Figure 5, which shows the temporal
evolution of the total mass of material remaining in the atmosphere. The upper
four curves apply to interactive smoke calculations with vertical injection
profiles, as indicated, while the lower pair of curves apply to passive tracer
calculations with low injection profiles. The vertical axis has a logarithmic
scale. The total injection in all of these cases was 170 Tg, a value that is near
the top of the diagram. As a result of scavenging by rainfall, none of the curves
ever reaches the 170-Tg level. A substantial amount of material is removed
while the injection proceeds.

The passive tracer curves in Figure 5 approximately represent normal
aerosols in the unperturbed atmosphere. Following the cessation of injection at
day 7, these curves fall in almost straight lines, which means that material is
removed exponentially in time. These two curves provide a useful validation of
our model. They tell us that aerosols in the normal atmosphere, as calculated by
the model, have a residence time on the order of one week. This is in good
agreement with observations.

Now, contrast that with the behavior of interactive smoke indicated for
July by the upper pair of dashed curves. During the first week or two, a
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substantial amount of smoke has been removed from the atmosphere. This is
mostly smoke down low that can be easily removed by rain. But because there
is strong solar heating in the Northern Hemisphere in July, the rate of removal
of smoke is greatly decreased after the first two weeks. As explained above, this
occurs because some smoke has been carried higher in the atmosphere and
because the atmospheric structure has been modified. Approximately one-third
of the mass of smoke initially injected still remains in the model atmosphere
after 40 days of the July calculations. This smoke has a very long lifetime in the
atmosphere, as indicated by the near constancy after day 15 of the upper pair of
dashed curves in Figure 5.
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Figure 4

The relative positions of the modified tropopause (heavy dashed line) and the
precipitation distribution (cross-hatched region below the tropopause), both
averaged over days 15-20, and the smoke distribution at day 20 (stippled area
above the tropopause) for the 170-Tg NAS case portrayed in Figure 3B.
Darker stippling indicates greater smoke loading; the smoke contour intervals
correspond to mixing ratios of 10 x 10, 40 x 107, and 70 x 10 g smoke/g
air. These can be compared with the solid contours in Figure 2, which apply to
a low injection July case, also at day 20. Source: Malone et al. (1986, p. 1045).

Up to this point, I have only talked about July because it is easier to
illustrate the interesting effects for July conditions than for January. The upper
pair of solid curves in Figure 5 show the interactive smoke results
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for January. Smoke is removed faster in January than in July simply because
there is less sunlight in the Northern Hemisphere to drive the atmospheric
perturbations that enhance the lifetime of smoke. By the end of six weeks in our
January calculations, the remaining fraction of smoke injected with the low and
NAS profiles is about 5 and 15 percent, respectively, compared with 35 percent
in the July cases. Nevertheless, solar heating of smoke does have a significant
effect even under winter conditions. After three weeks, there is approximately a
factor of three more smoke present in the atmosphere in January than would
have been the case without the influence of solar heating (compare the passive
tracer curve). In July the comparable ratio of smoke to passive tracer mass is
about 10 after 3 weeks.
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Figure 5

The mass of material remaining in the global atmosphere as a function of time.
The upper four curves apply to smoke; the lower pair apply to the passive
tracer. Solid and dashed curves indicate January and July conditions,
respectively. Labels indicate low and NAS injections. The slopes of the
passive tracer curves at late times yield 1/e-residence times of 5 to 6 days,
which agree well with observed residence times of aerosols in the lower
troposphere. Source: Malone et al. (1986, p. 1046).

Figure 6 consists of two maps of the world showing the distribution of
smoke looking down through the atmosphere at days 20 and 40. Most of the
smoke is still concentrated in the Northern Hemisphere. Transport of smoke by
the winds has made the geographical distribution of smoke fairly
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Figure 6

The vertically integrated solar absorption optical depth of smoke at day 20 (A)
and day 40 (B) of the interactive July simulation with 170 Tg injected with the
NAS vertical profile. The contours are presented at intervals of 0.1, with the
lowest value being 0.1 on the southernmost contour. If t is the absorption
optical depth, the light reaching the surface from the sun overhead is reduced
by a factor of et. For 1 = 0.1, 0.3, 0.5, and 0.7, the factor et is 0.90, 0.74,
0.61, and 0.50, respectively.

Source: Malone et al. (1986, p. 1047).
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uniform in longitude, although some nonuniformities remain. Some low-
level smoke lingers over the continents. This is possible because the surface
cooling (Figure 7) causes evaporation and precipitation to decrease over the
continents. Air over the oceans is clearer. Some smoke has reached the
Southern Hemisphere. The quantity displayed in Figure 6 is called the
absorption optical depth and can be used to determine the attenuation at the
surface of sunlight coming down through the atmosphere. The fractional
attenuation is about 10, 25, 40, and 50 percent for optical depths of 0.1, 0.3, 0.5,
and 0.7, respectively.

Figure 7 shows the changes in surface air temperature, relative to normal,
predicted by the model when 170 Tg of smoke is injected in July. A 5-day
average of the temperature change near the end of the first week is displayed in
Figure 7A. It shows cooling by 15°C or more over large areas of the interiors of
the North American and Eurasian continents during this period when the smoke
clouds are particularly dense over the regions of injection. The long lifetime of
smoke under summer conditions causes significant reductions in the surface air
temperature to last through the end of the calculation at day 40. Figure 7B
shows the simulated temperature changes during week 6; reductions of 5-15°C
persist over the northern midlatitude continents. The features in the Southern
Hemisphere have nothing to do with what is going on in the Northern
Hemisphere; they are due simply to normal weather fluctuations in the winter
(Southern) Hemisphere.

For 170 Tg of smoke injected in January, simulated surface air temperature
reductions of 5-15°C occur over portions of the northern mid-latitude continents
during the first few weeks. However, the faster removal of smoke allows the
temperatures to recover toward normal more rapidly than in July.

The discussion so far has focused on a baseline value of 170 Tg of injected
smoke. However, it was pointed out in connection with Figure 1 that the
intensity of heating, the magnitude of the atmospheric perturbations, and the
smoke removal rate all depend on the concentration (hence, total mass) of
injected smoke. A very small amount of smoke has little impact on the
atmosphere, which allows the smoke to be quickly removed from the
troposphere, much like the passive tracer results in Figures 2 and 5. As the
injected mass is increased in the simulations into the range estimated for a
major nuclear exchange, the solar heating of smoke and the atmospheric
perturbations increase in magnitude. The fractional mass remaining in the
atmosphere at late times also increases, and its rate of removal decreases. This
trend continues up to injected masses comparable to the baseline value (170
Tg). With still larger values, another effect comes into play that causes the
fractional mass remaining to stop increasing and even to decrease somewhat
(Malone et al., 1986).
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Figure 7

The change in surface air temperature relative to the unperturbed atmosphere
in July for 170 Tg of smoke injected with the NAS profile. Five-day averages
of the perturbed case, minus the long-term average of the unperturbed case, are
shown: (A) days 5-10, (B) days 35-40. Only changes larger in magnitude than
5°C are shown. Values are indicated at the bottom of the figure; the
designation < -15 refers to temperature reductions below normal in excess of
15°C. Note that the warm and cool regions near Antarctica are simply
manifestations of storms which occur naturally in the wintertime circumpolar
flow; they have no connection with the changes occurring in the Northern
Hemisphere. Source: Malone et al. (1986, p. 1049).
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In summary, solar heating of smoke is a very important factor. It produces
two effects. One is that some smoke is carried well above its initial injection
height. The second is a modification of the atmospheric structure in which
heating pushes the tropopause downward. Both effects contribute to isolation of
smoke above the tropopause from precipitation below and cause an increase in
the lifetime of that smoke relative to what one would find if solar heating of
smoke were neglected. The magnitude of these effects depends on the season of
year and the amount of smoke injected into the atmosphere by fires.

There would be substantial cooling of the Northern Hemisphere continents
during the first few weeks in both January and July. In the July case only, the
prolonged lifetime of smoke suggests that significant temperature reductions
could persist for many weeks. Smoke would spread into the Southern
Hemisphere in July as a result of the strong circulations driven by the solar
heating of smoke. There would be very little spread into the Southern
Hemisphere for January conditions; the smoke simply is not heated enough and
is removed too fast.

Interested readers should consult the paper of Malone et al. (1986) for a
more complete discussion that includes the simulated surface climate impact of
various smoke amounts.
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The direct effects of a nuclear war, the killing and maiming effects of the
blast, the thermal pulse, prompt nuclear radiation, and fire storms, are too
horrifying for the human mind to comprehend. Following a major nuclear war,
approximately 1 billion people would be left dead, and millions more, probably
hundreds of millions more, would be injured (Ambio, 1982, vol. 11, No. 2-3;
Ehrlich et al., 1983; Harwell and Grover, 1985). Still, 3 to 4 billion people
around the world would find themselves alive, once the thousands of megatons
of nuclear energy had been released. It is this realization that makes it so
important to consider what the long-term environmental effects of a nuclear war
would be—not for the purpose of planning better bomb shelters and survival
techniques, but in the hope that a clearer picture of life after a nuclear war may
help provide the incentive necessary to bring about the "aroused understanding
and insistence of the peoples of the world" (Einstein®), to bring nuclear
weaponry under control.

