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Authors' Note 

The term "n uclear winter" has been applied in some previous analyses of the 
environmental consequences of a nuclear exchange to describe the multitude 
of possible effects. In its original usage, this term enVisaged the combina
tion of darkened skies, subfreezing temperatures, and extensive toxic and 
radioactive pollution that. to a more or less severe degree. might follow a 
nuclear war. The phrase has since, however, come to be associated primarily 
with the most severe possibilities. Although it is a convenient metaphor for 
use in describing the generic consequences, we have chosen to avoid use 
of the term "nuclear winter" in this study because it does not, in a strict 
scientific sense, properly portray the range, complexity. and dependencies 
of the potential global scale environmental consequences of a nuclear war. 
By this choice. we are not suggesting that the environmental effects of a 
major nuclear exchange Would be inconsequential; to the contrary. we find 
that they would be substantial and significant. 

xi 
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Foreword 

Beginning in the summer of 1982, approximately 300 scientists from more 
than 30 countries and a wide range of disciplines, under the auspices of 
the International Council of Scientific Unions (ICSU), joined in a delibera
tive effort to appraise the state of knowledge of the possible environmental 
Consequences of nuclear war. Although it has been recognized since the 
first nuclear explosions over Hiroshima and Nagasaki in 1945 that multiple 
detonations could cause massive destruction on people and their culture, 
the effects of life support systems of air, water, and soil and on organisms 
recei ... ed relatively little emphasis in public discussion. 

In the mid-1970s. attention began to turn to the whole range of con
sequences that might be expected to foUowa large-scale exchange of nu
clear weapons. This reflected a growing recognition of the immense number 
and yield of thermonuclear devices in the arsenals of the nuclear powers. 
The renewed activities also reflected concern with effects beyond the di
rect destruction of cities and human life. While interest still centered on 
the well-studied issues of direct blast, thermal effects,and radioactive fall
out from ground and air bursts, scientists began to consider the large-scale 
consequences (e.g., from possible global depletion of ozone and from per
turbations to the atmosphere). This concern was manifested in studies of 
information that had accumulated from the detonations at Hiroshima and 
Nagasaki and the subsequent series of nuclear tests, and with extrapolation of 
these data to situations in which the current nuclear arsenal might be used. 
Among the analyses were those by the U.S. Senate Committee on Foreign 
Relations (1975), the U.S. National Academy of Sciences (1975), the Office 
of Technology Assessment of the U.S. Congress (1979)~ the United Nations 
Environmental Programme (1979), the United Nations (1980a), and A. Katz 
(1982). 

In 1982. se ... eral organizations and individual scientists launched new ex
aminations of anticipated global effects. including those of the American 
Association for the Advancement of Science. the U.S. National Academy 
of Sciences. and the World Health Organization. Appraisals commissioned 
by the Royal Swedish Academy of Sciences publisbed in Ambia in April 
1982 were particularly influential. A paper in that isSue by P. Crutzen and 
J. Birks had been intended to deal with possible effects on the stratospheric 
ozone layer and regional air quality. While it did suggest that ozone changes 
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might be of significance, the new suggestion was that smoke and soot gen· 
erated by larg~ urban and forest fires might cause reductions in light at the 
Earth's surface, inducing profound changes in weather. These suggestions 
stimulated a new round of research and appraisal around the world. Not 
since the 19605. when agitation about the consequences of delayed radioac
tive fallout from bomb tests in the 1950s resulted in the signing in 1963 
of the Treaty Banning Nuclear Weapon Tests in the Atmosphere. in Outer 
Space, and Under Water, had as much thoughtful attention been marshalled 
by scientists and citizens. 

At its General Assembly in Ottawa in June 1982. the Scientific Committee 
on Problems of the Environment (SCOPE)-one of the ten Scientific Com
mittees of the International Council of Scientific Unions (lCSU)-concJuded 
that "the risk of nuclear warfare overshadows all other hazards to humanity 
and its habitat" and asked its Executive Committee to consider what further 
action might be appropriate for SCOPE. In September 1982, the General 
Assembly of ICSU passed the following resolution; 

Recognizing the need. for public understanding of the possible conse
quences of the nuclear arms race and the scientific competence that can 
be mobilized by ICSU to make an assessment of the biological, medical 
and physical effects of the large-scale use of nuclear weapons. 

Urges the Executive Board to appoint a special committee to study these 
effects and to prepare a report for wide dissemination that would be 
an unemotional, nonpolitical, authoritative and readily understandable 
statement of the effects of nuclear war, even a limited one, on human 
beings and on other parts of the biosphere. 

Accordingly, a Steering Committee for the SCOPE-ENUWAR mnviron
mental Consequences of Nuclear War) study was established, with respon
sibility to initiate the study requested by ICSU and to oversee the selection 
and recruitment of participants. A SCOPE-ENUWAR coordinating office 
was established at the University of Essex. From the outset it was agreed 
that the report would not deal explicitly with questions of public policy, but 
would focus on scientific knowledge of physical effects and biological re
sponse. International aspects of the direct medical etrects have already been 
dealt with explicitly by the World Health Organization, and thus are not 
taken up in this study. 

The SCOPE-ENUWAR process involved the active collaboration of sci
enlists, bringing together the insights and skills of numerous disciplines. 
Preparatory workshops were held in London and Stockholm, and major 
workshops were convened in New Delhi. Leningrad. Paris. Hiroshima and 
Tokyo, Delft, Toronto. Caracas. Melbourne, and finally at the University 
of Essex in an attempt to arrive at a consensus. Smaller groups gathered 
in a variety of other places, chiefly in connection with meetings of Interna-
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tional Scienti lie Unions. Meanwhi Ie. new findi ngs were becoming available as 
noted in appropriate partS of this report, and funher studies of likely effects 
were published (Turco et aI., 1983a; Ehrlich et aI., 1983; Aleksandrov and 
Stenchikov. 1983~ Openshaw et at. 1983; World Health Organization, 1983; 
Covey et al., 1984; London and White. 1984; United Nations, 1984~ Harwell, 
1984; National Research Council. t98S~ The Royal Society of Canada, 1985; 
The Royal Society of New Zealand. 1985). 

Support for the project came (rom individual donations of time and 
from organizational grants. The Steering Committee is particularly grate
ful to those who committed the extensive time and effort to prepare the 
two volumes reporting these important scientific results. Barrie Pi ttoc k. 
Thomas Ackerman. Paul Crutzen. Michael MacCracken, Charles Shapiro. 
and Richard Turco have been responsible for preparation of the volume on 
physical and atmospheric effect!.. Mark Harwell. Thomas Hut('hinson. Wen
dell Cropper. Jr., Christine HarwelI and Herbert Grover have played the 
major role in preparing the volume on ecological and agricultural effects. 
Both sets of authors were assisted by many colleagues. listed elsewhere in 
these volumes, who collaborated with them and generously gave of their 
time to participate in discussion, analysis. writing. and review. It was very 
much a cooperative, voluntary effort. 

The col1aboration among these scientists was made possible by financial 
contributions covering the costs of travel, assistance by post~doctoral fel
lows, workshop arrangements, and secretarial support. Initial grants making 
possible the planning of the project came from the SCOPE Executive Com
mittee. using contributions from its 36 member academies of science. and 
from ICSU. The Royal Society of London hosted the preliminary and con
cluding workshops and funded the SCOPE-ENUWAR office. Other work
shops were hosted by the Royal Swedish Academy of Sciences, the Indian 
National Science Academy. the Academy of Sciences of the U.S.S.R., la 
Maison de Chimie of France. the T.N.O. lnstitute of Applied Geosciences 
of the Netherlands. the Australian Academy of Science jointl)l with the koyaI 
Society of New Zealand. the United Nations University and the Venezue
lan Institute of Scientific Investigation. Major grants for travel and other 
expenses were provided by the' Carnegie Corporation of New York. The 
General Service Foundation. The Andrew W. Mellon Foundation. the W, 
Alton Jones Foundation, The MacArthur Foundation and The Rockefeller 
Brothers Fund. 

Recognizing that the issues dealt with in this report transcend science 
and technology and involve moral and ethical issues. SCOPE-ENUWAR 
co-sponsored an ad hoc meeting of scientists and scholars of ethics and 
morality at the Rockefeller Conference and Stud)l Centre. Bellagio, Italy. 
in November 1984. The conference took note of the preliminary findings 
that a significant nuclear excbange could lead to an unprecedented climatic 



xxiv Physical and Atmospheric Effects 

perturbation, killing crops and threatening countries distant from the target 
areas with mass starvation. A statement called for the development of more 
effective cooperative efforts for dealing with common interests and problems 
and urged collaboration between science and religion in the" ... quest for a 
just and peaceful world" (Bulletin of Atomic Sciemists. April 1985. pp. 49-
50). 

The Steering Committee has elected to publish the results of the SCOPE
ENUWAR studies in two volumes. The first volume deals with the physical 
aspects of the environmenta1 impact of a nuclear war. The second volume 
addresses the biological impacts, principally the ecological and agricultural 
effects. As further background for the reader. each volume includes the Ex
ecutive Summary of the companion volume. with its explanation of findings 
and research recommendations. as an appendix. In addition. the Committee 
has commissioned a less technical account intended for wide international 
distribution to fulfill the ICSt) request for a ..... readily understandable state
ment of the effects of nuclear war." It is anticipated that this third volume 
will be translated into several languages. 

The two volumes present a general consensus among the scientists con
cerned with the study. There is not unanimity on all points, but a concen
trated effort has been made to describe those remaining points at issue. 
These unresolved issues suggest research that should be pursued in order to 
reduce the present degree of uncertainty. The report should be regarded as 
the first attempt by an international scientific group to bring together what 
is known, and what must still be learned. about the possible global environ
mental effects of nuclear war. It should not be the last It should be taken 
as a point of departure rather than as a completed investigation. 

A recurring issue in the recent discussion of the long-tenn. global en
vironmental consequences of a nuclear war has been the degree to which 
uncertainties preclude a conclusion regarding the plausibility of severe ef
fects. These uncertainties are of two kinds: (1) those resulting from the 
nature of human actions (e.g .• number of weapons. yields, targets, beight of 
detonation, time of conflict, accidents resulting from technological failure, 
societal response to an outbreak of hostilities); and (2) those resulting from 
an incomplete state of knowledge concerning physical and biological pro
cesses and the limited ability to sjmulate them faithfully by mathematical 
models. 

Clearly, the specific circumstances of a large·scale nuclear war cannot 
be. predicted with confidence, and tbe history of past wars reminds us that 
even carefully planned military actions rarely develop as expected. Thus, 
detailed scenarios of possible nuclear exchanges must remain highly spec
ulative. Wherever practicable. as a basis for estimating environmental ef
feets, the report considers specific ranges of physical parameters and res
ponses-such as a given mass of smoke injected into the atmosphere, or 
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the occurrence of a freezing episode-that are consistent with the detailed 
technical analyses. yet are not peculiar to any specific war scenario. In the 
absence of a nuclear war, many of the specific effects will continue to be in 
doubt. 

Although uncertainties associated with knowledge of physical and biolog
ical processes could be substantially reduced by further research. some of 
these uncertainties are bound to remain large for many years, as explained 
in the report. 

The report does not attempt to provide a single estimate of the likely 
consequences for humans and their societies of the physical and biological 
changes projected to be possible after a nuclear war. One reason is that the 
combinations of possible environmental perturbations are so large and the 
varieties of environmental and human systems are so numerous and com
plex that it would be an impossible task to look with detail into all of the 
ways in which those perturbations might result in an impact. Further, the 
environmental disruptions and dislocations from nuclear war would be of 
a magnitude for which there is no precedent. Our present interdependent, 
highly organized world has never experienced anything approaching the an
nihilation of people, structures, resources, and disruption of communica
tions that would accompany a major exchange, even if severe climatic and 
environmental disturbances were not to fonow it. The latter could aggravate 
the consequences profoundly. How the environmental perturbations which 
would occur at unprecedented scales and intensities would affect the func
tioning of human society is a highly uncertain subject requiring concerted 
research and evaluation. Nevertheless, whatever the uncertainties. there can 
be no doubt that there is a considerable probability a major nuclear war 
could gravely disrupt the global environment and world SOCiety. AU possible 
effects do not have the same probability of occurrence. Sharpening these 
probabilities is a matter for a continuing research agenda. 

The bases for these statements are to be found in the report, along with 
references to supporting or relevant information. From them we draw the 
following general conclusions: 

1. Multiple nuclear detonations would result in considerable direct physical 
effects from blast. thermal radiation, and local fallout. The latter WOuld 
be particularly important if substantial numbers of surface bursts were 
to occur since lethal levels of radiation from local fallout would extend 
hundreds of kilometers downwind of detonations. 

2. There is substantial reason to believe'that a major nuclear war could 
lead to large-scale climatic perturbations involving drastic reductions 
in light levels and temperatures over large regions within days and 
changes in precipitation patterns for periods of days, weeks, months, or 
longer. Episodes of short term, sharply depressed temperatures could also 
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produce serious impacts-particularly if they occur during critical peri
ods within the growing season. There is no reason to assert confidently 
that there would be no effects of this character and. despite uncenainties 
in our understanding, it would be a grave error to ignore these poten
tial environmental effects, Any consideration of a post-nuclear-war world 
would have to consider the consequences of the lotality of physical effects. 
The biological effects then follow. 

3. The systems that currently support the vast majority of humans on Earth 
(specifically, agricultural production and distribution systems) are exceed
ingly vulnerable to the types of perturbations associated with climatic 
effects and societal disruptions. Should those systems be disrupted on a 
regional or global scale. large numbers of human fatalities associated with 
insufficient food supplies would he inevitahle. Damag.e to the food dis
tribution and agricultural infrastructure alone, (i.e .. without any climatic 
perturbations) would put a large portion of the Earth's population in 
jeopardy of a drastic reduction in food availability. 

4. Other indirect effects from nuclear war could individually and in combi
nation be serious. These include disruptions of communications, power 
distribution. and societal systems on an unprecedented scale. In addition. 
potential pbysical effects include reduction in stratospheric ozone and. 
after any smoke had cleared, associated enhancement of ultraviolet ra
diation; significant global-scale radioactive fallout; and localized areas of 
lOxic levels of air and water pollution. 

S. Therefore. the indirect effects on populations of a large-scale nuclear 
war. particularly the climatic effects caused by smoke. could be poten~ 
tially more consequential globally than the direct effects. and 'he risks of 
unprecedented consequences are g,eQt for noncombaulIrl and combaJatU 
countries alike. 

A new perspective on the possible consequences of nuclear WaT that takes 
into account these findings is clearly indicated. In these circumstances. it 
would be prudent for the world scientific community to continue research 
on the entire range of possible effects. with close interaction between biol
ogists and physical scientists, h would be appropriate for an international 
group of scientists to reappraise those findings periodically and to report its 
appraisal to governments and citizen groups. Increased attention is urgently 
required to develop a better understanding of potential societal responses 
to nuclear war in order to frame new global perspectives on the large-scale. 
environmental consequences. This task is a special challenge to social scien
tists. 

In arriving at these conclusions, we have been moderate in several re
spects. We have tried to state and examine all challenges to theories about 
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environmental effects of nuclear war, to minimize speculative positions and 
to factor valid criticisms into discussions and conclusions. Uncertainties in 
the projectioruo could either reduce or enhance the estimated effects in spe
cific cases. Nevertheless. as representatives of the world scientific community 
drawn together in this study, we conclude that many of the serious global 
environmental effects are sufficiently probable to require widespread con
cern. Because of the possibility of a tragedy of an unprecedented dimension. 
any disposition to minimize or ignore the widespread environmental effects 
of a nuclear war would be a fundamental disservice to the future of global 
civi lization. 

SCOPE·ENUW AR Steering Committee 

Sir Frederick Warner. University of Essex. U.K .. Chairman 
J, Benard, Ecole Superieure de Chimie, Paris. France 
S. K. D. Bergstrom, Karolinska Institutet. Stockholm, Sweden 
P. J. Crutzen, Max-Planck-Institut fur Chemie, Mainz. F.R.G. 
T. F. Malone, (ICSU Representative) 51. Joseph College. U.S.A. 
M, K, G. Menon. Planning Commission, New Delhi. India 
M. Nagai, United Nations University, Tokyo, Japan 
G. K. Skryabin, Akademia Nauk. Moscow. U.S.S.R. 
G. F. White, University of Colorado, U.S.A. 





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 fol
Iowa 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 of 
the atmosphere. This is fonowed by a chapter dealing with long-term radio
logical 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 prob
able" analyses. All of these approaches have relevance for the subject ad
dressed here due to the l8.Tge uncertainties which surround milny aspects 
of the problem. Some of these uncertainties are inherent in studies of nu
clear war and some are simply the result of limited information about nat
ural 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 or
der 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 agriC:uIturaJ conse
quences of a nuclear war, is included Appendix 1 at the end of this volume. 
A Glossary is included as Appendix 2 and a Iistot participants in the study 
is included as Appendix 3. 

1. DIRECT EFFECTS OF NUCLEAR EXPLOSJONS 

The two comparatively $ma1l detonations of nuclear weapons in Japan 
in 1945 and the subsequent atmospheric nuclear tests preceding the atmo
spheric test ban treaty of 1963 have provided some information ootbe direct 
effects of nudear explosions. Typical modern weapons carried by today's 

xxix 
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missiles and aircraft have yields of hundreds of kilotons or more. If deto
nated, 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 knr per megaton of 
yield. an area typica1 of a major city. The extent of these direct effects 
depends on the yield of the explosion, height of bu~t, and state of the 
local environment. The destruction of Hiroshima and Nagasaki by atomic 
bombs near the end of World War 11 provides examples of the effects of 
relatively small nuclear explosions. 

• Nuclear weapons are extremely efficient incendiary devices. The thermal 
radiation emitted by the nuclear firebal1. in combination with the acciden~ 
tal ignitions caused by the blast. would ignite fires in urban/industrial areas 
and wildlands of a size unprecedented in history, These fires would gener
ate 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 bu~). 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 panicles, carrying 
about half of the bomb's radioactivity, fall back to the sudace 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 le\lel. 

• AU of the radioactivity from nuclear explosions well above the surface 
(airbursts) and about half of the radioactivity from surface bursts would 
be lofted on very small 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 atmo!>phere, or in space, would generate an 
intense electromagnetic pulse capable of inducing strang 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 firstnucIear 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. 
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• NATO and Warsaw Pact nuclear arsenals include about 24.000 strategic 
and theatre nuclear warheads totaling about 12,000 megatons. The ar
senals 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 obvi
ous importance. the potential environmental consequences of an exchange 
of roughly this size are examined. The smoke-induced atmospheric con
sequences 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 panicular exchange. 

• Many targets of nuclear warheads, such as missile silos and some military 
bases, are isolated geographicall:1 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 ftoma 
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 II. 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 Na
gasaki. Because these fires were few in number and distributed over many 
months. the total atmospheric accumulation of smoke generated by these 
fires was small. Today, in.it major nuclear conflict. thousands of very intense 
fires, each covering up to a few hundred square kilometers. could be ignited 
simultaneously in urban areas, fossil fuel processing plants and storage de
pots. 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 smaJler 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 
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of combustible wood and paper. If about 25-30% of this were to be ig
nited, 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 tQ 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 prod
ucts (including plastics, rubber, asphalt, roofing materials, and organo
chemicals) are heavily concentrated in cities and industrial areas; flaming 
combustion of a small fraction (-25-30%) of the few thousand million 
tonne of such materials currently available could generate 50-150 million 
tonne of very sooty smoke containing a large fraction (50% 6rgreater) of 
amorphous elemental carbon. About 25--30% of the combustible materi
als of the developed world are contained in less than one hundred of the 
largest industrialized urban areas. 

• Fires ignited in forests and other wildlands could consume tens to hun
dreds of thousands of square kilometers of vegetation over days to weeks, 
depending on the state of the vegetation, and the extent of firespread. 
These fires could produce tens of millions of tonne of smoke in the sum
mer half of the year. but considerably less in the winter balf of the year. 
Because wildland fire smoke contains onJyaoout 10% amorpbous elemen
tal carbon. it would be of secondary imponance 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 panicles rising in the hot plumes of large fires would 
consist of a mixture of amorphOUS elemental carbon, condensed hydrocar
bons, debris panicles. and other substances. The amount of elemental carbon 
in particles with effective spherical diameters on the order of 0.1 ~m to per
baps 1.0 ~rn would be of most importance in calculating the potential effect 
on solar radiation. Sucb partic1es can be spread global1y by tbe winds and 
remain suspended for days to months. 

• Large hot fires create converging surface winds and rapidly rising fire 
plumes which. witbin minutes. can carry smoke partides, ash and other 
fire products, windblown debris, and water from combustion and the 
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surrounding air to as high as 10-15 kilometers. The mass of particles de
posited 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 would 
help to loft the smoke particles to higher altitudes thaD 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 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 de
pends 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, meteoro
logical 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 SO 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 lim
ited effects on terrestrial longwave radiation, except perhaps under some 
special circumstances. If 30 million tonne of amorphous elemental carbon 
were produced by urbanlindustrial fires and spread over Northern Hemi
sphere mid-latitudes. the insolation at the ground would be reduced by 
at least 90%. The larger quantities of smoke that are possible in a ma
jor nuclear exchange could reduce light levels under dense patches to less 
than 1% of normal, and, after the smoke has spread widely, to just several 
perc;enlof normal on a daily average . 

• Because of the large numbers of particles in the rising smoke plumes and 
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the very dense patches of smoke lasting several days thereafter, coagula~ 
tion (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 proper
ties than the initial smoke particles, but the details, and even 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 less the case for more consolidated 
particle agglomerates . 

• Uttle consideration has yet been given to the possible role of meteoro
logical processes on domains between fire plume and continental scales. 
Mesoscale and syrioptic·scale motions might significantly alter, mix. or re
move 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 diSTl,lptions 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 de
crease by 20-40"<: 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 
carried long distances and create episodic COOling. During this initial pe
riod of smoke dispersion, temperature anomalies could be spatially and 
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temporally quite variable while patchy smoke clouds strongly modulate 
the insolation reaching the surface. 

• Smoke particles would be spread throughout much of the Northern Hemi
sphere within a few weeks. although the smoke layer would still be far 
from homogeneous. For spring to early faU 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 enending the lifetime of the particles from days to perhaps several 
months aT more. 

• Average summertime land surface temperatures in the Northern Hemi
sphere mid-latitudes could drop to levels typical of fall or early winter 
for periods of weeks or more with convective precipitation being essen
tially eliminated, except possibly at the southern edge of the smoke pall. 
Cold. near-surface air layers might lead initially to fog and drizzle, es
pecially in coastal regions, lowland areas, and river valleys. In continen
tal interiors, periods of very cold, mid-winter-like temperatures are possi
ble. In winter, light levels would be strongly reduced, but the initial tem
perature and precipitation perturbations would be much less pronounced 
and might be essentially indistinguishable in many areas from severe win
ters currently experienced from time to time. However, such conditions 
would occur simultaneously over a large fraction of the mid-latitude re
gion 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 in
jections. Temperatures could be near or below freezing in regions where 
temperatures are not typica1ly 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 be
tween April and September would carry the smoke upwards and equator
ward, strongly augmenting the normal high altitude flow to the Southern 
Hemisphere (where induced downward motions might tend to slightly sup
press precipitation). Within one or twO weeks, thin, extended smoke layers 
could appear in the low to mid-latitude regions of the Southern Hemi· 
sphere 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 
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areas not well buffered by air masses warmed over nearby ocean areas. 
Since mid~latitudes in the Southern Hemisphere would already be experi~ 
encing their cool season. temperature reductions would not likely be more 
than several degrees. In more severe, but less probable, smoke iJijection 
scenarios, climatic effects in the Southem Hemisphere could be enhanced 
significantly, particularly during the following austral spring and summer. 

• Much less analysis has been made of the atmospheric perturbations follow
ing the several week, acute climatic phase subsequent to a nuclear war in
volving large smoke injections. Significant uncertainties remain concerning 
processes governing the longer-term removal of smoke panicles by pre
cipitation 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 striltosphere 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 (either directly by fire plumes 
or under the influence of solar heating) to levels which are. or become. 
stabilized. could remain in the atmosphere for a year or more and in
duce 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 con
cern. 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-W AR 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 (NQ,.) created in nuclear fireballs would be lofted primar
ily into the stratosphere for explosions of greater than several hundred 
kilotons. Depending on the total number of high yield weapons exploded, 
the NO.= would catalyze chemical reactions that. within a few months time, 
CQuld reduce Northero Hemisphere stratospheric ozone concentrations by 
10 to 30% in an atmosphere free of aerosols. Recovery would take several 
years. However, if the atmosphere were highly perturbed due to smoke 
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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. 

• Stratospheric ozone reductions of tens of percent could increase surface 
intensities of biologicaUy~active ultraviolet (UV) radiation by percentages 
of up to a few times as much. The presence of smoke would initially pre
vent UV-radiation from reaching the surface by absorbing it. The smoke. 
however, might also prolong and further augment the long-term ozone re
duction as a result of smoke-induced lofting of soot and reactive chemici1ls. 
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 cQnsider
ation. 

• If the hydrocarbons and nitrogen oxides were injected into an otherwise 
unperturbed tropospbere. 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 last
ing. 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 possi
ble 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 dis
persed by the fire plumes throughout the troposphere could increase rain
fall acidity by about an order of magnitude over large regions for up to 
several months. This increased acidity might 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, HO, pyrotoxins, and acid fogs could 
reach dangerou5lcvcl5. The potential for local and regional effects in areas 
such as populated lowland areas and river valleys merits close attention. 
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7. RADIOLOGICAL DOSE 

Near the site of an explosion, the health effects of prompt ionizing radia
tion from strategic nuclear warheads would be overshadowed by the effects 
of the blast and thennal 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. radiolog
ical 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 ra
dioactive 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 ra
dioactive particles created by strategic air and surface bursts could lead to 
average Northern Hemisphere lifetime external gamma ray doses on the 
order of to 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 otber 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 de
position of raruoactive particles might reduce these estimated average doses 
by perhaps 15%. 

• 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. 
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• ]0 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 bUTSt in the Southern Hemisphere . 

• Additional considerations not factOred into the above estimates are possi
ble from several sources. Doses from ingestion or inhalation of radioactive 
particles could be importilnt, 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, couid also cause a 20% increase in 
lethal local fallout areas in certain geographical regions, particularly in Eu
rope. The injection into the atmosphere of radionuclidescreated 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 TIlE F'UTURE 

Extensive' research and careful assessment over the past few years have 
indicated that nuclear war has the potential to modify the physical envi
ronment in ways that would dramatically impair biological processes. The 
perturbations could impilct agrkulture, the proper functioning ofnattiral 
ecosystems, the purity Of essential air and water resources, and other impor~ 
tant elements of the global biosphere. Because current scientific conclusions 
concerning the response of the atmosphere to the effects of nuclear war in
clude uncertainties, research can and should be undertaken to reduce those 
uncertainties that are accessible to investigation . 

• Laboratory and field experiments are needed to iniproveestimates of the 
amount and physical characteristics of the smoke particles iha:t would be 
produced by large fires, particularly by the combustion Of foSsil fuels and 
fOssil fuel-derived products present in urban and industrial regions. Ex
perimental conditions should be designed to emulate as much as possible 
the effects of large-scale fires . 

• Laboratory, field, and ~heoretical studies are needed to determine the po· 
tentiat scavenging rates of smoke particles in the convective plumes of 
large fires a:nd the scavenging processes that operate on intermediate and 
global scales as the particles disperse. 
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• 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. 
Ooser 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, 
wbich 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 ex
tent 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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CHAPTER 1 

Direct Effects of Nuclear Detonations 

1.1 HlROSmMA AND NAGASAKI 

1.1.1 Historical Notes 

The first atomic weapOn used in warfare was the bomb dropped on Hi~ 
roshima, Japan at 8:15 AM (local time) on August 6, 1945. The second. and 
only other, weapOn so used was dropped on Nagasaki. Japan at 11 :02 AM 
on August 9, 1945. The Hiroshima bomb (Little Boy) had an energy yield of 
abou t 15 ± 3 kilotons (kt; a one kt explosion is equivalent in energy release 
to the detonation of about 1000 tons of TNT; one megaton, Mt, equals 1000 
kT). The Nagasaki bomb (Fat Man) had an energy yield of 21±2 kilotons 
(Ohkita. 1985). From these unique events, much of what is known about 
the effects of nuclear explosions on people and cities has been learned. 
About 120.000 people were killed outright in both cities, and the eventual 
fatalities. as of 1981, were about 210.000 (Ishikawa and Swain, 1981). ]n 
Hiroshima. an urbanized area of approximately 13 square kilometers was 
laid to waste, while in Nagasaki, an area approximately 7 square kilometers 
was destroyed. Figure 1.1 starkly illustrates the extent of the devastation 
in central Hiroshima; only the hulks of the most resilient steel~reinforced 
concrete buildings were left standing. 

1.1.2 Physical Effects of the Bombings 

Both the Hiroshima and Nagasaki nuclear explosions were airbursts-at 
elevations of 580 meters and 500 meters, respectively. These heights are near 
optimal for thermal irradiation and blast damage, but produce relatively lit~ 
tie radioactive fallout because the fireball does not touch the ground (see 
below). The most immediate consequence was the intense thermal irradia
tion "pulse". which caused serious skin burns and primary fire ignitiOns at 
distances of up to several kilometers from the hypocenter. The blast pres
sure wave that immediately followed caused severe damage to structures at 
distances of 2 km at Hiroshima and 3 km at Nagasaki. While many of the 
primary fires were suppressed by the blast winds, numerous "secondary" 
ignitions occurred through breaches of domestic fires, electrical short 

1 



1 igurc l.! Panoramic vic", Of Hiroshima following the at(lmic h()mh explo~ion of August fl, 1945. In the few standing 
MTUC!Ures of rei nforced concrete. the j nleTior~ were wtally gUlled and hurnetl, Reproduced by permission of Popperfolo 
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circuits. and so on. As a result of the combined thermal irradiation. blast 
damage and loss of water pressure, firefighting was made all but hopeless, 
mass fires developed in the ruins of both cities. and burned out large areas 
within 24 hours. 

HIROSHIMA NAGASAKI 

N 

+ 
-burned ~ 

o 2km 
'L-...._--''--_---', 

I'igurc 1.2. Comparison of firc-damaged areas in Hiroshima and Nagasaki (from 
Kiuchi, 1953. and Ishikawa and Swain, 1981). Originally published in Japanese by 
lwanami Shoten. Publishers. Tokyo. Reproduced hy permis.~ion of Hiroshima City 
and Nagasaki City 

Figure 1.2 compares the burnout areas at Hiroshima and Nagasaki. These 
areas are often quoted as 13 km2 and 6.7 km~, respectively (Ishikawa and 
Swai n. 1981). There are several imponant fea tu res of the fire patterns shown 
in Figure 1.2. At Hiroshima, with its relatively flat topography, the fire zone 
was roughly symmetrical about the burst point and encompassed essentially 
all of the area heavily damaged by the blast. Fire spread outside of this zone 
may have been hindered by the centrally directed winds established during 
the intense fire that appeared soon after the bombing. At Nagasaki, which 
lies at lhe mouth of a river valley, the fires were confined within the valley, 
To the east and west, hills protected the regions he~ond from the most 
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severe effects of thermal irradiation and blast. To the south, fire ignition 
and spread were limited by open waters. Although the fire area at Nagasaki 
was smaller than that at Hiroshima, the burned out area in the direction of 
urban development extended a greater distance from the hypocenter, which 
is consistent with the larger bomb yield. The fire zones reached well beyond 
the zones of total demolition of buildings, and even the regions of dense 
rubble burned vigorously. In Nagasak.i, the central zone of heavy industry. 
with its broad open areas, was also extensively damaged by fire. 

"Black rain" fell in both Japanese cities after the atomic bombings. From 
the recorded patterns of precipitation, it is clear that the rain was induced 
by convective motions established by the mass fires. In both Hiroshima and 
Nagasaki. typically warm humid August weather prevailed a1 the time of the 
bombings. ]t is believed that a "firestorm" (an intense mass fire with strongly 
rotating, converging winds) may have developed at Hiroshima. with atten~ 
dantstrong convective activity (Ishikawa and Swain. 1981). A thundering 
curn ulonimbus cloud formed over the City. The rain which fell was. at times. 
black and oily. obviouslyasa result of scavenging of smoke and charred fire 
debriS. The Hiroshima and Nagasaki "black rain" events provide qualita~ 
tive evidence that prompt washout of smoke in city~sized fires can occur 
(at least in humid environments), although no quantitative measurements 
or estimates exist of the efficiency of smoke removal in the 'fire~induced 
precipitation. 

Physiological effects of nuclear radiation were observed in Hiroshima 
and Nagasaki. Because of the relatively small sizes of the first atomic 
bombs, and the fact they were detonated as airbursts. prompt gamma cays 
and fast neutrons were the principal nuclear radiations to produce effects. 
Gamma rays and neutrons cannot penetrate long distances through air at sea 
level-several kilometers is the effective limit (Glasstone and Dolan, 1977). 
Accordingly, individuals who were close enough to ground zero to receive 
a lethal dose of prompt nuclear radiation were more likely to have been 
kilJed outright by the blast or thermal flash. Nevertheless. cases of radiation 
sickness appeared frequently among the survivors in Japan (Ishikawa and 
Swain. 1981). 

Some deposition of radioactive fiss;on debris ("fallout") occurred at Hi~ 
roshimaand Nagasaki, The black rain in both cities apparently washed out a 
small fraction of the airborne radioactive aerosols (Molenkam p. 1980). The 
consequences of this radioactive faUout (in cOmbination with the residual 
radioactivity induced by the weapon's fast neutrons) are not well defined. 
The maximum total who}e~body gamma ray doses accumulated by survivors 
are estimated to have been about 13 radsin Hirashimaand 42 to 129 rads 
in Nagasaki (Shirnazu, 1985). For such doses. physiological effects would 
not be readily identifiable (see the di~ussion of the effects of radiation on 
humans in Chapter 7). 
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1.1.3 Lessons of Wroshima and Nagasaki 

The atomic explosions in Japan in 1945 offer several clear lessons: 

1. The destructive power of nuclear weapons is immense-a single bomb 
can destroy an entire city in a matter of seconds. This is particularly true 
since the yield of a typical strategic warhead is now at least ten times 
greater than the Hiroshima or Nagasaki bombs. 

2. Nuclear weapons are efficient long-range incendiary devices-all of the 
area subject to blast damage is susceptible to burnout in conflagrations. 

3. The atmosphere over a large region is affected by a nuclear explosion: 
smoke and dust are lofted, clouds form, precipitation may occur, and 
radioactive debris is dispersed through the environment. 

4. The human impacts of nuclear explosions can be enormous-physical in· 
juries from the blast, severe burns from the heat rays, exposure to radia
tion, psychological trauma- in addition to the long-term effects discussed 
elsewhere in this report. 

A'survey is made below of the basic processes of nuclear detonations that 
are relevant to an assessment of the potential global-scale physical effects of 
nuclear war. The biological implications are discussed at length in Volume 
II of this report. 