Besides the destruction of shelter, food, means of transportation and
communication, and radioactive contamination, nuclear war survivors would
find their physical environment, particularly the atmosphere, radically

* The full text of Einstein's statement of January 22, 1947, reads: "Through the release
of atomic energy, our generation has brought into the word the most revolutionary force
since prehistoric man's discovery of fire. The basic power of the universe cannot be fitted
into the outmoded concept of narrow nationalism. For there is no secret and them is no
defense; them is no possibility of control of atomic energy except through the aroused
understanding and insistence of the peoples of the world."
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changed. Dust lofted by the clouds generated by atomic bombs and especially
smoke from fires in cities, forests, industries, and oil refineries would darken
the sky. A simple calculation, in which one takes the total amount of smoke
(about 200 million metric tons) that might be introduced into the atmosphere by
the nuclear war fires and distributes it uniformly over the middle half of the
Northern Hemisphere, indicates that more than 99 percent of the sunlight would
be absorbed by the smoke cloud (Crutzen and Birks, 1982; Turco et al., 1983;
National Research Council [NRC], 1985). Although smoke highly absorbs the
visible region of the solar spectrum, it is relatively transparent to the infrared
region. As a result, land surfaces would cool, particularly near the interiors of
continents where the buffering action of the oceans would be less effective.
This nuclear winter effect is the exact opposite of the greenhouse effect which
maintains most of the Earth's surface at above-freezing temperatures during the
warmer seasons.

Nuclear winter would have its greatest impact if the nuclear war occurred
during the summer, because the incremental change in the amount of sunlight
that would reach and warm the Earth's surface would be greatest then.
Furthermore, during summer plants are not in their dormant states and would be
most vulnerable to subfreezing temperatures. Of course, it is not possible to
predict the season in which a nuclear war might break out.

Some of the most sophisticated computer model calculations of the
climatic effects of a nuclear war are presented in an accompanying article
(Malone, this volume). Temperature perturbations are calculated to be in the
tens of degrees Celsius, and in a fully interactive model the atmospheric
lifetime of the particulate matter is enhanced so that the duration of nuclear
winter would be at least a few months. These qualitative conclusions are also
important in helping assess other environmental stresses associated with the
atmosphere. These include (1) the distribution and transformation of toxic
chemicals released from chemical plants and produced in the nuclear fires; (2)
the partial destruction of the protective ozone layer, with a consequent increase
in the level of biologically damaging ultraviolet radiation that would impinge
on the biosphere once the smoke cloud has subsided; and (3) the possibility of a
global photochemical smog. These additional environmental effects propagated
by the atmosphere are the focus of this paper.

TOXIC CHEMICALS

A multitude of toxic pollutants would be produced by the pyrolysis and
partial combustion of chemicals, petroleum products, and synthetic materials
stored in strategic, industrial, and urban areas. Military installations,

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/940.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

POSSIBLE TOXIC ENVIRONMENTS FOLLOWING A NUCLEAR WAR 157

chemical plants, gas and oil refineries, and urban centers contain vast stores of
chemical and petroleum products, as well as the waste products of defense,
industry, and everyday life. The tragedy of Bhopal, India, where a ruptured
storage tank released methyl isocyanate, killing 5,000 people (Chemical and
Engineering News, 1985), is a small indication of what might happen following
a nuclear war as the result of explosions near chemical plants. Clearly, in
heavily industrialized regions, the kill area for nuclear explosions could be
greatly increased by the release of poisonous chemicals into the atmosphere.

The first question that one might logically ask is whether chemical releases
would make the atmosphere lethally toxic on a global or semi-global basis. The
answer is no. Even if an entire year's production of organic chemicals were
released and uniformly mixed over half of the Northern Hemisphere, the total
concentration of all chemical compounds would still be a factor of 5,000 times
less than the 50 percent lethal dose (LDsg) of hydrogen cyanide gas. Of course,
most compounds are not nearly so toxic, and probably only 5-10 percent of a
year's chemical production is in storage at any one time. Similarly, it is also true
that toxic compounds such as carbon monoxide, acrolein, hydrogen chloride,
hydrogen cyanide, sulfur dioxide, phosgene, and the oxides of nitrogen
produced in urban fires could be significant causes of death only on a local
basis. Thus, for the long-term survivors of a nuclear war, the concern with
chemical releases would be similar to concern with delayed radioactive fallout,
namely, mutations leading to cancers and birth defects. In this sense, we might,
by analogy, refer to these effects as arising from the chemical fallout.

Many of the most important mutagens would be nonvolatile compounds
and would be associated with particulate matter. Once deposited in the soil and
water, many of these compounds would be very stable against chemical and
biological degradation and would be subject to bioaccumulation in a manner
similar to that of radioactive isotopes. For example, a community of people
becomes very concerned when a transformer fire, such as that which occurred
in Binghamton, New York, in 1981, contaminates an office building with soot
rich in polychlorinated biphenyls (PCBs) (Schecter, 1983). However, as the
result of a nuclear war, of the order of 1,000 cities of the Earth would become
the equivalent of toxic waste dumps. Also, the lofting of toxic smoke to high
altitudes by the fire storms and by the buoyancy of solar heating (Malone, this
volume) would ensure that these pyrotoxins would be distributed on a global
basis as well.

Any realistic estimates of the levels of chemical contamination is virtually
impossible, as thousands of different toxic chemicals would be produced, and
the amounts of each would be highly dependent on the types and mixtures of
fuels burned (e.g., wood, petroleum, asphalt, rub
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ber, plastics) and the fire conditions, especially temperature and oxygen
concentration. Estimates of biological effects are further complicated by the
wide range of toxicities exhibited by the various isomers of a given parent
compound. Dioxin, for example, is expected to be an important carcinogen
introduced into the environment by the pyrolysis of PCBs and possibly other
chlorine-containing compounds (Turco et al., 1983; NRC, 1985; Birks et al.,
1985). However, the highly toxic compound 2,3,7,8-tetrachlorodibenzodioxin
(TCDD) is only one of 75 dioxin isomers. As seen in Table 1, the relative
toxicities of these various isomers span more than six orders of magnitude.

While cognizant of the enormity of the uncertaintys, it is still useful to make
some calculations, however crude, of the increased cancer incidence that might
be expected on a semiglobal basis for a few carcinogens, so that the seriousness
of chemical contamination can be compared with that of radioactive
contamination. To do this for PCBs and TCDD, we have used the average
emission factors found in the Binghamton fire (Schecter, 1983). Assume that
approximately 30 percent of the current world supply of PCBs (0.3 teragram; 1
Tg = 1 million metric tons) are affected by nuclear fires, that the soot emission
factor is 10 percent (by weight), and that 15 percent of the soot is composed of
unburned PCBs. If the soot is uniformly deposited over one-half of the Northern
Hemisphere and mixed to a depth of 10 cm of soil, the level of contamination is
calculated to be 0.1 parts per billion. If the soot fell on one-fourth of the world's
freshwater lakes and if it were evenly mixed throughout the water, it would
result in a calculated concentration of 0.09 parts per trillion (Birks et al., 1985).
In Binghamton, the TCDD isomer of dioxin averaged only about 3.5 parts per
million of the soot, so that the calculated TCDD concentrations in soil and
water would still be lower by more than four orders of magnitude. Using the
same assumptions, the average concentrations of TCDD over half of the
Northern Hemisphere are calculated to be 0.008 parts per trillion in soil and
0.01 parts per quadrillion in freshwater.

Using present recommendations for estimating cancer risk for those
persons drinking water and eating fish from freshwater lakes (U.S.
Environmental Protection Agency, 1984), the added risk of contracting cancer
is calculated to be 10® (one chance in 108) for PCBs and 107 (one chance in
10%) for the dioxin isomer TCDD.

Considering that the present risk of contracting cancer in one's lifetime is
about 1 in 5, these numbers are not all that frightening. Of course, many other
chemical carcinogens, about which we know even less, would be produced in
the nuclear war rites. Nevertheless, these calculations strongly suggest that on a
global or semiglobal basis, chemical carcinogenesis may not be a serious impact
of nuclear war. We must realize, however, that the deposition of chemical
toxins would be highly irregular.
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Table 1 Acute Lethality of Dioxin Isomers

Isomeric C1 Positions LDs, (ug/kg) in Guinea Pigs
2,8 300,000
2,37 29,000
2,378 1
1,2,3,7,8 3
1,2,4,7,8 1,125
1,2,3,4,7,8 73
1,2,3,6,7,8 100
1,2,3,7,8,9 100
1,2,3,4,6,7,8 7,200
1,2,3,4,6,7,8,9 4 x 10%
2 In mice.