1.2 THERMAL IRRADIATION 

1.2.1 Fireball 

Upon detonation, a nuclear fission weapon disassembles and vaporizes 
within one millionth of a second (Glasstone and Dolan, 1977). At that time, 
about 70 to 80% of the energy has been converted into "soft" X-rays with an 
eff«tive radiation temperature of several tens of millions of degrees Celsius; 
most of the remaining energy comprises kinetic energy of the bomb debris. 
At sea level, the primary thermal X-radiation is absorbed by the air within 
several meters of the device, heating the air and forming an embryonic fire
ball. This enormously hot sphere continues to expand rapidly by radiative 
transfer to the surrounding ambient atmospheric gases. As the fireball grows 
and cools to about 300 ,000 "C , the thermal irradiation becomes less pene
trating, and the radiative fireball growth slows. At this point. a shock wave 
forms and propagates ahead of the fireball (,'hydrodynamic separation"). 
The shock-heated air is opaque and luminous and shields the direct radia
tion of the fireball. However, as the shock wave continues to expand, the 
temperature of the shock-heated air decr~s and it hecomes less opaque. 
At about 3000°C, the thermal irradiation of tbe fireball again becomes vis
ible through the shock front ("breakaway"). From a distance, the apparent 
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radiation temperature then increases rapidly to the temperature ofthe fire
ball. which is about 7500"C (approximately the temperature of the Sun's 
surface), before decreasing a,gain as the fireball continues to cool by radia
tion, expansion. and entrainment of ambient air. 

Corresponding to the formation and growth of the fireball, two pulses -of 
thermal irradiation are emitted. Together, these carry away about 35% of 
the total energy of the explosion, mainly as visible and near-infrared radi
ation (spectrally, the average emission is very similar to sunlight). The first 
pulse of light originates from the shock wave front (attenuated to some de
gree by ozone and nitrogen oxides generated ahead of the shock wave by 
prompt penetrating nuclear radiation). The timescale for the first emission 
is of the order of milliseconds. and it carries only about 1 %of ihe total ther
mal energy. While this pulse has little incendiary effect, it can damage the 
retina of the eye. The second burst of light. the true "thermal pulse", com
mences as the shock wave becomes transparentand the incandescent fireball 
is revealed. The time scale for this emission is of the order of seconds, and 
its duration tends to increase with yield. ALmost all of the thermal emission 
(about 35% of the total energy yield of the explosion) is liberated during this 
pulse. 

For burst heights between the surface and roughly 30km, the basic ex
plosion phenOmenology remains essentially unaltered. In this regime, the 
overall energy partition of a nuclear fission explosion is; thermal irradia
tion, 35%; blast and shock, 50%; initial or prompt nuclear radiation, 5%; 
residual nuclear radiation, 10%. In quoting the energy yield 01' a nuclear 
explosion. the energy of the residual nuclear radiation, j,e., that released by 
nuclear decay beyond the first ntinute. is generally omitted. For a fission 
weapon this is approximately 10% of the total energy yield, and for a fis
sion/fusion weapon, approximately 5%. Typical thermonuclear devices are 
driven by roughly 50% fission and 50% fusion energy; most of the fission 
yield results from the disintegration of a heavy shield of 238U used as an x
ray and neuiron reflector for the fusion stage. El(cept for radioactive fallout, 
the distinction between fission and fission/fusion weapons is unimportant in 
the present analysis (see Chapter 7). 

1.2.2 Thermal Effects 

The intense thermal irradiation from a nuclear firebaJl, emitted at visible 
wavelengths, can readily ignite a fire, much as does sunlight focused by a 
lens. Hence, the first effect of J:i nuclear explosiOn is to ignite "primary" fires 
over a large area (where kindling fuels areexpo.sed). The radiant energy from 
a nuclear detonation impinging on an objeCt can be expressed as a floeoce in 
calories per square centimeter; that is, the energy per unit area perpendicu
lar to the surface of the object, integrated over wavelength and time for the 
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duration of the thermal pulse. A 1-Mt airburst. which is equivalent in energy 
release to detonation of about a million tons of TNT. can ignite newspaper 
and leaves at 6 ea lie rn2 • fabrics at 15 eallcnr. and roofing and wood at 30 
cal/cm2 (Glasstone and Dolan. 1977). The Duenee required to ignite a ma
terial depends weakly on the explosion yield for yields s I Mt. Generally. 
the lower the yield. the less fluenee that is needed for ignition. This occurs 
because larger yield explosions have longer thermal pulses. which are some
what less efficient at beating and igniting bulk materials at modest levels of 
Duenee. The size. shape. color. and orientation of an object also affects its 
flammability by the thermal flash. 
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J-'igure 1.3. Maximum radianl exposures versus ground range for a I Mt airburst 
(delonated between about one and several kilometers altitude) as a function of 
the ground !eve I visibility. The radiant exposures scale roughly with the yield in 
megatons for yields between 0.1 and I Mt (from Kerr et al., 197]) 

Figure 1.3 provides an estimate of the thermal fluences associated with a 
I-Mt low-altitude airburst as a function of distance from ground zero for 
several different atmospheric visibilities. A sulface burst produces thermal 
fluences that are roughly 50% of those of an airbur5t for yields between 
0.1 and 10 Mt (Glasstone and Dolan. 1977). Within several kilometers of 
a I-Mt explOsion, the thermal fluence can exceed 100 cal/cm2 • The actual 
energy ftux on a surface may be much lower. however. because of (a) the 
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shading of surfaces by topography, structures. and vegetation; and (b) the 
attenuation of the fireball radiation by steam, smoke. and dust raised from 
vegetation and soil by the thermal irradiation and blast. Fireball radiation 
can also be scauered and focused by clouds. dust and steam. accentuating 
thermal effects oVer a large area around the burst point and possibly causing 
isolated ignitions well beyond the perimeter of the nominal zone of thermal 
effects. 

The thermal pulse of a I-Mt fireball can ignite primary fires. over an 
area of 1000 square kilometers when the atmosphere is exceptionally clear 
and dry flammable materials (with ignition thresholds of approximately 
5-10 callcm2 ) are present (Figure 1.3). For more typical visibilities. and 
for substances. with greater ignition thresholds, the primary ignition zone 
may extend over an area of 200 to 500 km2 for a l~Mt airburst (equiva
lent to an ignition area per unit yield of 0.2 to 0.5 km2lkt) (NRC. 1985). 
The fire areas at Hiroshima and Nagasaki were, correspondingly. aboutO. 9 
km2lkt and 0.3 knrlkt, respectively. Generally speaking. the lower the yield 
Of a nuclear explosion. the greater its incendiary efficiency (ignition area per 
kiloton). This is a result of the faster release of thermal energy and lesser 
impact of visibility. Hiroshima probably represents the maximum primary 
incendiary efficiency of nuclear weapons (approximately 1 km2Ikt), although 
fire spread beyond the primary .gnition zone could increase the effective fire 
area considerably (see Chapter 3 and Appendix 3A). 

1.2.3 BlastIFire Interactions 

Blast effects (described in Section ] .3) can greatly influence the course 
of fires initiated by a nuClear explosion (Glasstone and Dolan. 1977). The 
winds generated by the blast wave can extinguish flames in materials ignited 
by thermal irradiation. Not all of the primary fires would be blown out, 
however. and many ignited materials would continue to smolder and even
tually rekindle flaming combustion. More importantly, the blast wave causes 
secondary fires. creates conditions favorable to fire spread, and hinders effec
tivefirefighting, bot can also bury burnable material under non-combustible 
rubble. In Hiroshima and Nagasaki,secondary ignitions were apparently as 
important as primary ignitions in the mass fires which developed (Ishikawa 
and Swain, 1981). Secondary fires result from electrical short circuits, brok-en 
gas lines. breaches of open flames. and similar effects. Typically. about one 
secondary fire is expected for every 10,000 square meters of building floor 
space (Kang et at, 1985. see also Appendix 3A). In general. blast damage 
would facilitate fire spread and hinder efforts to suppress the fire. Fires can 
propagate more effectively through buildings with broken windows, doors, 
and firewalls, across natural firebreaks breached by flammable debris, and 
along flows of spilled liquid and gaseous fuels and petrochemicals~ With the 
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additional burden of large numbers of injured personnel. widespread fire 
ignitions. blocked streets, and loss of water pressure, meaningful firefighting. 
efforts could not be mounted. This was precisely the situation that arose in 
Hiroshima and Nagasaki (Ishikawa and Swain, 1981). 

In urban/industrial regions close to the explosion hypocenter, even build
ings of heavy construction could be reduced to rubble. Nonflammable debris, 
such as concrete and steel, would cover some of the flammable materials. 
However, zones of thick rubble (formed in tracts that are very densely built
up) would probably account for less than 10% of the total area of destruc
tion and fire (NRC. 1985), although they could contain a disproportionately 
high areal density of combustible material. However, even within this cen
tral zone. many materials would be instantly ignited by the intense thermal 
irradiation in "flashover" fires (an effect observed during the Encore nu
clear test-27 ktt Nevada Test Site. May 8, 1953-in which an entire room 
was ignited simultaneously, that is. "flashed over", within seconds of irra
diation). These "'instantaneous" fires would continue to spread and smolder 
in the rubble. Because of the Encore effect and the other known incendi
ary effects of nuclear weapons, it is expected that all urbanized areas, from 
modern city centers to spacious suburban zones, from commercial tracts to 
industrial parks would be subject to burning by nuclear explosions (NRC. 
1985). 

Forests, agricultural lands, and wildlands are also susceptible to com
plex nuclear fire effects. Thermal irradiation not only ignites dry fuels, but 
also dessicates moist fuels and live vegetation (Kerr et aI., 1971). making 
them more susceptible to fire. The blast wave extinguishes some fires, but 
also spreads firebrands. Blast~jnduced winds can knock down foliage and 
branches (blowdown) not usually involved in wildfires; on relatively flat ter
rain. a I-Mt airburst causes such damage over an area of roughly 500 km2 

in foliated deciduous forests. and over about 350 klJi! in leafless deciduous 
stands and unimproved coniferous forests (Glasstone and Dolan. 1977). The 
simultaneous ignition of fuels over a vast area by thermal flash, the dessi
eating effect of the thermal pulse on vegetation. and the augmentation of 
ground fuel by blowdown imply that nuclear-initiated wildland fires could 
be more easily ignited. consume more fuel, and bum more intensely than 
natural wildfires (NRC. 1985). At the present time, only historical informa
tion gathered on natural and prescribed wildland fires is available to estimate 
the extent and effects of the wildland fires that would be ignited in a nuclear 
conflict. A very large seasonal variation in the susceptibility of wildlands to 
fire is expected, with fewer fires likely in the winter. Historically. seasonal 
variations in fire occurrence in urban areas have been much less significant 
(Chandler et a!., 1963). 

A number of additional technical issues related to nuclear-initiated fires 
and smoke production are discussed in Chapter 3. 
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1.3 DYNAMIC PHENOMENA OF NUCLEAR EXPLOSIONS 

1.3.1 Shock Wave in Air 

As explained in Section 1.2.1. the air shock wave of a nuclear explosion 
begins to move away from the fireball at the time of hydrodynamic sepa
ration. Thereafter, it acts as a simple pressure wave in air. For low altitude 
explosions, the shock wave is also reflected from the surface; the incident 
and reflected waves may then combine to form a "Mach stem". in which 
the shock pressures are roughly twice the incident values. For bursts below 
about 30 kilometers. approximately 50% of the total energy of a nuclear 
explosion is carried away by the shock waves. 

One measure of the destructive power of a nuclear explosion is the peak 
overpressure it creates at various distances from the hypocenter. The peak 
overpressure in the shock wave is the maximum increase of static air pressure 
over ambient atmospheric pressure. The overpressure is usually measured 
in pounds per square inch in the American literature (psi; 1 psi = 6.9 kPa; 
the mean atmospheric pressure at sea level is 14.7 psi). Figure 1.4 
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Figure 1.4. Peak blasl: overpres.~ure at the ground in pounds per square inch (psi: 
1 psi = 6.9 kPa) for a 1 Mt detonation as a function of the distance from ground 
zero and the heigbt-of-burst. For other explosive yields. the distance and height-of
burst :>cale ao; Y 173 where Y is the yield in megatons. For example. in the cao;e of a 
1 kt explosion. all lengths would be multiplied by 0.1 (from Glasstone and Dolan, 
lQ77) 
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illustrates the peak overpressure produced by a 1 Mt detonation as a func
tion of distance from ground zero and height-of-burst (HOB). For a given 
o\lerpressure, there is generally an optimum HOB to maximize the range 
for that overpressure. However, very close to the explosion, nearly identical 
peak overpressures can be achieved for bursts at the surface to a moderate 
height above the surface. 

The blast wave also produces sudden outward displacements of air and 
large peak dynamic (wind) pressures. A physical relationship exists between 
the peak overpressure, peak dynamic pressure, and maximum wind speed 
(Glasstone and Dolan, 1977). At a peak overpressure of 100 psi. the peak 
dynamic pressure is 120 psi and the maximum wind velocity is 630 mls (2270 
km/h); at 10 psi, it is 2.2psi and 130 mls (470 kmlh), respectively; and at 
2 psi. it is 0.1 psi and 30 m/s (110 kmlh), respectively. (By comparison. 
the winds in severe tropical cyclones reach velocities of ] 50 to 250 km/hr). 
]t follows that, for wind sensitive structures, the importance of dynamic 
pressure relative to overpressure increases with proximity to the explosion. 

1.3.2 Ground Shock 

Nuclear airbursts create ground shock when the blast wave impacts the 
surface and induces ground motions, Surface and subsurface explosions effi
ciently couple energy directly into the ground and create strong local ground 
shock. The air blast accompanying sutface and near surface bursts also pro
duces significant ground shock away from the detonation site (Glasstone and 
Dolan. 1977). In deep underground explosions, energy is converted directly 
into ground shock waves; air blast has little importance. 

Underground explosions may induce aftershocks and displacements along 
faults originating near the detonation site (Glasstone and Dolan, 1977). 
However. anaJyses of seismic records fonowing megaton-range deep under
ground nuclear explosions at the Nevada Test Site and at Amchitka Island 
in the Aleutians show no major anomalous earthquake activity. Another 
possible groundshock hazard is related to hillslope instability and landslides 
that might be triggered by nuclear detonations (Bennett et aI., 1984). The 
effects of earthquakes and landslides are dependent on detailed geological 
conditions near the explosion sites. and must be evaluated individually. 

1.3.3 Blast Damage 

The atomic explosions at Hiroshima and Nagasaki starkly revealed the 
destructive power of nuclear blast (Figure 1.1). All structures are vulnerable 
(Glasstone and Dolan. 1977). Residential wood-frame houses (with wood or 
brick exteriors) suffer substantial damage at 2 psi peak overpressure. and 
are crushed at oS psi. Glass windows aTe shattered at 0.5 to 1.0 psi. Concrete 
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and steel buHdings are broken apart at 10-15 psi (although the interiors and 
facades are destroyed at much lower overpressures). Aircraft. parked or in 
flight. are susceptible to significant damage at 1-3 psi. Splitting of liquid 
storage tanks occurs at 3 to 10 psi. depending on their size and fluid level 
(a tank is generally less vulnerable if it is larger and fuller). 

Flying debris is a major cause of damage in a nuclear explosion. People 
are particularly vulnerable to flying objects. For example, while the human 
body can withstand substantial static overpressures (greater than 10 psi is 
required to produce severe injuries). serious wounds due to flying glass and 
rubble can occur at 1-2 psi. 

Blast damage also leads to secondary fire ignition, as previously noted. 
From the nature of the blast damage, it fenows that secondary fires can 
occur anywhere within the perimeter of the 2 psi zone. . 

1.3.4 Fireball Rise and Stabilization 

The fireball of a nuclear detonation is essentially a hot bl,loyant bubble of 
aiT. and it begins to rise immediately after detonation. In a matter of seconds, 
the fireball of a I-Mt burst attains a vertical velOcity exceeding 100'm/sec. 
The rising sphere becomes unstable, deforming into a torus that later defines 
the mushroom cloud tap. The initial upward rush of the fireball creates a 
strong suction beneath it At ground level in the vicinity of the explosion, 
the surface winds reverse direction within a second from outward, due to 
the blast wave, to inward. due to tbe fireball rise and suction. This reversal 
is called the negative pressure phase. The air drawn up behind the fireball 
forms the stem of the mushroom cloud and contains debris initially raised 
from the surface by the thermal pulse and blast wave. 

The fireball stabilizes when its temperature and pressure become equal to 
those of the ambient atmosphere. Hence, fireball rise is influenced by the 
local atmospheric temperature structure and humidity. For explOSions of 
less than 100 kt at mid-latitudes, the nuclear cloud stabilizes almost entireJy 
within the troposphere (the well-mixed atmospheric layer extending from 
the surface to the tropopause at about 10-15 km altitude at mid-latitudes). 
For explosions of greater ~han 100-200 kt, the fireball penetrates into the 
stratosphere (the thermally stable atmospheric region extending from the 
tropopause to 50 km altitude). A I-Mt explosion cloud would be expected to 
come to rest just within the stratosphere at mid-latitudes. For yields greater 
than 100-200 kl, the cloud stabilization height scales approximately as yo.2, 
where Y is the yield in megatons (Glasstone and Dolan. 1977). Because 
limited data are available from high-yield nuclear test explosions at mid
dle latitudes, the cloud heights obtained by interpolating observations from 
low and high latitudes (and calibrating against limited hydrodynamic model 
calculations) can be uncertain by as much as several kilometers. 
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1.3.5 Nitrogen Oxide Production 

Nitrogen oxides (NO,,) are produced when air, which consists primarily of 
N2 and O:!. is heated above approximately 2000QC and then cooled rapidly. 
This can occur in two ways in a nuclear explosion: when air is compressed 
by the passing shock wave, and when air is entrained into the rising cen
tral fireball. On average, about I x 1032 NO.. molecules are generated for 
each megaton of explosive yield. The photochemical effects of this NO", are 
discussed in Chapter 6. 

1.3.6 Water Bursts 
Nuclear explosions on water surfaces are similar phenomenologically to 

explosions on land surfaces. Here. water instead of soil is entrained by the 
fireball. and surface waves can be generated. Deep underwater explosions 
produ<:ea shock wave with a greater peak overpressure and shorter duration 
than an equivalent shock wave in air at the same range. As in underground 
explosions. underwater bursts also create an airblast whenever the fireball 
breaks through the surface. In addition. wave trains carrying up to 5% of 
the original explosion energy can be generated. Waves with heights of len 
meters or more can propagate away from the explosion site. These waves 
could cause significant destruction, particularly if they were to propagate 
into estuaries or harbors. 

1.4 RADIOACTIVITY 

1.4.1 Origins of Nuclear Radiation 

In a nuclear detonation. several types of energetic ionizing radiation are 
produced: 

1. Prompt (fast) neutrons which escape during fission and fusion reactions, 
2. Prompt gamma rays created by fission/fusion processes. including neutron 

capture and inelastic scattering, and by early fission-product decay. 
3. Delayed gamma and beta radiation from induced activity in materials 

bombarded by prompt neutrons. 
4. Delayed gamma and beta radiation emitted through the decay of long

lived radionuclides (lifetimes greater than minutes) produced by nuclear 
fission and carried in the bomb residues. 

At Hiroshima and Nagasaki. where the nuclear detonations were of rela
tively low yield. the prompt neutrons and gamma rays had important effects 
on survivors of the heat and blast within a few kilometers of ground zero. 
However, for greater yields, the prompt radiations still do not propagate 
beyond a few kilometers because of their strong attenuation over such path
lengths in air. Thus. with eXisting nuclear weapons, greater concern centers 
on the delayed nuclear radiation of fallout debris. 
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When a typical fission or ftssion·driven fusion weapon detonates, several 
hundred distinct radionucJides are generated (Glasstone and Dolan. 1977). 
These unstable species decay at different rates. emitting gamma rays and 
beta particles in the process. Inasmuch as gamma rays readily penetrate 
through both air and tissue, they pose a hazard even at a distance. On 
the other hand. beta particles are not nearly as penetrating, and thus pose a 
danger principally when the particle sources are dose to living tissues (either 
externally or internally). 

The fission radionuclides associated with fallout consist mainly of refrac
tory elements that readily condense on particle surfaces as the fireball cools. 
Hence. any dust or debris entrained into the fireball is likely to be contam
inated with radioactivity. The largest debris particles fall out quickly. while 
the smallest ones can remain aloft for months or years. The initial rapid 
deposition of the udioactive fission debris, or fallout. represents the most 
serious threat of delayed radiation. By contrast. gaseous radionuclides pro
d ueed by fission and fusion (e.g .. carbon-14 carried in carbon dioxide. and 
tritium carried in tritiated water vapor) and fission fuel residues (i,e., 235U 

and 2l'1pU) are less important. but not negligible. 
The standard measure of exposure to radioactivity is the rad. equivalent 

to the absorption of 0.0 I Joule of ionizing radiation per kilogram of ma
terial (Glasstone and Dotan. 1977), The rem is a biological dose unit equal 
to the absorbed energy in rads multiplied by a "relative biological effective
ness" factor for a specific type of radiation compared to gamma radiation. 
For gamma rays. X-rays, and beta particles. units of rads and rems are ap
proximately equivalent. The term "whole-body" radiation is applied in cases 
where the entire organism is exposed to a (fairly) uniform external radiation 
field. For gamma rays, which are quite penetrating, all cells and organs aTe 
affected by exposure to whole-body radiation. 

The impact of a radiation dose also depends on its rate of delivery. 
Roughly 450 rads delivered at the surface of the body within a few days 
time (an acute whole-body dose) would be lethal to half the e)(posed pop
ulation of healthy adults; 200 fads would produce radiation sickness but 
would not by itself be lethal (Glasstone and Dolan, 1977). Such total expo~ 
sures spread over a period of months or years (a chronic dose) would not 
cause acute effects. but would eventually contribute to a greater frequency of 
pathologies such as leukemia. other cancers, and birth defects. A far more 
comprehensive discussion of the biological effects of ionizing radiation is 
given in Volume II. 

1.4.2 Radioactive Fallout 

The Bravo nuclear test (15 Mt surface burst. Bikini Atoll. March I, 1954) 
was the first to create serious fallout problems. Inhabitants of Ronge1ap 
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Atoll. which was downwind of the explosion. were inadvertently exposed 
to intense nuclear radiation (Figure 1.5). Even though they were evacuated 
soon after the event. the Marshall Islanders received substantial external 
and internal radiation doses-none lethal (GJasstone and Dolan. I 977). A 
Japanese fishing vessel. the Lucky Dragon, also found itself under the fallout 
plume. The fishermen. unaware that the white ash·like fallout was danger
ous. took no special protective measures, As a result. one died of the e){~ 
sure and a number of others received acute doses of several hundred rads. 
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Figure 1.5. Contours of tOlal (accumulated) faiioul radiation dose in rads for con
linuous exposure up to % hours after the 8rallo 1es1 explosion (15 MI surface burst, 
March 1. 19541. One Tad is equivalent 10 Ihe absorption of n.OJ juule of radiation 
per kilogram of matter_The dose:;. corresponding 10 longer exposu re times (heyond 
96 hours) would be greater (han Ihose shown (from Glas'ilOne and Dolan. 1977) 

The approximate pattern of radioactive fallout caused by the Bravo test. 
reconstructed from fallout measurements. is shown in Figure 1.5, The gen
eral pattern is typical of that expected for a surface detonation. although 
wide variations could occur in specific meteorological situations. The zone 
of potentially lethal radioactive fallout (for individuals continuously exposed 
to the fallout for up to 4 days) extended several hundred kilometers down
wind of the Bravo test site. and covered an area of perhaps 5000 km~, The 
doses illustrated in Figure].5 correspond to external exposure to whole-body 
gamma radiation. Shielding would have reduced the actual dose, although 
longer exposure times would have increased the dose, Additionally, there is 
a chronic internal radiation dose associated with the fallout due to ingestion 
and inhalation of radionuclides with food, water, and air. The most impor
tant of the ingested radionuclides are 131 I. 9OSr, I37CS and I40Ba (Glasstone 
and Dolan, 1977). Most of these elements tend to accumulate in specific in
ternal organs (e.g., the thyroid for 131 1), which may thereby receive chronic 
doses eXCeeding the whole-body external dose (Lee and Strope, 1974). 
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Data obtained during the n ucJear test series of the 1950s and 1960s (data 
such as that in Figure 1.5) have been used to construct standard fallout 
models for nuclear surface explosions (Glasstone and Dolan, 1977). These 
empirical radioactivity models account for the rate of fallout of contami
nated debris, the decay in activity of the radionuclide mixture comprising 
the fallout, and the integrated exposure to the emitted gamma rays over 
time. For land surface bursts, apprOximately 40-60% of the fission products 
fall out the first day, constituting the early or local fallout. The approximate 
decay law for the radioactivity created by a typical nuclear weapon is t-1.2. 

That is, the activity (and dose rate) of a fallout sample decreases by roughly 
a factor of 10 for every factor of 7 increase in time (e.g., between 1 hour 
and 7 hOUTS, 7 hours and 49 hours, etc.). This decay law may be applied to 
g.ive rough estimates over a period extending from 1 hour to 1 RO days after 
an eJlplo!>ion. 

The settling of nuclear debris after the first day is not treated in standard 
fanOut models. Indeed, beyond a few days. most of the residual radioactivity 
is deposited by precipitation. This delayed intermediate time scale and long~ 
term radioactive fallout is borne on the smallest particles produced by a 
nuclear burst (carrying approximately 40-60% of the total radioactivity of a 
surface burst and approximate1y 100% of the radioactivity of an air burst). 
The delayed radioactivity disperses throughout the troposphere. where it 
may remain suspended for weeks, and the stratosphere, where it may remain 
for months to years (Glasstone and Dolan, 1977). 

The potential radiation doses from intermediate time scale and long-term 
fallout are smaller than those from early local fallout because the contami
nated debris is diluted over a wider area and the radioactivity decays signifi~ 
cantly before it reaches the ground. In the long term, 90Sr and tl7 Cs are the 
primary sources of lingering radioactivity, with both radionuclides having 
a half-life of about 30 years. Because the threat of delayed contamination 
extends over years or decades, and the long·lived fallout may be concen
trated in "hotspots" caused by precipitation and local deposition patterns, 
the incremental health effects of widespread fallout should not be ignored. 

Detailed estimates of potential fallout areas and radiation doses in a major 
nuclear exchange are provided in Chapter 7. Further descriptions of the 
related phenomenology are also given there. 

1.5 EFFECTS OF HIGH ALTITUDE NUCLEAR EXPLOSIONS 

1.5.1 Electromagnetic Pulse 

A nuclear explosion above an altitude of 40 km can: expose a large area 
of the Earth to an intense pulse of electromagnetic radiation. The physical 
origin of the electrOmagnetic pulse (EMP) is iI1ustrated in Figure 1.6. 
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Figure l.h. Schematic representation of Ule electromagnetic: pul~ (EMP) created 
hya high altitude nuclear explosion. The gamma rays emitted al the instant of det
onation are absorbed in the stratosphere (the deposition region). The absorption 
proces. .. relea<;es Compton electrons, whose intense currents are deflected by the ge
omagnetic field, creating pOwerful electromagnetic radiation fields (from Glasstone 
and Dolan. 1977) 

The prompt gamma radiation from a burst above 40 km is absorbed in 
the Earth's atmosphere at heights of approximately 20 to 40 km. This depo
sition region for gamma rays is also the source region for EMP (Glasstone 
and Dolan, 1977). Through collisions with air molecules, the gamma rays 
produce high energy Compton electrons. The Compton electron currents 
interact with the Earth's magnetic field, thereby generating electromagnetic 
fields that propagate (toward the surface) as a coherent pulse of electromag
netic energy. Because the rates of gamma ray emission and deposition are 
so rapid, the electromagnetic pulse has an extremely short rise time (a few 
nanoseconds) and brief duration (a few hundred nanoseconds). The magni
tude of the EMP is limited primarily by the enhanced electrical conductiv
ity of the atmosphere caused by secondary electrons. released in collisions 
of Compton electrons with air molecules. Nevertheless, EMP field intensi
ties can reach several tens of kilovolts per meter over the exposed areas of 
the Earth. The electric field strength of the pulse can therefore be 1(1 to 
1011 times greater than typical field strengths encountered in radio reception 
(Wik et al.. 1985). The nuclear EMP frequency spectrum is also very broad 
and covers the entire radio frequency communication band. 

Other forms of EMP include magnetohydrodynamic EMP (MHD-EMP), 
which can induce quasi-D.C. currents in very long conducting structures, 
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and low altitude EMP. which generates very intense fields over distances 
of several kilometers. These are generally of lesser importance except in 
specific instances such as command, control and communication facilities 
that have been hardened against blast and thermal effects but might still be 
vulnerable to EMP. 

Nuclear EMP induces currents in all metallic objects, which by accident or 
design act as antennas. Aerial and buried power and telecommunication net
works in particular can collect considerable amounts of energy. Even short 
radio antennas aod other electrical lines may experience unusual induced 
currents and voltages. The collected EMP energy could upset, breakdown. 
or burn out susceptible electrical and electronic components. Today many 
systems contain integrated circuits and other semiconductor devices that are 
suhject to failure at very low energy surges (down to the order of a millionth 
of a joule for short pulses) (Wik et a\., 1985). 

In 1958 and 1 %2. high ~altit ude nuclear tests were carried out by the 
United States over the Pacific Ocean. During these events, some electrical 
and electronic systems suffered functional damage or operational upset, even 
hundreds of kilometers from the test sites (Glasstone and Dolan. J977). 
No open reports exist on possible EMP effects during similar tests in the 
U.S.S,R. Lacking detailed observations. it is difficult to assess with a high 
degree of certainty the impacts that nuclear EMP might have on modern 
electronic hardware. 

Apart from the difficulties inherent in designing accurate experiments of 
EMP effects over large spatial volumes, there are serious difficulties in ap
plying theoretical models and calculations to r~1 systems, which are exceed
ingly complex and undergo frequent modification. Most research on EMP 
is alSo classified and unavailable for analysis. 

It is unlikely that EMP would incapacitate all of the exposed commu
nication systems. power networks. and electronic equipment. However, a 
small number of failures distributed through a large and complex system 
can disrupt the entire system. or degrade its stability and performance. In 
this regard. power and communication networks are particularly susceptible. 
Moreover, the ability of nuclear power stations to withstand nuclear EMP 
effects safely is undetermined (Wik et al.. 1985). 

EMP could create confusion and isolation at precisely the time when crit
ical decisions would have to be made regarding the use of nuclear weapons. 
Communications among diplomats. political leaders, and military comman
ders could be disrupted. EMP could also degrade sophisticated military com~ 
mand. control. communication and intelligence (C'I) systems within minutes 
of the first detonations. Such effects could hinder a military response and/or 
might encourage looser control over nuclear weapons in the field. 

Strategic nuclear ell systems are being "hardened" against EMP, At the 
same time. enhanced EMP weapons are being considered. Hence. the ques-
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tion of survivabil ity of critical C-' I systems remains unresolved. Because 
telecommunications would play an important role in national and interna
tional crisis managemem, any major disruption of communication networks 
could affect the course of a nuclear conflict. 

Space has a growing rate in military planning for communication. naviga
tion. and surveillance missions. Possible future deployments of space-based 
defensive systems against intercontinental ballistic missiles may imply an 
increasing potential for multiple explosions at high altitudes (tens to hun
dreds of kilometers) in a nuclear conflict. Hence. the imponance of EMP 
interactions and other high-altitude effects of nuclear explosions may be 
increasing. 

J .5.2 Radiowa"e Propagation and Satellite Systems 

Nuclear explosions in space can disturb radiowave propagation in a num
ber of frequency bands from tens of hertz (Hz) to tens of gigahertz (GHz). 
Shonwave radio signals can be degraded by power absorption. and mi
crowave signals by phase scinti Hation. A high-altitude n udear burst increases 
the background electron and ion densities and causes large- and smaH-scale 
structural modifications of the ionosphere (as well as longer-term chemical 
changes). Thus. communication. navigation. and intelligence systems may 
be affected intentionally or unintentionally by nuclear bursts in space. The 
radiowave propagation and absorption effects can lead to black-outs lasting 
for several hours in certain frequency bands. especially those used for long
distance high-frequency radio communications. The potential distortion of 
satellite signals traversing the ionized layers created by high-altitude nuclear 
bursts is still uncertain. GeosynChronous satellite communications near the 
horizon. grazing the ionosphere. at frequencies above 10 GHz might also 
be at risk (Wik et al.. 1985). In addition. nuclear explosions would create 
interfering bursts of intense radio-frequency noise. 

In outer space. communication satellites and other electronic systems 
could be exposed to direct nuclear radiation at considerable distances from 
a high-altitude burst. Penetrating radiations (gamma rays and X-rays) can 
interact with various materials to produce strong electromagnetic fields that 
may be incapacitating. This interaction is termed System Generated EMP 
(SGEMP). Space systems could also be affected by dispersed EMP (DEMP), 
which is associated with the propagated and reflected (dispersed) fields of 
the usual EMP generated by a high-altitude explosion. 

Transient-radiation effects on electronics (TREE) are caused when the 
prompt gamma rays, neutrons, and X-radiation of a nuclear detonation In
teract directly with electronic parts. Transient, and sometimes permanent. 
cbanges can occur in the performance of semiconductor and optical com
ponents. For example. high-energy neutrons can displace atoms in a crystal 
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lattice and create disabling defects. Hardening of satellites against TREE is 
difficult because shielding is limited by weight, and newer electronic circuits 
have often proven to be more vulnerable than older components (Wik et 
aL, 1985). 

The Earth's natural ionosphere and electron belts would be greatly per
turbed by the widespread ionization and hydrodynamic motions associ
ated with high~altjtude nuclear explosions. Enhanced electron concentra
tions could be generated that might persist for months or years. Satel
lites operating within the enhanced ionization belts would suffer accel
erated degradation due to intensified bombardment by energetic charged 
particles. 

1.6 RESUME OF NUCLEAR EFFECTS 

In the previous sections, a general description was given of the most im
portant physical effects of nuclear explosions. In this section, a quantitative 
summary of the spatial extent of these primary effects is provided as a func
tion of weapon yield for air bursts and surface bursts. Estimates of the 
areas that would be subject to levels of thermal irradiation, blast overpres
sure. and radioactive fallout exceeding specific minimum values are given in 
Table 1. I. These estimates are approx·imate. and are presented only as rough 
indications of the potential impacts. 

The sequence of physical effects that would accompany the detonation 
of a nuclear weapon is: thermal irradi;;ltion, bl;;lst, winds, radioactive fallout 
(particUlarly in the case of surface bursts), and fire growth and spread. In 
the explosion of a typical strategic nuClear warhead avera military or in
duStriaJ target the effects of initial nuclear radiation (gamma rays and fast 
neutrons) and electromagnetic. pulse, can generally be ignored. except in 
specific cases. as already noted. The other nuclear effects occur in more-or
less distinct time intervals (over most of the area involved) (Glasstone and 
Dolan, 1917). The thermal pulse is delivered in the first 1-10 seconds. The 
blast is delayed by the travel time of the shock wave, and generally follows 
the thermal pulse; the positive duration of the blast wave lasts forapproxi
mately 1 second. Afterwinds then blow for several minutes, The mOSt intense 
and lethal radioactive fallout occurs during the first hour after a surface det
onation. Although many fires would initiaJly be ignited in the ruins, it could 
lake several hours for mass fires to develop. In the case of surface bursts. 
during the latter period. dense radioactive fallout would continue in areas 
downwind of the blast destruction zone, 

From the data in Table 1.1, it can be seen that modern nuclear weapons 
(i.e., those having yields less than about 1 Mt) detonated as air bursts would 
create moderate to heavy blast damage over an area of approximately 500 
km1lMt. and ignite. fires over a similar area. In general. smaller weapons 
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TABLE 1.1. 
AREAL IMPAO"S 01-' NUCLEAR WEAPONS EFFECTS" 

Area (km2 1 Area (krnl) Area (kml) 
of thermal of blast of 45() rad 

Yield i rrad ialion~ overpressu rec fallout dosed 
(Mt) 20 cal/cml 10 cal/cm1 5 psi 2 psi 48 h SO yr 

0.1 
35 65 34 100 

(17) (32) (14) (40) (100) (200) 

0.3 105 190 70 200 
(50) (100) (30) (80) (300) (600) 

0_5 1M 2<)() 1Il0 30U 
(75) (140) (42) ( 115) (500) ( 10(11) 

l.n 250 45(1 140 4HO 
(120) (220) (65) (180) ( 1000) (2000) 

5.11 1150 2000 415 1410 
(520) (95()) (1Yl:1) (525) (5000) (10000) 

10.0 
220() 3800 66(1 2240 

( IIKIO) ( 1800) (3011) (835) ( 100(0) (20000) 

a Areas are given in square kilometers for airhursts and surface b:urSIl> (in paren
theses); in the case of radioactive fallout. areas are given only for surface bun.ts 
(the earty fallout from airbursts is negligible. and prompt and long-term radiation 
effects are ignoreu). Within the areas qUilled. the magnitudes of the nuclear effects 
are greater than I he limiting val ues shown above each col u m 11 (e.g., 20 callcmz): 
fOT thermal irradiation and blast overpressure. the limiting values apply at the 
perimetersofthe circular contours centered on the explosion hypocenter which 
define the area of each effect. For example. the thermal irradiation (ftuence) 
within the 20 callcm2 contouT is greater than 20 cal/cm~ • a.nd can be much greater 
closer to the fireball. The data were obtained from G1asslone and Dolan (1977). 

to A ground le...el visibility of 20 km is assumed. The thermal irradiance applies to 
a surface: perpendicular to the fireball line-of-sight. In the outer 90 percent of 
the irradiated zone, more than 80% of the thermal energy is received before the 
arrival of the blast wave. The height of burst is chosen to maximize blast effects. 
as described in footnote c. 

< For airbursts. the optimum explosion height has been chosen to maximize the 
area subject to the overpressure indicated. 

d Areas are given only for surface bursts. No protection or shielding from fallout 
radial ion is assumed. A fission yield fraction of 0.5 is adopted. A dose reduction 
facloTof 0.7 is also applied for surface ··roughne.'iS". The area in which an acute 
48 hour whole-body dose of greater than 450 rad could be received is estimated 
from standard fallout paltern.'; (G1asstone and Dolan. 1977). The area in which a 
long·term integrated total dose of more than 450 rad could resu It is also csieu Isted 
from local fallout paltern~. Cumulative glonal fallout is nOI included. 
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produce greater blast and thermal effects per unit energy yield than larger 
weapons. The area in which blast overpressures exceed a given value (e.g .• 
2 psi) scales approximately as y213. where Y is the yield in megatons (Glas
stone and Dolan. 1977). The area affected by a specific minimum level of 
thermal fluence (e.g., 10 tal/cm2 ) scales very roughly as ya,~ for yields be
tween approximately 0.1 Ml and several megatons. 

The areas of blast and thermal effects for surface bursts are about one-half 
the areas for airhursts of the same yield (G lasstone and Dolan. 1977). Surface 
bursts also create large local areas of potentially lethal radioactive fallout. 
Doses of up to 450 rad in 48 hours are possible over an area of approximately 
1000 kmZ/Mt in the fallout plumes. Lesser doses occur over much larger 
areas. The problem of accumulated radiation doses in overlapping fallout 
plumes is discussed in Chapter 7. 

1.7 INTEGRATION OF EFFECTS 

Previous sections of this chapter have focused on the effects of individual 
nuclear explosions, particularly the effects that might be rele\lant to an as
sessment of global physical and biological impacts. The effects of nuclear 
detonations are fairly wen characterized by theoretical principles and by 
measurements taken during nuclear tests. The unique experiences at Hi
roshima and Nagasaki have led to a general consciousness of the magnitude 
and power of nuclear weapons. 

The damage areas summarized in Table 1.1 imply that approximately 
6,000 Mt, which is less than the current world nuclear stockpile. could de
stroy. through direct effects alone. an area of up to about 3 x let km2

, as
suming no overlap. This is equivalent to about 2-3 percent of the total land 
area of the Northern Hemisphere. Major urban zones occupy approximately 
1 percent of the landmass (NRC, 1985), and thus would be directly vulner
able if attacked. Nevertheless. as will be discussed in later chapters and in 
Volume II, the survival of global civilization may be more dependent on 
the indirect effects (e.g .• climate change) caused by nuclear explosions than 
on the direct effects (e.g., blast). The occurrence of indirect effects is ob
viously related to the occurrence of direct effects. which are manifested by 
the generation of smoke, dust, and radioactivity. 

In order to integrate the individual weapons,_effects discussed here into 
a global model of the aftermath of a nuclear war, a number of additional 
pieces of information are needed: 

1. A scenario for the nuclear exchange. including the weapon sizes. targets 
and heights-of-burst. 

2. The physical state of the target zones. including adjacent combustible 
fuels. soil characteristics. and local meteorological conditions. 
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J. Descriptions of relat~d physical phenomena, including fire growth and 
spread, smoke production and properties, microphysiCal evolution of 
smoke and dust aerosols, chemical responses. and so on. 

In subsequent chapters. much of the required information is developed 
to the extent that is possible given current scientific knowledge, and to a 
depth that is consistent with the goals of this report. A detailed integration 
of these individual nuclear effects would require an enormous research ef
fort and would be impractical at this time. Accordingly, the approach taken 
here is to consider. in each chapter. the essential global-scale consequences 
of specific effects of nuclear weapons; for example. fire damage in cities, 
climatic effects of smoke clouds, and contamination by radioactive fallout 
in a nuclear exchange. This approach emphasizes the plausibility of specific 
impacts. as well as the range of potential outcomes. 
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CHAPTER 2 

Scenarios for a Nuclear Exchange 

i .• INTRODUCTION 

II is impossible to forecast the initiation and detailed conduct of a nuclear 
war. Despite this fact. a.1l nations with nuclear weapons have elaborate plans 
for the deployment, targeting-and firing-of their warheads. Because of the 
reality of massive nuclear arsenals, and the unprecedented nature of nuclear 
conflict. many strategists believe that almost any use of nuclear weapons 
could escalate into global nuclear warfare (Ball, 1981; Bracken and Shu
bik. 1982). Others believe that a nuclear exchange could be controlled or 
limited; or if not controUed, that it might be automatically self-limiting. 
ending as soon as the combatants perceived their own imminent destruc
tion, or with the fading of any rational military goals (Wohlstetter, 1983, 
1985). This argument cannot be settled. Therefore, lacking solid evidence 
that nuclear warfare could be contained or limited in scale or magnitude. a 
prudent scientific approach demands that-in assessing potential long-term 
environmental effects-a possible and plausible nuclear exchange involving 
existing weapons and deployments must be considered. 

2.2- WORLD ARSENAlS 

The actual nuclear weapons inventories of all nations are officially kept se
cret. Nevertheless, authoritative unclassified tabulations of eXisting and pro
jected inventories are available, and these are roughly in agreement (The 
Military Balance, 1984; Jane's, 1984; SIPR1, 1984). Table 2.1 summarizes 
the principal nuclear weapons systems that have been deployed by the major 
nuclear alUances. or that may be deployed in the near future. Both strategic 
(intercontinental) and theater (intracontinental) nuclear forces are counted. 
but smaller tactical (battlefield) weapons and munitions-amounting to per· 
baps 25,000 explosives and $evera1 hundred megatons of aggregate yield-are 
omitted. (A typical tactical nuclear weapon has an explosive yield similar to 
that of the Hiroshima or Nagasaki bomb; viz, 10-20 kt.) In total. the strate
git and theater nuclear arsenals bold some 24,000 warheads baving nearly 
12,000 Mt of explosive yield. 

25 
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TABLE 2.1. 
STRATEGIGTHEATER NUCLEAR WEAPONS IN 

CURRENT INVENTORIES-

Aggregale 
Warhead yield Type of system" Number of yield' 

(Mt) warheaM (Mil 

5.0 Bomber 280 1400 
1.0 ICBM 1050 1050 
1.0 SLBM 680 680 
1.0 tRBM 293 293 
l.0 Bomber 2520 2520 
0.5 ICBM 5660 2830 
0.5 SLRM 1200 6()O 
0.5 IRBM 100 SO 
0.3 ICBM 1650 495 
0.3 IRBM 108 32 
0.2 SLBM 612 134 
0.2 Cruise 1920 384 
0.2 SRAM 1200 240 
0.15 tRBM 1500 225 
0.1 SLBM 2304 230 
O.OS SLBM 3040 152 

Total strategic/theater 24177 ] 131s4 
Tactical warheads -25000 -300 

• Compiled hom the following rcpom: The Military Balance, 1934: Jane's. 1984; SIPRI, 
1984. 

II The abbuviations are: ICBM = intercontinental ballistic missile: SLBM = submarine 
launcbed ba1listic missile; lRBM = intermediate range ballistic missile; Cruise = air. sea 
or ground launched cruise missile; SRAM '" short range anack missile. 

f These figures include the nuclear arsenals of the United States. Britain. France. and the 
Soyiet Union. 

d The Chinese nudeat forces are not included. as they are very uncertain at tbis time. 
Their weapons may include about 230 warbeads on bombers and ICBMs with a total yiehl 
of about SOU Mt. 

In studying global effects, precise information about weapons systems 
(warheads, launch vehicles, controls. deployments, and targets) is not 
really necessary as long as the general characteristics of the systems (as 
weU as the broad strategic doctrines governing their use) are known. The 
weapons parameters in Table 2.1 are probably accurate to within 35 percent, 
and can be used as a reasonable basis for drawing implications about the use 
of nuclear forces. 

The arsenals are constantly changing. and the present tabulation may al
ready be outdated in some respects. Nevertheless, dramatic cbanges in the 
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aggregate warhead count and yield are not expected through this decade. 
and likeJy the next, under existing development programs and treaty limita· 
tions. For example. the present Strategic Arms Limitation Treaties (SALT 
I and JJ) limit both the United States and the Soviet Union to 1200 land or 
sea based multiple warbead strategic missiles with 10 warheads or Jess per 
missile (except for submarine launched missiles, which can carry up to to 
14 warheads). On the other band. dramatic changes in nuclear armaments 
could occur if. for example, existing treaties were to lapse. if major new arms 
restrictions were negotiated. or if major breakthroughs in strategic defense 
systems triggered an offensive response. 

A number of developments in nuclear warhead technology bave been dis
cussed recently (Arkin et aI., 1984). The advanced concepts include "pen
etrators" (which can burrow into the ground before detonating. producing 
stronger ground shock and less fallout than surface bursts); terminal guid
ance and maneuvering (which allows precise targeting, and reduction in 
warhead yields): and enhanced radiation weapons (which generate greater 
neutron fluxes but requh"e relatively less explosive energy than weapons 
designed specifically for blast effects). Nevertheless, despite such technolog
ical possibilities. all of the major nuclear weapons programs underway. or 
planned, utilize more-or-less standard nuclear fission·fusion devices exceed
ing 100 kt in yield. Typical examples are the MX warhead (approximately 
300 kt) and Trident 0.5 warhead (approximately 400 kt) of the U .. S. forces, 
and the modem 55-18 warhead (approximately 500 kt) and the new 55-24 
and 55·25 long·range missiles (probably carrying warheads in the 200-500 kt 
range) of the U.S.S.R. (Cochran et at .• 1984; Arkin and Fieldhouse, 1985). 
While average strategic warhead yields had been decreasing steadily since 
the 1950s. that trend may now have halted. 

Strategic defense systems currently under discussion have no impact on 
the present study. The feasibility of such systems has not yet been demon
strated, and deployment would be decades away. Moreover, it is not clear 
whether nuclear arsenals would decrease or increase in response to defensive 
deployments. 

1.3 TARGETS 

Nuclear weapons normally on station, and certainly those on alert in a crisis, 
have specific targets or missions assigned to tbem. Both superpowers have 
lists of potential targets, which probably number up to 40,000 or more (Ball, 
1982) .. These lists are unavailable to us. Nonetheless, based on published 
discussions of strategic doctrine, most of the likely target categories. as well 
as the general targeting philosophy. can be deduced (Kemp. 1974; Katz. 
1982; Ambio Advisers, 1982; Ball, 1983; Meyer, 1984; NRC. 1985; Arkin 
and Fieldhouse, 1985) .. 
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In most credible strategies, fixed strategic military installations garner the 
highest targeting priority; these include intercontinental ballistic missile si
los and command centers, major airfields, nuclear submarine pens, weapons 
production and storage facilities, and command. control, comm unication and 
intelligence (C31. or Cl) centers. There are also a number of other important 
military targets including: mobile missiJes and launchers; miJitary fonnations 
of troops. artil1ery and armour; tactical weapons storage sites; support and 
tactical airbases; naval surface vessels and submarines at sea; other army, 
navy. and air force bases and logistiC centers; and military satellite commu
nication Jinks. Targeting of warheads against military facilities-fixed and 
mobile-is referred to as "counterforce" targeting, 

Some potential military targets might be thought of as civilian targets. For 
example. major airports with long runways, jet fuel supplies, and equipment 
that could be utilized by military forces. and industries that directly support 
a war effon, could be subject to nuclear attack. Among the most vulnerable 
industries are petroleum~ oil and lubricants, eleCtric power, steel, and chem
icals (Katz. 1982). Transportation and communication nodes and principal 
storage sites might also be subject to destruction. These facilities represent 
some of the classical targets of warfare. It is also known that these facilities 
are included on the general nuclear targeting listS (BaU, 1982). Hence, it 
is possible that nations such as Japan, the Middle-Eastern countries, Aus
tralia. and South Africa might be targeted in a military campaign in order to 
deny their use as staging areas and forward bases. or their support through 
manufacturing and supply of raw materials, 

Consumer-oriented production, commercial enterprises, and the infras
tructure of society-concentrated in urban areas-comprise a distinct cat
egory of targets for nuclear weapons. Such "countervalue" targeting (and 
the implied civilian casualties) provides the basis for the deterrence doctrine 
of Mutually Assured Destruction (MAD). Altbough the publicly proclaimed 
strategic doctrines of the nuclear powers now place less emphasis on counter
value targeting. the direct bombing of population centers, as a final blow or 
as retaliation is the most fearsome potential application of nuclear weapons, 
Furthermore, many. if not most. major urban areas have targets within them. 
or nearby. Also, in the closing voUeys of a major nuclear exchange, a broad 
range of countervalue targeting might be anticipated to crippl~ the ability 
of an enemy to recover and rebuild (and presumably. recarm), For the same 
reason, targeting of noncombatants. who might be perceived as a post-war 
threat could occur, 

Some strategists believe that, in a nuclear exchange. cities would not be 
purposefully struck by nuclear warheads. However. cities could still suffer 
massive collateral damage in attacks on priority military and industrial tar~ 
gets. Collateral damage is- the destruction caused in the area surrounding. 
a target~ with existing nuclear warheads. the zone of massive destruction 
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(and intense radioactive fa1l0ut in the case of surface bursts) would extend 
far beyond the actual perimeters of moSt miJitary and industrial targets (as 
noted in Chapter 1. typical strategic warheads are capable of devastating 
areas of 50 to 500 k~). Most major cities in the U.S .• U.S.S.R., and Europe 
have important military facilities in them or near them (bases. ports. air
fields, C31 facilities). Some recent assessments of potential urban collateral 
damage in a counterforce nuclear exchange suggest that hundreds of cities 
could be affected unless great restraint were exercised (e.g .• NRC, 1985). 
Realistically. extensive urban devastation should be expected in any sizeable 
exchange Of nuclear weapOns. even perhaps in otherwise noncombatant na
tions such as Japan and AU$tralia. 1t is well established that industrial ca
pacity is highly correlated with population density in cities (Kemp. 1974; 
Katz. 1982). Hence, any attempt to cripple industrial capacity using existing 
nuclear weapons would cause enormous collateral physical damage and hu
man casualties. For example. Katz (1982) estimates that approximately 300 
Mt (carried by approximately 600 warheads) could destroy up to 60% of 
all industry in the United States and kill up to 40% of the U.S. population. 
Industry and population in the Soviet Union are nearly as vulnerable to 
nuclear attack as in the U.s. (Kemp. 1974). 

Both tong-range and short-range nuclear tipped missiles can suffer me
chanical failure. damage. or deflection in flight. Accordingly, while the target 
point of a warhead can be precisely determined prior to battle. the even
tual detonation point cannot. Warheads would fall at varying distances from 
the planned targets. some probably far off. This uncertainty in the relia
bility and accuracy of a strike force. together with the hardness of missile 
silos and the mobility of bombers and submarines, allows for the possible 
survival of the opposing forces. However, the uncertainty also introduces a 
dispersion, or randomness. into the application of nuclear force. Such ran
domness could jncrease the collateral damage in cities that are close to, but 
not coincident with. military targets or in forested areas adjacent to missile 
fields. Conversely. in the event that a missile were to go astray, the random
ness might also reduce collateral damage since the warhead would be more 
likely to detonate over unpopulated areas than populated areas, given the 
much larger fractional area of the former. Factors of system reliability and 
accuracy (determined primarily by engineering constraints) are not explic
itly defined in the scenario to be discussed. The additional destructive effects 
of wildly errant or deflected warheads are difficult to quantify, and wilt be 
ignored. 

2.4 STRATEGIC CONCEPTS 

A ",ariety of strategies have been proposed for the use of nuclear forces. 
Tactical nuclear weapons (artillery shells, bombs. mines. and depth charges) 
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could be used in thebattIefield to blunt attacks, and at sea to stop ships and 
submarines. In space, nuclear detonations could be used to disable satellite 
systems with military missions. Theater nuclear weapons (on aircraft and 
missiles) could be used against rear echelon forces. 

Strategic counterforce exchanges would involve deep missile and bomber 
strikes against opposing strategic forces and sUPpOrt facilities. Counterforce 
strategies also countenance strikes against key industrial elements, to blunt 
the capacity to sustain a war. lly contrast. countervaJue strategies, utilizing 
tactical, theater. and strategic weapons, are conceptually designed to max
imize economic arid civic destruction and to impede industrial and social 
recovery. A countervalueattack would be the ultimate cost leVied in a nu
clear war. 

Other strategic concepts include limited nuclear warfare, flexible response, 
controlled escalation, launch under at~ck, and so on (e.g., Openshaw et 
a1.. 1983). However. sinj;e none has ever been used in actual conflict. the 
potential outcomes are highly uncertain. It should also be obviQUS that any 
nation suffering a massive nuclear strike might well retaliate by attacks on 
cities. 

Much thought and concern have focused on the problem of escalation in 
a nuclear exchange. While SOme strategistS argue that inaintainingsuffiCient 
control of nuclear hostilities is a practical and logical goal (Wohlstetter, 1983, 
1985), others question the possibility of effective nuclear battle management 
and argue that greater perceived control lowers the threshold for use (Ball. 
1981; Carter, 1985). The official position of the Soviet Union on this matter 
is that controlled escalation or limited nuclear warfare is not possible (Mi1i~ 
tary Encyclopedic Dictionary. 1983). We shall not pursue here the complex 
arguments in this debate, except to note that comrnandand control oper~ 
ations iri the environment of a nuclear excharige would be extraordinarily 
difficult and unprecedented. 

A surprise nudearattack without prior crisis or conflict is possible, but 
not considered very likely. Although one side might gain some military ad
vantage in a massive first strike, the present structure of the superpower 
forces assures that the victim would retain a devastating retaliatory capac
ity.1t seems more likely that a strategic nuclear exchange would follow from 
initial tactical or theater nuclear strikes. The doctrine of limited nuclear war
fare, if adopted. might increase the possibility of initial nuclear use' (or it 
might deter the aggression that presumably would trigger such use). Impor
tantly, escalating nuclear conflict implies that all forces would be oil alert; 
hence, the magnitude and speed of the eventual strategiC exchange could be 
greaily enhanCed. 

While the possibility of nuclear detonations through accident or terrorism 
exists. it is thought that a global nuclear war caused by such events is un
likely (Wohlstetter, 1983), In normal times. and even in a crisis, there would 
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be little reason or incentive for one side to respond immediately to isolated 
accidental or terrorist nuclear explosions with a nuclear counterstrike. With· 
out strong supporting indications of a massive pre-emptive nuclear strike. 
massive retaliation would clearly be inappropriate. On the other hand, one 
cannot rule out the possibility that a series of unprecedented events and 
mispereeptions could move the superpowers closer to the brink of a nu
clear conflict, particularly during a period of confrontation or conventional 
warfare. 

The concept of a massive pre-emptive strategic nuclear strike in a global 
crisis could be a real military option (Ford. 1985). Thus. if in a deepening 
crisis nuclear war seemed imminent, the side striking first might be expected 
to gain certain advantages in forces. targeting options, and ell operations. 
assuming. of course. that enougb weapons of sufficient accuracy were avail· 
able to destroy the key targets of the other side. (Note that this is a quite 
different situation from a surprise attack "out of the blue", in which an 
attacking nation. not under duress. risks its own destruction). The existence 
of pre-emptive strike options in nuclear war plans implies a fundamental 
potential instabilit)i in the deployment of large strategic forces; depending 
to some extent on the types of delivery systems. the more weapons each 
side has available. the greater the advantages that might accrue from a pre
emptive attack in a serious crisis. Pre-emptive nuclear strike options would 
seem to enhance the danger of escalation in any confrontation or conftict 
between the superpower alliances. 

2.5 SCENARIOS 

Possible scenarios for a global nuclear war are described in a number of doc
uments (N AS, 1975; OT A, 1979; Ambio Advisors, 1982; Turco et aI., 1983a; 
Knox, J983; NRC, J985). These scenarios are summarized in Table 2.2. For 
the most part, the scenarios are derived from analyses of nuclear weapons 
stockpiles, and assessments of nuclear doctrines and strategies (to the extent 
these are publicly available). Nevertheless. many of the scenarios have been 
criticized as representing ext-reme and unrealistic cases (Wohlstetter. 1985). 
The number of possibilities is obviously very large and the probability as
sociated with any particular scenario is unknown. Hence. only the general 
structure of a nuclear scenario is considered here to determine if massive 
exchanges (amounting to thousands of megatons) could occur within the 
limits circumscribed by existing arsenals and deployments and the inevitable 
attrition of forces. Lesser exchanges would also be possible. 

A hypothetical strategic nuclear excbange can be divided into four pbases 
that might occur in an escalating conflict between NATO and Warsaw Pact 
forces (neglecting a possible initiating tactical phase): (1) an initial "counter
force" strike and response against key strategic military targets. with minimal 
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TABLE 2.2. 
PUBLISHED NUCLEAR WAR SCENARIOS 

Source 

National Academy 
of Sciences (1975) 

Office of Technology 
Assessment (1979) 

Ambio (11;182) 

Turco et ai. (19838) 

Knox (1983) 

National Research 
Council (1985) 

Description 

10.000 Mt in 1500 detonatiolls 
Warhead sizes; 1 to 10 Mt 
Targeting not specified 

7800 Mt in 8985 detonations 
Warhead sizes: 0.1 to 20 Mt 
Other parameters not described 

5742 Mt in 14,747 detonations (163Mt on the 
Southern Hemisphere) 

Warhead sizes: OJ to 10 MI 
1941 Mt on cities, 701 Mt against industry 

5000 Mt (baseline) in 10,400 detonations 
Warhead sixes: 0.1 to 10 Mt 
2850 Mt in surface bursts, 1000 Mt in urban 

zones 
3000 Mt (counterforce excursion) in 5433 
detonations 

Warhead sizes: 0.3 to 5 Mt 
1500 Mt in surface bursts, no detonations 

in urban zOnes 
100 MI (city excursion) in 1000 detonations 

Warhead size: 0.1 Mt 
100 Mt in urban zones 

5300 MI in 6235 detonations 
Warhead sizes: 0.1 to 20 Mt 
2500 Mt in surface bursts 

6500 Mt in 25,000 detonations 
Warhead sizes: 0.05 to 1.5 Mt, plus tactical 
1500 Mt in surface bursts, 1500 Mt in urban 

rones, 500 Mt tactical 

direct destruction of populatjon centers; (2) extended counterforce attacks 
against secondary military bases to disable support and logisticS missions, 
which would necessarily involve some collateral damage to urbanized aTeas 
(Kemp, 1974); (3) massive strikes against the industrial base which supports 
military operations; and finally. (4) direct attacks against economic infras
tructures to retaliate or retard postwar recovery. A strategic conflict could 
escalate within a matter of days from one phase to the next. although ter
mination is possible at each phase, at least in theory. 

The important characteristics of such a hypothetical escalating nuClear 
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exchange are summarized in Table 2.3. Two general target categories are 
identified: military. and industrial/urban. Collateral damage to urban areas 
caused by strikes against military targets near or in cities has been counted. 
Detonation heights are divided into two regimes: airbursts (in which the 
fireball does not touch the ground, although the explosion occurs within 
several kilometers of the surface), and surface bursts (in which the fireball 
is in contact with land or water). Airbursts maximize the area of damage 
from blast and thermal radiation. but minimize contamination from early 
local radioactive fallout (although delayed global fallout may be enhanced). 
Surface bursts maximize the damage to nearby "hard" targets and reduce 
the overall area of thermal (fire) effects. but also contaminate large areas 
with lethal doses of radioactive faUout. 

TABLE 2.3. 
NUCLEAR EXCHANGE SCENARIO' 

Aggregate Industrial 
weapon Number Military yield and/urban yieldb 

Phase of the yield of (Mt) (Mt) 
exchange (MI) warheads Air Su~ Air SurfaceC 

Initial counlerforce 2000 5000 ]1)00 1000 U 0 
and response 

Extended 2000 3800 750 750 250 250 
cou nterforce 

Industrial 1000 1200 250 250 500 0 

Final phase 1000 2600 250 250 500 0 

Totar' 6000 12600 2250 2250 1250 250 

• Tactical weapons are nOl included. These could add 100-500 Mt in the Jess than SO kt 
yield. range. The wllfhead yields and numben are tlilken from Table 2.1. It is assumed that 
the weapons have a fission yield fraction or O.S. 

b Includes weapons directed at industrial and economic targets 8!l well 8lI weapons directed 
at military targets that would generate significant urban collateral damage. 

" Land surfac.e. 

II. Cumulative targets include: 

2SOO missile silos and command tenters (2 warheads per silo) 
1100 military facilities and airfields throughout NATO and tbe Warsaw 

Pact (2 warheads per target) 
100 naval targets 
500 mobile missiles (barraged by 1200 warheads) 

llOD miscellaneous military detonations 
3000 militarylinduslrial and energy resource shes worldwide. 
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The illustrative scenario in Table 2.3 was constructed using the following 
general guideline!) (details will not be given here): 

1. The weapons employed reflect the data in Table 2.1. 
2. The targets within the NATO and Warsaw Pact countries include (at 

different phases of conflict): 
• Fixed and mobile strategic and theater missiles 
• Strategic airfields and submarine bases 
• Other militaty (air force, army, navy) bases 
• Military units in the field and vessels at sea 
• Logistics and communications centers 
• Military satellites 
• Nuclear weapons production and storage sites 
• Civil airfields having potential military utility 
• Fossil fuel and nuclear energy facilities 
• Cities with key industrial and/or economic functions. 

3. The conflict deve10ps over time (approximately days to weeks) from con
frontation to crisis to conventional hostilities to tactical nuclear strikes, 
so that all major military forces are on alert and can respond in short 
order; a precipitous strike without warning is not considered. 

4. Forces are assumed to be destroyed during the early phases of conflict 
(and thus do not deliver their weapons) as follows (roughly half of the 
nuclear weapons are" depleted in this manner): 
• 90% of unfired ICBMs 
• 113 of strategic bombers 
• 113 of nuclear submarines with unfired missiles 
• 113 of reserve mobile missiles 
• 113 of reserve tactical bombers 

5. Damage to industrial/urban areas, either through direct or collateral ef
fects (neglecting radioactive fallout) is caused by a fraction of the explo
sive power during each phase of conflict as follows: 

Initial counterforce: 0% 
Extended counterforce: 25% 

Industrial phase: 50% 
Countervalue phase: 50% 

Average over all phases: 25% 
The average over all phases is determined by multiplying the fraction for 
each phase by the number of megatons detonated in that phase, adding, 
and then dividing by the total megatonnage. 

6. Each side would retain only a relatively small reserve force. consisting 
mainly of spare missiles and warheads. 

Although each of these assumptions can be argued, the overall scenario 
appears to be consistent with the technical facts and strategic concepts 
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reviewed earlier. For example, a cursory analysis of the present balance 
of nuclear forces indicates that massive nuclear exchanges are clearly pos
sible (even if, as some believe, not likely). Moreover, it is plausible that 
many urban and industrial zones would be destroyed by volleys of nuclear 
weapons. given the collocation of military and industrial targets with popu
lation centers. Although eaCh of the conflict levels in Table 2.3 is enormous 
with respect to the destructive power of previous wars, it is not so with 
respect to the actual destructive potential of the current and projected nu
clear arsenals (Arkin et a1.. 1984). Wbileone could propose smaller nuclear 
exchanges. or perhaps isolated tactical phases. it is appropriate to remain 
skeptical of controlled or limited nuclear warfare. It should also be noted 
that the scenario in Table 2.3 is not the worst possible case since less than 
one-half of the existing arsenals are assumed to be detonated; scenarios may 
be envisioned in which larger fractions of the arsenals could be detonated. 

2.6 IMPLICATIONS 

The full-exchange scenario in Table 2.3, which was assembled through an 
analysis of nudear forces,tatget categories, and stated strategies, is simi
lar to the scenario developed by the U.S. National Research Council panel 
(NRC, 1985) through different lines of reasoning. While this agreement does 
not validate either scenario. it reinforces the credibility (if not the proba
bility) that such an outcome is possible in a nuclear conflict between the 
superpowers. 

The critical parameters in Table 2.3 (from the perspective of an assessment 
of global effects) are: 

1. The total yield in surface bursts with yields greater than ]00 kt; these 
explosions lift dust into the upper troposphere and lower stratosphere, 
and produce large plumes of radioactive fallout. The cumulative yield 
of these dust-raising and fallout-generating bursts ranges from 1000 to 
2500 Mt. depending on the phase of the exchange (virtually all ground
burst strategic warheads are included in this category). In the case of 
local fallout. it is also important to know the fission yield fractions of the 
weapons, and the proximity Of population to the fallout plumes. 

2. The total yield detonated in industrial/urban zones; these explosions ignite 
fires in the highly combustible and soot-generating materials accumulated 
in urbanized areas, including fuel storage sites. The fire·ignition yield 
varies from 0 to 1500 Mt. and is associated primarily with air bursts. 

The tactical component of an exchange is not included in these figures, but 
is important in its own right, particularly in densely populated and industri
alized areas such as Europe. Tactical explosions. perhaps numbering in the 
thousands. could produce extensive fires and radioactive fallout. and might 
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represent the trigger for a strategic exchange. Hiroshima and Nagasaki pro
vide examples of the potential destructiveness of modern tactical weapons 
(see Chapter 1). 

or all the explosions in a nuclear war, only relatively few might be deto
nated in the upper atmosphere (to create eiectl'omagnetic pulse. EMP) or on 
ocean surfaces (to destroy ships). The high altitude explosions could have 
an importance exceeding their relative number if they were to encourage 
nuclear escalation through the disruption of communications and control 
networks. Future ballistic missile (and other) defensive systems might one 
day lead to a military posture in which bursts above the atmosphere were 
predominant. For the present study, however, it is reasonable to assume that 
the fraction of such bursts is fairly small, 

Turco et at (19833) have suggested that tbe number of nuclear explosions 
required to create severe climatic disturbances (their "nuclear winter") may 
be relatively small They suggest that on the order of one thousand ] 00-
kt detonations over major industrial and urban centers might be sufficient, 
because the greatest fuel densities are contained in a rather small number 
of urban industrial complexeS and fossil fuel storage sites. According to 
Chapter 3 and the NRC (1985) report, about 10 percent of the total urban 
area may hold 50 percent of the total urban combustible material. These 
areas also might be subject to collateral damage in attacks against critical 
strategic targets, even if the cities are not bombed purposefully. Because of 
this concentration of fuel in a relatively few target regions, it is possible that 
more restricted scenarios (phases) than those described in Table 2.3 could 
lead to major environmental impacts, depending much more. however. on 
the details of the targeting and the uncertainties in the physiCal outcomeS. 
Likewise, the significance of tactical explosions could be amplified to the 
extent that citieS and industries, and fire~susceptib1e natural environments. 
were SUbject to collateral effecis. 

This general discussion of scenarios for nuc1ear warfare is only meant to 
provide information and guidelines, and to establish plausibility. The sce~ 
nario described in Table 2.3 is nQt explicitly used, except in its most gen~ 
era1 aspects, in the following analyses of fires. smoke, dust, and climatic 
responses. Indeed. most of the climatic impact studies surveyed in the fol~ 
lowing chapters are not predicated on any particular targeting scenario. but 
fatherOD a particular initial amount of smoke andlor duSt injected into the 
atinospher-e. In the case of radioactive fallout. the scenario just described 
is used in Chapter 7 to provide an example of potential nuc1ear radiation 
effects. 

There is no objective way to attach a probability to any particular sce
nario describing anudear war. For the present purposes. it is sufficient to 
determine whether a massive nuclear exchange is credible or not credible. 
Although the concept of nuclear warfare involving the use of many nuc1ear 



ScefltJrros for 11 Nuclear Exchange 37 

weapons seems incredible and even irrational, the weapons for conducting 
such a war have been deployed and elaborate plans of action exist. It is 
unacceptable simply to dismiss the potential for global nuclear conflict on 
philosophical grounds. The deployment of nuclear warheads implies. in a 
very real sense, the possibility of their use. 
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CHAPTER 3 

Sources and Properties of 
Smoke and Dust 

3.1 INTRODUCTION 

Recent studies have emphasized the large changes in atmospheric optical, 
meteorological, and chemical conditions that can result from fires started 
during a nuc1ear war (Crotzen and Birks, 1982; Turco et aI., 1983a.b; 
Crutzen, Galbally and Briihl. hereafter COB, 1984; NRC, 1985). In partic
ular, attention bas been focused on the effects of smoke formed in flaming 
combustion. This smoke has high concentrations of amorphous elemental 
carbon which strongly absorbs solar radiation. In this chapter, estimates 
are made of the quantities of smoke that might be produced by both ur
ban/industrial and wildland fires started by a nuclear war such as described 
in Chapter 2. The microphysical and optical properties of the particles which 
comprise the smoke are also discussed and estimates of the attenuation of 
sunlight by the smoke are made. A brief discussion of dust raised by surface 
bursts is also included. Finally, the related, but special, issue of urban fire 
spread and urban fire modelling is included in an Appendix. 

3.2 THE ORIGIN OF SMOKE IN COMBUSnON 

Smoke is formed from the burning of organic materials. The burning process 
can be conveniently differentiated into two pbases: high~temperature, flam
ing combustion during which sooty smoke is formed, and low-temperature, 
smoldering combustion during which primarily hydrocarbons are formed. 
The sooty smoke is of greater significance for the atmospheric radiation 
balance because such smoke absorbs sunlight very efficiently. Smoldering 
combustion, on the other band, produces an aerosol that predominantly 
scatters rather tban absorbs sunlight 

In flames. temperatures are sufficiently high that organic molecules can 
lose a large fraction of their hydrogen atoms by pyrolysis, leading to radical 
and ionic molecules with high C/H ratios. The free hydrogen which is created 

39 
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may be oxidized or may escape to the atmosphere. These soot precursors 
condense into hexagonal crystallites with dimensions on the order of I to 5 
om, which then grow further iota embryonic amorphous elemental carbon 
spheroids with radii of the order of a few tens to a hundred nanometers 
and an average C-to-H atomic ratio of about 10 to 1. 1f these soot spheroids 
escape the flame. they cannot be oxidized further since oxidation requires 
temperatures above about 1500 K (Gaydon and Wolfhard. 197~ Wagner. 
1980). Outside the flames; these carbon spheroids can aggregate into chain
like structures. sometimes consisting only of a few spheroids. sometimes 
forming fluffy agglomerates up to lOO",m in size (Russell, 197~ Day et al, 
1979; Bigg, 1985). The surface to mass ratio of the agglomerates, however, 
remains relatively constant, as they grow In size. 