It is possible that a large fraction of the smoke aerosol would be removed
within the first few hours by precipitation. For example, an estimated 5 to 10
cm of rain fell in Hiroshima 1 to 3 hours after the blast. Dust, rubble, and large
amounts of radioactive matter were concentrated in the black rain that spread
over a wide area, creating many secondary victims (The Committee for the
Compilation of Materials on Damage Caused by the Atomic Bombs in
Hiroshima and Nagasaki, 1981). It has been suggested (Knox, 1983) that under
certain meteorological conditions, convective clouds would form over burning
cities and effectively scrub out much of the smoke. This remains one of the
hotly debated criticisms of the nuclear winter theory. For the lack of any better
evidence, it has been common to assume that about half of the smoke produced
by nuclear fires would be promptly removed (e.g., NRC, 1985).

The 1985 NRC study assumed that a total urban area of 250,000 km?
would burn. Assuming that half of the toxic smoke was promptly deposited in
an area of 1 million km?, then the average concentrations of chemical toxins in
soil and water within these urban areas would be higher than the concentrations
calculated above by a factor of about 60. Of course, these areas would contain a
large fraction of the surviving population. Cancer risks from chemical
carcinogens would likewise be increased. The average cancer risk because of
TCDD, for example, would be increased to 7 x 10 for those persons remaining
in the urban areas. This is approximately 10 percent of the cancer risk resulting
from exposure to 50 rads of ionizing radiation, which has been estimated as the
average radiation dose to nuclear war survivors (Turco et al., 1983).
Considering that this calculation is based on one specific isomer of one class of
compounds and that many other carcinogens would be produced by the nuclear
fires, it is not unreasonable to suspect that long-term human and biological
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effects of the chemical fallout would be as important, if not more important,
than that of radioactive fallout. Estimates of the increased cancer incidence
because of inhalation of asbestos fibers released to the atmosphere by a nuclear
war, for example, is also of the order of 10 percent of that due to radiation
exposure (Birks et al., 1985). It is important to note that it is possible that
synergisms between chemical exposure and radiation exposure could also
increase the cancer incidence following a nuclear war, but insufficient data exist
to evaluate such effects.

An important difference between chemical toxins and radionuclides is that
radioactive contamination is readily detected by relatively inexpensive Geiger
counters, while the TCDD isomer of dioxin, like many other toxic compounds,
can only be determined by use of a gas chromatograph coupled to a mass
spectrometer; the cost of the latter instruments are in the range of $100,000 to
$500,000. Thus, an important characteristic of chemical fallout is that living
environments, food, and water could not be readily surveyed in order to
determine their safety.

ULTRAVIOLET SPRING

It was first recognized in 1972 that oxides of nitrogen produced in nuclear
fireballs and lofted to the stratosphere could result in severe ozone depletion
(Foley and Ruderman, 1973; Johnston et al., 1973). Ozone in the stratosphere
serves as a protective shield against ultraviolet radiation. Particularly significant
to the biosphere is radiation in the ultraviolet-B (UV-B) region (280-320 nm).
This finding that nuclear explosions could affect stratospheric ozone came as a
result of the earlier recognition by Crutzen (1971) and Johnston (1971) that
oxides of nitrogen serve as catalysts for ozone destruction according to the now
well-known cycle of reactions:

NO +Dg_'—‘NDZ + Dz
NGOy + O—=NO + O,
03+ hv—=0, + 0

Netw: 20, — 30,

Note that nitric oxide (NO) initiates the ozone destruction process, but is
regenerated, so that no net consumption of nitrogen oxides occurs. In fact, each
NO molecule introduced into the stratosphere can destroy about 102 to 10'3
ozone molecules during its residence time in the stratosphere (Brasseur and
Solomon, 1984).

In 1975 the National Academy of Sciences evaluated the effect of a 10,000-
megaton (Mt) nuclear war on the stratospheric ozone shield (NRC, 1975). That
study estimated a 30 to 70 percent reduction in the ozone
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column over the Northern Hemisphere and a 20 to 40 percent depletion for the
Southern Hemisphere. Since that time, there has been a modernization of the
nuclear arsenals; large multimegaton warheads have been replaced by more
numerous warheads (due to MIR Ving—Multiple, Independently Targetable,
Reentry Vehicles), typically having individual yields of 100 to 500 kilotons
(kt). The degree of ozone depletion is highly dependent on the height of
injection of oxides of nitrogen, and these smaller warheads produce bomb
clouds that stabilize at much lower altitudes. The altitude distributions of the
nitric oxide injections for the two scenarios evaluated in the recent 1985 study
of the National Academy of Sciences (NRC, 1985) are superimposed on the
ozone concentration profile in Figure 1. The NRC baseline scenario utilizes
exactly half of the strategic warheads of every type in both the U.S. and Soviet
arsenals, except for any weapons with yields greater than 1.5 Mt. For this
scenario oxides of nitrogen would only be carried to altitudes as high as 18 kin,
and the maximal ozone depletion in the Northern Hemisphere, as shown in
Figure 2, would be 17 percent. An excursion scenario considers that an
additional 100 bombs with yields of 20 Mt each would be detonated. (There are
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Figure 1

Altitudes of injection of oxides of nitrogen for the NRC baseline and excursion
nuclear war scenarios. The normal ozone concentration profile is also shown
by the solid line. (National Research Council, 1985.)
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thought to be 300 such warheads in the Soviet arsenal.) For this scenario, oxides
of nitrogen would reach an altitude of 37 km, and the maximal ozone depletion
would be 43 percent. Note that the maximum in ozone depletion would occur
after a period of 8 to 12 months, and it would take on the order of 10 years for
ozone concentrations to return to normal. Thus, once most of the smoke and
dust was removed from the atmosphere and sunlight began to break through, the
biosphere would not receive normal sunlight but, rather, sunlight highly
enriched in ultraviolet radiation.
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Figure 2

Ozone depletion as a function of time following a nuclear war for the NRC
baseline and excursion scenarios. (National Research Council, 1985.)

No estimates of ozone depletion have yet taken into account the large
perturbations in atmospheric physics and chemistry resulting from the dust and
smoke emissions. The recent finding by Malone (this volume) that the solar-
heated smoke clouds would rise into the stratosphere is extremely important in
this regard. The introduction of smoke aerosol to the stratosphere would be
expected to add to ozone destruction in at least three ways: (1) The absorption
of short-wavelength radiation by the smoke would reduce the rate of oxygen
photolysis, thereby decreasing the rate at which ozone would be produced in the
stratosphere. (2) The absorption of solar radiation by the smoke particles would
heat the stratosphere and increase the rates of reactions that catalyze ozone
destruction (e.g., the NO + Oj reaction given in the cycle above). (3) Reaction
of ozone at
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the particle surfaces would directly destroy ozone. The particle surface could
catalyze the conversion of ozone to oxygen {2(}; — 3(J;) or be oxidized by
ozone to form products such as carbon monoxide
[0y + C (solid) — O; + CO (gas)] . The latter reaction would act to
consume the particles and thereby shorten the duration of the nuclear winter.
Although ozone would be destroyed in either case, UV-B radiation would also
be strongly absorbed by soot particles, so that the effects on the biosphere
would not be felt until most of the soot was either destroyed by ozone or
removed from the stratosphere. This is a very important problem that should be
treated by model calculations in the near future. We are currently obtaining
laboratory data on the reactions of ozone with carbonaceous particles (S.
Stephens, M. Rossi, and D. Golden, manuscript in preparation) for input into
such models.

An increase in UV-B radiation would affect the already stressed
ecosystems of our planet in several ways (Ehrlich et al., 1983). UV-B
wavelengths of light are absorbed strongly by peptide bonds and by nucleic and
amino acids (National Research Council, 1982), and these energetic photons
can cause chemical changes which affect biological structure and function.
Productivity of terrestrial plants and marine plankton is known to decrease with
even small increases in UV-B levels (Caldwell, 1981; National Research
Council, 1982). Immune system suppression (National Research Council,
1982), blindness (Pitts, 1983), and other physiological stress factors caused by
UV-B increases would lead to increased incidence of disease in humans and
other mammals. Even normal processes of DNA repair in bacteria are
suppressed by increased UV-B exposure (National Research Council, 1982).