Since in actual fire situations combustion is often not complete. the soot 
and smoke particles that are emitted into the atmosphere contain a sub
stantial fraction of unburned organic matter. Soot is, therefore, a complex 
mixtUre mainly consisting of amorphous elemental carbon and oily material. 
Generally, smokes with higher elemental carbon contents appear blacker. 

The smoke yield (defined as the masS of smoke prOduced per mass of ma
terial burned) and the elemental carbon fraction of the smoke are strongly 
dependent on the nature of the fuel and the mOde of burning. Partly oxidized 
wood (e.g., forest materials and construction wood) produces much less ele
mental carbon than fossil fuel and fossil fuel-derived products. Smoldering 
combustion produces virtually no elemental carbon because temperatures 
are too low for hydrocarbon dehydrogenation to occur. Estimates of smoke 
yields and elemental carbon fTactions for various combustible materials are 
given in the following sections. 

3.3 SMOKE EMISSIONS FROM URBANIINDUSTRIAL "RES 

The difficulties and uncertainties in estimating the smoke emissions from a 
single, large urban fire are very great. The first problem is to estimate the 
quantity of combustible material available and the fraction of that material 
that will burn. The latter factor is a complicated function of the fuel loading 
and type, the behavior of mass fires in urban areas, and the meteorological 
conditions which exist at the time of burning. Furthermore, quantitative in
formation on smoke and amorphous elemental carbon production from fires 
in various materials is still limited and mainly available from test fires that 
were conducted under controlled laboratory conditions with small quantities 
of combustible material. Consequently, there is a question about the appli
cability of these data to mass fire conditions. The smoke emission problem 
is compounded when the effects of a hypothetical nuclear war are con
sidered, due to the large number of possible urban and industrial targets. 
Some of the problems associated with selecting a scenario for a nuclear war, 
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including the extent to whiCh urban and industrial complexes and fossil fuel 
storage facilities are targeted, were discussed in Chapter 2. Estimating the 
smoke emission from fires ignited in the vicinity of these various targets is 
made more difficult by the variability in fuel loadings and types and in the 
prevailing meteorological conditions. 

Quantitative infonnation from mass fires is largely lacking despite several 
examples of large city fires during the Second World War. including those 
following the nuclear attacks on Hiroshima and Nagasaki. Studies of the de
struction of Nagasaki and Hiroshima show that essentially complete burnout 
occurred wherever the thermal energy "uence from the nuclear explosions 
exceeded 20 and 7 calleml respectively. No quantitative information is avail
able on the smoke production caused by these fires. 

Despite the substantial difficulties and uncertainties involved. three studies 
have attempted to make some estimates of smoke production from fires in 
a nuclear war (Turco et a1.. 1983a,b; NRC. 1985; CGB. 1984). The results 
from the studies by Turco et al. (1983a) and the NRC (1985) are very similar. 
Therefore. the following discussion will concentrate on a comparison of tbe 
NRC and CGB studies. 

3.3.1 Urban Areas and Combustible Burdens 

In both the NRC and CGB studies. it was assumed that a nuclear heat pulse 
of at least 20 cal/cm1 is required for mass fires to occur in cities. This may be 
a conservative assumption, as only 7 cal/cm1 reached the perimeter of the 
burnout area in Hiroshima (GJasstone and Dolan. 1977). In fact. the NRC re
port mentions that, even in Nagasaki. in directions unobscured by hills. total 
burnout occurred at all sites where the heat pulse exceeded about 10 calIcm1 

(see Chapter 1 of this Volume for further discussion). The potential fire area 
per megaton of explosive yield. roughly corresponding to the 20 cal/cm2 

irradiation zone. were taken to be 250 km2/Mt by Turco et al. (1983a) 
and by the NRC and 375 km2 /Mt by CGB. These area per Mt estimates 
were used both for urban and wildland fires.The values differ somewhat be
cause of differences in assumptions about atmospheric visibility, overlap of 
fire zones, and fire spread. In many urban fire situations. firespread would 
be expected to contribute Significantly to the total fire area (see Appendix 
3A), thus increasing the area burned per Mt. Both the area estimates given 
above appear to be conservative for isolated bursts if a burnout criterion of 
10 cal/cm2 is adopted. This latter value of ihe fluence corresponds roughly 
to that experienced at Hiroshima and Nagasaki. for which equivalent fire 
areas of 300 to 1200 km 2 lMt occurred (see Chapter 1). 

A weapon yield of 0.4 Mt corresponds approximately to the average yield 
of nuclear weapons that might be used in attacks on targets located near 
or in cities (see Table 2.1, Chapter 2). In the NRC study it was assumed 
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that a total yield of 1500 Mt of nuclear weapons, out of a total of 6500 
Mt. might be used against military command and industrial targets that are 
co-located near or in large citieS in the Warsaw Pact and NATO countries. 
Taking into account a factor of 1.5 overlap of potential fire areas, a total 
urban area of o.25x JOb km2 was assumed to bum, which corresponds to 
about half of the area of the 1000 cities with more than 100,000 inhabitants 
in both combatant blocks (Turco et aI., 1983b; NRC, 1985). In the CGB 
scenario, 300 of the most important urban industrial centers of the NATO 
and Warsaw Pact nations were assumed to be targeted with about 800 Mt 
of nuclear weapons, each having an average yield of 0.4 Mt. Allowing for a 
factor of three overlap between potential fire areas, the corresponding total 
urban area in the CGB study is likewise about 0. 25 x lOb km2 • It is estimated 
that the number of potential human casualties in the destroyed cities would 
be about 250 million, which is 30% of the total urban population in tht 
combatant nations (UN, 1980b). 

TABLE3J. 
POPULA nON AND NUMBER OF aTlES IN TIlE OEVEWPED 

WORLD IN GIVEN SIZE CLASSES (UN. 19808) 

Si7,e class Number of Total population 
(millions) cities (millions) 

>4 16 142 
2-3.9 27 73 
]-1.9 74 99 
Sum 117 314 

Total urban 834 

The urban population of the industrialized nations is between 65 and 
75% of the total population of these nations (UN. 1980b). Statistics on 
the populations of the largest cities in the developed world are given in 
Table 3.1. These statistics indicate that 40% of the total urban population 
live in the largest 120 industrial and commercial centers of tbe combatant 
nations. The total destruction of all of these urban areas, therefore, implies 
the potential burning of at least 40% of all processed combustible materials 
in the NATO and Warsaw Pact nations. Katz (1982) estimated that attacks 
with 600 warheads carrying a toW of 300 Mt of nuclear weapons could 
destroy up to 60% of al1 U,s. industry and 40% of its population. An analysis 
of the U.S.S.R. population distribution and industrial capacity (Kemp, 1974) 
showed that the largest 50 cities contained 33% of the urban population and 
40% of the industrial capacity. 

According to the 198"0 u.s. Census, about half of the total U.S, population 
lives in the 62 largest metropolitan centers. Of these urban dwellers. about 
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50% live in about 10% of the total developed areas. This implies that urban 
combustibles are concentrated in relatively small areas. Hence, the total built 
up area that might be subject to direct or collateral damage in a nuclear war 
is of great importance with regard to the quantification of the combustible 
material which might bum. In some cases, the cores of the central cities 
provide sufficient fuel loading to support "firestorm" conditions that might 
lift smoke to the upper troposphere and lower stratosphere (see Appendix 
3A and Chapter 4). As pointed out by Turco et al. (1983a). the complete 
burning of a hundred large popUlation and commercial centers could. within 
the range of current uncertaintie!i. produce about as much smoke and soot 
as that estimated in the baseline cases which were adopted by Turco et 
aI. (1983a). NRC (1985) and COB (1984). 

An important element of these studies is the need to estimate explicitly 
the amounts of combustible material in the urban and industrial centers. 
Here the NRC and CGB studies followed different approaches. Using the 
limited information available from surveys of U.S. cities by FEMA (1982) 
and statistics Oil the world production of combustible materials. the NRC 
study adopted an average combustible material loading of 40 kg/m2 in urban 
areas, representing a weighted mean between heavy loading of the order of 
se .... eral hundred kg/ml in the cores of cities and a much lighter loading down 
to 5 kg/m2 in the suburbs. This leads to an estimated total of ten thousand 
million tonne (l011l g) of material that could be consumed in fires. Three 
quarters of this. or 7.5 thousand million tonne (7.5X l()1s g). was assumed 
to bum (NRC. 1985). This quantity of combustibles was assumed to consist 
of 5 thousand million tonne (5 X lOtS g) wood. 1.5 thousand million tonne 
(L5 X 1015 g) liquid fossil fuels, and one thousand million tonne (lO'S g) of 
industrial organochemicais, plastics. polymers. rubber. resins. etc. 

The COB estimates were made differently. Material production statistics 
in the developed world were asSembled from the United Nations and other 
sources. as reproduced in Table 3.2. Based on these data and the assumed 
a .... erage lifetimes of wood in constructions and furnishings, CGB estimated 
that the urban centers that would be targeted could contain about 4000 mil
lion tonne (4 x 1015 g) of cellulosic materials in constructions. furnishings, 
plywoOd, books, etc. This amount is about equal to 25% of a11 available cel
lulosic materials in the developed world, and about 35% of all such materials 
in the urban centers of these countries, It was assumed that half of this, i.e" 
2000 million tonne (2x 1015 g), would burn in flaming combustion (see Ap
pendix 3A). The remaining material would not burn, or would smolder over 
days to weeks (see also Chandler et al., 1963). Since our primary concern 
here is the sooty smoke that is produced by flaming combustion. only the 
2 x lOIS g of cellulosic materials that would burn quickly will be consid
ered.ln Chapter 6, the potential chemica] effects of the smoke produced by 
smoldering fires will be discussed. 
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TABLE 3.2 
ANNUAL PRODUcnON OF VARIOUS COMBUSTIBLE MATERIALS 
AND ESTIMATED ACCUMULATED QUANTITIES IN DEVELOPED 

WORLD (SEE TEXT. AND UN. lQ!JOB: 1'181; FAD, 1976; WORLD BANK, 
1978). FOR FOODSTUFFS. ONLY STORAGE IN URBAN AREAS WAS 

CONSIDE.RED (SEE VOLUME II) 

Material 

Liquid fuels 
Coal. lignite 
Natural gas and liquids 
Sawnwood. panels. etc. 
Pulp. paper. paperboard 
Bitumen. total 

ro(,f protection 
city roads 

Organic polymers 
plastics 
resins and paint 
fibers 

Colton 
Fats and oils 
Cereals 
Sugar 

Production (glYI 

3.1 X 10'5 
3.5 x lOu 
8.'1 x 10'· 
3.4 X 10'• 

9 x 10'· 
(7 x W13 1 

IOu 
3 x 1{)13 

(7 x 10'3 ) 

4 X 10'3 
1.2 x IOu 
1.4 X 10'3 

JOU 
7 X 1013 
3 X 10

'
• 

5 X 10'3 

Accumulation (g) 

1.1-1.5 x IOu 
_lOIS 

1.5 x loJ~ 
1.4 x loJ" 

-101$ 
0-1.5 )( lOIS gl 

-2 x 1O'~ 
.0 )( 10'4 

(4.6 X 10'4 ) 
2 )( J014 

1.2 x llY~ 

1.4 x 10" 
10'· 

2 X lOll 
0.5-2 x 1014 

2. X 10'·' 

CGa included fossil fuel and fossil fuel..-derived products as a separate cat
egory of combustibles and showed that combustion of these materials most 
likely would have the gravest potential optical effects. According to infor
mation supplied by the Oil Market Division of the OECD in Paris, the total 
oil stocks at the primary level in ports and refineries in OECD countries 
in 1984 were equal to 420 million tonne (4.2x lOt4 g), including 70 million 
tonne (7X lOll g) of strategic stocks in the U.S., West Germany, and Japan. 
Underground storage of oil amounts only to 60 million tonne (6X lOll g). 
mainly in the U.S. and West Germany. At the distributor and user level, ad
ditional stocks of petroleum and petroleum-derived fuels vary between 40% 
and 100% of those at the primary level. The quantity of oil at sea is about 
100 million tonne (1014 g). The OECD countrie:s represent about 60% of 
the total world oil trade, From this information. CGB estimated. therefore, 
that the total amount of oil that is currently stored in the developed world 
is in the range of 1.1-1.5 thousand million tonne (1.1-1.5X lOtS g). About 
one thousand million tonne (1015 g) might be readily available for burning 
following attacks on targets co-located with urban areas. To this must be 
added similarly large quantities of coal stockpiled at mines. power stations, 
and elsewhere. although the ignition and free burning of coal is probably 
less significant. 
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About 70 million tonne (7 x lOll g) of the annual crude oil produc
tion goes into asphalt production (UN. 1981). An analysis of the bitumen 
production (UN. 1981) indicates that 1.~1.5 thousand million tonne (I.~ 
1.5x lOt.'> g) bitumen has accumulated in the developed world. The flaming 
point of bitumen is between 210 and 290DC (Giisfeldt. 1974). so that this ma
terial can readily bum in intense fires. In West Germany almost 30% of the 
bitumen is now used in the building construction industry, including 15% 
for roof insulation purposes. (Arbeitsgemeinschaft der Bitumen-lndustrie. 
personal communication). In the U.S .• the proportion is ahout 19% (B. 
Williamson, personal communication). The rest of the bitumen has been ap
plied on roads and highways. The urban fraction of this in West Germany is 
about 60% (Arbeitsgemeinschaft der Bitumen-Jndustrie, personal commu
nication). This implies that together about 700 million tonne (7X 1014 g) of 
bitumen might be available for burning in the urban areas of the developed 
world. Of this quantity. the nearly 200 million tonne (2 x 1014 g) of bitumen 
on roofs would be particularly easy to burn. 

The world producti.on of petroleum·derived organic polymers in 1980 
amounted to about 60 million tonne (6x JOU g) (UN. 1981: Weissermel 
and Muller, 1981). Extrapolating from West German conditions. the syn
tbesis of polymers from natural gas as the feedstock adds another 10 miJIion 
tonne (lOll g) of organic polymers to the 1980 production figure (Hofmann 
and Krauth. 1982). The total of 70 million tonne (7x lOll g) went mainly 
into the production of 40 million tonne (4X 1013 g) of plastics. 12 million 
tonne (J.2x 101.1 g) of synthetic resins and paints, and 14 million tonne 
()'4)( 1013 g) of syntbetic fibers (UN. 1981; Hoecbst A.G .• private commu· 
nicalion). Assuming average lifetimes of these products of 5. 10. and 10 
years, respectively. the amount of stored organic polymers in the developed 
world could be equal to about 400 million tonne (4 x 1014 g). indicating a ra
tio of about 1 to 10 between synthetic organic polymers and wood products. 
According to information from Verband der Sacbversicherer (personal com
munication) the ratio of these products in West Germany is in the range of I 
to 100r 20 and growing. There are also many additional, individually smaller 
quantities of materials, such as foodstuffs (W. Cropper. personal communi
cation; see also Volume II of this report) and rubber, that are stored in the 
developed world. These are summarized in Table 3.2. The total may add up 
to a hundred million tonne (1014 g). 

According to the above analysis, in tbe developed world a total of about 
140 million tonne (1.4X 1014 g) mainly bitumen and synthetic organic poly
mers, go each year into long-lived products. This compares well with the 
estimated annual production of 170 million tonne (1. 7 X 1014 g) of slowly 
oxidizing fossil fuel products of Marland and Rotty (1983). 

CGB assumed in their calculations that about 700 million tonne 
(7X 1014 g) of fossil Fuel and fossil fuel derived products might bum in 
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a nuclear war. This is about 25-30% of the materials readily available for 
combustion in this category of fuels. excluding coal. The actual amount 
would. of course. depend on the adopted nuclear war scenario. Neverthe
less. because fossil fuel processing facilities and storage depots themselves 
are likely targets in the case of a major nuclear confrontation (OT A. 1979; 
see also Chapter 2), the assumption that 700 million tonne (7X t()14 g) of 
fossil fuel and fossil fuel derived materials might bum in a major nuclear 
war seems entirely plausible and serves as a reasonable working hypothesis. 
Because about half of the available fuel in this category has accumulated in 
densely popUlated Europe, a nuclear war limited to this region alone could 
lead to the hypothesized fuel combustion if 50% of the available fuel were 
to burn. 

The information contained in this section may be $ummarized as follows. 
NRC (1985) estimated that altogether 7.5 thousand miJlion tonne of com
bustibles could burn as a result of a nuclear war. Of this amount. two-thirds 
were assumed to be wood and wood products. and one-third to be fossil fuel 
and fossil fuel products. CGB (1984) assumed that 25-30% of all available 
combustible materials in the developed world would burn, leading to the 
flaming combustion of two thousand million tonne of wood and wood prod
ucts, and 700 million tonne of fossil fuel and fossil fuel derived products. 
From the information given in this section, the burning of these quantities 
of material could be achieved by nuclear attacks that burned essentially all 
of less than one hundred of the most important industrial and commercial 
centers of the developed world. 

3.J.l Smoke Emission Factors 

In the NRC study, the average smoke emission factor for all fires was 
set at about 4% (0.04- g smoke emitted per g fuel), which is the weighted 
mean of two-thirds ceUulosic materials with an emission factor of 3% and 
one-third liquid fuels and synthetic organics with an emission factor of 6%. 
The average elemental carbon content of the smoke was taken to be about 
20%. which was considered to be a conservative assumption. As a baseline, 
the NRC study derived total smoke and elemental carbon emissions of about 
300 million tonne (3x 1014 g) and 60 million tonne (6X 1013 g), respectively. 
It was assumed that 50% of the smoke would be promptly removed by 
precipitation in the fire plume. implying net emission values of 150rnillion 
toJ)Jle (1.5 x 1014 g) for smoke and 30 million tonne (3 x 101) g) for elemental 
catbon. 

In the study of CGB. smoke emission factors based on the data in Tables 
3.3-3.5, were taken to be 1.5% far construction wood. 7% for fossil fuel and 
asphalt. and 5% for plastics. The corresponding elemental carbon contents 
were 33, 70. and 80%, respectively. The total estimated smoke emission 
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from urban fires was then 80 million tonne (8 x 1013 g). of which 45 million 
tonne (4. 5 x I ()l3 g) was e1ementaJ carbon. The largest single contribution 
to the elemental ca.-bon total is f.-om fossil fuel burning. CGB assumed 
that one-third of the smoke would immediately rain out in the convective 
fi.-e columns, leading to the net injection into the backg.-ound atmosphere 
of 53 million tonne (5.3X lOll g) of smoke. containing 30 million tonne 
(3 x lOll g) of elemental carbon. 

TABLE 3.3. 
LITERATURE SURVEY ON CHARACTERISTICS OF AEROSOL 

PRODUCED BY BURNING OF WOOD (FROM CRUTZEN. ET AL 1984), 
REPRODUCED BY PERMISSION OF D. REIDEL PUBL. COMPANY 

Aerosol EXlinclion 
Ref. Nu. Type yield EJememal C m~/& fuel 

Fireplace, softwood q g/kg 33% of aerosol 
Fireplace. hardwood 10 glkg 8% of aerosol 

2 Residential wood 13% of aerosol 
3 reSl fires 50% saol 

free hurning 0.023 
ventilalion 0.15 
controlled 

4 Test fiTes 
hardwood 0.085-0.16% 
fiberboard 0.75% 

5 Tesl fires 1.0-2.5% 
(ftaming) 

3.1-16.5% 
( nonflaming) 

6 Test fires 1.5% 40% of aerosol 0.11 
7 Test fires 0.2-0.6% 

"Average" l.S% 33% (0.10) 

References~ 

1. Muhlbaier·Dasch, 1982; 
2. DeCesar and Cooper, 1983; 
3. Rasbashand Prau, 1979, and private communicalion OJ. Rasbash: 
4. Hilado and Machado, 1(}78; 
5. Bankston et al.. 1981; 
6. Tewarson, private communication: 
7. Seader and Einhorn. 1976. 

The estimated emissions of amorphous elemental carbon in the baseline 
NRC and eGB studies are. therefore, equal, although more smoke is emit
ted in the NRC scenario, As wiD be discussed in section 3.6, the climatic ef
feets of nuclear war are mainly determined by the emissions of the strongly 
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TABLE 3.4. 
LITERATURE SURVEY ON CHARACTERISTICS OF AEROSOL 

PRODUCED IN OIL AND GAS BURNING. NOTE THAT REFERENCES 
1-4 ALL REFER TO CLEAN BURNING IN HOUSEHOLD EQUIPMENT 

AND ARE NOT REPRESENTATIVE FOR FREE BURNING (FROM CRUTZEN 
ET AL. 19841. REPRODUCED BY PERMISSION OF D. REIDEL PUBL. 

COMPANY 

Ref. No. Type Elemental C 

Residllal oil in burner 31 % of aerosol carbon 
2 Diesel engine 80% of aerosol 

Ga~ fllrnace 90% of aerosol carbon 
3 light oil in burner 40-10% of aerosol 

Natural gao.; rurnace 40 ... 70% of aerosul 
4 light oil in burner 40% or aerosol carbon 
5 Oils, rubber 100% soot 
b Oil slick 2-6% of fuel burned 
7 Nalural gas diffusion all emissions as soot 

flames 
Heavy fuel oil diffusion all emissions as soot 

flames 
8 Aliphatic oils 3-10% of fuel burned 
9 Benzene, styrene 

"Average" 5% of fuel burned 

References 
1. Cooper and Watson, 1979.: 
2. Muhlbaier-Oasch and William~, 1982; 
3. Nolan. 1979; 
4. Wolff el aI., 1981: 
5. Rasbash and Pratt, 1979; Rasbash, private communica.tion: 
6. Day et ill .. 1979; 
7. Matava!, 1972; 

Extinction 
m2fg fuel 

O.7-U 

3 

2 

0.8 

(O.7) 

8. Rubber and Pintics Research Association of Great Britain, letter to authors; 
9. Tewarson, private communicalion. 

light-absorbing elemental carbon. Thus, the climatic consequences of the 
estimated emissions. which are discussed in the following two chapters. will 
be similar regardless of whether the NRC or CGS scenario is used. 

It is clear from the information gathered in Tables 3.3-3.5 that, even for 
sif!1ple test fires, there is at least a factor of two uncertainty in the smoke 
and elemental carbon emission yields for each category of combustibles. 
Further uncertainties are connected with the applicability of this smoke 
emission data to the mass fires which could develop in large cities in a major 
nuclear war situation. Various factors. such as the greater intensity of the 
large fires and the generation of strong convective motions that could loft 
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TABLE 3.5. 
LITERATURE SURVEY ON CHARACTERISTICS OF AEROSOL 

PRODUCED BY BURNING OF PLASTICS (FROM CRUTZEN ET AL.. 
1984). REPRODUCED BY PERMISSION OF O. REIDEL PUBL COMPANY 

Ref. No. Type Aerosol ElementaJ C 

1 Plastics 100% soot 
Rubber 

2 Various plastics: 5-50%5001 2-40% of fuel 
3 Polyethylene. styrene 

P.V.c. (flaming) 1.2-3.2% 
POlyurethane (flaming} 9% 

4 Plastics 6-20% 
5 Plastics 3-5% )Iln% soot 
6 Plastics 11-20% 75% soot 
7 Plastics 
8 Automobile components 5% 
9 Plastics 60-100% 
10 Polystyrene 3-10% soot 

Polyethylene 5-8.3% 
Polyisoprene 19.4% 
POlystyrene 21.0% 

11 Various plastics 6.4-9% 

"'Average" 5% 80% 

References; 
L Rasb;ish and Pratt, 1979, and OJ. Rasbash,.privau!' communication; 
2. Morikawa, I~ 
3. BankswD et aI •• 19B}; 
4. Hilado and Machado, 197K; 
5. J.E. Snell,privale communication; 
b. Tewar5(m el.al., 1981; 
7. Tewarson. 1982: 
8. EPA,l978; 
Q. Seader and Ou, 1977; 

Extinction 
m2 /g fuel 

0.2-1.6 
1.0 

0,3--1.2 

0.2-1.7 

(0.6) 

lO. Rubber Plastics Research A5s0ciation of Great Britain, leiter to authors; 
n. Tewarli(m, private communication. 

debris. argue for larger emission factors in the case of the large fires. There 
are strong indications that ventilation-controlled fires produce much more 
smoke than free burning test fires (e.g. Rasbash and Pratt. 1979). A1so, in a 
nuclear war. much of the burning of liquid-fuels would occur from ruptured 
fuel containers which would create pool fires. These fires and the burning 
of street asphalt may produce substantially more than 7% smoke (Rasbash, 
private communication). High coagulation rates in the· dense smoke plumes 
of oil fires might lead to fluffy soot particles in the supermicron range. (The 
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microphysical and optical propenies of these large particles are discussed 
below.) It is also possible that in large pool fires an appreciable fraction of the 
oil would be \/oJatilized without burning and then condense as oil droplets 
a few millimeters in size; such large drops would be remo\/ed rapidly from 
the atmosphere by gravitational settling. Observations of the size and optical 
properties of the aerosol generated in large oil fires are, unfortunately, not 
a\/ailable, leaving this as one of the most critical sources of uncenainty in 
the estimates of smoke emission. Further research on the emissions from 
large fires is clearly needed (see Chapter 8). 

3.4 PARTICULATE EMISSIONS 
FROM FOREST AND WILDLAND FIRES 

Both the NRC (1985) and the CG B (1984) studies considered as baseli De 
cases that O.25x 10" km2 of forest could burn in a nuclear war. The NRC 
study assumed that on a purely random basis about 40% of the attacks 
on military targets could occur above forests and 40-50% over brushlands 
and grasslands. According to a meteorological analysis by Huschke (1966). 
about 50% of such areas are medium to highly flammable during the sum
mer. Because effective fire fighting would not be possible during and after 
a nuclear war, such forest areas, once ignited, could spread over larger ar
eas than what is now normally the case. Assuming that fires would burn 
over all areas recei\/ing thermal pulses larger than 20 caJ/cml, correspond
ing to a fire area of 250 km2lMt. the total forest area that could burn during 
summer and fall would be equal to 250,000 kml, if neither overlap of fire 
areas nor fire spread are considered. In an alternative calculation the NRC 
panel considered the effects of attacks on missile silo fields (2000 Mt) and 
other military targets (3000 Mt}.The missile silo fields occupy an area of 
250,000 kml, of which it was estimated that 50,000 km2 were located in 
forested areas. It was assumed that this entire forest area would be to
tally incinerated. The remaining 3000 Mt on military targets could lead 
to fires in 150,000 km2 of forest. According to NRC, if some fire spread 
is considered, a total of 250,000 km 2 of forest could burn in a nuclear 
war. 

In the CGBstudy, which was based on the Ambia scenario, it was assumed 
that a statistical average of 22% of the total megatonnage used in the war 
(i.e., 1000 Mt) would explOde on forest lands and 43% in brushlands and 
grasslands (Galbally et aI., 1983). Prominent among the targets are ICBM 
silos tbat receive two 0.5 Mt weapons per site and, altogether, 70% of the 
total megatonnage (about 2000 Mt). The a\/erage spacing between Minute
man silos in the U.s. Corresponds to an average area around each silo of 
about 100-150 km2 • If such close spacing also applies in the U.S.S.R .• the 
area of forest burning near ICBM sites could be no more than 50,000 km2 • 
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The remaining 30% of the megatonnage (about 900 Mt) would consist of 
0.2-0.3 Mt weapons, used mainly against single military targets. such as army 
and air bases and command posts. Extrapolating from data qUOted by Hill 
(1961) which jnel ude estimates of firespread, the minim urn fire spread area 
for a 0.25 Mt weapon would be 200 km 2• With about 1400 explosions, it 
was, therefore, concluded that 200,000 km2 of forest land could burn near 
military targets other than ICBM silos. Considering that additional forest 
fires could start near cities and industries. a Forest fire area of 500,000 km2 , 

according to CGB, would be possible. The total forest fire area estimated by 
CGB would have been appreciably reduced to 100,000 km2 if a more con~ 
servative burnout criterion of 250 km2/Mt, which neglects firespread, had 
been adopted. 

The average load of combustibles in temperate forests is about equal to 
20 kglml, of which it was assumed that about 20% could be consumed by 
the fires. This assumption is somewhat larger than in normal forest fires 
(Safronov and Vakurov, 1981), but takes into account the effects of simul
taneous ignitions, which could lead to mass fires. and debris formation by 
nuclear blasts. These figures lead to a total forest fuel consumption of lOIS g. 
as calculated by both NRC and CGB, for a total forest fire area of 250,000 
km2. On the average, half oftbe fuel would be consumed in flaming and half 
in smoldering combustion (Chandler et at, 1963; Wade. 1980). The smolder
ing combustion produces about 5 times more particulate matter than flam
ing combustion (Wade. 1980). Based mostly on the compilations by Ward 
et a1. (1976). the smoke emission factor (mass of smoke produced per mass 
of fuel) was assumed t6 be 3% in the NRC study and 6% in the CGB study. 
Of this. 10% was assumed to be amorphOUS elemental carbon. This leads 
to total smoke and elemental carbon emissions of 3 x lOll g and 3 x 1012 g 
(NRC. 1985) and 6 x 1013 g and 6x 1012 g (CGB, 1984). respectively. These 
quantities are appreciably smaller than tbe potential smoke emissions from 
urban and industrial targets. 

Some recent studies indicate that the effects of forest fires may have been 
overestimated in the NRC and CGB studies. Patterson and McMahon (1984) 
inferred elemental carbon fractions ranging from 0.5 to 20% from light ab
sorption measurements in smoke produced from forest fuels in laboratory 
experiments. As expected. the smaller values were associated with smolder
ing combustion and the larger with flaming combustion. Emission factors 
for the flaming fires were found to be between 0.8 and 2%, and for the 
smoldering fires were about 5 to 6%. In combination. these factors gave es
timated elemental carbon emission factors from laboratory pine needle fires 
ranging from 0.07 to 0.25%. In considering data from low-intensity field 
bums with forest fuels, Patterson and McMahon (1985a.b) inferred an ele
mental carbon fraction in the smoke of at most 8%. Field burn experiments 
of logging residues gave values of the emission factor of elemental carbon 
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in the range of 0.08 to 0.12% Considering both laboratory and prescribed 
field burns. Patterson and McMahon (1985a,b) proposed an elemental car
bon emission factor of 0.14%. In comparison, based on earlier compilations. 
the NRC and CGB studies adopted emission factors for elemental carbon 
of about 0.3 and 0.6%. respectively. In addition. the data of Patterson and 
McMahon (1985a,b) suggest that total smoke emission factors may also have 
to be reduced. Similarly, from a series of 35 measurements in 6 prescribed 
burns of forest products in the states of Washington and Oregon in the U.S., 
Hobbs et al. (1984) deduced an average smoke emission factor of only 0.4% 
for particles with diameters less than 2 ",m. 

Unfortunately. the results quoted above are all for small laboratory fires 
or for prescribed burns of logging residues, which are relatively low-intensity 
fires. Major forest fires may produce more smoke per mass of fuel and more 
iOlense fires are almost certain to produce more elemental carbon. Patterson 
and McMahon (1985a.b). in fact; show that the light absorption increases 
with fire intensity. indicating more elemental carbon emission. Clearly, field 
observations of these larger fires are urgently required. Also. Patterson and 
McMahon (1985a.b) mention that the burning of organic gases that are 
driven out of live vegetation might produce considerable soot. This could 
be an important source of elemental carbon in a nuclear war in which large 
amounts of live vegetation in forests and croplands are burned. 

A large reduction in the estimates of the potential atmospheric optical 
impact from forest fires would follow from a study by Small and Bush 
(1985). Rather than assuming a wildland fire area proportional to total yield 
and global statistical coverage of forest, brush. grass, and agricultural lands. 
Small and Bush (1985) attempted to identify the exact locations of potential 
military targets (missile silos. air bases. radar sites. weapon storage depots, 
communication centers, etc.) and to calculate the ignition area. type of wild
land and its fuel loading. firespread, and smoke production. The results of 
the calculation vary seasonally, but in all seasons Small and Bush (1985) 
found at least an order of magnitude less smoke production than estimated 
by Crutzen and Birks (1982), Turco et at (1983a). CGS (1984). and NRC 
(1985). 

Small and Bush (1985) point out that most military targets are not dis
tributed randomly over the various ecosystems of the U.S. and U.S.S.R. 
but are either concentrated in a few missile fields. or located along major 
transportation arteries. According to their analysis, the greatest number of 
targets are located in agricultural and grasslands, while 14% are in forest 
lands. mostly in the Soviet Union, Burnable fuel loadings in each of the 
categories of wildlands and agricultural lands were taken from analyses of 
the U.S. FOfe$t Service (Deeming et al,. 1977). Small and Bush also assumed 
that croplands would not be in a condition to burn for most of the year. but 
only when grains have ripened and have not yet been harvested. a period of 
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about two weeks. Consequently, although only 10% of the military targets 
are located in forested lands, forest fires would still account for 40% of the 
total area burned. 

Weather conditions could have a large influence on firespread, leading to 
substantial seasonal variations. with maxima during summer. In the study of 
Small and Bush (] 985). average climatic conditions necessary for ca Iculations 
of ignition radius (visibility and fuel moisture) and probability of firespread 
(temperature. relative humidity, fuel moisture. and winds) were obtained 
for weather stations closest to the potential targets. Altogether. Small and 
Bush (1985) derived a maximum forest fire area of 70.000 km~ in summer 
time. about 30% of that adopted by the NRC and eGB studies. and total 
smoke emissions of at most 3 X tOU g. an order o( magnitude less than that 
derived in the earlier studies. 

The study by Small and Bosh (1985) currently is the most complete analy
sis o( the possible wildland fire areas following a nuclear war, However, very 
little detail about their analysis procedures has been provided, Furthermore. 
there are critical factors and assumptions entering into their analysis that in
dicate that their estimates represent lower bounds to the smoke that would 
be produced from wildlands in a nuclear war. 

First of all, the applicability of the adopted fire ignition and spread model. 
in which average meteorological conditions are assumed, is open to question, 
For instance. it is conceivable that large tracts of the Soviet Union are in 
a condition of drought. while those in the U.S. are not (and vice versa). 
The probability that major forest fires may spread over large areas of any 
one of the combatant nations due to regional drought conditions should be 
considered. It is exactly this factor that leads to large-scale (orest fires during 
unfavorable years. For instance. there are reports of forest fires lasting for 
months and burning for some ten million hectare in Siberia (Shostakovitch. 
1925), It is clear that firespread must have played a large role in this. The 
potential effects of fires started by tactical nuclear weapons (such as the 
30,000 such weapons in the European theater alone) should also be taken 
into account. 

In the study by Small and Bush (1985), firespread accounted for less than 
7% of the total fire area, This is an extremely low number in light of the 
tabulated frequency distribution of fire danger indexes by Schroeder and 
Chandler (1966), partly reproduced in Table 3.6. According to this tabula
tion, in the period April-October. the probability of "critical fire conditions" 
in the Northern Plains regions would be between 3-23% and for "action
able conditions" near 50%. Critical conditions imply that any fire would 
be uncontrollable and could spread. until the weather changes. Actionable 
conditions imply that the fires can be controlled with fire fighting efforts. 
However. effective fire fighting would be very unlikely in a nuclear war 
situation. 
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TABLE 3.b. 
EXPECTED FIRE BEHAVIOR (SCHROEDER AND CHANDLER 1%6) 

Fire condition- January April lui), October 

Northeastern Plains Region 

FO .93 .35 .23 
NS .06 .22 .32 
Act .01 .40 .43 
C .00 .03 .02 

Northwestern Plains Region 

FO .73 .34 .12 
NS .15 .19 .13 
Act .12 .41 .57 
C .00 .Ob .18 

Northern Rockies & Nortl1ern Intermountain Region 

FO .90 .23 .03 
NS .06 .31 .07 
Act .04 .45 .12 
C .00 .01 .18 

Central Il'ltermountain Region 

FO .72 .16 .02 
NS .17 .15 .04 
Act .11 .55 .43 
c .00 .14 .51 

~ The lire conditions ~onsidered are; 
FO ::: Fire Out (fire won', start) 

.29 

.25 

.42 

.04 

.22 

.14 

.sO 

.14 

.30 

.20 

.46 

.04 

.10 

.11 

.64 

.15 

NS = No Spread (fire will start but won"t spread and will go out if weather mays the 
same) 
Act = Actionable (fire needs action and is controllable) 
C = Critical (fire unconlroBabie unlil weather ~hanges) 

Secondly. the fuel contained in the U.s. Forest Service Fire Danger Model, 
which was used by Small and Bush. accounts only for a small fraction of 
the potentially available fuels, i.e .. only the "fast burning" fuels that mainly 
contribute to fire intensity. They suggest that the fires would consume 0.5-
1.6 kglm2 in forests, which accounts for only 3-10% of the available biomass 
density. A range of 2"-4 kglm2 seems much more realistic, especially since 
trees would be shattered by blast waves over wide areas. 

Furthermore, it is a distinct possibility that the simultaneous ignition of 
forest and other wildland materials following nuclear attacks would become 
more efficient in a multiple -burst scenario than under nonnal conditions 
because the overlapping blast wave and thermal radiation zones can shatter 
and dry out live and moist fuels, making them more susceptible to burning. 
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Finally. the analysis of fire ignition area and land use characterization 
derived by Small and Bush (1985) is not uncontested. A recent evaluation 
of land use in and around U.S. ICBM silo fields by Ackerman et at. (1985b) 
indicates that as much as 150,000 km2 of vegetation could be affected in the 
summer half-year by attacks on U.S. silos alone, which should be contrasted 
with the 190,000 km2 derived by Small and BuSh (1985) for all military 
targeting. The difference in these estimates is partly related to the assumed 
incendiary efficiency of multiple nuclear bursts over missile fields. 

The land use data derived by Ackerman et a1. (1985b) from Landsat im
ageryand U.S. Geological Survey land use maps are reproduced in Table 
3.7. Making use of a new survey of biomass loadings (see also Volume II of 
this report), these authors calculated the smoke emissions from forest and 
crop fires to be from 5 to to times greater than those derived by Small and 
Bush (I985). This difference is related to the larger area assumed affected 
as well as the larger estimates of readily combustible biomass. As a further 
complication. there are indications that more Soviet silo fields and military 
bases are located in forested areas than are U.S. bases. 

TABLE 3.7. 
LAND USE IN U.S. MISSILE BASES AS FRACIlONS OF THE TOTAL 

AREA (FROM ACKERMAN £T AL. 1985B) 

M is~ile Base Grass· Deciduous Coniferous Agr;cuJlure Other" 
lands Forest Forest 

Ellsworth. SO .74 .03 .4:2 .01 
Grand Forks, ND .03 .03 .94 
Malmstrom, MT .48 .12 .40 
Minol, NO 2" .73 .05 
Warren, WY ..54 .45 .01 
Whiteman. MO .11 .87 .02 

8 Mainly water or batren land. 

The estimations of the possible contributions of wildland fires to smoke 
production in a nuclear war remain, therefore, still uncertain. Following 
the studies of Hobbs et al. (1984), Patterson and McMahon (1985a,b), and 
Small and Bush (1985), it seems likel y that their importance was somewhat 
overestimated in the previous studies. However, this does not significantly 
alter the total estimated emissions, which are dominated by the emissions 
from urban and industrial fires. 

Finally, it should be noted that forest fires in the postwar environment 
might lead to important effects. It is conceivable that large quantities of 
unburned and dead forest material could accumulate due to the combined 
effects of climate changes and the release of intense radioactivity (Woodwell. 
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1982) and hazardous ,chemicals from industrial and urban targeting. If ig~ 
nited some months after the nuc1ear war, these ar~ could contribute large 
amounts of smoke, although by this time it may not be a significant con
tributor to climatic effects. Peatbog fires in north temperate latitudes, Which 
can last for months (Shostakovitch. 1925; Safroi1ov and Vakurov, 1'981) are 
another potential source of large ,amounts of smoke. 

3.5 MICROPHYSICAL PROCESSES 

In the preceding sections. estimates of smoke emission from fires were given. 
The particles or aerosols. comprising this smoke (and the dust raised by sur~ 
face bursts-see section 3~8) interact with each other and with background 
particles, douds, and precipitation as they evolve in the atmosphere. Ac
cordingly, a va'riety of physical processes involving heterogeneous mixtures 
of airborne particles are of interest here. The properties that define a par
tide inchu;le its size, shape. structure (morphology), compOsition, density 
or mass, inde" of refraction, and response to humidity. These properties 
can also change in time through the physicaI and chemical tranSformations 
outlined below . 

3.5;1 IntetactlonsWhh the Environment 

Smoke and other aerosols in the atmosphere are influenced by gravity and 
interact with ions,gases, solar radiation~ and, near the ground, physical sur
faces. GravitationaJ sedimentation occurs when a particle faUs relative to the 
surrou:nding air becauscQf its-much higher density (compactness). Sedimen
tation'may genetaIly be neglected for submicron particles in the troposphere 
,and lower stratosphere (Twomey. 1977) because vertical atmospheric mo
tions transport such particles more rapidly than sedimentation. For larger 
particles, however. sedimentation enhances the rate of removal by bringing 
particles to lower altitudes or to the surface. An exception would be loosely 
aggregated clusters (e.g., soot-like chains). with very low effective densities 
and large effective aerodynamic ctoss-sections. Such particles would readily 
be carried by winds, and would settle out of the atmosphere more slowly 
than compact particles of the sam!;! mass. 

Near the ground, particles can diffuse (and adhere) to a variety of surfaces, 
inCluding soil, water, and vegetation (the latter in particular may provide an 
enormous collection area in heavy overgrowth). PartiCles of different sites 
attach to surfaces with different efficiencies. Notably, aerosols with radii in 
the range of 0.1 to 1.0 microns have very small "deposition" velocities (less 
than 0.001 mJsec; 8linn, 1977). 'The deposition velocity is defined in terms 
of the net flux of a substam:e carried to a surface by all active microscale 
processes. Nevertheless. for smoke particles in the submicron size range, dry 
deposition can be an important Secondary removal" process, 
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Aerosols exist in close thermal equilibrium with the atmosphere. The tern· 
perature deviation is usually negligible because the energy absorbed by small 
panicles (e.g., solar radiation) is quickly transferred to the surrounding air 
by therma1 diffusion. Hence, nonequilibrium heating or cooling of smoke 
panicles or fine dust particles may be ignored in the lower atmosphere. 
Above the middle stratosphere (roughly 3S km). panicles may heat up by 
several degrees above the surrounding air temperature. 

Smoke interacts with gaseous chemical constituents in the atmosphere. 
Some of the reactions alter the surface composition of the particles, while 
others may actually consume the smoke. Adsorption of vapors from the en· 
lIironment can also cbange the composition and size of particles as well as 
their hygroscopic properties and index of refraction. The reactions of oxi
dants such as ozone and hydroxyl radicals with carbonaceous soot particles 
may deplete the soot mass; such reactions could be particularly important 
in the stratosphere where a long residence time for soot would otherwise be 
expected. However, reactions that are sufficiently rapid to merit attention 
in the atmosphere have not been identified (see Chapter 6). Therefore, sig· 
nincant SOOt consumption by photochemical processes must be considered 
speculative at tbis time. Moreover, particles would be coated by oily rna· 
terial or, after a day or so in the atmosphere. with a number of inorganic 
compounds such as sulfates and water, thereby isolating the carbon surfaces 
from direct chemica1 attack. 

Ions are present at aU levels in the atmosphere. In the troposphere, ion 
concentrations of 1 09/m 1 are typical. Because the mobilities of positive and 
negative ionic species are generally unequal, aerosols immersed in an ion 
plasma accumulate a net charge. The charge is small enough that its effects 
on aerosol micropbysical processes can usually be ignored (Twomey, 1977). 
This situation is quite different from that which applies in powerful con· 
vective storm systems (and possibly large fire plumes), where ice processes 
lead 10 strong electrification of cloud droplets and aerosols (Pruppacher and 
Klett, 1980). Because air is a weakly ionized plasma witb a small but finite 
conductivity. any highly charged objects immersed in it win tend to discharge 
over time. 

Photopboresis describes the force exened on a particle as a resuh of 
nonuniform heating by !iClar (or other) radiation. If. in absorbing an in· 
cident beam of radiation. a particle is heated preferentially on one side, 
the diffusion of heat away from the particle creates a thermal gradient in 
the surrounding air which exerts pressure in the opposite direction. By its 
nature, the photophotetic force is very weak. However. for small particles 
illuminated by sunlight, It can exceed the force of gravity. Recently, Sitarski 
and Kerker (1984) proposed that photophoresis may cause soot particles 
to levitate in daylight, and might explain the long lifetime of the Arc· 
tic haze aerosol. Depending on the size and composition of the particles, 
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phQtophoresls could either increase or decrease the vertical (settling) veloc
ities of soot aerosols. However. there are a number of reasons to believe that 
photophoresis isunllkely to be important for soot under atmospheric condi
tions: Brownian rotation of small particles reduces their nonuniform heating 
by sunlight; the diurnal variation of solar insolation reduces the average pho
topboretic forceby a factor of about four relative to the gravitational force; 
the irregular shape of typical soot particles disturbs the required pattern of 
heating; upwelling shortwave radiation (scattered and reflected) heats the 
-particles in the opposite sense from the direct solar radiation; and the solar 
beam could be significantly attenuated in certain circumstances following a 
nuclear war. 

3.5.2 Agglomeration 

A homogeneous or heterogeneous aerosol mixture will coagulate through 
various mechanisms to form aggregated particles. Collisions between parti
cles are induced by thermal Brownian motions. winds and turbulence. and 
gravitational settling. Coagulation due to Brownian motion is most effective 
for submicron particles and is generally less significant for supermicron par
ticles (Pruppacher and Klett, 1980). Collisions between particles traveling at 
different relative speeds in laminar Haws and in turbulent flows are most im
portant for larger particles. which can experience differential accelerations 
due to· wind shears, and can cross streamlines during curvilinear accelera
tion. Gravitational 'coalescence involves differences in particle fa II speeds, in 
which a larger particle overtakes and intercepts a smaller particle. TO be 
effective. the faUspeeds must be substantial; accordingly, at least ORe large 
particle must be involved in the collision process. The relative importance 
of the various aerosol agglomeration mechanisms is illustrated in Figure 3.1. 

If an encounter between two particles is to result in coagulation, the parti
cles must touch and adhere. Submicron particles with small Stokes numbers 
tend to flow around obstructions in the airstream. To impact a surface. such 
particles must diffuse through a laminar boundary layer separating the sur
face from the deflected airflow. However,because aerosols have (relatively) 
small diffusiOn coefficients. they are hindered in reaching the surface during 
the brief duratiOn of an encounter. Larger particles with greater inertia can 
cross streamlines in the flow and impact the s\lrface direCtly. 

A variety of fortes tan act to hold the aerOSols together foUowing a col
lision. Van der Waal's surface forces can hold dry. submicron aerosols to
gether. Droplets can coalesce into larger droplets under the influence of 
surface tension, and dry particles can be wetted in this manner. For large 
dry aerosols, electrical coulombic forces can effectively bond particle clus
ters, given a sufficient charge, Chemical substances condensed on surfaces 
and in crevices can act to cement and strengthen particle aggregates. 
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Figure 3.1. Comparison of coagulation kernels for various aerosol collision mech
anisms for a spherical particle having a radius of 1 I-Im and a density of I glcm l 

interacting with spherical particles having radii between 0.1 and 10 I'm. The dot
ted lines indicate regions where complex hydrodynamic interactions between the 
particles invalidate the theoretical treatment used. The assumed turbulent ener&), 
dissipation rates arc gi'ICn in brackets. (Hidy. 1973. adopted from Pruppachcr lind 
Klelt. 1980) 

However. when particles impact with great force, they may not stick to
gether. The particles can rebound elastically or, if there is enough force. can 
break off or knock loose smaller particles (Rosinski and Langer. 1974). 

As already noted, large soot aggregates have been observed in the burning 
of oil and plastics (e.g., Day et a1.. 1979). In regions of flames that are hot, 
rich in organic molecules, and lacking oxygen, soot is initially generated as a 
concentrated aerosol of very small amorphOUS carbon spheroids roughly 50 
nm in diameter (Wagner, 1980). The spheroids, which appear to be charged, 
coagulate to form chain Structures, and the chains may later coagulate to 
form fluffy aggregates. If the sooty smoke is rapidly diluted, the chains are 
.. frozen out" at fairly small sizes (less than llJ. m). If the smoke is very dense, 
the chains can aggregate to much larger sizes (greater than 10IJ.m). The rate 
of dilution of the smoke with clear air is an important factor in control
ling the aggregate sizes (NRC, 1985). Typical dilution rates normally limit 
the extent of aggregation to relatively small sizes. Nevertheless, in large oil 
fires. where soot yields might exceed 10%, many supermicron agglomerated 
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particles would be expected. Such large partiCles may be efficiently scav
enged by falling raindrops. These problems have not yet been quantified 
either experimentally or theoretic-<llly. 

It is important to note that soot agglomerates have very different physi
cal and optical properties thancompat:t spheres ofequivaient mass. Physi~ 
cally. soot agglometates have abnormally large aerOdynamic crosS seCtions 
for their mass. Hence. they have lower settling velocities and smaller impact 
efficiencies than is suggested by their physical dimensions. The exaggerated 
cross sections of soot particles can also lead to accelerated coagulation rates 
(8aum and Mulholland, 1984). Instruments designed to measure aerosol 
sizes by opti.;al means or by mObility analysis have. to our knowledge, never 
been calibrated against soot agglomerates. Accordingly, in situations where 
soot clusters are expected to form, such measurements must remain suspect 
The optical properties of soot are discussed in the section 3.b. 

]n tbe plumes of large fires, the powerful Winds that are induced loft ash. 
dust, and fire debris along with sm'oke and soot. Sub-micron smoke parti~ 
c1es may be captured and removed by large supermicron particles that may 
also be lotted. In their global scale calculations. Turco et al (1983a, b) in
cluded the effects of modest quantities of fire-:generated ash particles and 
large quantities of explosion-generated dust particles as scavengers of smoke. 
The collection processes that they treated included Brownian coagulation, 
gravitationally-induced impaction. and turbulent shear, and inertial coagu
lation (Pruppacher and Klett, 1980). For assumptions of both instantaneous 
and delayed dispersal of the mixed. smoke and dust clouds, Turco et aJ. found 
these processes to be of minor importance. 

Porchet al. (1985) have further examined the potential for scavenging 
by large particles, especially in firestorm environments. They considered 
turbulent energy dissipation rates ranging from 0.1 m2 /secJ typical of thun
derstorms to 0.8 m2/sec3 scaled from the values fOT an intense fire plume 
modeled by Cotton (19S5). The Porch et a1 model included a simplified 
turbulent coagulation theory, but did not aCcount for the hydrodynamjc in.;. 
teractions between large and small particles which generaUy reduce particle 
collection efficiencies (Pruppacher and KJett, 1980). They also did not in
clude. however. the extra surface area of chained aggregates and the effects 
of particle Charge, which may increase collection efficiencies. For levels of 
large particle concentrations (...., 0.1 glm j

,) found in a modest-sized fire by 
Radke et al (1983), there is very little reduction of the optical depth over 
a thirty minute period, Which may actually be longer than typical smoke 
parcels would remain in the highly turbulent regions of the fire plume. In 
tbeir model, large particle concentrations must be increased by about a factor 
of 50 (i.e., to levels observed near' the ground in modest-sized dust storms) 
for there to be a reduction by a factor of 2 in optical depth. Maintenance 
of such high concentrations of large particles would require relatively hign 
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windspeeds to scour the surface and 10ft dust. char. and other materials. 
Such conditions might occur as a result of the high velocity rotating winds 
jnd uced in an organized urban firestorm (e.g., as may have ocru rred in Ham
burg). If such events are as relatively rare as was the case during World War 
II, the overall effect on the total smoke_ burden as a result of scavenging by 
large particles would not be substantial; if such events are frequent, further 
consideration of this process may be warranted. 

3.S.3 Precipitation Scavenging 

The primary means by which submicTQD aerosols are removed from the 
atmosphere is through incorporation of aerosols into cloud water by nu
cleation and phoretic scavenging. followed by cloud water coalescence and 
precipitation to the ground. These same processes would be the primary 
removal mechanisms following a nuclear war. However, in discussing scav
enging and aerosol removal. the prompt scavenging of smoke and dust by 
precipitation that may be induced in the convective fire plumes must be dis
tinguished from the synoptic scale scavenging processes, which would occur 
after the smoke plumes had dispersed into the background atmosphere. 

3.53.1 Observations 

One of the most critical problems in the estimation of the long term 
climatic effects of large urban fires is the extent to which smoke particles 
could be removed by precipitation scavenging in the convective plumes that 
accompany the fires. The "black rains" that followed the nuclear explosions 
in Hiroshima and Nagasaki amply demonstrated that smoke can be removed 
from plumes by fire-induced convective clouds. A graphic illustration of this 
process can be seen in the Peace Memorial Museum at Hiroshima, where 
a section of the white waIl of a house covered' with streamers of ink-like 
smoke residues is displayed (Ishikawa and Swain, 1981), 

Nevertheless. quantitative information on the efficiency of smoke removal 
by fire-induced precipitation is' lacking. The efficiency is unlikely to be close 
to 100%. For most convective storm systems, the precipitation efficiency, 
which is roughly defined as the ratiO of the precipitation rate at the ground 
to the water condensation rate in the cloud, is typically between 15% and 
65% (Foote and Fankhauser. 1973~ Marwitz. 1974; Hobbs and Matejka. 
1980). Strong updrafts carry some of the condensed water to high altitudes, 
where it detrains from the clouds and reevaporates. Much of the rainfall 
below the cloud-base is known to evaporate as well (amounting to about 
40% of the vapor flux into the cloud-base); however, this would have a lesser 
effect on the re-injecton of aerosols since few droplets evaporate completely. 
Overall, continental cumulonimbus systems typically convert less than 50% 
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of the moisture entrained into precipitation at the ground. In the case of 
very powerful cumulonimbus systems in highly sheared environments. the 
precipitation efficiency can be less than 15% (Fritsch and Chappell 1980), 
For one thing, the strong updrafts restrict the formation of large ice particles. 
Because precipitation is less efficient in this case, targer quantities of ice are 
injected into the anvil. 

The ratio of condensible water mass to smoke mass in a large fire plume in 
a moist ambient environment could be 1000 or more (NRC, 1985). Accord
ingly, there is sufficient water available to remove most of the smoke-if the 
cloud were to rain and if the rain were efficient at scavenging the smoke. 
As just noted, intense cumulonimbus systems are generally inefficient gen
erators of precipitation. Even so, enough rainlhail could form (in humid 
environments) to remove a significant fraction of the smoke. 

Fires do nOI always produce intense convective plumes. rainfall, and effi
cient smoke scavenging. This is clearly illustrated by observations of major 
forest fires. In September 1950, the smoke plumes from more than 100 for
est fires in Alberta. Canada resulted in the "Great Smoke Pall" over North 
America. Sunlight was attenuated over much of Canada and the eastern 
one-third of the U.S. (Wexler. 1950). The reported altitude of the smoke 
cloud was between 2.5 and 4.5 km. One week later, the smoke clouds were 
visible over several countries in Western Europe, where the smoke was ob
served to be as higb as the tropopause (Smith, 1950; Wexler, 19S0).Satellite 
observations show that smoke produced by large forest fires in European 
Russia in August 1972 was transported eastward over the Ural mountains 
for distances of 5600 km in the middle troposphere (Grigoriev and Lipa
lov. 1978). Similar observations of long range transport of Australian forest 
fire smoke to New Zealand are common (D. Lowe, private communication). 
Such evidence indicates that tbe smoke produced by forest fires generally 
escapes prompt precipitation scavenging and disperses through the atmo
sphere. 

In general. large oil fires appear to produce soot plumes in which little 
condensation or precipitation due to fire-induced convection occurs (Davies, 
1959). Such plumes typically rise to several kiJometers altitude. Radke et 
al. (19803) observed soot coagulation in the plume of the Meteotron (a 
$Oat-generating oil-fired 1000 megawatt artificial heat source in France). 
They also noted that the smoke was capable of dissipating ambient clouds 
above the Meteotron. Following dozens of tests, precipitation associated with 
the operation of the Meteotron was observed only once (in an unstable air 
mass). 

Radke and coworkers (Radke, private communication) observed smoke 
"processing" by a condensation cloud over a prescribed forest fire in 1978 
(processing refers to the scavenging of smoke particles by water droplets, 
with re-emission through cloud evaporation). They measured the size 
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distribution and visible backstatter coefficient of the smoke in two air parcels 
in the plume; one parcel passed through the capping condensation cloud. and 
one passed beneath (and clear of) the capping cloud. The cloud-processed 
smoke had considerably fewer particles of very small size (3 factor of about 
10 less at sizes less than 0.05 j.lm radius). had a somewhat larger number 
of particles in the intermediate size range (approximately 0.1 to 1.0 pm). 
and had fewer particles in the supermicron size range. The scattering co
efficients for the two smoke samples were about equal (absorption was not 
measured). possibly suggesting only limited impact of processing on the 
overall optical properties of the smoke. However, the experiment involved 
a relatively small tloud formation. and was .not strictly controlled (i.e., by 
sampling in the same smoke parcel before and after the cloud), Accordingly. 
the results are only suggestive of potential effects, 

3.5.3.2 Nucleation 

NucleatiOn occurs when water vapor in excess of the saturation vapor 
pressure condenses onto aerosol surfaces. forming water droplets or ice crys
tals. For ambient hygroscopic aerosols. nucleation in clouds is probably the 
dominant scavenging and removal mechanism (Pruppacher and Klett. 1980; 
Twomey. 1977). On the other hand, experimental evidence from fire plumes 
suggests that smoke. particularly sooty smoke, is less susceptible to nucle
ation scavenging. 

In typical convective douds. water vapor supersaturations seldom exceed 
I %. because of the abundance of nuclei and particle surfaces to absorb 
the excess moisture (Pruppacher and Klett. 1980). However. the larger the 
convective velocity. the greater the supersaturation that could theoretically 
be achieved. In a fire column. high vertical velocities would be associated 
with enhanced concentrations of windblown debris such as ash. char and 
dust. Accordingly, the enhanced surface area for condensation may limit 
the supersaturation to norm;tl values. Ooud condensation nuclei (CCN) are 
defined as those particles that can be nucleated into water droplets at super~ 
saturations of a few percent or less, 

Forest fires are potentially major sources of cloud condensation nuclei. 
Eagan et al. (J974) observed the production of as many as· 6x 1010 CCN 
active at 0.5% supersaturation for each gram of forest fuel consumed, The 
CCN activity may be due to the chemical nature of the smoke particles, 
which have been determined to consist of complel( organic compounds with 
little amorphous carbon, or soot Bigg (1985) reported other measurements 
in forest fire plumes in which about 5% of the total number of particles were 
active as CCN at 1 % supersaturation, and 0.5% at 0.25% supersaturation. 
Moreover, the proportion of CCN did not appear to increase as the smoke 
aged. The data of Eagan tt a!. (1974) and Bigg (t985) are generally consistent 
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if a smoke emissiQD factor of about 1 % and a mean particle size ,of 0.1 jl m
values commensurate with observations-are assumed. 

Jf a production Tate of 6x 1010 CCN/g is assumed for the burning of 
ceJlulosic materials in urban centers, a total of I to 4X JOlt> CCN active 
at 0.5% supersaturation could be produced in the nuclear war scenarios 
of NRC (1985) and Crutzen et al. (1984). This is of the same order of 
magnitude as the to@l global abundance of background CCN (Pruppacber 
and Klett. 1980). 

Soot particles tend to be bydrophobic (i.e" water repellent), particularly 
fresh soot that has not had a chance to collect hygroscopic compOunds. For 
the atmospheric Conditions that prevail in Western Europe, observations 
by Ogren and Charlson (1984) show that soot partiCles are removed ata 
slower rate than sulfate aerosol for the first few days foJiowingemission. 
Radke eta!. (1980a) measured CCN abundances in the large sooty plume 
generated by the Meteotron device. They found concentrations very close to 
background }evels (approximately SOD 10 1200!cmJ for supersaturations of 
0.5 to 1%, respectively). At the same time, the·total smoke particle Concen
trations exceeded 104/c;tn 3, suggesting that only a small percentage of the 
soot p<i.·rtic1es were active as CCN. Similarly. in carefully designed laboratory 
experiments curtentlyunderway, HalJett and coWorker's (personal commu
nication) have noted that some fresh and aged soot partiCles can be active as 
CCN at approximately 1 % supersaturation; these CCN typically comprise a 
smali percentage of total soot particle population. 

Little information is available on the ice-nucleating properties of smoke 
and soot. Such particles should be poor ice nuclei (Pruppacher and Klett~ 
198b). Bigg (1985) reports that sampling in forest fire convective columns 
yields ice nuelei concentrations Qf approximately O.Ol/cml (while this is 
roughly 100 times greater than ambient ice nuclei concentrations, it is ob
viously much srhaller than the total smoke pa:rticle concentration). A sub
stantial increase in ice nudeiabundanees could affect the microphysical 
development of fire-induced clouds, and should be considered in future 
studies. 

Several factorS-could enhance smoke nucleation rat~ in fire plumes. Large 
aggregated smoke or soot particles might nucleate more readily than the 
sm;lller particles sampled iii the ·operiments cited above. Chemical trans
formation of smoke particles-e.g., coating by sulfates generated from sulfur 
in the fire fuels-make the particles more sUSceptible to water condensation. 
Turbulence in the plume could also create local zones of considerably higher 
supersaturation, 

On the other hand, in the larger fire plumes, characterized by intense con
vection. the time available for agglomeration and chemical transfo.rmation 
prior to condensation is only a minute or so, which seems insufficient for 
major phySical or chemical changes to occur. Moreover; as already noted, 
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the supersaturations in the plume are likely to be suppressed by the presence 
of windblown fire debris particles. 

If most of the smoke particles in the plume were to nucleate. and the par
tiele concentrations were as high as 10" to 1 ()5/cm] • the clouds formed could 
become overseeded, Le .• composed of a large number of very small droplets. 
Such clouds are less likely to produce precipitation because droplet coales
cence is less efficient (Twomey, 1977). However, uItraglant nuclei raised by 
fire winds would continue to provide a source of precipitation-sized water 
particles. As these fell through the cloud, smaller smoke and dust particles 
could be scavenged and washed out (HObbs et al., 1984). The most efficient 
removal would occur if the smoke particles had absorbed water and reached 
a size of several microns radius. These expanded smoke particles could then 
be collected relatively efficiently by inertial impaction on the precipitation 
drops nucleated on ultragiant aerosols. provided that an adequate supply of 
these latter particles existed. 

Because observational data suggest that only a small fraction of all the 
smoke particles would be active as CCN, most of the smoke would have to 
be scavenged by processes other than nucleation. These are discussed below. 

3 . .5.3.3 Brownian, lnenial mu1 PhorelU; SctJvenging 

For smoke particles with a radius on the order of 0.1 I'm, Brownian and 
inertial coUection by cloud and precipitation drops can generaUy be ignored 
(Pruppacher and KJett, 1980). For aerosols with radii much less than 0.1 
#1m. Brownian diffusion is important, while for aerosols with radii much 
greater than 0.1 #1m. inertial impaction is important (particularly for those 
particles with radii greater than several microns). The limited fire plume and 
microphysics modeling aCcOmplished to date also indicates that phoretic 
scavenging processes are dominant over Brownian and inertial processes 
(Cotton, 1985; see also Chapter 4). 

Phoretic scavenging occurs when aerosols, primarily in the submicron size 
range, are brought into contact with a water droplet or ice crystal through 
motions induced by fluxes of heat and mass. Thermophoresis represents 
aerosol motion induced by the ftux of heat to an evaporating droplet or 
ice crystal. As the droplet evaporates, heat is absorbed from the immedi
ate vicinity of the droplet. producing a local thermal gradient. The cor
responding gradient in the kinetic energy of air molecules then drives the 
aerosol in the direction of the heat flux (Pruppacher and Klett, 1980). At the 
same time. an outwaTd diffusive flux of water molecules is associated with 
an evaporating droplet. This flux establishes a weak hydrodynamic Stephan 
flow of air awa}l from the droplet. Collisions between the aerosol and the 
flowing air molecules tause the panicles to drift away from the evaporat
ing droplet. The resulting diffusiophoretic force opposes, but is general1y 
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less than, the thermophoretic force. As a result, evaporating droplets or ice 
crystals are effective in collecting aerosols; likewise, growing droplets tend 
to repel aerosols by this mechanism. Phorelic scavenging is generally much 
weaker for ice crystals than water droplets because the evaporation rates of 
ice crystals in clouds are normally much lower (although the time scales can 
be longer, particularly in the cloud anvil). 

The relative importance of Brownian diffusion; inertial impaction and 
phoretic forces in the scavenging of an aerosol by precipitation, based on 
theoretical calculations, is illustrated in Figure 3.2 (Slinn and Hales; 1971). 
Of particular interest is the regime corresponding to aerosol radii of 0.1 tei 
1.0 p.rn where all scavenging mechanisms are relatively inefficient. Within 
this region. known as the Greenfield gap (after Greenfield, 1957), phoretic 
effects are the most important (NRC, 1985). 
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Figure 3.2. Calculated e-fohling lifetime$ Qf aerosols against removal by precipi~ 
tation of 10 mmlhr. forpreci pitation drop spectrums with characteristic drop radii 
of Rm = 0.2 and 1.0 rom. The dominant Scavenging mechanism in ~ch aerosol 
~ize range is indicated (from Slinn and Hales. 1971. reproduced by permission of 
American MeteOrological Societ)') 

It should be noted that there is stilI disagreement over the magnitude 
of phoretic scavenging rates in clouds, and indeed over the sign of the 
net force (thermop horetic min us diffusiophoretic) (Vittori. 1984), It also 
has been suggested that other forces (e.g .• electrical) may act to fiJI the 
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Greenfield gap, thereby r-educing the atmospheric lifetime of sub-micron 
panicles. Cur-r-ent exper-imental evidence bearing on this issue is mixed. 
Accordingly, theoretical calcul:ations of aer-osol scavenging r-ates should be 
treated as tentative estimates at this time. 

3.5.3.4 Snwke Aging 

Smoke particles and chemical vapors scavenged by cloud dr-ops and ice 
crystals that later- evaporate above or below the fire plume are r-eleased as 
an "aged" smoke. Panicles that are not subject to water condensation can 
also age by coagulation with other smoke particles. agglomeration with fir-e 
debr-is and ambient aerosols. and deposition of chemical vapors. Particles 
that ar-e aged for several days in the background atmosphere. and those 
passing through cloud condensation/evaporation cycles are expected to be 
fairly compact and hygroscopic in natur-e. Large soot agglomerations, fo..
example, might collapse under surface tension if wetted, and thus could 
become denser- and more spherical. 

As mentioned earlier-, the process of aging by water condensation has 
been observed in a forest fire plume (Radke. pr-ivate communication), and 
aging by coagu lation. in an oil fire plume (Radke et aI., 19803). Nevertheless, 
except for the general facts already described. extensive data on smoke aging 
in various atmospheric environments are not available. 

3.5,3.5 Overall Scavenging Efficiency 

Theore:ticaJ models of precipitation scavenging generally underestimate 
the aerosol removal rates actually observed in clouds (e.g., Radke et aI .• 
1980b). There are several apparent reasons for this discrepancy. The tbeo~ 
retical models are not yet sopbisticated enough to account for all of the possi~ 
ble simultaneous interactions of aerosols with water droplets and ice crystals, 
including the effects of electrical charge, turbulence, and transient phenom
ena. The physical properties of the aerosols are also important. Radke et 
al. (1980b) attributed the larger than predicted precipitation scavenging ef~ 
ficiencies of aerosols from power plant plumes to the hygroscopic nature of 
the particles, which they proposed could swell in size by absorption of wa
ter vapor, thereby filling the Greenfield gap. Prodi (1983) observed that ice 
crystals growing in the presence of supercooled water droplets readily col
lected submicron bygroscopic salt aerosols. but not submicron hydrophobic 
wax particles. Most atmospheric scavenging observations involve aerosols 
that are readily nucleated in clouds. or on which water readily condenses. 
Smoke. on the other hand. has different physical characteristics and. one 
might expect. lower scavenging and washout efficiencies. 

An hour or less of steady rainfall (of up to 10 mm of water) is genera1ly 
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capable of removing most aerosol po11utants (rom the atmosphere (Prup
pacher and Klett. 1980), The induced precipitation in a fire plume would 
(for a particular air parcel) probably be much shorter in duration. but more 
intense. 

Because the prompt scavenging of soot particles in fire-induced convective 
columns depends On many factors that are poorly known and extremely 
difficult to predict. the overall scavenging efficiency can only be crudely 
estimated. Clearly, a much better understanding of individual scavenging 
processes is required in order to make a reliable estimate. In previous studies, 
assumptions of 30 to 50% prompt removal of smoke (from fire plumes) have 
been made (Turco et a!., 1983a,b; NRC, 1985; CGB, 1984). These values 
seem to be reasonable given the current state of knowledge (Hobbs et at. 
1984). 

In determining the synoptic-scale scavenging of smoke from the baCk
ground atmosphere, three factors play an important role: the injection height 
of the smoke, the composition and morphology of the smoke particles that 
survive prompt scavenging, and the possible large-scale meteorological per
turbations of the atmosphere. One plausible approach is to assume that the 
smoke particles, once processed through a condensation cloud over a large 
fire or a natural cloud system, can be efficient1y removed during subsequent 
encounters with clouds and precipitation in synoptic systems. Thus, Malone 
et al. (1985). in their climate study using a general circulation model. as
sumed that smoke was essentially completely removed whenever entrained 
into a precipitating cloud system. This may in fact overestimate the removal 
rate because, in such models, precipitation occurs simultaneously over an 
entire grid cell. which is typically on the order of 105 km 2 , whereas pre
cipitating clouds are generally conn ned to only a fraction of this area (see 
Chapters 4 and 5). 

Whi1e the physical characteristics of the smoke particles that escape the 
fire plumes have )101 been determined, they would presumably vary widely. 
Some particles wollldbe in a relatively unaltetedstate, while others would 
be well "aged", Hence. tbe initial efficiency fol" subsequent scavenging by 
mesoscale and synoptic scale cloud systems could also vary widely. 