PHOTOCHEMICAL SMOG FORMATION

The chemistry of the troposphere (the region of the atmosphere between
the ground and the stratosphere, 0-12 km) is very complicated and would
become even more complicated by the addition of millions of tons of dust,
smoke, and gaseous chemicals. A mild example of tropospheric perturbation is
seen in a heavily polluted urban center. These population centers are sources of
oxides of nitrogen, carbon monoxide, partially combusted hydrocarbons, and
particulates; it is the interaction of these species with sunlight that results in the
formation of strong oxidants such as ozone. The potential of a severe global
photochemical smog following a nuclear war was suggested by Crutzen and
Birks (1982). However, a necessary ingredient to photochemical smog
formation is sunlight, and it was their concern that the absorption of sunlight by
smoke might reduce the levels of oxidant formation that led them to make the
first estimates of the amount of smoke produced in nuclear war fires.
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The darkness of nuclear winter would certainly prevent a photochemical
smog from forming during the early weeks following a nuclear war, and the
parallel removal of gaseous pollutants and particulates would tend to ameliorate
the rate of oxidant formation at later times (Penner, 1983). Reactions of
oxidants with particle surfaces would also tend to prevent a photochemical
smog from forming (Birks et al., 1985). However, photochemical smog with
high concentrations of ozone could occur near the edges of pollutant clouds for
the period of time that the particulate cloud cover is still patchy.

Because of their damaging effects on plants and animals, atmospheric
oxidants are generally viewed as undesirable. However, these oxidants,
particularly the hydroxyl radical (OH) derived from the photolysis of ozone,
provide the useful function of cleansing the atmosphere. For example, of the
order of 100 million tons of reduced sulfur compounds such as hydrogen sulfide
and dimethyl sulfide are emitted to the atmosphere each year by microoganisms
in the soil and ocean. The oxidation of these compounds to sulfuric acid in the
normal atmosphere is initiated by OH. The highly soluble sulfuric acid is then
rapidly removed by rain. Under the dark clouds of nuclear winter, the OH
radical and other oxidants would be greatly reduced in concentration, and as a
result such biogenic emissions would accumulate to unusually high levels in the
atmosphere. Although lethally toxic levels are not expected to be reached, at
least for the sulfur compounds it is likely that the concentrations would build up
to levels well above the threshold for human smell (Birks et al., 1985).

CONCLUSIONS

Those who would survive the prompt effects of a nuclear war would face a
radically altered physical environment. A period of weeks to months of
darkened days and subfreezing temperatures would stress the ecosystems, on
which mankind ultimately depends, in ways unprecedented in recorded history.
Not only would the distribution of existing food stores be interrupted, but the
growing of food would become impossible. As the sooty smoke is slowly
removed from the atmosphere and the sunshine begins to break through, it is
likely that this light would be highly enriched in damaging ultraviolet radiation
—adding a further insult to the already injured biosphere. There would always
be great uncertainty about the safety of any food eaten, because it could be
contaminated by chemical toxins, in addition to radioactivity. With the lack of
sophisticated analytical instruments, chemical contamination would be
impossible to detect.

That the nuclear winter and other environmental effects of a nuclear war
were overlooked for so long should make us wary; the worst effects
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of a nuclear war may not yet be discovered and, in fact, may be undiscoverable
except by the actual experience.

Forty years after Hiroshima we are finally beginning to come to grips with
the full consequences of the use of nuclear weapons. The intuition of the
average human being since the first use of these weapons against population
centers has been that a nuclear war would cause the extinction of our species. In
light of recent studies, it appears that this intuition is much closer to the truth
than the enlightened understanding of those who have advocated doctrines of
the survivability and therefore fightability of a nuclear war.
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OVERVIEW

Potential radiation doses from several scenarios involving nuclear attack
on an unsheltered United States population are calculated for local, intermediate
time scale and long-term fallout. Dose estimates are made for both a normal
atmosphere and an atmosphere perturbed by smoke produced by massive fires.
A separate section discusses the additional doses from nuclear fuel facilities,
were they to be targeted in an attack. Finally, in an appendix the direct effects
of fallout on humans are considered. These include effects of sheltering and
biological repair of damage from chronic doses.

RADIOACTIVITY FROM NUCLEAR WEAPONS

Introduction

In this paper the potential doses associated with the radionuclides created
by nuclear explosions are assessed. Our focus is on the areas outside the zone of
the initial blast and fires. Prompt initial ionizing radiation within the first
minute after the explosion is not considered here, because the physical range for
biological damage from this source for large-yield weapons is generally smaller
than the ranges for blast and thermal effects.

The contributions from local (first 24 hours) and more widely distributed,
or global fallout, will be considered separately. Global fallout will
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be further subdivided into an intermediate time scale, sometimes called
tropospheric, of 1 to 30 days, and a long-term (beyond 30 days) stratospheric
component. Mainly the dose from gamma-ray emitters external to the body is
considered. Contributions from external beta emitters are not estimated because
of the limited penetration ability of beta radiation, but there is the possibility
that in areas of local fallout, beta radiation can have a significant impact on
certain biota directly exposed to the emitters by surface deposition (Svirezhev,
1985). Potential internal doses from ingestion and inhalation of gamma and beta
emitters are estimated in only an approximate manner, as these are much more
difficult to quantify.

The total amount of gamma-ray radioactivity dispersed in a nuclear
exchange is dominated by the weapon fission products whose production is
proportional to the total fission yield of the exchange. Exposure to local fallout,
which has the greatest potential for producing human casualties, is very
sensitive to assumptions about height of burst, winds, time of exposure,
protection factor, and other variables. For global fallout, the dose commitments
are sensitive to how these fission products are injected into various regions of
the atmosphere, which depend on individual war-head yield as well as burst
location.

For local fallout, aspects of the baseline scenario outlined in the Scientific
Committee on Problems of the Environment-Environmental Effects of Nuclear
War (SCOPE-ENUWAR) Study (Pittock et al., 1985) are considered. For
global fallout, both the 5,300-megaton (Mt) baseline scenario reported by Knox
(1983) and the 5,000-Mt reference nuclear war scenario described by Turco et
al. (1983; also known as the TTAPS study) are considered.

Local Fallout

Local fallout is the early deposition of relatively large radioactive particles
that are lofted by a nuclear explosion occurring near the surface in which large
quantities of debris are drawn into the fireball. For nuclear weapons, the
primary early danger from local fallout is due to gamma radiation.

Fresh fission products are highly radioactive and most decay by
simultaneous emission of electrons and gamma rays. An approximate rule of
thumb for the first 6 months following a weapon detonation is that the gamma
radiation will decay by an order of magnitude for every factor of seven in time
(Glasstone and Dolan, 1977).

If the implausible assumption is made that all of the radioactivity in the
fresh nuclear debris from a 1-Mt, all-fission weapon arrives on the ground 1
hour after detonation and is uniformly spread over grassy ground
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such that it would just give a 48-hour unshielded dose of 450 rads, then
approximately 50,000 km? could be covered. Given such a uniform deposition
model, it would require only about 100 such weapons to completely cover
Europe. In reality, because of a variety of physical processes, the actual areas
affected are much smaller. Most of the radioactivity is airborne for much longer
than an hour, thus allowing substantial decay to occur before reaching the
ground. Also, the deposition pattern of the radioactivity is uneven, with the
heaviest fallout being near the detonation point where extremely high radiation
levels occur. When realistic depositional processes are considered, the
approximate area covered by a 48-hour unshielded 450-rad dose is about 1,300
km?, i.e., nearly a factor of 40 smaller than the area predicted using the
simplistic model above. This large factor is partially explained because only
about one-half of the radioactivity from ground bursts is on fallout-sized
particles (Defense Civil Preparedness Agency [DCPA] 1973). The other portion
of the radioactivity is found on smaller particles that have very low settling
velocities and therefore contribute to global fallout over longer times. Portions
of this radioactivity can remain airborne for years. For airbursts of strategic-
sized weapons, virtually no fallout-sized particles are created, and all of the
radioactivity contributes to global fallout.

Lofted radioactive fallout particles that have radii exceeding 5 to 10 um
have sufficient fall velocities to contribute to local fallout. Some particles can
be as large as several millimeters in radius. Settling velocities range from a few
centimeters per second to many tens of meters per second for these particles.
They are lofted by the rising nuclear debris cloud and are detrained anywhere
from ground level to the top of the stabilized cloud. Horizontal wind speeds
usually increase with height up to the tropopause, and frequently, wind
directions have large angular shears. Nuclear clouds disperse due to
atmospheric shears and turbulence. The arrival of radioactivity at a given
location can occur over many hours, with large particles from high in the cloud
usually arriving first at a downwind location.