3.5.4 Smoke Lifetimes 

The residence times of atmospheric aerosols depend on theiT chemica1 
composition, morphology and sizes. Soot generated from oil combustion 
Is generally hydrophobic and resistant to water nucleation (Radke et aI., 
19803). However, if the soot coagulates into larger particles, it may interact 
more strongly with water (Bigg, 1985). The smoke produced in urban and 
industrial fires would be coated with hygroscopic materials as it aged, making 
it more susceptible to removal by clouds and precipitation. -
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Under normal atmospheric conditions. the e-folding lifetime of atmo
spheric aerosols with radii less than 0.1 pm is shorter tban a few days 
(Jaenicke. 1981). Particles with radii larger than a few microns are like
wise removed rather rapidly from the ambient troposphere by precipitation 
scavenging and gravitational settling (although fluffy aggregates would settle 
out much more slowly). Aerosols with radii between about 0.1 and 1.0 pm 
have the longest lifetimes. generally on the order of a few days to a week 
in the lower troposphere. a month in the upper troposphere. and 1-2 years 
in the lower stratosphere (Jaenicke. 1981). Particles in this Greenfield gap 
size range also happen to affect sunlight most effectively (see the following 
section and Chapter 4). 

It is important to remember that. if atmospheric stability and precipita
tion rates were greatly perturbed following a nuclear war, aerosol removal 
rates and lifetimes would be altered accordingly. In particular. if increased 
stability and reduced precipitation occurred on a hemispheric scale, as now 
seems likely (see Chapter 5). the atmospheric lifetime of smoke could be 
lengthened considerably. The stabilization process involves the absorption 
of solar radiation by smoke, which is described in the next section. 

3.6 OPTICAL PROPERTIES 

The primary means by which the smoke and dust injected into the at
mosphere by nuclear explosions and fires affects atmospheric processes is 
through interaction with sow and thermal radiation. Thus, the determina~ 
tion of the optical properties of the aerosol is a critical factor in assessing the 
climatic impact. The opticaJ properties are functions of the composition of 
the aerosol, of the morphology (sbape) of individual particles and of the size 
distribution of the aerosol. As noted in the preceding sections, the compo
sition of the smoke is determined by a complex interaction of fire intensity, 
fuel type and loading, particulate emission factors, and fire duration. Parti
cle morphology and size distributions are determined by formation processes 
and subsequent microphysical proceSses. Because the physical properties of 
the particles are changing with time, the optical properties are also subject 
to change with time. 

Given the complexity of the particles. it is not possible to derive exact 
expressions for their optical properties. Measurements of the optical prop
erties of smoke from large fires are extremely limited. In order to arrive 
at an estimate for the optical properties. two approaches will be followed. 
First. the optical properties of idealized spherical particles win be discussed 
and then applied to smoke. Secondly. a simple extrapolation of laboratory 
measurements of the properties of elemental carbon will be carried out to 

infer the optical properties of smoke. Finally, some observations that bear 
on the problem will be considered. 
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3.6.1 Optical Coefficients 

The optical coefficients of atmospheric particles are usual1y computed us
ing Mie theory for homogeneous (Le .• uniform composition) spheres. Rigor
ous theoretical models are also available for some symmetric shapes such as 
spheroids (Asano and Sato, 1980). In order to carry out these calculations, 
the size of the sphere and the index of refraction of the material of which 
it is made must be known. The index of refraction is a physical property 
of the material related to its ability to reflect and absorb electro-magnetic 
radiation and can be measured by a variety of techniques. In addition to the 
exact tbeories, some approximate theories have been developed for irregu
laTty shaped particles (Pollack and Cuzzi, 1980). 

For homogeneous spheres. a convenient quantity used to describe the 
interaction between aerosol particles and electromagnetic radiation is the 
Mie size parameter::z, defined as 

'brr 
z=-

). 
(3.1) 

where r is the particle radius and>. is the wavelength of the radiation. The 
particle-field interaction is often expressed in terms of the extinction effi
ciency, Q~. which is defined as the ratio of the cross-section for extinction 
(i.e .• the effective total cross-section of the particle as seen by the electro
magnetic radiation) to the geometric cross-section. For a given material and. 
hence. a known index of refraction, Q" is only a function of z. Typically, 
the particle-field interaction (and Q • .) has a maximum value when z is of 
order 1. For large z, Q" tends asymptotically to a value of 2 due to diffrac
tion effects; for small ~ and no absorption. 'I,. decreases rapidly as%-4 (the 
Rayleigh regime). Thus. the interaction is greatest when the particle size 
and the photon wavelength of the electromagnetic radiation are compara
ble in size. Intuitively, this means that the maximum effect per unit mass 
of material on a radiation field is achieved by subdividing that material into 
particles with diameters approximately equal to the photon wavelength. PST
ticles much smaller than the photon wavelength have only a minimal effect 
on the photon. 

The extinction efficiency of a particle Qc is the sum of its scattering effi
ciency. Q. , and its absorption efficiency, Q a' Radiation which is sea ttered by 
the particle is simply re-directed from its original direction of propagation 
to some other direction (although the majority of the scattered radiation 
continues on in nearly the same direCtion of propagation). Radiation which 
is absorbed by the particle. on the other hand, is removed from the prop
agating beam and converted to some other form of energy. usually heat. 
Obviously. for nonabsorbing particles, Q~ = 'I,.. For absorbing particles, 
the partitioning between scattering and absorption depends on the index 
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of retraction (i.e .• the material of which the particle is composed) and the 
size parameter. At small values of x, absorption dominates scattering and 
Q .. -Q, .. At large values of x and for strongly-absorbing material. Q'I and Q~ 
are roughly equal. (Detailed treatments of Mie theory and efficiency factors 
are available in a number of texts such as Kerker. 1969 or van de Hulst. 
1957). 

Solar energy is emitted predominantly at wavelengths between 0.3 and 
2 .urn. with a maximum at about 0.55 #-1m. Wavelengths of the thermal in
frared radiation produced by bodies with temperatures around DOC or 273 K 
are in the range of 5 to 50",m. The representative wavelength for the thermal 
infrared radiation is usually chosen to be lOl'm. both because peak emission 
occurs at about this wave1ength and because the Earth's atmosphere is es
sentially transparent to radiation at this wavelength. which means maximum 
cooling of the Earth·s surface occurs due to radiation in this spectral region. 
(see Chapter 4 for a more extended treatment of the radiation budget of 
the Earth and atmosphere). Thus. the ratio of the wavelength of maximum 
thermal emiSSion (10 #-1m) to the wavelength of maximum solar energy is 
about 20. For a material with approximately equal values of refractive Index 
both wavelengths, solid spheres with radii less than 0.5 I'm absorb about 
20 times more energy at visible solar wavelengths than at thermal infrared 
wave1engths. and are on the order of 10· times more efficient at scattering 
visible light than thermal infrared radiation. Since a typical distribution of 
atmospheric aerosols produced by combustion processes has a mean, or av
erage, particle radius on the order of a few tenths of a .urn. the distribution 
typically has a maximum extinCtion efficiency at wavelengths on the order 
of 0.5 to 0.6 I" m. which coincides with the maximum energy emiSsion of 
solar radiation. At a wavelength of 10 #-1m, x -0.05 and the value of Q" is 
substantially less than at a wavelength of O.S I"m. 

Several cautionary notes should be added to the discussion in the pre
ceding paragraph. First of al1. because atmospheric aerosols exist in a ral'lge 
of particle sizes, the extinction efficiency for the distribution at a particular 
wavelength is a weighted average of the efficiencies of the individual par
ticles at that same wavelength. In general, this averaging tends to reduce 
the variation in the values of the efficiency factors with wavelength. Sec
ondly. many materials have larger indices of refraction (and. hence. larger 
extinction efficiencies for a given value of :z:) at thermal infrared wavelengths 
than at visible wavelengths. This also tends to increase the value of Q~ at 
thermal wavelengths relative to visible wavelengths_ As a rough rule. Q~ for 
atmospheric aerosols at lOp m is about 111 0 the value of Q ~ at 0.5 I'm. 

To illustrate these points, values of Q, and Q'I have been computed from 
Mie theory for spheres as a function of wavelength from 0.2 to 30 pm (Fig
ure 3.3). The spheres are assumed to have a complex index of refraction of 
1.55-0.1 i at all visible wavelengths. as suggested in the NRC report (1985). 
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Figure 3.3. Extinction efficiency (upper curve) and absorption efficiency (lower 
curve) as a function of wavelength for absorbing aerosols. (Index of refraction = 1.55 - o.1i). Solid curves are for a size distribution with a number mean ra' 
dius, r" of 0.1 I'm. dashed curves for a number mean radius of 1.0 I'm 

While there are some indications that the imaginary part of the refractive 
index, and thus the absorption efficiency, of sooty material may increase 
somewhat at infrared wavelengths (Tomaselli et al., 1981)~ it was held con
stant to better illustrate the effects of particle size. Calculations were made 
for two log-normal size distributions, one with a geometric mean radius of 
0.1 pm, and the other with a mean radius of 1.0 I'm. The smaller value was 
chosen as typical of aerosol distributions produced by anthropogenic activity 
(Lelloble and Brogniez. 1984). The larger radius was chosen as typical of 
coarse aerosol distributions, typically produced by mechanical processes such 
as wind blowing across sand or soil; it also represents an approximate upper 
limit for a size distribution of climatic interest, since aerosols of larger sizes 
have atmospheric lifetimes of several days or less. In both cases the geomet
ric standard deviation of the size distribution (8 measure of the dispersion of 
particle sizes about the mean) was taken to be 2, which is typical of auno
spheric aerosol distributions. For the smaller size distribution, absorption 
is fairly constant,although decreasing slightly with increasing wavelength, 
throughout the solar spectrum. At a wavelength of 1 Jim, Q,. and Q" both 
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decrease abruptly. and are reduced by more than an order of magnitude at 
10 pm. For the larger particles. the peak absorption occurs at a wavelength 
of about 2 pm. although to a good first approximation, the absorption is 
fairly uniform from 0.3 to 5 pm. At a wavelength of 10 "mt the absorption 
efficiency is about half its vallie at a wavelength of 0.5 ,am. 

Another useful quantity. particularly from an experimental point of view, 
is the specific absorption. B ... It is defined as the absorption cross-section per 
unit mass of absorber and is usually given in units of m2/g. For homogeneous 
spheres. it is related to the absorption efficiency by the expression 

(3/4)Q" 
8'1 = ...;.....;..------

rp 
(3.2) 

where r is the radius of the sphere and p is the density of the sphere. 
For % much less than 1 (Le., small particles), absorption is directly propor
tionaJ to the mass of the particle. which means that for a fixed wavelength, 
Q'I increases in direct proportion to r. the particle radius (because Q" is 
equal to the absorption cfOS$-SCCdon-which is increasing as r)-divided 
by the geometric CToss-'5el;tion-which is increasing as r2). Thus, from 
equation 3.2 above, Sa is independent of particle size for small absorbing 
spheres. 

3.6.2 Absorption by Soot Agglomerates 

Typical carbon aerosol agglomerates produced by combustion processes. 
have mean radii on the order of a few tenths of a micron (Janzen, 1980; 
Borghesi et aI., 1983). Jf these agglomerates were solid spheres of the same 
dimension and. thus. Mie theory were applicable. then. as illustrated in Fig
ure 3.3, the particles would have a maximum extinction efficiency at visible 
wavelengths (see also Bergmom. 1973; Faxvog and Roessler, 1978). and a 
very much lower efficiency at infrared wavelengths. In high density smoke 
plumes, the particles can agglomerate to sizes comparable to the wavelengths 
of infrared radiation or larger. Again applying Mie theory. these agglomer
ates would have reduced extinction efficiencies at visible wavelengths and 
increased efficiencies at infrared wavelengths. 

However, Mie theory does not apply to agglomerated particles in general, 
and to fluffy or chained agglomerates composed of highly absorbing material 
such as soot in particular. While the scattering from these fluffy agglomerates 
would be similar to that from a solid object with the same dimensions. the 
absorption would be very different. Intuitively this may be understood by 
realizing that absorption of electromagnetic radiation is related to both the 
mass of the absorbing material and the amount of that mass which can 
be "seen" by an individual photon. Thus. for a fluffy Object. which has 
I much greater surface to volume ratio than does a sphere of the same 
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size, much more of the absorbing material is available for interaction with 
the radiation. This effect may enhance the absorption of solar radialion 
by the agglomerated particle since each small carbon spheroid composing 
the agglomerate may act as an independent absorbing particle. Furthermore. 
beca use the spheroids in the agglomerate have only a minimal area of contaCl 
with each other, they canliot aetas a volume absorber for radiation wholie 
wavelength is much greater than their size. 

This intuitive picture of absorption is supported to some extent by mea
surements of smoke absorption by laboratory smokes, but it needs further 
verification. Laboratory measurements of the specific absorption of soot 
agglomerates (e.g. Janzen, 1980; Wolff and Klimisch, 1982; Jennings and 
Pinnick, 198,0: Roessler and Faxvong. J980; see also Gerber and Hindman, 
1982, for a detailed treatment of various measurement techniques and a re
port of an intercomparison experiment) consistentlyfaJl in the range of 8 to 
10 m2/g regardless of measurement technique.or agglomerate size, support
ing the picture of absorption outlined above. Lee (1983) carried out an ex
tensive set of measurements of the specific absorption of a variety of carbon 
soot agglomerates. He also simultaneously obtained electron micrographs 
of the agglomerates. His results show that the specific absorption is inde
pendent of agglomerate size or shape until the agglomerates become very 
compactl i.e., they begin to resemble solid objects. Even in this case, how
ever. the absorption is greater than that of a solid sphere of the same size. 
The results of measurements of spectral transmission between 0.5 and 2.2 
jlm reported by O'Sullivan and Ghosh (1973) are mixed. In experiments 
designed to study coagulation, they found a small decrease in optical density 
at 0.5 pm relative to 2.2 }lmafter 10 minutes of aging. This would be the 
expected result if larger particles were created through coagulation and Mie 
theory were applicable to these particles. On the other hand. their measure
ments of optical density for several different smoke concentrations indicate 
no change in the ratio of transmission at 0.5 to 2.2 }lm, which may be due 
to insufficient time for coagulation to occur. Since these measurements do 
not distinguish between absorption and scattering, the change in absorption 
with aging cannot be directly deduced. Similarly, the results of Bruce and 
Richardson (1983) are inconclusive. They found that the specific absorp
tion of soot at 10 I'm was tbesame whether or not large aggregates were 
excluded. i.e., the large aggregates had the same absorption per unit mass 
as did smaJlchains of carbon spheroids. Unfortunately, the relative abun
dance of large and small agglomerates was not carefully controiJed in the 
experiments. Based on estimates from electron microscopy. they concluded 
that the large particles may have had insufficient mass to affect the reflec
tivity of their samples. Thus. they may also have been insufficient to have a 
detectable impact on ~he absorption. 

Theoretical treatments of the spberoid problem {Jones, 1979; Berry and 
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Percival. 1985) support the picture that spheroids in chained or fluffy ag~ 
glomerates act essentially as independent absorbers. However. these treat~ 
ments are only approximate and further development is needed. Addition~ 
ally. the problem of chains or fluffy agglomerates surrounded by approx~ 
imately transparent liquids needs to be addressed (see discussion below). 
These latter particles actually may be dominant in the smoke from large 
fires. Oearly. there is a pressing need for further measurements of the opti~ 
cal characteristics. both absorption and scattering. of particles produced in 
smoke plumes. 

3.6.3 Scattering and Ab50rption by Smoke 

The discussiOn thus far has concentrated on particles consisting only of 
a single absorbing material. However, particles emitted from fires are com
posed of a variety of materials with varying optical properties. Several ap· 
proaches for determining the optical properties of the composite smoke have 
been tried. The simplest is to assume that the optical properties of the com
posite are mass-weighted averages of the optical properties of the individual 
components. This approach is particularly attractive for smokes where the 
emitted materials can be broadly separated into amorphous elemental car~ 
bon. which dominates the absorption. and all other materials, which scatter 
light only. (This approach is IlOt the same as taking a mass-weighted average 
of the indices of refraction of the various materials and then computing the 
specific absorption of the mixture from the average index of refraction. Such 
an approach is almost certainly incorrect for mixtures of highly-absorbing 
and weakly-absorbing materia1s.) 

As noted above. the specific absorption of elemental carbon is well repre
sented by the figure of 10 mllg. A number of other studies (e.g., Waggoner et 
at, 1981; Tangren. 1982) suggest that the specific scattering. tI~ of sub micron 
particles is about 3.5 mllg at visible wavelengths between 0.5 and 0.6 "m. 
Thus the specific scattering and absorption of smoke may be approximated 
by the expressions 

s" = 3. 5 m2lg smoke 

s" = 10IE': m2/g smoke 

(3.3a) 

(3.3b) 

where lEO denotes the mass fraction of elemental carbon in the smoke. 
Given the total mass of smoke emitted. the mass fraction of elemental car
bon, and the area covered by the smoke, these expressions can be used to 
deduce the optical depth of the smoke and the attenuation of the solar ra
diation impinging on the smoke (see section 3.7) 

The expressions (3.3a) and (3.3b) are based primarily on measurements 
of submicron aerosols. Observational studies of smoke from forest fires 
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(e.g. Radke et aI., 1978; Tangren, 1982; Vines et al.. 1971; Patterson and 
McMahon, 1984). small Ram lng sample fires (e.g:. Bankston et al.. 1981). 
and large 1000 MW fuel oil burners (Radke etal., 1980a) show that par
ticulate matter in the submicron size range was produced in these fires. 
The production of much larger particles, however, has also been reported. 
Hobbs et al. (1984) recently measured the presence of a sl,lbstantiaJ mass 
fraction of particles with radii larger than 1 /A m from prescribed burns of 
forest products. The measured number concentration peak was, however, 
at 0.1 j.l trt. Similar observations of large particles produced by forest fires 
were made by Bigg (1985). Large agglomerates of soot particles can also be 
produced from surface oil fires (Day et al., 1979) and have been observed in 
urban environments (Russen, 1979). The burning of synthetic polymers can 
also produce large, supermicron sized, branched soot agglomerates (W.O. 
Woolley. J.E. Snell, personal communications). As discussed in the preced
ing section, (3.3b) may well be applicable to almost pure soot agglomerates 
in this case, provided that they are fluffy and not tightly packed. The appli
cability of (3.3a) for large, supermicron sized particles has not been justified. 

If the smoke particles actually consisted of agglomerates surrounded by 
oil or water shells, as is typical of wood smoke for example, the optical 
properties of the particle could be modified by the presence of the shell, 
although the exact nature of this modification is not known. It is possible 
that the surface tension of the liquid would collapse the fluffy agglomerate 
into a more compact. roughly spherical particJ~ Calculations of the effect 
ofa homogeneous. spherical shell of nonabsorbing material surrounding a 
concentric core of absorbing material show that the presen~ of the shell 
increases the absorption per unit mass of the core material by as much as 
a factor of 20r 3, depending on the relative sizes of the core and the shell 
(Ackerman and Toon, 1981). A second possibility is that the agglomerate 
would break up into its component spheroids and that they are dispersed 
more or less uniformly through the noriabsorbing liquid. Calculations car
ried out for this case show an even more dramatic increase in the specific 
absorption (Chylek et aI., 1984). 

It is not entirely clear which of these models is correct either for the 
fresh smoke plume, where organic liquids may be condensing on the soot 
agglomerates, or for the plume at somewhat later stages where water may 
be condensing on the agglomerates. Limited experimental evidence exists 
for both (Chylek et aI., 1984; Z. Levin, personal communication). To some 
extent. the appropriate model may be dependent on the material Comprising 
the agglomerate and the forces holding it together. as weB as the amount of 
waterand/or organic liquids available to condense on it. However, accord
ing to the theoretical calculations. in either case the presence of a liquid 
deposit on an agglomerate would act to increase the effective absorption of 
the carbon, so that (3,3b) could strongly underestimate the absorption of 
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absorbing and non-absorbing aerosol. On the other hand, if the liquid were 
to evaporate. the residual aerosol particle would be more compact than the 
original fluffy agglomerate. It would also likely be increased in size, since 
more than one aerosol particle could be scavenged by the drop. Both these 
effects would tend to reduce the specific absorption of the elemental carbon 
as well as the lifetime of the particle. The magnitude of the reduction would 
depend on the final shape and size of the "processed" aerosol. 

Experimental evidence bearing on the problem is ambiguous. The results 
of Patterson and McMabon (1985a.b). which were discussed in section 3.4, 
show no enhancement of specific absorption in wood smoke. suggesting that 
the theoretical models may be incorrect. However. no particle sizing or elec
tron microscopy was performed. so the particle morphology in their smoke 
samples is unknown. On the other hand, comparisons of measurements of 
inferred elemental carbon concentrations (Rosen and Hansen, 1984) and of 
solar absorption (Ackerman and Valero, 1984) in Arctic haze events dosug
gest an enhanced specific absorption. Again. however. a complete description 
of panicle size and composition was not obtained. 

3.6.4 Wavelength Dependence 

In order to assess the climatic impact of the smoke (as is considered in 
Chapters 4 and 5), it is necessary to know the value of the extinction and 
absorption at \henna) infrared wavelengths as well as at solar wavelengths. 
Unfortunately. it is difficult to measure these properties at infrared wave
lengths. so much of the available information is inferential or qualitative. 

The calculations of Turco et al. (1983) and Ramaswamy and Kiehl (1985) 
for equivalent spheres give ratios of the extinction efficiency at 10 pm to 
that at 0.5 pm of about 1 to 10 or 15. and ratios of the absorption of about 
1 to 5. The latter ratio is somewhat larger because a greater fraction of the 
extinction is due to absorption at infrared wavelengths. The transmission 
measurements of O'Sullivan and Ghosh (1973) and Randhawa and Van der 
Laan (1980) suggest this ratio may be as low as 1 to 100 for some smoke. 
Since aerosol extinction optical depth is directly proportional to the extinc
tion efficiency, these values indicate that the optical depth of smoke at solar 
wavelengths is substantially greater than the optical depth at infrared wave· 
lengths (which is true in genera] for atmospheric: aerosols). 

Qualitative information on the wavelength dependence of optical depth, 
and extinction efficiency. in actual fire plumes can be inferred from satel
lite imagery. Multiple views of the same scene taken with different spectral 
bandpasses show clearly visible smoke plumes from wildfires and agricultural 
burning at a wavelength of O.51lm, barely visible plumes at a wavelength 
of 3 Jlm, and no plume at a]1 at a wavelengtb of 10 porn (Matson et at. 
1984; J. Brass. persona] communication). In fact, several research projects 



78 Physical and Atmospheric Effects 

currently underway are attempting to take advantage of the transparency of 
the plume at infTared and near infrared wavelengths to locate and monitor 
wildfires. 

There are essentially no data available on the thermal infrared proper
ties of urban smoke. Further research on both laboratory aerosols and fire 
plumes is urgently needed to quantitatively define the wavelength depen
dence of smoke extinction and absorption. 

Some comments (e.g., Bigg, 1985) on the "nuclear winter" hypothesis 
have suggested that the infrared optical depth of smoke could be equal to 
or greater than the solar optical depth as a result of the production of large 
particles by coagulation. As evidence of this. the observation of the blue Sun 
in Europe in ]950 (Bull, 1951) is often cited. This effect was produced by 
the presence of atmospheric aerosols from Canadian forest fires (Wexler, 
1950). 

Typically. the Sun is red when viewed through fresh smoke plumes be
cause the relatively small particles formed in the combustion process are 
more effective at scattering shorter wavelengths (blue light) than longer 
wavelengths (red light), while their absorption is roughly constant. Thus the 
Sun seen in transmission appears red. As the plume ages, the particles coagu
late up to larger sizes which are apprOXimately equally efficient at scattering 
all visible wavelengths. When viewed through this more aged smoke, the Sun 
appears white, or perhaps light grey, depending on the optical thickness of 
the plume. By extension, it has been suggested that the blue color of the 
Sun was due to the presence of very large particles (with radii on the order 
of 1 10 10 ~m or larger (Bigg. 1985) formed by further coagulation in the 
plume as it lravened from Canada to Europe. Furthermore, measurements 
of atmospheric turbidity ,aken in Edinburgh showed that the plume had a 
somewhat larger optical depth at 0.6 /lm than at 0.4 Ilm (Wilson, 1950). 
However, Porch etal, (1973) and E.M. Patterson (personal communication) 
has pointed out that the blue Sun and the measurements can be explained 
by assuming that the plume was compOsed of a very narrow size distribution 
of particles having a number mean radius of 0,5 Jo'm. Considering the long 
distance which these partiCles travelled without experiencing gravitational 
settling, it seems more plausible that they were particles of this size rather 
than particles with radii on the order of 10 I'm, as has been suggested by 
others. 

3.7 ATTENUATION OF VISIBLE LIGHT 

The emissions given in Section 3,3 and the optical coefficients given in Sec
tion 3.6 can be combined to provide an estimate of the effect of the smoke 
on sunlight reaching the ground. The average column density. D, .• (defined 
as the total mass of smoke in a vertical column with a cross-sectional area 
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of I ml) of the smoke can be found by dividing the total smoke emis
sion by the area over which it is assumed to spread. If the smoke is as
sumed to spread over half of the Northern Hemisphere (an area of about 
I. 28 x 1 Ol~ m 2 ). the average column density for the NRC emission estimate 
is 1.2 glm2 • and for the eGB emission estimate is 0.4 gtm2 . In both cases, 
the average column density of amorphous elemental carbon would equal 
0.23 g!m~. 

The extinction optical depth, T, which is a dimensionless measure of the 
opacity of an atmospheric column. is the sum of the scattering optical 
depth.1'~. and the absorption optical depth, T". It can be computed from the 
expression 

T = .s,.D,. = (3.5 + lo.0Js,·)D, (3.4) 

where the right-hand side is found from the sum of (3.3a) and (3.3b). By 
definition, the first term on the righl is T. and the second T ... Substituting 
the values of 1£(: fTom section 3.3 and the values of D" give$ values of T" 

and 1'" of 4.1 and 2.3, respective1y, for the NRC scenario and 1.5 and 2,3. 
respectively, for the CGB scenario. 

The transmission of the direct solar beam through a column with optical 
depth r is found from the expression e-? • assuming the Sun is directly over
head. Le .• at the zenith position. (For the Sun at an angle 9 from the zenith. 
the optical depth must be multiplied by secant(9». Under these conditions. 
even for the Sun at the zenith. the total sunlight. both direct and scattered. 
reaching the Earth's surface would be reduced to less than e- 23 , Le., less 
than 10%. of its normal value in both scenarios. 

The actual amount of sunlight reaching the ground would be even less than 
that given above due to scattering by the aerosols. Sagan and Pollack (1967) 
derived an approximate formula for an effective absorption optical depth, 
T~ J J, that accounts for the combined effects of scattering and absorption: 

T~II = 1. 7(T" + Q 15r~) (3.5) 

Although this expression was derived for optically thick atmospheres, it 
serves as a useful approximation in this context and was applied by CGB. 
Equation (3.5) gives the values T ~// = 5. 0 for the NRC scenario and T p./I = 
4. 3 for the CG B scenario. These values imply a transmission of at most 1% 
of sunlight to one quarter of the Earth's surface due only to the smoke 
emissions. 

This analysis of solar transmission through the atmosphere is only ap
proximate and mainly descriptive. A more rigorous treatment of radiative 
transfer in smoke clouds can be found in Chapter 4, as well as in Turco et 
at, (1983a) and Ramaswamy and Kiehl (1985). In addition, it would take 
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some time for the smoke to be distributed over one quarter of the Earth. 
During this time, coagulation. rainout, and other microphysical processes 
would reduce the smoke levels in the atmosphere. These factors and their 
implications for the climatic impact of the smoke are discussed in detail in 
Chapters 4 and 5. 

3.BDUST 

3.8.1 Formation Mechanisms 

Ever since the first nuclear test explosion in the desert of New Mexico on 
July 16, 1945 (the Trinity test). scientists have realized that nuclear explo
sions can raise large quantities of soil dust and debris to high altitudes. The 
dust forming mechanisms are manifold (Glasstone and Dolan. 1977): 

1. The thermal radiance of the fireball causes rapid steam expansion and 
blowoff of surface soil over a large area. 

2. The blast winds and turbulence chum up additional soil and dust in the 
region adjacent to the burst. 

3. Detonations on land surfaces eject large amounts of soil at high velocity 
during crater formation. 

4. The high temperatures and pressures of the fireball in contact with the 
surface cause soil and rock to vaporize and liquefy; some of the material 
later solidifies into fine glassy aerosols. 

5. The ascending firebaU lifts entrained materials to high aItitude$. 
6. The suction and afterwinds created by the rising fireball draw additional 

dust and debris up the stem of the mushroom cloud. 

3.8.2 Quantities and Properties 

Based on analyses of dust samples collected in nuc1ear explosion clouds 
during the test series of the 19505 and 19605, it has been estimated that. 
on average, 100,000 to 300.000 tonne of soil debris can be lofted into the 
stabilized cloud of a I Mt surface explosion (Rosenblatt et al.. 1978; Gut~ 
macber et al.. 1983; NRC. 1985). Although most of the debris consists of 
particles exceeding 10 Ilm in radius, up to 5 to 10% (by mass) may consist 
of submicron partic1es (Nathans etal., 1970a; Y OOn et al.. 1985). 

Information on the sizes of dust particles is sparse. For continental land 
suiface explosions, data from the Johnny Boy near-5urface test (Nevada Test 
Site. 0.5 kt. July] J. 1962) provide the most complete description of size dis
tributions (Nathans et al.. 1970a; Yoon et at, 1985). In this case. the size 
characteristics of the particles were carefully analyzed in the laboratory from 
filter samples collected in the stabilized explosion cloud. In thi$ regard; it 
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should be noted that size distributions derived from fallout samples are nat 
characteristic of the dust in the clouds aloft. particularly in the particle size 
range below several microns in radius. nata on the size distributions of dust 
raised by large nuclear tests on Pacific coral atolls are also of limited useful
ness because of the small extent of the land masses and lack of continental 
soils at these sites. The Pacific tests seem to place a lower limit on the sub
micron dust mass fraction of about 1 % (Heft. 1970). The uncertainty range 
in the submicron partic1e fraction for bursts on continental soils is at least 
a factor of three. 

Following the largest atmospheric nuclear tests of the 19505 and 1960s. no 
obvious long-term effects from aerosol injection into the atmosphere were 
noted (e.g., Machta and Harris, 1955). This is not unexpected for several 
reasons: 

I. In total, the principal tests amounted to about 450 Mt distributed over 
the decade from 1952 to 1962. 

2. The largest tests occurred well above the surface, or on barren atolls. 
where minimal quantities of fine dust and essentially no smoke were pro
duced. 

3. The debris clouds were not carefully tracked and characterized. which 
precludes a present-day calibration of the expected effects. 

The quantity of dust lofted by a nuclear explosion decreases steadily as the 
height-of-burst increases. As long as the fireball is in close contact with the 
surface, more than 100.000 toone of debris can be Hfred per Mt of explosive 
(the mass raised per unit yield decreases slowly as the yield increases above 
approximately 1 Mt). For a near-surface burst. in wbich the fireball is barely 
in contact with the surface. the amount of dust lofted is much smaller; in 
this case there is litde vaporized material in the fireball and moSt of the 
dust is swept up by afterwinds. At even greater heights-of-burst. only the 
refractory materials used in bomb construction are available to condense as 
a fine aerosol (Nathans et a1.. 197Ob). 

For subsurface explosions. the amount of soil excavated from the crater at 
first increases with the depth-of-burst. then decreases again. However. while 
the quantity of soil displaced by a subsurface explosion may be greater (at 
some burst depths) than the quantity displaced by a surface explosion. the 
height of the dust cloud in the former case is lower because the fireball rise is 
damped in the denser medium. This also occurs in subsurface water bursts. 

The heights of stabilization of nuclear dust c10uds depend on the explosion 
yield. height-of-burst, season, and meteorological state of the atmosphere 
(Glasstone and Dolan. 1977). For low-altitude explosions of less than 100 
kt, the stabilization height of the cloud depends to a large degree on the 
thermal stability of the lower atmosphere; the clouds can rise as higb as 
the tropopause, but generally cannot penetrate into the stratosphere. For 
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surface and low~altitude explosions on the order of or greater than 100-200 
kl. the cloud stabilization height is determined almost entirety by the ther
mal structure of the stratosphere. The cloud of a 1 Ml explosion at middle 
latitudes stabilizes wholly within the lower stratosphere; larger bursts sta
bilize at higher altitudes. In this dynamical regime. the height of stabiliza
tion scales approximately as Y 0;2,. where Y is the yield hi megatons (NRC. 
1985). For long-term climatologic:d studies, primary interest centers on the 
quantity of fine dust injected into the stratosphere (and perhaps the upper 
troposphere when the atmosphere is disturbed). Hence, surface and near
surface detonations on the order of or greater than 100-200 kt should be 
considered. 

The morphology of nuclear-generated dust particles is diverse. The small
est particles (micron to submicron sizes) can be either spbeocalgtassy (or 
metaIlic) beads or equidimerisional soil and rock mineral grains. Spherical 
particles are produced by the condensation of vaporized refractory com
pounds and by the atomization of jets of liquefied minerals. Fine soil grains 
are produced by the crushing, disaggregation and entrainment of earth and 
rock. For optical calculations, the· fine dust particles may be treated as 
equivalent-volume spheres. In the Johnny Boy dust sample, the specific ex,. 
tinction of the submicron particle fraction (at a wavelength of 550 nm) was 
about 3 m2 /g (NRC, 1985); the absorption is usually assumed to haveac
counted for 1-3% of the extinction (the remaining extinction being due to 
scattering). 

There is conflicting evidence from the inspection of filter samples can,. 
ceming the agglomeration of dust particles in nuclear clouds. While the 
clouds do not appear to be strongly electrified, they are highly turbulent 
and can hold substantial masses of ice (up to several hundred thousand 
tonne of ice per megaton of yield, from ground water and air moisture). 
Thus. turbulent coagulation and collection on ice crystal surfaces are pos
sible aggregation mechanisms. Unfortunately, reliable quantitative informa
tion on dust particle clustering is unavailable. An early study pointed to 
tbe absence of agglomeration (Natbans et at. 1970a). However, a prelim
inary visual reanalysis of several high-altitude filter samples reveals occa
sional clusters of impacted particles (G. Rawson, personal communication). 
Whether these clusters are related to the breakup of true dust agglomer
ates, or are caused by the natural "shedding" of small particles by large 
soil grains upon impact (Rosinski and langer, 1974), and what fraction of 
the total fine particle load is associated with agglomerates are unanswered 
Questions. It is particularly noteworthy that the local fallout from surface 
bursts contains negligible Quantities of submicron dust; indeed, 40-60 per
cent of the total radioactivity carried by the finest dust grains escapes into 
the global atmosphere (Glasstone and Dolan, 1977). In view of the existing 
evidence. submicron particle agglomeration in the early stabilized clouds 
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of nuclear surface detonations may be treated as a secondary effect. al
though long-term coagulation and removal of the dust must be accounted fOT 
(Turco et aI., 1983a.b). 