Rainout effects have been suggested as being potentially significant
contributors to local fallout effects from strategic nuclear war (Glasstone and
Dolan, 1977). The inclusion of rainout processes would probably not
significantly affect the answers to generic questions pertaining to large-scale
nuclear war phenomena (for example, What percentage of Western Europe
would suffer lethal levels of gamma radiation from local fallout in a large-scale
nuclear exchange?), especially if a substantial portion of the weapons are
surface burst. This is particularly true for strategic weapon yields of greater than
30 kilotons (kt), because the radioactivity on the small particles most affected
by rainout rises above all but the largest
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convective rain cells. Thus potentially lethal doses from rainout should occur
only from large convective rain cells, and this should occur only over relatively
small areas (i.e., beneath moving convective cells). However, for any given
radioactive air parcel, the overall probability of rainout the first day from a
convective cell is quite low for yields greater than 30 kt. Rainout also may
occur over large areas associated with frontal systems, but in the case of
strategic weapons yields, the radioactivity on small particles must diffuse
downward from levels that are often above the top of the precipitation system to
produce rainout. As a result, radiological doses from debris in precipitation
would be substantially lower than early-time doses associated with local fallout.
In either case (frontal or convective rainout), for a large-scale multi-burst
exchange, the size of the expected lethal-dose rainout areas should typically be
small (i.e., well within the range of modeling uncertainty) compared to the size
of the fallout areas created by particles with large settling velocities. Thus, to
first order rainout areas can be ignored in calculating the radiological hazard
from a large-scale nuclear war scenario. However, for lower yield ( tactical war
scenarios, or for scenarios at specific locations, rainout could lead to important
and dominant radiological effects.

Single-Weapon Fallout Model

For this work the KDFOC2 computer model (Harvey and Serduke, 1979)
was used to calculate fallout fields for single bursts, which in turn were used to
develop a semiquantitative model for preparing rough estimates of fallout areas
for typical strategic weapons. A wind profile (including shear) characteristic of
midcontinental Northern Hemisphere summer conditions was selected from
observations, and baseline fallout calculations were performed for several
explosion yields under the assumption that all-fission weapons were used. As an
example of the results, a 1-Mt fallout pattern is shown in Figure 1. Figure 2
gives the area versus minimum dose relationship for several different yields.
Fallout areas are shown rather than maximum downwind extents for various
doses since areas are less sensitive to variations in wind direction and speed
shears and should be more useful for analysis. These areas correspond to
unshielded doses associated with external gamma-ray emissions. All of the
local fallout estimates given below are based on the KDFOC2 model and the
wind pattern used for Figure 1.

To convert from areas for the 48-hour curves shown in Figure 2 to areas
for minimum doses over longer times, an area multiplication factor, AMF, is
given in Figure 3. For example, if the 2-week, 300-rad area is needed, first the
48-hour, 300-rad area is found from Figure 2 and then the ap
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propriate AMF is read from Figure 3. The 2-week, 300-rad area is the product
of the 300-rad, 48-hour area and the 2-week, 300-rad AMF. For example, a 1-
Mt, all-fission weapon, has a 2-week, 300-rad area of

100 rads

Figure 1

48-hour dose predictions for a 1-Mt all-fission weapon detonated at the
surface. A midcontinental Northern Hemisphere summer wind profile was
used. The double-lobed pattern is due to a strong directional wind shear that is
typical during this season. For a 1-Mt weapon, the lofting of radioactivity is so
high that topographic features are not expected to play a large role in pattern
development; thus, a fiat surface has been used. The protection factor is 1. The
local terrain is assumed to be a rolling grassy plain. Source: Pittock et al.
(1985, p. 242). Reprinted with permission from the Scientific Committee on
Problems of the Environment (SCOPE).

~2,000 km* x 1.30 = 2,600 km”.

There are two scaling laws that allow weapons design and various
sheltering to be factored into dose calculations. The first scaling law permits
consideration of weapons that are not all fission. Most large-yield weapons (>
100 kt) are combined fission-fusion explosives with approximately equal
amounts of fusion and fission (Fetter and Tsipis, 1981). The fission fraction (p)
is the ratio

_ fission yield
P = "ol yield
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Figure 2

Fallout areas versus minimum 48-hour doses for selected yields from 30 kt to 5
Mt. The weapons were surface burst and all fission. The wind was that used in
the calculation to produce Figure 1. These curves include an instrument
shielding factor of about 25 percent (Glasstone and Dolan, 1977). Doses within
the area defined would exceed the minimum dose. Source: Pittock et al. (1985,
p- 243). Reprinted with permission from the Scientific Committee on Problems
of the Environment (SCOPE).

To find a 48-hour minimum dose area for a particular fission fraction using
Figures 2 and 3, the dose of interest, D, should be multiplied by 1/p before
reading the values of the area and the area multiplication factor. For example, to
obtain the 450-rad, 48-hour dose area for a 50 percent fission weapon, the area
for the scaled dose of 900 rads would be obtained from Figure 2. For a 1-Mt, 50
percent fission weapon, the estimated 450-rad dose area is found to be 720 km?.
The rationale for this scaling law is that the thermodynamics and
hydrodynamics of fallout development are insensitive to fission fraction
because particle characteristics and lofting altitudes are determined
predominantly by total energy yield. For yields that are only part fission, each
particle has a fraction of the gamma radioactivity that it would otherwise have if
the weapon were an all-fission weapon. This scaling law is appropriate for
fission fraction ratios above ~0.3; smaller ratios can lead to situations where
neutron-induced radio
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activity becomes a significant factor. For such cases, careful consideration of
surrounding materials may be necessary to produce accurate fallout estimates.

The second scaling law accounts for protection factors (K) against ionizing
radiation that would be provided by sheltering. The 48-hour minimum dose
areas given in Figure 2 are appropriate for a person or other organism located
on a rolling grassy plain. In other configurations, radiation exposure varies
according to how much shielding is obtained while a person remains in the area.
For example, a person leading a normal lifestyle is likely to achieve an average
K of 2 to 3 for gamma radiation from time spent inside buildings and other
structures. Basements can provide K values of 10 to 20. Specially constructed
shelters can provide K values of 10 to 10,000 (Glasstone and Dolan, 1977).

To determine the radiation area for a dose of D when shielding with a
protection factor K is available, the scaled dose KD from Figure 2 should be
used. For example, for those in an undamaged basement with K = 10 for the
first 48 hours, Figure 2 indicates that the effective dose area of 450 rads or more
from a 1-Mt, all-fission weapon is about 130 km?. This is obtained by using a
scaled dose of 4,500 rads. For comparison, the
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Figure 3

Area multiplication factors to extend the dose integration time from 48 hours
to longer times. These factors must be used in conjunction with the areas given
in Figure 2. Source: Pittock et al. (1985, p. 244). Reprinted with permission
from the Scientific Committee on Problems of the Environment (SCOPE).
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450-rad minimum dose area is about 1,300 km? for people with no shelter,
greater by a factor of 10 than the area for those with a K of 10.

Other factors that could reduce the effects of fallout on the population over
long time periods (month) include weathering (runoff and soil penetration),
cleanup measures, relocation, and the ability of the body to repair itself when
the dose is spread over time or occurs at lower rates. These considerations can
be taken into account with existing computer models but are not treated here.
Several factors that could enhance the effects of fallout are mentioned below.

Dose Estimation From Multiple Explosions

In a major nuclear exchange, thousands of nuclear warheads could be
detonated. For such an exchange, realistic wind patterns and targeting scenarios
could cause individual weapon fallout patterns to overlap in complicated ways
that are difficult to predict and calculate. Even though acute doses are additive,
a single-dose pattern calculated for a weapon cannot be used directly to add up
doses in a multiweapon scenario, except under limited conditions. For example,
if the wind speed and direction are not approximately the same for the
detonation of each weapon, then different patterns should be used. In addition,
the number of possible fallout scenarios far exceeds the number of targeting
scenarios. This is because, for each targeting scenario that exists, the possible
meteorological situations are numerous, complex, and varying. Thus, only
under limited conditions may a single dose pattern be moved around a dose
accumulation grid to obtain the sum of total doses from many weapons.

Two relatively simple multiburst models can be developed for use in
conjunction with the semiquantitative model presented here. These cases can
provide rough estimates of fallout areas from multiple weapons scenarios;
however, their results have an uncertainty of no better than a factor of several,
for reasons explained below, and are neither upper nor lower case limits. The
no-overlap (NO) case is considered first; this could occur when targets are
dispersed, there is one warhead per target and the fallout areas essentially do not
overlap. Second, the total-overlap (TO) case is examined where multiple bursts
are assumed to be at the same burst location. This approximation would arise
when targets are densely packed and warheads of the same size are used against
each. A large number of warheads used against, say, a hardened missile field
site would be more closely modeled by the TO model than the NO model.

As an example of the use of the NO and TO approximations, a case with
100 1-Mt, 50 percent fission, surface-detonated explosions is considered, and
estimates are developed for the 450-rad, 48-hour dose areas
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for both cases. For the NO case the fallout area can be obtained by determining
the area for a single 1-Mt weapon (900-rad scaled dose from Figure 2) and
multiplying by 100. This gives 7.2 x 10* km? for the 450-rad, 48-hour dose
contour. For the TO model, the area is obtained for a single 1-Mt weapon, 9-rad
scaled dose from Figure 2. One hundred of these, laid on top of each other,
would give 450 rads for 50 percent fission weapons. The area in this case is 3.3
x 10* km?. These results differ by about a factor of two, with the NO case
giving a larger area.

Although these models are extremes in terms of fallout pattern overlap,
neither can be taken as a bounding calculation of the extremes in fallout areas
for specified doses. It is very possible that a more realistic calculation of
overlap would produce a greater area for 100 weapons than either of these
models. Such a result is demonstrated by a more sophisticated model prediction
that explicitly takes overlap into account (Harvey, 1982). In this study, a
scenario was developed for a severe case of fallout in a countervalue attack on
the United States where population centers were targeted with surface bursts.
Figure 4 shows the contours of a 500-rad minimum 1-week dose where overlap
was considered. The 500-rad area

1 | 1 1 1 ] 1 1 i L L

Figure 4

A fallout assessment that explicitly takes fallout pattern overlap into account.
Shown are 500-rad, 1-week minimum isodose contours. This scenario was
intended to emphasize population dose. Approximately 1,000 population
centers in the United States were targeted, each with a 1-Mt, 50 percent fission
weapon. The assumed winds were westerly with small vertical shear and were
nearly constant over the continent (taken from Harvey, 1982). Reprinted with
permission from Lawrence Livermore National Laboratory.
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is about three times greater than that predicted by the NO model and six times
that of the TO model. Note also that the distribution of radioactivity is
extremely uneven. About 20 percent of the United States is covered with 500-
rad contours, including nearly 100 percent of the northeast, approximately 50
percent of the area east of the Mississippi River, 10 percent of the area west of
the Mississippi River, and only a few percent of the area in the Great Plains.

Results of these scenarios, as well as those postulated by others, clearly
show that such estimates are very scenario dependent and that detailed
estimates should be made with care. For example, the regional results shown in
Figure 4 could be significantly different if military targets (e.g., intercontinental
ballistic missile [ICBM] silos) were included as well. Although the NO and TO
cases presented in this paper are simple to apply, they must be used only to
develop rough estimates of total area coverage within regions with relatively
uniformly dispersed targets. When the density of targets of one area is as large
as that in the northeastern United States and another is as dispersed as that in
the western United States, regional models should be used to develop specific
regional estimates. Even then, multiple-weapon fallout estimates should be
considered to have uncertainties no smaller than a factor of several, with the
uncertainty factor increasing as the model sophistication decreases.

Sample Calculation Of Multiple-Weapon Fallout

To illustrate the fallout prediction method presented here, an escalating
nuclear exchange scenario, which is consistent with that described in the
SCOPE-ENUWAR study (Pittock et al., 1985), is used to estimate fallout areas.
In this scenario there are four sequential phases of attack against five different
regions. The five regions are Europe (both east and west), western USSR (west
of the Ural Mountains), eastern USSR, the western United States (west of 96°
W latitude), and the eastern United States. The four phases of attack are initial
counterforce, extended counterforce, industrial countervalue, and a final phase
of mixed military and countervalue targeting. The weapon yields and the
number of warheads that are employed for just the surface bursts during each
phase are shown in Table 1. Airbursts are omitted since they do not produce
appreciable local fallout.

In the first phase, land-based ICBMs are the primary targets. These are
assumed to be located in the western United States and the USSR at sites
containing 125 to 275 missiles. The geographical distribution of missile silos in
the USSR is assumed to be 50 percent east and 50 percent west of the Ural
Mountains. Each missile silo is attacked with a surface-burst and an airburst
weapon. For a given site, the TO model is used to calculate
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the fallout pattern. All U.S. ICBM sites are attacked with 0.5-Mt weapons. Each
of five U.S. ICBM complexes is presumed to have 200 missile silos, while each
of six USSR complexes is presumed to have between 125 and 275 missile silos,
with a total of 1,300. The Soviet sites are attacked with 1-, 0.3-, and 0.1-Mt
weapons. During this phase, each side employs a total of about 1,000 Mt.
Besides the attack on Soviet missile silos, 425 0.1-Mt weapons are assumed to
be surface-burst against other Soviet military targets, with approximately 28 Mt
west of the Urals and 14 Mt to the east. The 425 fallout patterns from these
weapons have been modeled with the NO model.

Table 1 Surface-Burst Warheads in a Phased Nuclear Exchangea

Number of Warheads
Weapon  Initial Extended Industrial Final Full
Yield Counterforce Counterforce Countervalue Phase Baseline
(Mt) Phase Phase Phase Exchange
0.05 0 300 0 250 550
0.1 975 150 50 8 1,183
0.2 0 250 50 121 421
0.3 500 250 0 125 875
0.5 1,000 200 0 25 1,225
1.0 250 495 160 125 1,030
5.0 0 50 15 8 73
Total ~1,000 ~1,000 ~250 ~250 ~2,500
surface-
burst
yield

2 All weapons are assumed to have 50 percent fission yield.

In the second phase of the attack, there are an additional 1,000 Mt of
surface-burst weapons employed. These are employed against each region with
20, 40, and 40 percent of the weapons being used against targets in Europe, the
United States and the USSR, respectively. Here, Europe includes both the North
Atlantic Treaty Organization (NATO) and Warsaw Pact countries. To roughly
account for population distribution, the weapons employed against the United
States are divided up as two-thirds in the eastern U.S. and one-third in the
western United States; for Soviet targets it is assumed that two-thirds are
detonated west of and one-third are detonated east of the Ural Mountains.

For all the weapons employed in the second, third, and fourth phases, the
fallout pattern is calculated using the NO model. The results, in terms of percent
of land covered by at least a 450-rad, 48-hour dose, are shown
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in Table 2. No shielding has been assumed in calculating these percentages.
Similar areas were found for 600 rads over 2 weeks.

Care must be taken in interpreting these results. To begin with, there is an
uncertainty factor of several in the NO and TO modeling schemes, as discussed
earlier. Another substantial bias is introduced by neglecting the radioactivity
that is blown into or out of a region. For example, the western USSR would
likely receive substantial amounts of radiation from weapons detonated in
eastern Europe because the wind usually blows from Europe toward the Soviet
Union. Thus, the area percentages shown in Table 2 for Europe would be
expected to decrease since some of the area credited to Europe would actually
be in the Soviet sector. Similarly, the percentage of radiation over the western
United States is probably overestimated, assuming typical wind conditions. For
the eastern United States the area covered would be increased by radioactivity
originating in the central United States and decreased as a result of radioactivity
blowing out over the Atlantic Ocean.

There are a number of factors that could change these local fallout
assessments.

* Shielding is probably the most sensitive parameter in reducing the
effective dose to a population. This effect has been ignored in these
calculations. Protective measures could substantially reduce the impact of
fallout on humans.

* Choosing a scenario that exacerbates local fallout (e.g., surface bursts
over cities) could increase lethal areas by factors of several.

» Large differences in doses could arise because of irregularities in fallout
patterns in the local fallout zones that could range over orders of
magnitude. Relocation could substantially reduce a population's dose.

» Debilitating, but not lethal, radiation doses (~200 rads or more) would be
received over much larger areas than areas receiving lethal doses.

Table 2 Percentage of Land Mass Covered by a Minimum 450-rad, 48-hour Dose

Land Initial Extended Industrial Final Full

Mass Counterforce Counterforce Countervalue Phase Baseline
Phase Phase Phase Exchange

Europe 0 29 0.6 0.8 4.3

Eastern 0.5 0.5 0.1 0.2 1.3

USSR

Western 1.6 2.3 0.7 1.7 6.3

USSR

Eastern 0 4.7 1.0 1.4 7.1

United

States

Western 4.4 2.3 0.7 6.6 8.0

United

States
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* Fission fractions of smaller modern weapons could be twice the baseline
assumption of 0.5. Adding these to the scenario mix could increase lethal
fallout areas by up to 20 percent of the baseline calculation.

» Tactical weapons, ignored in the baseline scenario, could increase lethal
local fallout areas in certain geographical regions, particularly within
Europe, by about 20 percent of the baseline calculations.

* Internal radiation exposure could increase the average total doses to
humans by about 20 percent of the external dose.

» External beta exposure, not treated here, could add significantly to plant
and animal exposures in local fallout areas.

» Targeting of nuclear fuel cycle facilities could contribute to radiation doses.