Since most of the nuclear test explosions were conducted on barren soils. 
little is known about tbe impact of soil organic matter on dust cloud opti
cal properties. In fact. many potential targets of surface nuclear explosions, 
particularly missile silos. are based in regions of highly organic soil (e.g .• 
the chernozems of the U.S. Great Plains and the peat soils of the Siberian 
forests). In some locales, the soils are black. The aerosols formed from these 
organically rich soils could strongly absorb sunlight. Any of this organic ma
terial engulfed in the fireball would be largely oxidized (burned), but some 
of the organic material scoured up by the blast and afterwinds would not 
be burned and could potentially absorb a significant fraction of the incident 
sunlight. By contrast. aerosols generated from barren soils are unlikely to 
absorb sunlight efficiently (although, occasionally, the finest glassy particles 
collected in nuclear clouds are black due to dissolved iron compounds). In 
the climate calculations carried out to date, the aerosols have been assumed 
to be only weakly absorbing. 

Most of the nuclear tests were also conducted over coarse soils (e.g., coral 
atolls). whereas most nuclear targets are located in soils with substantial clay 
(fine particle) fractions. (The Johnny Boy test, however, occurred on a desert 
alluvium with a substantial fine particle abundance; G. Rawson. personal 
communication.) Finer parent grain sizes imply that greater quantities of 
submicron dust can be generated when the soil is dried and pulverized by a 
nuclear burst. . 

A number of factors could reduce the quantity of dust lohed by a surface 
or near-surface nuclear detonation: 

1. Soil moisture. which increases soil cohesion. 
2. Vegetative cover. which blocks thermal radiation and holds soil down. 
3. Surface layers of hardpan. rocks, snow, or ice. which suppress dust for

mation. 

On the other hand. vaporization and liquefication of the soil, and pulver
ization of surface materials within the high-overpressure "sweep up" lone, 
should not be greatly affected by tbese factors. 

3.8.3 Multiburst Effects 

Nuclear attack strategies may caU for multiple targeting of key military 
facilities (for example, double or triple detonations over missile silos). Ex
plosions that are proximate in both space and time will interact strongly. 
However, there are no nuclear teSt data bearing on "multiburst" processes. 
The following effects might be expected: 
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1. An initial explosion would dry, excavate, and pulverize soil. which then 
could be more easily swept up by subsequent explosions. 

2. Overlapping fireballs would reinforce buoyant motions. carrying dust to 
greater altitudes than might otherwise be expected (in order for reinforce
ment to occur, the weapons would have to he detonated within seconds 
of each other at nearly the same location, a feat that might be difficult to 
achieve operationally). 

Only preliminary hydrodynamic model calculations are available to estimate 
the effects of interacting nuclear bursts (e.g., Filipdli. 1980; NRC, ) 985). The 
calculations suggest a potential enhancement in dust Jofting. One analysiS 
argues on physical grounds that the dust mass raised (per megaton of yield) 
could be larger by a factor of 10 in multiburst environments (NRC. 1985). 
although detailed quantitative demonstrations of this point are lacking. 

3.1.4 Integrated Dust Injections 

Figure 3.4 shows a simulated dust pall that could be generated in a coun
terforce nuclear exchange between the superpowers (Yoon et al.. 1985). The 
predicted total quantity of submicron dust in the upper atmosphere after 5 
days resulting from 2500 Mt of land surface bursts is 40 million tonne. This 
is about twice the quantity computed by the NRC (1985). about one-half the 
baseline quantity of Turco et al. (1983), and roughly the quantity expected 
from the scenario outlined in Chapter 2. The differences in dust injections 
can be attributed mainly to differences in the assumed total yield of surface 
bursts. The simulation in Figure 3.4 assumes a dust mass lofling (for sur
face explosions) of 0.27 miJJion tonne per megaton of yield. with about 8% 
of that amount in the submicron size range. Roughly one-half of the dust 
is generated by explosions in the yield range of 2-20 Mt, and one-half by 
explosions in the range of 0.3-2 Mt. Given the current evolution of weapon 
yields toward the smaller range. the amount of dust and the height of injec
tion may be somewhat too large in this simulation, but the general features 
of the simulation would still be appropriate. 

The dust simulation of Yoon et a1. (1985) suggests that. after just 5 
days, the initial, stabilized detonation clouds would have been displaced 
and sheared by the prevailing wind systems. and would blanket most of 
the northern mid-latitude zone under a pall of soil debris. The extinction 
optical depths at visible wavelengths, most of Which contributes to scatter
ing, are greater than 8 in some regions, although, if the dust were distributed 
uniformly over the Northern Hemisphere, tile optical depth would be 0.5. 
While, for a given optical depth, the radiativeerfects of dust are consider
ably smaller than the radiative effects of smoke, an optical depth of 8 can 
reduce the average solar energy reaching the ground by 80 percent (see a150 
Chapters 4 and 5). 
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Rgure 3.4. Geographical distribution of nuclear du5! clouds five days after a July 
counlerforce achange of 4000 Mt against mis§ile silO!i and air bases. A three dimen
sional tracer model was used to follow the dispersion of the dust clouds. Winds for 
July were obtained from the 2.5 Q grid data oftlle National MeteoTOlogical Center. 
Washington. DC. and were updated c\'Cry 12 hours in the simulation. The (zenith) 
extinction optical depth contours (for T = 0.32, 1.5. and 7.7) at a wavelength of 
O.SSJ,£ m are given. Essentialy all of the dust in the fiplTe resides in tm upper tropo
sphere and stratosphere. The particle physics treated in tbe model is described by 
Voon el at (1985). (Figure supplied by 8. Yoon.) 

The data in Figure 3.4 may represent a reasonably conservative picture 
of the dust environment after a major nuclear exchange. For example. the 
calculations could also take into account a broader range of military targets. 
higher absorption by the aerosol due to the organic component of the soil, 
multiburst effects. and pos$ible dust injections by powerful updrafts over in
tense fires. Factors that could limit the injection include early agglomeration 
and rainout and weather conditions favoring soil cohesion. 

It should be noted that the injection of dust into the stratosphere is more 
important for the development of climatic effe(:ts than injection into the 
troposphere, because stratospheric dust has a much longer lifetime (in the 
unperturbed atmosphere). Owing to the uncertainties in the number of 
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surface bursts, the dust mass lofted, particle size distributions. and multiburst 
interactions. the total quantity and impacts of nuclear-generated dust will 
remain ambiguous. However. the quantities of optically-active dust raised 
by a fuB-scale nuclear exchange could, within the parameter ranges defined 
by observations. be large enough to cause some environmental disturbances 
even without smoke injection. 



APPENDIX 3A 

Urban Fire Development 

3A.1 INTRODUCTION 

No comprehensive analysis exists of large urban fires. either nuclear-initi
ated or of conventional origin. In previous global estimates of the extent 
of urban fires and the amount of smoke generated from a nuclear attack. 
it has been assumed that about 250 km2 could be ignited and burned by a 
I Ml detonation (Turco et aI., 1983a.b; Crutzen et al.. 1984: NRC. 1985). 
This assumption can be checked by analyzing fire-development processes 
on local urban scales. ]n this section, three distinct types of urban areas are 
studied to assess fire ignition and spread characteristics: 

1. An idealized "uniform" city, representing a continuous residential area 
with wooden. two-storey structures; 

2. A predominantly suburban/residential area (with many vacant tots serving 
as firebreaks), represented by San Jose. California in the late 1960s; 

3. A major industriallurban area. represented by Detroit. Michigan in the 
late 1960s. 

The uniform city is useful for extensive parametric studies and for possible 
applications to urban areas in which fuel distributions may be relatively 
uniform. Data from the 19605 are used for San Jose and Detroit because 
current data are not available. 

In analyzing fire history in each individual urban area, the initiation and 
spread of fires is considered in detail. Firestorms and rubble-zone fires are 
not treated because of the very limited understanding of these phenomena. 
Nevertheless, such fires could be important after a nuclear war, and they are 
discussed in Section 3A.6. 

3A.l FIRE DEVELOPMENT IN A SINGLE URBAN AREA 

To determine the amount of smoke generated in an urban area following 
a nuclear attack, a characterization is needed of the area burned, the rate 
of burning. and the fue1 consumption. among other factors. For precise 
simulation, specific information such as the yield and bunt point of the 
nuclear weapon. weather conditions. fuel distribution patterns. etc., is also 
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required. The physical factors and the chain of events required in fire spread 
m{)delling are shown in Figure 3A.l. A theoretical treatment should consider 
all of these factors. However. in the context of studying the after-effects of a 
nuclear war, it is possible that specific details of the fire development would 
be less important than gross factors such as the total fuel impacted. 

LARGE URBAN FIRES, A CHAIN OF EVENTS 

Yield: h .. .,t-of-h"'$1:: singlalmultipl .. bunt 

A tmosPhenc;. tr,""miSSwITy I "Ylfi h'IIIV" I :' 
'hading: WIndow lranSmiS5;On, rOOm Illumination 

Ignition thresholds: ab.upt II.st.o>.e.: t.act 
tVpe_ fluel load in~ I; structu re bu rn-'times 

Structu ral-cdamage "naracleristict: ei>anJlllli nD: 
li,e e)(t'ngu Ish men!: 5eCOTIdvy lire [gn itilln 

Fire-spread due 10 radialion, firebratllis. convection; 
tract type (Iual Ioadi nil. buildi ng dellSi!y 1: wi nil; 
del.lris fires; frill/wind inlO!l1lctiiln; breakup/merging 
of large fi!"e$ 

F i.1I intensity: flTe hirtory; Iratt IV~ 

Slatll of r. ..... ; wntilation. combustibles. lire intensity. tem""rntun! 

Figure 3AJ, Chain of events for characterizing urban fires and smoke generatioJl 

Physical models utilized to make urban fire calculations are described in 
detail by Kang et al. (1985), and references therein. Briefly. the models are 
based on empirical relationships between characteristics of urban buildings 
and fire development and spread. Clearly, such a model requires an enor
mous amount of data and physical knowledge- of fires; not all"of the needed 
information is adequately defined at this time. Nevertheless, the urban-fire 
model used by Kang et al. (1985) has been employed to provide insights 
into the kinds and scales of effects that might be expected in the aftermath 
of a nuclear explosion over a city. The results presented here should not be 
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interpreted as literal descriptions o-f post-nuclear-war fire conditions. For ex
ample. the model does not include-the important components of stored fossil 
fuels (petroleum. gasoline, natural gas distribution systems. etc.) or asphalt 
in its fuel loading estimates. nor an itemization of fuel types (e.g., plastics. 
organochemicals. etc.). Many of the assumptions and caveats pertaining to 
these calculations are discussed by Kang et at (1985). More general descri p
tions of the problem are given by Horiu(:hj (1972). Takata (1972). Wiersma 
and Martin (1975), Aoki (1978), Sasaki and Jin (1979). Takayama (1982). 
and Reitter et a!. (1985). 

The computational procedure used by Kang et a1. (1985) can be sum
marized as fonows. The urban area is divided into uniform. square tracts 
that are each relatively homogeneous with regard to type and density of 
structures; the tracts are separated by natural or man-made firebreaks (e.g.; 
streets. rivers, or parks). FolIowing. the initial ignition ofthe area by a nuclear 

TABLf,3A.1. 
SOME MAJOR SIMPUFICATIONS IN TIlE URBAN FIRE 

MODEL OF KANG ET AL. (1985) 

• Tracts are small enough so that their built-up areas can be treated ;IS homoge
neous in a statistical sense. 

• Tracts are large enough that ignition and fire sp.read can be treated probabilisti
cally. 

• Tracts can be idealized as squares, all the S(lme size. 

• Firebreaks between tracts are sufficiently large (at least 30.5 rri) to prevent spread 
between tracts by radiation. 

• Only one wall of a building is exposed to the fireball. 
• Only interior fuels aTe imponan[ in ignition. 
• Frequency of secondary (blalit-caused) fires is proportional to floor area; one per 

104 m 2 of floor space is assumed. 

• Blast can eJ(tinguish primary fires atoveTpressures of 2 psi or greater. 
• "Abrupt flashover" is neglected. ("'Abrupt fiasho'\'er" refers to the rapid ignition 

of an enrire room exposed to large amounts of thermal radiation from a fireball.) 

• Flashover of one room in a building leads to a sustained building fire. 
• B uiJding burning hiStory is entirely based on the ignition of a single room. which 

occurs with equal probability on any floor. I"Building burning history" is the 
time a particular building type spends in active (ftaming~c()mbustion.1 

• Building burning history is independent of moderate blast damage. 
• There is no fire interaction between the debris and the non-debi'is regions. 
• Ambient wind is constant throughout tbe fire area for total lime of interest. 
• Fire-induced aerodynamics are neglected. 

• Wind effects upon the building fir~ and radiant fife spread are negleCted. 
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detonation. a time-marching computational routine is employed to foUow 
the. fire-spread history. At each time step. empirically-derived probabilities 
are used to calculate the expected numbers of buildings ignited by radiation 
or by firebrands in each tract. Ignited buildings progress through several 
stages of burning, leading to the phase during which spread to other build
ings can occur. The basic numerical model is based on work carried out by 
Takata and Salzberg (1968) and Takata (1972). Table 3A.l summarizes the 
most important assumptions. 

The overall results of many simulations (assuming a 1 Mt detonation) 
suggest that the dominant factors in urban fire ignition and spread in a 
nuClear attack are: the distance the thermal pulse can propagate and ignite 
fuels, fuel loadings, ambient windspeed, and firebrand production rate. The:, 
simulations for San Jose and Detroit showed additional dependence on the 
yield and point of detonation and the fuel-distribution patterns (as well as 
on the weapon yield). Details are given in Kang et at (1985). 

3A.3 UNIFORM-CITY CASE STUDY 

A "uniform" city is assumed to be characterized by a single building type, 
a constant building density and fuel loading, and constant firebreak dimen
shins; each structure is assumed to have the same ignition and fire-spread 
probabilities. Table 3A2 summarizes pertinent input conditions used for 
uniform city calculations. 

Baseline calculation results are shown in Figures 3A.2 to 3A.5 for a I-Ml 
burst at 3 km altitude above Ground Zero (denoted GZ). In the severely 
blast-damaged area (here assumed to be the area exposed to an overpres
sure greater than 3.5 psi = 24 kPa), fires could bum actively. smolder, or 
be entirely extinguished (if initially ignited), depending upon a number of 
complex physical processes, including the fuel to non-fuel debris ratio and 
the mixing characteristitsof the fuels. For the current simulation, the fuel 
in the debris region is assumed to be "affected" by fire, i.e., the fuel could 
burn. Typically, in large fires, the fuel-consumption fraction is assumed to be 
50% (Takata and Salzberg, 1968; Chandler et al., 1963); however, this value 
has not been firmly established. Any fuel not consumed in the first wave of 
burning could smolder for a longer period, sometimes for days if not extin
guished. Because the fraction of fuel which bums rapidly (as against that 
which smolders or does flat burn) is not known, figures for fuel are given in 
terms of the total fue1 within the fire and the debris zones, representing the 
maximum available fuel in these zones (except for fuels not accounted for, 
as noted above. and SUbject to the uncertainties in the fuel loading estimates 
themselves). 

In the non-debris area, the ignited structures serve as a source of sub
sequent fires within a tract through radiation and firebrands, as well as a 
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TABLE3A.2 
BASEUNf. CASE PARAMETERS FOR UN1FORM CITY 

Attack Scenario: Yield = I MI. HOB = 3km. 

Atmosphere: 

Tracts: 

Struct u res: 

Fuel: 

Fire: 

Blast effects: 

Visihilil)' = 19.3 km. 

Tract rypes 

Wind = 2.b8 m/s (6 mph) 

= 1 (uniform), 
Tract dimension 
Building densit), 
Density of built~up Areas 

Wooden. residential. 2 stories 
Height 
Window area!WaIl area 
Window transmittance 

Specific fuel loading 
Areal fuel loading 

= 0.8 km x 0.8 km 
= IS'll 
= 100% 

=5.9m 
= 0.1 = 0.7 

= 100 kglm2 of floor area 
= 30 kglm'2 

Lowest critical ignition energy = 7.7 calim2 
Secondary ignitions = 1 fire per 10· ml of 

Brand generation rale 
Brand It'llnsport range 

floor area 
= 18 per m2 of roof area' 
= 460m 

Severe blast damage (debris) above 3.5 psi overpressure 
Moderate blast damage between 2 psi and 3.S psi 
No blast dama&e below 2 psi 
Secondary fira above 2 psi overpressure 
Some primary fira extinguished above 2 psi 
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• Calculated as total brands above a minimum siu: eaming from an entire burning SlTUCIUfl" 
divided by the roof area. 

source of fires to neighboring tracts by firebrands. Generally after several 
hours, the peak-burning rate is reacbed. involving areas initially ignited by 
the fireball and tracts subsequently ignited by firebrands. Figure 3A.2 shows 
the fire area at t = 25 hr after the explosion. Note that the fires leave behind 
a burned-out annular fire "ring" between the debris region and the fire front 
(which may in fact include the debris region). 

The predicted area affected by fires as a function of time is given in Figure 
3A.3. The initial affected area was approximately 510 km 2• of which about 
40% was in the debris region. During the course of 25 hours of conflagration, 
the fire area outside the debris region increased to about 760 kml. Figure 
3A.4 illustrates the fire intensity, which reached a peak at approximately 5 
hours after the burst and subsided to a steady I moderate level tbereafter as 
the fire continued to spread. The fuel consumption was rapid in the first few 
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Figure 3A.4. Rate that fuel isenguJfed by fire in the non~ebris region in a uniform 
city, baseline case. A typical assumption is that 50 percent of this amount bums; 
Ihis assumption is made in Kang et al,'s model 

hours and then adjusts to a relatively constant rate, extending even beyond 
25 hours due to spreading of the fires. The total cumulative quantity of fuel 
in ignited structures within the fire zone as a function of time is shown in 
Figure 3A.5; the fuel in the debris region is also included to emphasize the 
possible effect of fires there. 

The results of an extensive sensitivity analysis of nuclear-induced fires 
in a "uniform" city are summarized in Table 3A.3. The dominant fac~ 
tors affecting the fire outcome are: ambient wind, atmospheric visibility, 
firebrand production rate, fuel loading. thermal-pulse ignition thresholds, 
and secondary (blast·induced) ignition frequency. All of these factors are 
subject to considerable uncertainty. The simulated dependence of fire be· 
havior on each of them was, however, consistent with qualitative physical 
reasoning. 

Fire characteristics for simultaneous bursts have also been calculated. but 
the detailed results were not presented here. When two well-separated O.S Mt 
bursts were detonated over the uniform city. and no interactions between the 
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Figure 3A.S. Cumulative fuel in structures actually on fire as a function of time 
for uniform city baseline case (l Mt.3 km HOB). The total fuel in the fire zone at 
any time. including structutes not yet on fire. would be greater. Of the total fuel 
for each structure, only a certain fraction would usually be consumed in active 
flaming. For the non-debris firespread region, it is usually assumed that 50% of the 
fuel is consumed in active flaming; the rest is usually assumed to be .consumed in 
later smoldering. For the debris, burnout estimates vary from zerO to 100 percent 

fires were assumed. the total fuel affected increased by about 30% over 
the baseline I-Mt case after 25 hours (including the debris areas). This 
result suggests a modest increase in flle)conSllmptidn for simultane
ous smaller bursts, depending on their sizes and relative placement. (See 
also Chapter 1 for a discussion of incendiary efficiency fOf various yield 
weapons.) 
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TABLE3A.3. 
PARAMETER SENSITIVITY STUDY FOR IDEAUZEO UNIFORM 

OTY (NON~DEBRIS REGION) 
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Parameter Modification Fuel consumed Normalized 
\'aried from baseline normalized to relative 

case baseline case aretl 
t = 5 hr 25 hr t = 25 hr 

Windspeed x2 1.30 1.23 1.18 
x3 lAO 1.34 1.24 

Firebrand x 112 0.7b 0.91 0.92 
generation x2 1.40 2.0S 1.11 
rate 

Blast extent 2 psi U.72 1.00 LOO 
Visibilil)' 12.9 km 0.67 1.00 1.00 

32.0 km 2.14 1.57 0.89 
Secondary x 2 1.42 1.02 1.01 

ignitions x 112 0.73 0.98 0.99 
0 0.43 0.85 1.04 

Building x 2 lAS 1.19 1.13 
densit), x 113 0.58 0.76 0.84 

HOB 4.0km 1.19 1.20 0.97 
3.S km 0.96 1.01 1.00 
2.S km 0.97 0.87 1.04 
2.0km 0.97 0.82 0.99 

Lowest critical ] 0.4 callcm! 0.74 1.00 1.00 
ignition 5.0 calJcm1 152 1.33 0.93 
energy 

Window 1.0 1.76 1.18 0.97 
transmiUance 0.4 0.67 1.00 1.00 

Specific fuel x2 1.41 1.08 1.04 
loading x 112 0.42 0.88 0.92 

Window x2 1.42 1.27 1.14 
area x 112 0.65 0.72 0.86 

Baseline case results: Fuel consumedb 

outside debris = 4.8 Tg (5 hr) 
region = 10.9 Tg (25 hr) 

Total fuel affected = 30.0 Tg (25 hr) 
Area affected = 226 km~ (debris region) 

= 534 kmz (non-debris; 5 hrl 
= 764 kml (non~ebris: 25 hr) 

• This col umn presen IS the rario of two ratios; i.e., the area affected al 2S hr divided by the 
area affected at {I hr for the case with a Mea parameter divided by the same ratio for 
Ihe baseline case. 

to SO% fuel consumption rail' is assumed. 
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3A.4 SAN JOSE, CAUFORNIA (1968) CASE STUDY 

San Jose, California of the mid-l960s represents a typical. predominantly 
suburban residential area:. Extensive informati(>n is available from that time 
on the firebreaJcs. building types and fuel distributions (Takata, 1969, 1972). 
As a case study. a I-Mt burst was assumed to be detonated at 2.4 km al
titude over the southern tip of San Francisco Bay. north of San Jose. The 
choice of this GZ was made in the Five-Cities study, presumably to optimize 
blast damage to the military-industrial complex on shore nearby. Table 3A.4 
describes the baseline parameters for this case. 

TABLE 3AA. 
BASELINE CASE PARAMETERS FOR SAN JOSE AREA (1968) 

Attack s<:enilrio: Yield = 1 Mt" HOB = 1A km. GZ at (1 = 16, J = 33) 

Atmosphere: 

Tracts: 

Blast effects: 

Filet 

After attack: 

Visibility:=: J9.3 km, 
Wind = 2.68 mls (6 mph) from the west 

Tract types 
Tract dimension 
Total number 

=14"-
= 0.8 km X 0.8 km 
= 1428 (occupied 

= 699) tracts 

Severe blast damage (debris) above 6 psi overpressure 
Moderate blast damage between 2 psi and 6 psi 
No blast damage below 2 psi 
Secondary fires above 2 psi overpressure 
Some primary fires extinguished above 2 psi 

Total mass of fuel in area 
Fuel in residential tracts 
Fuel in industrial tracts 

= 3.05 Tg 
= 5-11 kgfm1 

= 21-88 kglm2. 

Number of tracts initially involved = 240 
(Le., 55 blast-destroyed) 

(J 85 ignited) 
Fuel available in debris area = 0.31 Tg 

• The tract type5 vary according to the b"uilt-upnes:> ortbl:' area. the building density. and 
the building height ~d Boor aru. There are 8 residential tract t~ with a specified 
fuel loading of 50 kglmz-floor 2 industrial tract types with 118 kglm· ,2 school tract 1~ 
with 24 kglm2 • and 1 commercial tract type with 24 kglm 1-. The residential fuel loading 
may be low by a factor of tWO (lssen. 19!!O). 
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Fire initiation and spread in San Jose area (1968) 
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Figure 3A.6. Fire." in the San Jose. california area assum ing 1968 fuel load diSlri
bulions (1 Mt al 2.4 km HOB) 

Figure 3A.6 shows the ground zero, debris area, the fire ignition and 
spread patterns t = 5 hours and t = 25 hours after detonation. After 25 
hours, the total area damaged and burned was calculated to be about 200 
kml (even though the initial detonation occurred over the Bay and did 
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not ignite downtown San Jose). The majority of structures in San Jose are 
primarily residential, holding about 50 kg of fuel per square meter of HOQr 
space. (While tbis value may be low for current residential structures (Issen, 
1980), the present calculation may be considered as a sample case study,) 
Under these conditions, the total fuel affected in the non~debris fire-spread 
region was about 0.5 million tonne (Tg) after 25 hours; in the adjacent debris 
region, the amount of available fuel was about 0.3 Tg. 

When ground zero was moved from the Bay southward 10 include mote 
of tbe developed area of San Jose (Le., to 9.6 km southward of ground zero 
shown in Figure 3Ab), the total urban area initially affected increased to 
about 250 km2 (91 for the debris region. and 156 for the ignited region). then 
slowly increased to about 260 km 2 aher 25 hours. and to about 370 km2 after 
50 hours. The 10tal fuel affected was about 1.5 Tg (I Tg in the non-debris 
region; 0.5 Tg in the debris region). These results suggest that the fire history 
is "city-specific", i.e .. the distribution patterns of a particular city and the 
specific nuclear targeting near or within the city influence the fire outcome. 
Thus. a reasonably detailed survey, especially of the fuel distributions, may 
be a prerequisite for predicting the potential time-dependent fire-spread in 
a specific urban area. 

3A.5 DETROIT. MIcmGAN (1968) CASE STUDY 

Many single-burst cases have been calculated for various GZ locations over 
Detroit. involving 1 Mt and 0.5 Mt weapons. For the I-Mt cases, the height
of~burst (HOB) was assumed to be 2.6 km in order to maximize blast dam
age, while for the 0.5-Mt cases, a HOB of 2.1 km was assumed. The wind 
velocity was taken to be westerly at 4 m/s. Note that fuel loadings varied 
according to tract type, with 50 kglm 2 (floor space) assumed for residential 
structures, as in the San Jose case, and 88 kglm2 for industrial tracts. Figure 
3A.7 is a map of the Detroit area displaying various tract types. 

The resultS for these single-burst cases varied widely according to the GZ 
location. For example. Figure 3A.8 shows the fire area for a l-Mt blast at 
t :;:::: 25 hr after detonation, encompassing about 840 km2 (which included 
110 km2 of debris region), and involving 14 Tg of combustibles (with about 
2 Tg in the debris region). In the model. the fires continued to burn in the 
windward direction until firebreaks were reached, e.g., Lake St. Clair. No 
fuel data were available to consider fires in adjacent areas in Canada, and 
therefore ignition and firespread in that region 'Were not considered. Tbe 
results are summarized in Table 3A5. 

Multiple, near simultaneous burst effects were also considered as a pos
sible attack scenario, but the precise results are not presented here. Figure 
3A 9 illustrates the fire zones one-day after two 0.5 Mt weapons were ex
ploded at different locations over Detroit. Interactions between the fir-es were 
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Figure 3A.7. Detroil. Michigan area fuel loading as of about 1968. Each I,J co
ordinate denotes a 0.8 km x 0.8 km tTact; each X refers 10 a location that served 
as grou nd zero in a set of tests of the effects of a single detonation 

ignored. The total area affected was about 1,370 km2 (including 420 km2 of 
debris region), a sizeable increase over the single-burst, I-Mt case. On the 
other hand, the total fuel involved was somewhat lower at about 11 Tg (with 
1.3 Tg in the debris region), because less-dense areas were burned up to this 
time. This again demonstrates the importance of the attack scenario and the 
fuel loading patterns. Note that the 11 Tg translates into an average fuel 
loading of about 8 kgfm2

• which is about the same as was assumed in the 
San Jose residential areas (Table 3A.4) and is also probably a low estimate. 
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Figure 3A.8. Fires in the Detroit, Michigan area, assuming fuel loading character
istic of about 1968.25 houts after a 1 Mt bUTSt. Bold lines outside the debris region 
indicate fire breaks (e.g., water bodies, open areas) 

Because the fraction of the total fuel in a city that becomes involved in 
the fire zone is a1so of interest, these have been calculated and are shown in 
Table 3A.S. The fractions of fuel affected by fires depend on many factors 
whiCh ate specific to the city in question. Nevertheless, it appears that a 
sizeable fraction of all the fuels in a major city, plus its suburbs, could be 
ignited by about 1 Mt of nuclear explosives (Table 3A.S). 



Tahle 3A.S Urhan fire areas and fuel burdem for single detonations. 

Area of Fuel availahle 
Case Yield fire zones in fire rones 

(MT) (km2
) (Tg) 

Debris Non-debris Debris Non-debris Dehril! 
Region 2S hr 50 hr Region 25 hr 50 hr Region 

Uniform 1.0 226 764 1016 6.3 11.8 35.n 
City 0.5 143 SIb 775 4.0 12.Q 23.2 

San Jose" 1.1l 91 156 275 O.S 1.0 l.l IS% 
0.5 59 148 251 0.3 0.7 O.q 8 

Detroitol 1.0 91-109 610-733 714-911 1.7-4.4 11.5-13.1 14.2-18.0 6-17 
0.5 63-65 404-582 548-755 0.3-1.6 1.4-11A 4.5-16.3 1-6 

a When at least one structure is on fire. the entire tract is considered to be in the fire 1:one, 
t. For the uniform-chy case, the fraction is.no\ given because the total urban area i~ not specified. 
,. For the case With a ground-;r.ero located 11.6 km south of the ground-zero shown in Figure 3A.6. 
01 The upper and [ower figures give the fange of values obtained for a number of simulated burstpoints. 

Fraction of total 
fuel in fire zones 

(Pereeti t)" 

Non-dehris 
25 hr 50 hr 

(b) 

32% 36% 
22 31 

45-51 56-70 
5-44 18-64 
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Figure 3A 9. Fires in the Detroit area, assuming fuel distribution characteristic of 
1 %8 and for two simultaneous O.5-Mt bursts, 25 hours after detonation. Bold lines 
outside debris regions indicate fire-breaks 

lA.6 DISCUSSION 

From the foregoing analysis. it is obvious that variability exists in the fire 
areas and the amounts of fuel consumed with differences between cities, and 
with burst location within a city, due mainly to variability in the fuel load and 
distribution. Nonetheless, based on these simulations several tentative con
clusions may be reached. First, the dominant factors in fire spread are: fuel 
loading. reach of the thermal-pulse. ambient windspeed, and firebrand pro
duction rate. In addition, the cities witll irregular fuel distributions display 
fire histories that are distinct from an idealized "uniform" city, with depen
dence upon the attack scenario and the fuel distribution patterns. Second, 
the potential burnout areas in cities under nuclear attack can be as large as 
1000 km2 after one day, when fire spread by the ambient winds is included. 
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These estimates do not take into account the likely significant role of liquid 
fossil fuels in stationary and spreading fires in urban/industrial zones~ In the 
larger cities. the total fuel potentially involved in fires can range up to 20 Tg 
or more (Table 3A.5) after a day, although in sparse residential zones the 
value may be closer to one-tenth this figure. Indeed, a large-scale nuclear 
exchange could impact an enormous quantity of fuel, and presumably create 
large amounts of smoke (see Section 3.3). 

A number of potentially important physical factors have not been included 
in the present calculations: synergistic effects of simultaneous fires, abrupt 
flashover (the Encore effect; see Chapter 1), merging and breakup of fires 
and plumes, fire-wind interactions, fire phenomena in the debris region, 
and firestorms. Fires in the debris region may burn actively, smolder, or be 
entirely extinguished, depending on the debris formation process, the fuel
to-nonfue! ratio, and the mixing characteristics, among other things. Taking 
into account the various uncertainties, it is still quite possible that fires would 
exist in the debris region and produce smoke in the aftermath of a nuclear 
attack. Thus, the debris region fires represent an important area of study. 

Firestorms in particular are an important aspect of mass fires because 
of their potential impact on smoke transport to high altitudes. A firestorm 
may be defined as a stationary fire with an intense heat release and strong 
inftowing winds over a large area. Although the criteria necessary to initiate 
a firestorm are not well understood, two of the major factors seem to' be that 
both the intensity and the extent of the fire must be quite large. For exam
ple, one of the ] 943 Hamburg 6restook about 2 hours to reach firestorrn 
conditions over an urban area greater than J 2 km 2 . The heat intensity was 
on the order of 2.5 x lOs Wm 2 for more than six hours. While the present 
model does predict the heat release rate and area of urban fires, it does 
not predict the complicated interaction between the fires and fire-induced 
winds. Since firestorms probably develop by means of these interactions. 
more research is needed before reliable predictions of firestorms could be 
made. The convective storms that could be triggered by high fuel loads and 
high heat-release rates are discussed in Chapter 4. 
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CHAPTER 4 

Atmospheric Processes 

4.1 INTRODUCTION 

As an introduction to Chapters 5 and 6, which present the atmospheric re
sponse to the smok~ and dust injections described in Chapter 3, this chapter 
fQcuses on the· physical pr~ses in the atmosphere that interact with the 
injected aerosol. The first section is concetiled with plume rise and mesoscale 
processes that affect the early dispersion of the injected material The next 
section treats physical processes such as radiative transfer and atmospheriC 
transport, which interact with aerosol on the longer time scales of weeks to 
months. The last section discusses briefly geophysical analogues and their 
relevance to the problem of climatic disturbance following a nuclear war. 
This chapter should be seen as a bridge between the preceeding chapters, 
which are primarily concerned with determining the qlJ3ntity and type of 
material injected into the atmosphere,and the following chapters, which 
are primarily concerned with the longer time scale res.ponse to the injection. 
In addition, it attempts to provide some perspective on the imponance Cif 
various physical processes in determining the climatic response and on the 
degree to which these processes can be simulated in current climate models. 

4.2 SHORT TERM ATMOSPHERIC RESPONSE 
TO SURFACE FIRES 

Fires of the intensity and areal extent of those likely to occur in the after
math of a modern thermonuclear exchange. and the plumes associated with 
them, are beyond normal experience. The wildfires that occur periodically 
in forests and grasslands are fundamentally unlike those that would result 
from a nuclear detonation. Whereas usual wildfires are set from a single or 
limited number of iginition points, Ii. nuclear detonation can simultaneously 
igriite tens or hundreds of square kilometers of forest. brUSh, and grass, 
thereby inducing fires of areal extent much larger than ever observed be
fore (NRC. 1985). Some closer approximations to what might occur are the 
fires, firestorms, and associated smoke plumes caused by conventional and 
nuclear bombings of cities during the Second World War. The conventional 
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incendiary bombings of Dresden and Hamburg both resulted in intense fire 
storms. Although docuinented observations of the resulting fires and fire 
plumes are sketchy, anecdotal evidence indicates that smoke plumes reached 
6--12 km in height (NRC, 1985). The Hamburg fire, although covering an 
area of only 12 km2, had an estimated heat output of 1. 7 x lOt! MW and pro
duced a smoke plume that reached altitudes ranging from 9-12 km (Ebert, 
1963; Carrier et aI., 1983). 

Following the nuclear detonations over both Hiroshima and Nagasaki, 
observations of smoke were again limited. The early morning bombings oc
curred in early August, 1945, at which time tbe local maritime a.tmosphere 
was conditionally unstable. Because of topographical influences, the result
ing fire in Nagasaki was less extensive than that in Hiroshima (see Chapter 
1). In both cities, a large cumulonimbus cloud formed over the the fire 
that produced a "blaCk rain" at the surface; at Hiroshima. the rain began 
within 20 minutes of the blast. Molenkamp (1980) estimates that 5-10 em 
of rain feU in parts of Hiroshima in a 1-3 hour periOd, while the amount 
was somewhat less in Nagasaki (Ishikawa and Swa.in, 1981). 