Global Fallout

Global fallout consists of the radioactivity carried by fine particulate
matter and gaseous compounds that are lofted into the atmosphere by nuclear
explosions. One may distinguish two components to global fall-out—
intermediate time scale and long term. Intermediate-time-scale fallout consists
of material that is initially injected into the troposphere and is removed
principally by precipitation within the first month. The fractional contribution to
intermediate-time-scale fallout decreases as the total weapon yield increases
above 100 kt. The importance of intermediate-time-scale fallout has grown with
reductions in warhead yields. Long-term fallout occurs as a result of deposition
of very fine particles that are initially injected into the stratosphere. Because the
stratosphere is so stable against vertical mixing and the fine particulate matter
has negligible fall velocities, the primary deposition mechanism involves
transport of the radioactivity to the troposphere through seasonal changes in
stratospheric circulation. Once within the troposphere, these particles would
normally be removed within a month by precipitation scavenging.

Given a specific nuclear war scenario, it is possible to use experience
gained from atmospheric nuclear tests to estimate the fate of both inter-mediate-
time-scale and long-term fallout particles if the atmosphere is not perturbed by
smoke. GLODEP2 (Edwards et al., 1984), an empirical code that was designed
to match measurements from atmospheric testing, has been used. The model
contains two tropospheric and six stratospheric injection compartments. By
following unique tracer material from several atmospheric nuclear tests in the
late 1950s, combined with subsequent balloon and aircraft measurements in the
stratosphere and upper troposphere and many surface air and precipitation
observations, it was possible to estimate the residence time of radioactivity in
the various stratospheric
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compartments and the interhemispheric exchange rate in the stratosphere.
Radioactive material that is placed initially into the troposphere is also handled
by the GLODEP2 model (Edwards et al., 1984). From this information, surface
deposition tables were prepared. The GLODEP2 model has never been tested
against atmospheric nuclear tests in middle latitudes since no extensive series of
explosions have occurred in this region. As a result, there is some uncertainty in
the results of explosions centered around the Northern Hemisphere middle
latitudes, but little uncertainty in the Northern Hemisphere subpolar latitude
calculations since the stratospheric fallout there would deposit much the same
as the global fallout from the polar bursts used to generate the polar deposition
tables in the model.

Global Dose In An Unperturbed Atmosphere Using Specific Scenarios

A variety of scenario studies have been performed using GLODEP2
(Knox, 1983; Edwards et al., 1984). Dose calculations for scenarios A and B,
which are described in Table 3, are presented in detail in Table 4. The
atmospheric compartments in Table 3 refer to those used in the GLODEP2
model.

From a comparison of GLODEP?2 results for the A and B scenarios for a
Northern Hemisphere winter injection (Table 4, columns A; and B, ), it is seen
that the Northern Hemisphere averages for scenarios A and B are about 16 and
19 rads, respectively, while Southern Hemisphere averages are more than a
factor of 20 smaller. The maximum appears in the 30 to SOuN latitude band,
where scenarios A and B yield 33 and 42 rads, respectively. All the doses
reported here for global fallout are integrated external gamma-ray exposure
over 50 years and assume no sheltering, no weathering, and a smooth plane
surface.

For scenario A, 55 percent of the dose emanates from the tropospheric
injections. The corresponding value for B is 75 percent. This emphasizes the
sensitivity of dose to the yield mix of the scenario. As individual warhead yields
decrease, the fractional injections into the troposphere increase, resulting in
much larger doses on the ground due to more rapid deposition. Tropospheric
radioactivity injections per megaton of fission can produce doses on the ground
about a factor of 10 greater than those resulting from lower stratospheric
injections, which in turn contribute about 3 to 5 times higher doses compared to
upper stratospheric injections (Shapiro, 1984). Injections of radioactivity above
the stratosphere as a gas or as extremely fine particles would produce relatively
negligible doses at the ground.
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Table 3 Nuclear War Scenarios

Scenario A (Knox [1983] 5,300-Mt Scenario B (TTAPS [Turco et al., 1983]
baseline nuclear war) 5,000-Mt reference nuclear war)
Total Yield/ Total Fission Total Yield/ Total Fission
Warhead (Mt) Yield Injected Warhead (Mt) Yield Injected
Mt) Mt)
20.0 305 10.0 125
9.0 235 5.0 125
1.0-2.0 355 1.0 557
0.9 675 0.5 312
0.75 15 0.3 188
0.55 220 0.2 125
0.3-0.4 115 0.1 87
0.1-0.2 110
<0.1 1
Mt of fission products injected into atmosphere
Scenario A Scenario B
Polar troposphere 226 369
Lower polar stratosphere 1,234 898
Upper polar stratosphere 571 226
High polar atmosphere 0 25
Total 2,031 1,520
Fraction of yield in surface bursts 0.47 0.57
Fission fraction 0.5 0.5
Total number of explosions 6,235 10,400

Table 4 includes calculated values for the global human population dose.
This quantity is calculated by multiplying the dose in each 20°-wide latitude
band by the population of the latitude band, and then summing over all
latitudes. For a given scenario, this number is one measure of the potential
global biological impact. The global population dose as calculated by
GLODEP2 for scenarios A and B are 7 x 10!° and 8 x 10'" person-tads,
respectively. Essentially all of this dose occurs in the Northern Hemisphere
because 90 percent of the world's population and higher doses prevail there.

Figure 5 illustrates the time behavior of the buildup of the dose to the 50-
year lifetime value as a function of latitude for scenario A. The bulk of the dose
is caused by deposition (mainly from the troposphere) and exposure during the
first season after the war, followed by a gradual rise to the 50-year value.

A comparison of the GLODEP?2 results for the TRAPS scenario (B) and
the results of Turco et al. (1983) (using an entirely different methodology)
reveals that GLODEP2 doses are 19 rads for the Northern Hemi
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sphere average and 42 rads for the 30-50°N latitude band, while estimates of
Turco et al. give corresponding doses of 20 rads and about 40 to 60 rads.

Table 4 Global Fallout Dose Assessments (rads) for an Unperturbed Atmosphere
with No Smoke

Latitude Band Al Bl A2 B2 A3 B3
70-90°N 4.5 3.7 2.9 2.5 7.8 8.2
50-70°N 273 28.8 21.7 22.7 21.3 24.6
30-50°N 329 41.7 274 33.7 223 239
10-30°N 6.9 8.3 5.6 6.6 7.6 7.2
10°S-10°N 0.8 0.6 0.5 0.3 1.3 1.0
10-30°S 0.6 04 0.4 0.2 0.6 0.4
30-50°S 0.8 04 0.6 04 0.7 0.4
50-70°S 0.5 0.3 0.5 0.3 0.5 0.3
70-90°S 0.1 0.0 0.2 0.1 0.2 0.1
Area averaged

Northern Hemisphere 16.2 19.1 13.1 15.2 12.8 13.7
Southern Hemisphere 0.6 0.4 0.5 0.3 0.7 0.4
Global 8.4 9.8 6.8 7.8 6.8 7.1
Global population dose

(x 10'9) person-tads 6.7 8.2 5.5 6.6 5.3 5.5

A; = Winter injection using GLODEP2. B| = Winter injection using GLODEP2. A, =
Summer injection using GLODEP2. B, = Summer injection using GLODEP2. A; =
Summer injection using GRANTOUR with stratospheric contributions from GLODEP2.
B3 = Summer injection using GRANTOUR with stratospheric contributions from
GLODEP2.

Source: Pittock et al. (1985, p. 255). Reprinted with permission from the Scientific Committee on
Problems of the Environment (SCOPE).

Other studies that have been undertaken using GLODEP2, and the 5,300-
Mt scenario A have led to the following conclusions:

Winter versus Summer Injection Because of a decrease in the frequency
and intensity of large-scale precipitation systems in summer, the doses from the
troposphere and lower polar stratosphere are reduced somewhat in comparison
to those in winter, while the upper stratospheric contribution is increased. The
total dose differences between summer and winter are not large, and other
sources of uncertainty would predominate.

Scenarios with Smaller-Yield Devices The long-term consequences of the
shift in the nuclear arsenals from larger-to smaller-yield devices has been
assessed. Table 5 presents results comparing the 5,300-Mt baseline scenario
with two variations. In scenario Aa, the number of devices in the baseline
scenario A is increased from 6,235 to 13,250, while the total yield is held at
5,300 Mt. In scenario Ab, smaller yields have been used, but the number of
devices is constant at 6,235 (the total yield consequently
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is reduced by 25 percent, from 5,300 to 4,000 Mt). The figures presented are for
the 50-year gamma-ray dose. For the same total yield, it is seen that a shift to
smaller weapons in the baseline scenario has approximately doubled the dose
(scenario Aa). For Ab, the dose remains about the same even with a 25 percent
drop in the total yield.
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Figure 5

Global fallout: accumulated whole-body gamma dose (rads) from 6,235
explosions totaling 2,031 Mt of fission products (scenario A). An 8-day
tropospheric deposition decay constant, characteristic of a winter injection, is
assumed. Source: Pittock et al. (1985, p. 256). Reprinted with permission from
the Scientific Committee on Problems of the Environment (SCOPE).

Table 5 Global Fallout: Sensitivity of Dose to Warhead Yielda

Scenario  Total Number of  Average 30-50°  Global Global
Yield  Explosions  Yield N Average  Population
(Mt) per Dose Dose Dose
Warhead  (rads) per (1019
Person person-
(rads) rads)
A 5,300 6,235 0.85 33 15 6.7
Aa 5,300 13,250 0.40 64 27 12.5
Ab 4,000 6,235 0.64 33 14 6.5

2 The fission and groundburst fractions are those assumed for scenario A.
Source: Pittock et al. (1985, p. 257). Reprinted with permission from the Scientific Committee on

Problems of the Environment (SCOPE).
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Global Fallout In A Perturbed Atmosphere

Following a large-scale nuclear exchange, the large quantities of smoke
and soot lofted to high altitudes could decrease the incoming solar radiation,
resulting in tropospheric and stratospheric circulation changes. Over land in the
Northern Hemisphere, the presence of smoke and soot would probably result in
less precipitation and a lowering of the tropopause; these changes could
decrease the intermediate-time-scale (tropospheric) fallout and, depending on
changes in stratospheric circulation, could alter the stratospheric contribution to
fallout in the Northern Hemisphere. However, before the stratospheric burden is
carried into the troposphere, a sizeable fraction would be transported to the
Southern Hemisphere by the accelerated interhemispheric transport, resulting in
doses there that are likely to be increased over those calculated for an
unperturbed atmosphere.

Both the GLODEP2 and the Turco et al. (1983) models assumed fission
product depositions from a normal atmosphere in calculating global fallout.
Preliminary studies have been conducted with radionuclides in a perturbed
atmosphere using a three-dimensional version of the GRANTOUR model (see
MacCracken and Walton, 1984). GRANTOUR is a three-dimensional transport
model driven by meteorological data generated by the Oregon State University
(OSU) general circulation model (Schlesinger and Gates, 1980). Particulate
matter appearing as an initial distribution or generated by sources is advected by
wind fields, locally diffused in the horizontal and vertical, moved vertically by
convective fluxes and the re-evaporation of precipitation, and removed by
precipitation scavenging and dry deposition. It is assumed that the fission
products are in the form of particulate material in two size ranges: greater than
and less than 1 um in diameter. Coagulation from small to large particles is not
treated in the version of the model used here.

Studies focused on comparisons of radiation dose assessments with smoke
in the atmosphere (interactive atmosphere) and without smoke (noninteractive);
other relevant parameters were also explored, including consideration of
particle size distribution, source location, different initial meteorology, and
averaging doses over land areas only. All of the GRANTOUR simulations
reported here are for the Northern Hemisphere summer season and use five
radioactivity and smoke source locations of equal strength. The locations
include two in the United States, two in the USSR, and one in western Europe.
This division of sources is similar to that assumed in our earlier discussion on
local fallout. Sources were initially injected with a Gaussian distribution whose
amplitude was 10 percent of the maximum at a radius of 15° along a great
circle. The total amount of smoke injected was 150 teragrams (equivalent to the
urban smoke con
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tributions used by Turco et al. [1983] and the National Research Council [NRC,
1985]). MacCracken and Walton (1984) describe the induced -climatic
perturbations. The vertical distribution of the radioactivity injections were
distributed, as was the smoke, with the same vertical distribution as the source
term injections calculated using the GLODEP2 injection algorithm. Deposition
was followed for 30 days in most calculations. A single 60-day run indicated
that 30 days is sufficient to account for 90 percent of the deposition. Results are
compared for a 50-year unsheltered, unweathered, external gamma-ray dose.

GRANTOUR treats only the troposphere and splits it into three vertical
layers extending from 800 to 1,000, 400 to 800, and 200 to 400 mbar. In a
normal atmosphere, these layers reach up to 2.0, 7.1, and 11.8 km. In the
comparisons, GLODEP2 was used to estimate the dose contributions from the
stratospheric injections, which were added to the doses calculated by
GRANTOUR assuming altered climatic conditions.

Scenarios A and B were used in the calculations. Columns A, and B, in
Table 4 display a comparison of the predictions of GLODEP2 for these two
scenarios. Columns A; and Bj list the results from GRANTOUR, assuming an
unperturbed atmosphere (no smoke; no climatic perturbation) for the same two
scenarios. There is reasonable agreement (i.e., generally within about 50
percent) between the GLODEP2 only and GRANTOUR/ GLODEP2
methodologies for an unperturbed atmosphere (scenarios 1 and 3), providing
some confidence that the results of GLODEP2 and GRANTOUR can be
combined for simulations with a perturbed atmosphere, although the initial
accelerated interhemispheric mixing of radionuclides in the stratosphere has not
yet been considered. This may lead to a small underestimate of the long-term
Southern Hemisphere dose.

Table 6 compares calculations for a perturbed atmosphere (interactive
smoke) with estimates for normal July conditions. These results are also shown
in Figure 6 and indicate that the perturbed atmosphere lowers the average dose
in the Northern Hemisphere by about 15 percent. Because the principal
mechanism for radionuclide removal from the troposphere is precipitation, the
GRANTOUR calculations are roughly consistent with the thesis that
precipitation is inhibited when large amounts of smoke are introduced. The
transfer of fission product radionuclides to the Southern Hemisphere is
somewhat enhanced by the perturbed climate, resulting in higher doses than for
the unperturbed case. The increases in Southern Hemisphere dose, however, are
not large, and the resulting doses are still about a factor of 20 lower than those
in the Northern Hemisphere. This is because the increased transfer to the
Southern Hemisphere is mitigated by the decay in activity during the time
before the radionuclides are deposited on the ground.
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Table 6 Global Fallout Dose Using the Three-Dimensional GRANTOUR Model
(summer scenario)a

Latitude Band A; (mo smoke)  A?(smoke) B;(nosmoke) B, (smoke)
90-70°N 7.8 6.4 8.2 5.8
70-50°N 213 17.2 24.6 18.0
50-30°N 223 20.1 23.9 20.4
30-10°N 7.6 7.5 7.2 7.2
10°N-10°S 1.3 1.6 1.0 1.4
10-30°S 0.6 0.8 04 0.6
30-50°S 0.7 0.8 04 0.5
50-70°S 0.5 0.5 0.3 0.3
70-90°S 0.2 0.2 0.1 0.1
Area averaged

Northern 12.8 11.5 13.7 11.5
Hemisphere

Southern 0.7 0.8 04 0.6
Hemisphere

Global 6.8 6.1 7.1 6.1
Population 11.5 10.7 12.0 10.7

average—Global
Global population dose (x10'%)
person-rads 5.3 4.9 5.5 4.9

2 Comparison of perturbed atmosphere (smoke) and unperturbed atmosphere (no smoke).
External gamma-ray doses are in rads. Because GRANTOUR only calculates the tropospheric
contribution, the doses here include the contributions from the stratosphere as calculated by
GLODEP2. A; = 5,300 Mt (Knox, 1983), unperturbed atmosphere (no smoke). A4 = 5,300 Mt
(Knox, 1983), perturbed atmosphere (smoke). B3 = 5,000 Mt (Turco et al., 1983), unperturbed
atmosphere (no smoke). B, = 5,000 Mt (Turco et al., 1983), perturbed atmosphere (smoke).
Source: Pittock et al. (1985, p. 260). Reprinted with permission from the Scientific Committee on
Problems of the Environment (SCOPE).

Figure 6 reveals longitudinal, as well as latitudinal, details that are not
apparent in the averages of Table 6. Scenario B is illustrated here since the
changes due to smoke-induced effects are more apparent. The five original
sources have produced four discernible peaks in the tropospheric dose
distribution, and the two U.S. sources have merged in the 30-day dose
distribution. The tabulated values presented in Table 6 are averages over 20°
latitude bands. The dose in hotspots can be examined by looking at peaks on the
10° x 10° grid. Typically the highest value for a grid square (~5 x 10° km?) is
about a factor of 6 to 8 higher than the Northern Hemisphere average dose.
There will also be local areas much smaller than the 10° x 10° grid size where
the peak doses would be considerably higher.

As GRANTOUR tests only the troposphere and GLODEP2 has been used
for the stratospheric contributions (which assumes an unperturbed stratosphere),
additional calculations using a computer model that includes the perturbed
stratosphere should be undertaken.
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Internal Dose Due To Inhalation And The Food Chain

One serious problem following a large-scale nuclear exchange is
radioactive contamination of drinking water. Those cities that are damaged
would undoubtedly lose their water system due to power loss and ruptured
supply pipes. Suburban residents within the local fallout pattern would
encounter heavily contaminated water supplies and would have to rely on stored
water. Surface