These historical fire events are small compared to those that could occur 
today with modern weapons. Whereas the Hamburg firestorm Covered 12 
km2 with an average heat flux of about 14x let W/m2 (Ebert, 1963; Carrier 
et iii., 1983), a current strategic nuclear weapon is capable of simultaneously 
igniting a city of several hundred square kilometers. LarSOn and Small (1982) 
have estimated that fuel loadings in some city centers can approach that of 
the pre-firestorm Hamburg fuel density of 470 kgJrra-2 OVeT a region of 3-13 
km2 • They also estimated fuel loadings of 110 kglm2 over a substantially 
larger region of 47-100 km2 surrounding the city center. Because a nuc1ear 
detonation could ignite the entire region simultaneously, total heat fluxes 
in a modern city could reach as high as HP W/rra-2 (equivaleilt to about l01 
MW over the region) if a large fraction of the combustible material were 
to burn in 3-6 hOUTS. (it is not certain that all of the material would buTO', 
especially in the regions of heaviest debris; see Chapter 3, and Appendix 
3A.) Such strong heat sources, which are roughly 10 to 100 times greater 
than the amount of solar radiation absorbed at the ground, could produce 
deep. often precipitating, atmospheric plumes that would inject smoke, dust, 
and moisture aloft. 

4.2.1 Fire Induced Convective Plumes 

The majority of nuc1ear weapon strategic targets lie in regions where, dur
ing the months of May-September, the atmosphere is IikeJy to be condition
ally unstable for moist convection most of the time. During March-April, 
and OCtober-November, the atmosphere above the majority of the targets 
probably has sufficient moisture to feed convection if large and unusual sur-
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face heat sources OCCUT. ]0 the remaining months of December-February, 
at least 50% of the targets may be in a conditionally unstable environ
ment or possess enough moisture to supply unstable moist convection with 
a large surface heat flux. Therefore. over much of the year and in many 
locations, smoke resulting fTOm large surface fires would be likely to enter a 
cumulonimbus cloud that is supported OT triggered by the fire induced heat 
flux. 

Fire induced moist convection could be somewhat more intense tban nat~ 
ural moist convection for a given time and locality since it is augmented by 
the surface heat source. In fact, the heat flux of an intense. massive fire could 
be comparable to that which drives an intense cumulonimbus storm (which 
may have latent heat fluxes aloft exceeding 1 r; -1 C1' W 1m2 at mid levels over 
a region of 10-25 knr). If heat fluxes are less than about lQ4 W/m'1., strong 
convection might nQt ocur. Smoldering fires would tend to inject smoke 
only into the boundary layer. In general, natural deep convective systems 
are found preferentia1ly to detrain (release to the enviroment) most of their 
mass near the tropopause level (Yanai et a!.. J973; Knupp, 1985). Hence, as 
a first approximation. it can be expected that deep moist convection induced 
by flaming fires would deposit much of the smoke carried up by the cloud 
into the region just below. or possibly just above. the tropopause (excepting, 
of course. for that smoke which is removed from the cloud by scavenging 
processes; see Chapter 3 fOT a discussion of scavenging mechanisms). 

As with natural convective plumes. dynamic interactions with loca1 winds 
and vertical wind shear can result in a helical and inertially stabilized plume 
updraft (Ully and Gal Chen. 1983). For fires that persist for a period of sev
eral hours, a strong inward spiraling surface vortex might develop that would 
fan and further enhance the fire. There was evidence of such a whirlwind in 
the Hamburg firestorm, ahhough not in the other mass fire cases. 

Unlike natural moist convection. cumulonimbus clouds occurring in con
junction with surface fires would contain extremely high levels of pollutants 
(dust. smoke. debris, etc.) that could alter their microphysical development, 
which in tum could affect the plume development. Much higher than nor
mal CCN (cloud condensation nuclei) concentrations might be produced. 
resulting in the formation of many very small droplets and preventing the 
formation of raindrops by autoconversion (growth to large drops by coa1es
cence of smaller cloud droplets). This is probably not an important modifi
cation since raindrop formation by autoconversion is rare over continental 
regions, even with present background levels of pollutants and CCN. Other 
cloud micropbysical effects may be anticipated as well. If the pollutants act 
effectively as ice nuclei (silicate is a primary ice nucleus) in addition to CCN, 
ice nucleation by condensation freezing could be augmented. This may lead 
to larger than normal ice crystaJ production rates in portions of the cloud 
above - 200e (where depositional nucleation rates are normally small) and 
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perhaps smaller than normal ice crystal sizes overall. It is unclear, however, 
whether this would augment or weaken the precipitation growth process. 

Because of the complexintetactions among the production of heat and 
smoke by the fire, atmospheric motions. and the microphysical processes 
affecting the partiCles. model1ing fire plume behavior is extremely difficult. 
A number of two-dimensional simulations of fire plumes have been con
dueted. These have been used to study the relationships among heat addition 
from the fire; prod uction of buoyancy, generation of pressure gradients, and 
induction of fire winds. as well as the role of sub-grid turbulence 'and fire
plume radiation (Luti, 1981; Small et aI., 1984a, 1984b;Proctorand Bacon. 
1984). While these models have the advantage of high spatial resolution and 
give reasonable agreement with observations and experiments, they are not 
able to simulate the compl~)I relationships between plumes and the ambient 
atmosphere which occurs within a three-dimensional framework, 

A more realistic simulation of the plume development in the ambient I\t
mosphere can be performed using three-dimensional cumulonimbus models. 
although these models suffer from a coarser resolution and do not include 
fire,.plume tadiation effects. Over the past decade. three-dimensional mod
els have been quite successful in simulating the observed characteristics of 
cumulus. and cumulonimbus clouds (Miller and Pearce, 1974; Cotton and 
TripoU, 1978; Klemp and WUhe1mson, 1978a,b; Schlesinger. 1978; Oark. 
1979; Tripoli and Canon, 1980. 1985). Because of their superior represen
tation of cloud dynamical precesses, three-dimensional models have greater 
fidelity in simulating important interactions between the c10lld and the sur
roonding environment than do numerical models in one- or two-dimensional 
frameworks. The three-dimensionaJ models used to simulate fire plumes to 
date are the Colorado State University RegionaJ Atmospheric Modeling Sys
tem (RAMS) (Tripoli and Cotton, 1982; Cotton et at, 1985) and the model 
of Penner et aI., 1985; (see also Haselman, 1980). Both models include the 
predicted effects of latent heating, However, RAMS also predicts the growth 
and effects of ice and rain precipitation, which allows· it to simulate the ef-" 
feets of buoyancy changes resulting from precipitation movement relative 
to the air parcel. This effect could be equivalent to as much as a 1-3°e 
temperature perturbation. For these studies, both models also predicted the 
evolution of a passive tracer representing smoke. The RAMS model also 
calculates the effects of thermophoretic, diffusiophOr'etic, and Brownian
induced scavenging by the simulated cloud and preCipitation elements; a 
single-sized smoke (SOOl) particle with a radius of 0,1 I-Im is assumed. Be
cause experimenta1 evidence (Section 3.5) indicates that soot particles are 
generally poor CCN, nucleation scavanging was neglected by RAMS. 'How
ever, some studies have found that smoke particles from forest fires do act 
as CCN (Radke et aI., 1980b). implying that nucleation scavenging could 
prove to be an important removal mechanism. 
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RAMS was employed by Cotton (1985) to simulate a hypothetical post· 
nuclear-attack urban fire occurring in the early morning in Denver, Colorado 
on 4 June. 1983. On that day, sufficient moisture was available to trigger 
intense local thunderstorms. (In fact, strong thunderstorms actually were ob
served later that day.) The simulation was performed using three surface heat 
Huxes: 8 x l~W/m2 (intense), 4x l~ Wlnr (medium), and 0.8 x 1~ W/m!. 
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Figure 4.1. Peak vertical velocity in the simulated cumulonimbus cloud as a func
tion of time for three different values of the fire heat source as.~umcd by Colton 
(1 gaS). The curves are labeled with the source intensit~ and all fires cover a circu
lar region with a radius of 4 km 
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(weak) applied over a circular region of 50 krrr. In each case; soot was 
injected along with the heat. assuming that 0.2% of the fuel is converted 
into soot. (In such tracer studies, the absolute amount injected is not critical 
since the tracer does not feed back into the rest of the model physics.) In 
addition to the water vapor entrained with the ambient air, water vapor 
released by fuel combustion was also included. 

The intense case was found to produce a very strong updraft (Figure 4.1) 
that reached velocities of over 75 mls and became nearly steady in time af
ter 15 minutes of simulation. Within the updraft, temperature perturbations 
from ambient conditions of over 23°C were predicted. Because of the strong 
vertical motion. air parcels spent less than five minutes in the updraft before 
flowing into the anvil at 8-12 km above ground level. Since such a relatively 
short time was spent in regions of high condensation and large amounts of 
cloud water, less than 2% of the tracer aerosol was predicted to be removed 
by phoretic and Brownian scavenging (neglecting nucleation scavenging). 
The simulated plume produced an anvil that extended below and above the 
tropopause (see Figure 4.2) leading to maximum smoke and water detrain
ment in this region. The simulation was terminated after half an hour. By 
that time, no significant precipitation had yet reached the ground. Ice was 
deposited into the spreading anvil with Concentrations reaching 6 glkg of 
air, compared to normal amounts of 1-3 glkg. 

4.2.2 Smoke bijection Heights 

The vertical profile of smoke injection resulting from the simulati.on is 
displayed in Figure 4.3. For the case with a heating rate of 8 x 1(J4 W/m2

, 

over 50% of the injected tracer aerosol is deposited above the tropopause 
level, which is located at about 10 km above ground level. Another maxima 
occurs below about 2 km betause some smoke is detrained and trapped at 
low levels. This appears in Figure 4.2 as the low-level, flange-like structure 
to the plume. 

Reducing the fire heat source to half of the intense heat source produced 
little change in the percent injection of smoke with height. However, when 
the rate was reduced to one-tenth of the intense case, the resulting convec
tion was noticably altered. In this case, the surface heat flux was insufficient 
to loft the tracer aerosol high enough to initiate strong condensational pi urne 
g~.owth. After some time, precipitation did develop at the top of the plume 
wllich produced occasional strong updrafts in excess of 50 m/s. Asa re
sult, a weak maximum of aerosol injection eventually developed around the 
tropopause level (see Figure 4.3). There was alsO considerably more smoke 
deposited in the boundary layer in the first half hour (as is evidenced in Fig
ures. 4,2 and 4.3) for this weak intensity case than in the full and one-half 
intensity cases. 
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Figure 4.2. A three-dimensional depiction of the tne exterior surface of the tracer 
aerosol cloud for lhe Ihree valuesofthe fire heal source assumed by Couon (1985). 
The surface is the 10--8 grm3 contOUT level and the lime is 30 minutes after the start 
of the ca1cuJation 
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Figure 43. Vertical distribution of the tracer aerorol injection for the three dif
ferent values of the fire heat Source assumed by Cotton (1985). The horizontal axis 
is in units of percent of mass injected per .... ertical kilometer of atmosphere. The 
cur.-es are. labelled with the source intensity and a1l fires cover a circular region 
With a radius of 4 km. These [lumbers areca1culated 30 minutes after the start of 
the calculation 

Predictions of plume injection for spring/fall rr:iidlatitude standard at
mospheric conditions were made by Penner et a1. (198.5) and by Banta 
(1985), who used RAMS. Both authors assumed a vertical shear with a uni
directional component and a horizontal flow with maximum speeds near the 
tropopause. Banta's peak horizontal wind was about 14 mis, compared to a 
value of 18 m/s assumed by Penner et al. While Penner et al. assumed stan
daid atmosphere relative humidities of about 77% at tbe surface decreas
ing to about 10% at the tropopause, Banta assumed 50% relative humidity 
throughout the entire depth of the atmosphere. 

Penner et al. (1985) performed three simulations based on this thermo
dynamic profile. The first simulation considered a heat source of 8. 9 X 1 Q4 
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W/nr (intense), the second simulation used a heat source of 23>< 10' W/m2 

(medium) while the third simulation used a heat source of only 0. 23 x 10" 
W/m2 (low). Each flux was specified over a circular region covering 78 km2

• 

Banta (1985) assumed a heat source of 9. 4 x 10" W/m2 over the same area. 
Using. only that heat source, Banta (1985) performed thr-ee simulations. The 
first simulation considered moisture flux from the fire due to the release of 
water vapor by combustion in addition to the latent heat contained within 
the atmospheric water vapor in much the same manner as Cotton (l985). In 
the second simulation, Banta assumed no background atmospheric humidity 
in order to demonstrate the relative contribution of moisture released by the 
fire to plume penetration. Finally, in a third simulation. Banta removed all 
moisture effects in order to demonstrate the effects of only the fire heat to 
the plume rise. 

The predicted smoke injections from all three simulations are displayed in 
Figure 4.4. Note that Banta (1985), who used RAMS, included only phoretic 
scavenging (which was less than 2% of the injected aerosol), while Penner et 
at (1985) neglected all scavenging. Thus, both simulations treat the particles 
essentially as inert tracers. The predictions of Banta (1985) show the deepest 
smoke penetration with a maximum above the 11 km tropopause level for 
the case including natural and fire-induced moisture. The other two RAMS 
simulations demonstrate that the moisture from combustion is of only minor 
importance, but that the ambient moisture is of major importance. Even with 
the intense heat source considered, the majority of the smoke particles were 
detrained between 4 and 5 km when atmospheric moisture was omitted. 

The most intense case Simulated by Penner et al. (1985) resulted in a 
tofting maximum some 2 km in altitude lower than that predicted by Banta 
(1985). The most probable reasons fOT the difference between the results are 
that Banta initialized with greater moisture and that Penner et al. neglected 
the weight loss to the air parcel resulting from precipitation. A third factor 
which may bear on the difference is the diffusion of ellergy and aerosols 
within the models. In RAMS. the aerosol tends to be detrained at the highest 
level to which it is carried; in the Penner et a!. model. the aerosol tends to 
overshoot its equilibrium level and then subside to the level at which it 
subsequently detrains. The cause of these differences is not understood. The 
Penner et al. results for the medium and low intensity cases demonstrate 
that. as the heating is reduced. the detrainment maximum quickly drops 
down to the 1-3 km level. This is consistent with the previously discussed 
simulations of Cotton (1985). 

The reSults of these plume simulations suggest strong sensitivity of the 
height of smoke injection to the natural environment and to the intensity 
of the fire itself. This implies that atmospheric smoke injection resulting 
from a nuclear exchange would necessarUy depend on the details of the at
mospheric environments at the times and places that the fires occur. The 
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Figure 4.4. Vertical distribution of the tracer aerosol injection for the calculations 
of Banta (1985) and Penner et aL (1984) for the values of the fire heat source and 
for the moisture assumptions indicated. The horizontal axis is in units of percent 
of mass injected per vertical kilometer of atmosphere. These values are based on 
distributions 30 minutes after the start of the calculations 

smoke injection profile that would arise statistical1y would most strongly 
depend 00 the time of the year. During the summer months, many of the 
likely strategic targets would be within conditionally unstable or moist (and 
thus potentially conditional1y unstable) environments. For such targets, even 
the relativel y small fires (less than 1 rP MW) could potentially lead to intense 
cumulonimbus clouds that could loft as much as 50% of the smoke into the 
upper troposphere and lower stratosphere, assuming minimal precipitation 
removal due 10 nucleation scavenging or hydrodynamic capture. 

In less conditionally unstable but moist environments. intense cumulonim
bus clouds would occur only over the larger fires. However, even in these 
environmenis, some smoke injection into the stratosphere is possible. In 
general, the ambient surface temperature would be less important than 
the available ambient moisture and the temperature aloft. because the heat 
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necessary to initiate a plume would come from the fire. Therefore, during 
the summer months. the average smoke injection profile for urban fires with 
heat releases greater than H1' MW will likely show a relative maximum near 
the average tropopause level. 

During spring the atmosphere locally can be more conditionally unstable. 
but statistically is probably less favorable to deep convection than in the 
summer because of frequent stabilizing temperature inversions. lingering 
stable cold air regions. and drier air masses. The fall season would be even 
less favorable for the development of deep convection because of the exis
tence of more warm air aloft and drier surface conditions. The winter season 
would be least favorable to deep penetration by fire-induced cumulonimbus 
clouds because of generally stable and dry conditions. 

Overall. the model results suggest that the immediate lofting by plumes 
could inject, on the average. 50% of the smoke produced by intense post
nuclear-attack fires to within 3 km of the original tropopause during the 
summer months. The remainder would be injected at lower altitudes and. 
in part, removed by precipitation. The fraction lofted during spring and 
fall could be substantiany less, and little would be injected al the tropopause 
level during the winter months. It is possible. that if nucleation scavenging or 
hydrodynamic capture were effective. the above estimates of lofting could 
be reduced, although it is impossible at this point to say by how much. 
The various studies of nuclear war effects (e,g .• Turco et al.. 19838.: NRC. 
1985; Crutzen. et al.. 1984) have assumed that the precipitation scavenging 
fraction is on the order of 30 to 50%. This estimate takes into account 
precipitation scavenging from all fires. including those that do not create 
strong convection. 

4.3 MESOSCALE RESPONSE 

Beyond the scale of individual fire plumes. the response of the atmosphere 
would involve weather systems on the scale of 100-1000 km. This scale 
is referred to by meteorologists as the meso-alpha scale (Orlanski. 1975). 
Following a major nuclear exchange. large amounts of smoke and. for moist 
convection. ice would be deposited in the upper levels of the atmosphere. 
Because smoke and ice are radiatively active in the visible and infrared 
parts of the spectrum, their presence could trigger meso-alpha circulations. 
Some preliminary meteorological evidence suggests that the radiative effects 
of cumulus anvils and the cooling effects of melting ice might drive meso
aJpha convective activity_ The effects appear to be stronger at night, perhaps 
due to lack of warming by sunlight at the anvil top. which may panial1y 
compensate for the longwave cooling a1 cloud top. Within SOOt-filled anvils, 
the diurnal variation of heating would probably be enhanced as a result of 
strongly increased solar absorption. 
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Observational evidence for the existence of meso~alpha systems of this 
type is found in a class of systems called Mesoscale Convective Complexes 
(MCCs) (Maddox, 1980). Occurring frequently over the Great Plains of the 
United States on summer nights, they seem to begin often as intense af~ 
temoon convective systems that initially produce a large ice anvil. Usually 
about 1-3 hours after sunset, these systems undergo a dramatic transfor~ 
mation from cellular convection into a large anvil system in which steady 
stratiform rain is the primary precipitation. Current theory suggests that 
long wave radiation and precipitation melting, in conjunction with a strong 
relative flow of low level moisture into the region, help organize the system. 
A similiar mesoscale weather system found in the tropics is O\lIed a tropical 
cloud cluster. W. Gray (personal communication) has also found that these 
systems have a similar strong diurnal variation. 

As a result of geostrophic adjustment to anvil outfiow. it has been shown 
that strong alteration of the upper level flow occurs in the region of an 
MCC (Maddox et aI., 1981; Fritsch and Maddox. 1981), The result is the 
formation of mesoscale high pressure aloft in conjuction with a divergent 
anticycloniC outflow pattern. In the Northern Hemisphere. upper level jet 
streaks of up to 50 mls form to the north west of the MCC at the 20 kPa 
(200 mb) pressure level. As low level moisture supplies are exhausted and 
the MeC weakens. elements of the upper level flow pattern can remain. The 
residtlal flow pattern seems to be capable of restarting the system when it 
again encounters favorable conditions (Cotton et al., I982). 

Beqiuse fire indu<:ect cumuJus plumes have been shown by model results 
to cause significant anvil outflow of ice, smoke. and air mass, a meso-alpha 
system similiar to a MCC could result. In regions where urban strategic tar
gets are clustered, the effect of merging anvils may be stronger. The large 
volume of ice deposited in these anvils must eventually precipitate or evap
orate and would be likely to induce some motion due to the cooling at 
the melting or evaporating level. Large cooling rates due to infrared ra~ 
dialion divergence would be expected in the upper anvil, which. at night, 
could act to destabilize the upper ,anvil region. During the daytime, short
wave absorption by smoke mixed with ice would oppose such cooling, and 
could. in fact, dominate. The net radiative effect at this time is unknown. 
Given that such systems are observed and that some of the known con~ 
ditions would exist in fire-induced cumulonimbus systems, a mesoscale re
sponse may be expected to occur. If so, the induced mesoscale circulation 
could redistribute the smoke vertically and horizontally from the regions 
predicted by the three~imensional cloud models. However, it is not yet 
known whether individual fire plumes could form anvils extensive enough 
to trigger MCCs. 

The larger mesoscale anvil systems that might ocCur would contain 
large .amounts of ice, possibly leading to light rain at the surface over 
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large regions for a day or so following the initial strong convection phase. 
This would provide a second opponunity for seaven,ing. mechanisms to 
deplete the large smoke concentrations deposited throughout the atmo
sphere. The smoke would bave aged so that precipitation scavenging could 
be more efficient. Since slow sublimation of the ice would be occurring, 
some ice thermophoretic scavenging could be expected. Due to the many 
complex physical processes invol",ed. and the uncertain composition of 
the post-nuclear exchange anvil and the environment. it is impossible to 
estimate the amount of scavenging that might occur in this mesoscale 
phase. 

When large ambient "'ertica! wind shears are present o"'er the tire zones, 
cohesive anvil systems would be less likely to develop. In that case, precipita
tion formed aloft could evaporate after falling into drier layers below. This 
would introduce cooling and ·cause some mesoscale circulation response, 
which could be effective in continued mixing and dispersal of lofted pollu
tants. 

It is Jess likely that only small amounts of ice would be present and that 
moist processes could be neglected. Even so, tbe mesoscale distribution of 
soot and other pollutants could cause horizontal temperature variations. 
This could. in turn. induce mesoscale circulation fields, that would continue 
to disperse smoke horizontally and vertically. 

Mesoscale circulations would already exist in conjunction with normal syn
optic and mesoscale weather patterns. Vertical motions associated with such 
features as jet streaks and frontal wnes would be effective in subsequent 
vertical transpon and horizontal dispersion of the lofted pollutants. Cenain 
deformation fields associated with normal weather patterns could be effec
ti",c in organizing strong. local venicaltransport of pollutants. In particular. 
the regions near frontal zones. where secondary ageostrophic circulations 
exist. would have the largest influence. 

For smoke deposited in the lower troposphere. thermally-driven 
mesoscale Circulations such as seabreezes (Pielke. 1974) anel slope flows 
(Defant. 1951) could lead to the preferred transport of materials to regions 
of mesoscale rising and sinking motions. Often. such zones of mesoscale 
rising motion are associated with natural cumulonimbus systems (Pielke, 
1974; Banta. 1982) that could act to loft the material into the upper tropos
phere. 

There are several potentially important short-term effects of mesoscale 
circulations in redistributing smoke initially lofted by fire plumes. Over
all. however. the circulations are likely to lead to increased dispersion both 
vertically and horizontally. as there are no circulations that can increase lo
cal aerosol concentrations. One possible exception is the creation of clear 
spots through precipitation scavenging. Jeading to an increase in "patchi
ness". Without better data on scavenging rates and modeling of the poten-
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tiaS radiation effects on the circulations, it is difficult to assess the impor
tance of such processes. Although the lower stratosphere is highly stable, 
radiative cooling in the ice anvil could generate sufficient instability to cre
ate large scale overturning. Some smoke and ice separation could occur, at 
cloud top. which would leave some of the smoke behind in the stratosphere. 
Whether the mixture of smoke and ice could lead to net cooling or warm
ing of the anvil during the daylight hours may have an important impact 
on the distribution of smoke in the upper troposphere and lower stratos
phere. 

Because of our limited understanding of mesoscale circulations and the 
lack of experience with plumes from large, intense fires, much of the pre
ceeding discussion has been speculative. )t is worth noting, as was done 
in Chapter 3. that there are observations of wildfire plumes which show 
that smoke can be transpol1ed over very long distances. Wexler (1950) de
scribed transport of smoke from 6res in Alberta, Canada extending down 
iilto the U.S. and across the Atlantic to Europe. More recently, Chung and 
Lee (1984) used saieliite imagery to track plumes from fires in this same 
area across Canada to the Atlantic coast and down across the Great Lakes to 
New York. Voice and Gauntlett (1984) also made use of satellite imagery to 
track plumes from the Australian bush fires of 1984 across the Tasman Sea 
to New Zealand. In these and in other cases, there is no evidence of induced 
mesoscale circulations. This may be because the fires were not sufficiently in
tense to generate cumulonimbus systems or because large wildfires typically 
bum under hot, dry, and windy conditions that do not favor the develop
ment of deep convection. In any case. it is clear that this scale of interaction 
deserves attention in future research programs. 

4.4 SYNOPTIC SCALE RESPONSE 

Scales of atmospheric motions between 1000 and 10,000 km are referred to 
as synoptic scales. Generally, synoptic systems are responsible for weather 
variations occurring over periods of 2-7 days. For example, mid-latitude 
cyclones and cold air masses are synoptic weather systems. These systems 
could potentially play an important role in redistributing. transforming. and 
removing the smoke particles. and, in tum, the smoke could modify these 
systems. 

In the first few days afler a nuclear exchange, Cloud-scale and mesoscale 
processes could act to mix soot and ice throughout the troposphere and pos
sibly into the lower stratosphere over much of the Northern Hemisphere. 
The fire plume models suggest that the depth of the initial lofting would be 
strongly dependent on local atmospheric conditions. It follows thaI destabi
lized regions on the synoptic scale. such as those having cold air advection 
aloft or positive vorticity advection at mid levels. would be characterized by 
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the deepest soot and ice penetration aloft. On the other hand, very stable air 
masses would lead to the highest smoke concentrations below 3-4 km with 
little ice deposited aloft. Subsequent heating by solar radiation might then 
act systematically to weaken or strengthen the .system relative to its natural 
state. Obviously. the induced changes in the strength of the synoptic system 
would then affect the mixing of the smoke. 

As discussed previously, the generation Of anticyclones and elevated jet 
streaks by mesoscale systems could significantly alter the normal progression 
of local synoptic scale systems. The possible generation of extensive regions 
of cumulonimbus clouds in the aftermath of a concentrated nuclear exchange 
might have a similiar effect. If a particularly dense arrangement of targets, 
e.g., missile silo fields. happened to lie under a region of strong conditional 
instability, it is possi1;lle that intense outflow aloft could create an upper level 
ridge on the scale of one or two thousand kilometers. A flow perturbation of 
this scale could propagate well beyond the time scale of the initial forcing. 
In addition, instabilities in the flow or forced flows at a later time might 
lead to the growth of subsequent weather systems. It is difficult to be more 
precise about these effects because the understanding of the relationships 
between mesoscale and synoptic scale systems in the natural atmosphere is 
very limited. 

If surface fires can indeed amplify an existing disturbance or create a new 
disturbance on the synoptic scale, it is likely that the disturbance would 
propagate for at least several days. It can be anticipated that air motions 
associated with such systems would mOst likely lead to enhanced dispersion 
of the smoke for several days fOllowing the nuclear exchange. Precipitation 
processes could also act on the same time scale to remove some of the 
smoke. In any case, the synoptic scale effects would depend senSitively on 
the weather patterns at the time of the nuclear exchange. A more precise 
understanding of these effects may be obtained through future regional scale 
atmospheric modeling studies. 

4.5 INTERACTION WITH SOLAR AND INFRARED RAnIA TION 

As discussed in the preceeding section, smoke and debris clouds produced 
by nudear detonations and the attendant tires could be spread by plume riSe 
and mesoscale circulations over large areas of the Earth on spatial scales of 
100 to 1000 km. These Jargesmoke douds would then interact with a variety 
of physical processes which are important in determining the weather and 
maintaining the current climate. The most important interaction is that with 
the radiation fields, induding both the absorption o-f solar radiation and the 
emission of infrared radiation. This section will be concerned with the direct 
interaction of the injected smoke and dust particles with these fields and the 
implications for the radiative budget of the atmosphere, 
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4.5.1 Solar Radiation 

The immediate result of the injection of optically-thick aerosol clouds into 
the atmosphere is to alter radically the pattern of absorption of solar radia
tion in the Earth-atmosphete system. Under normal conditions, about 30% 
of the incident solar radiation is reflected by clouds and the suriace, 25% is 
absorbed by the atmosphere. and 45% is absOrbed at the surface. This energy 
absorbed by the surface is subsequently transferred to the atmosphere by la
tent heat (evaporation of water), sensible heat (warming of the atmosphere 
by contact with the warm surface), and infrared radiation. The atmospbere 
convectively transports the latent and sensible heat upwards, distribut es it 
horizontally by atmospheric motions, and ultimately radiates it ba(:k to space 
as thermal or longwave radiation. A schematic. of the energy deposition and 
transfer is shown in Figure 4.5 (taken from Liou. 1980). 
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Figure 4.5. The heat balance of the £.arth-,atmosphere system for the present cli
mate. Values are normalized to an incoming solar flux of 100 energy units (taken 
from Liou. 1980). Reproduced b)' permission of Academic Press . 

When an aerosol layer is introduced into the atmosphere, the direct solar 
beam is attenuated exponentially by the aerosol, The energy removed from 
the direct beam is partitioned into three categories: it may be absorbed by 
the aerosol particles, it may be scattered upward, or it may be scattered 
downward towards the surface. For most naturally-occurring aerosols such 
!t$ cloud droplets, ice crystals, and wind-blown soil, downward-scattering 
dominates the other processes. Thus the basic effect of .these aerosols is to 
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convert the direct solar beam to diffuse (scattered) solar radiation (hence, the 
white color of cloudS). At the same time, some additional energy is scattered 
upwards and lost to space, thereby reducing the solar energy available to 
the surface-atmosphere system. The fraction of solar radiation reflected to 
space by the atmosphere and surface and lost from the system is called the 
planetary albedo. 

If the smoke particles are assumed to contain an amorphous elemental 
carbon fraction on the order of 20% and have typical dimensions on the 
order of 0.1 .u m to 1.0 p. m, about half the extinction events (defined as a 
photon interacting with a particle) for photons at visible wavelengths result 
in the photon being absorbed by the particle. In contrast, for dust aerosols 
of the same size. about 2 in a 100 events result in absorption. and for pure 
water less than I in a million result in absorption. In addition. most of the 
scattering events, perhaps 7 out of 8, result in scatter towards the ground. 
Thus, for dust or water, the majority of photons continue on towards the 
Earth's surface after a single extinction event; for the smoke particles. only 
about half continue on towards the surface. 

A quantitative comparison of the effect of nuclear dust and smoke aerosols 
on solar radiation is shown in Figure 4.6 (adapted from Turco et at. 19831) 
where solar transmission (defined as the fraction of the incident solar en
ergy that penetrates the aerosol layer as either di.rect or diffuse radiation) 
is plotted as a function of optical depth. For a given value of optical depth, 
the transmisSion through the dust is considerably higher than that through 
smoke. The direct beam transmission is the same in both cases. For dust, 
the great majority of extinction events lead to scattering. while in the case of 
the smoke, a little less than half of the extinction events lead wabsorption. 
The amount of transmitted radiation can be related directly to this differ
ence (see Section 3.7). Furthermore. it is this difference which is primarily 
responsible for the potentially Jarge climatic effects that are discussed in 
Chapter S. 

The presence of an aerosol layer also affects the amount of solar radiation 
reflected by the surface-atmosphere system. In the event of a large-scale nu
clear war. ground bursts of nuclear weapons could inject dust layers directly 
into the upper troposphere and lower stratosphere, and air bursts could 
ignite large fires that could create black smoke layers throughout the tropo
sphere. Thus, the most probable initial distribution of aerosols would consist 
of a dust cloud essential1y overlying a smoke cloud, but with some mixture 
of the two in the upper troposphere (and above water clouds). Incoming 
solar radiation would then first be scattered by the dust. and then strongly 
absorbed by the smoke layer. For smoke extinction optical depths on the 
order of 3 or more, the planetary albedo would be on the order of 10 to 15% 
(Turco et al.. I983b; Cess, 1985; Ramaswamy and Kiehl, 1985), as opposed 
to the normal, averaged value of 30% (see Figure 4.5). The addition of an 
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Figure 4.6. Transtnission of solar radiation at 0.55 Ilm as a function of extinction 
optical depth for SOOt and dusl aerosols. Size distributions and indic~ of refraction 
were taken from Turco et al. (1 983b). Calculations were made with a multiple 
scattering model and. assumed a !!Olar zen.ith angle of 600 

overlying dust layer of optical depth 1 would Increase the planetary albedo 
to a value of 20 to 25%. which is still less than that of the unperturbed 
planetary system. Thus, the Earth-atmosphere system could actually absorb 
more solar energy than in normal conditions. Despite this, the change in the 
height of the solar absorption leads to the apparently paradoxical cooling of 
the surface. 

An illustrative calculation of solar transmission and reflection as a func
tion of aerosol optical depth in an atmosphere containing no water clouds 
is given in Figure 4.7 (from Cess, 1985). The curves labelled Case D in 
the figure are for a smoke only layer (the smoke having a single-scattering 
albedo, w-defined as the ratio of scattering to elCtinction-of 0.70 at 
0.55 ~m) distributed through the lower 75% of the atmosphere. Case ] 
has the same smoke layer, but has a dust layer overlying the smoke. The 
dust layer has an optical depth equal to one-third that of the smoke and a 
ratio of scatter to extinction of 0.96. Case III is the same as Case I except 
two-thirds of tbe dust is mixed with the smoke and only one-third is above 
the smoke. For all three cases, tbe transmitted flux decreases steadily as the 
optical depth increases. For Case Il (the smoke only case), the planetary 
albedo decreases with increasing optical depth, while for Case 1 it increases 



Aunospheric Processes 123 

due to the enhanced back-scatter by the dust. In Case lJI (which is not plot
ted) the reflected radiation is almost identical to that of Case 11 because only 
a small amount of dust overlies the soot. 
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Figure 4.7. Spherically-averaged fluxes reflected at the top of the atmosphere and 
incident at the surface, as a function of extinction optical depth. Cases are ex
plained in the text. The reflected fluxes for Cases II and 111 arc virtually identical, 
so ani}, Case II is shown (from Cess. 1985). Reproduced by permission of D. Reidel 
Publ. Company 

As noted above and in Chapter 3, the transmission of solar radiation 
through an aerosol layer is determined in large part by the ability of the 
aerosols to absorb the radiation. In the calculations shown in Figure 4.7, 
Cess (1985) assumed that the smoke had a single-scattering albedo of 0.7. 
Turco et al. (1983a) and the NRC (1985) assumed a value of '" between 
0.6 and 0.65, while Crutzen et a1. (1984) assumed a value of about 0.4 (see 
section 3.6 fOT an extended discussion of smoke optical properties). If Cess 
had used a more absorbing smoke, (i.e., smoke with a lower single-scattering 
albedo), the transmitted solar radiation would have been reduced. 

Calculation of the effects of aerosol particles on solar radiation, such 
as those shown in Figures 4.6 and 4.7. requires solution of the integral
differential equation of radiative transfer. Some of the multi-dimensionaJ 
climate models which have been applied to the nuclear war problem use 
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apprQximate solutions which do not incorporate particle scattering. In order 
to treat this problem correctly. those models not now treating scattering will 
have to be modified; alternative approximate methods may also be suitable 
(Sli ngo and Goldsmith, 1985). 

4.52 Infrared Radiation 

As discussed in the earlier section on optical properties, the solar ex
tinction (and absorption) optical depth of the smoke and dust aerosols is 
greater than the infrared extinction (and absorption) optical depth. This 
greater solar opacity has two immediate consequences. The first is that the 
climatological impact of a layer of absorbing aerosols is fundamentally dif
ferent from that of greenhOuse gases such as CQ!. These gases are primarily 
absorbers of infrared radiation. Increasing their concentration increases the 
infrared opacity of the atmosphere, which in turn warms the Earth's surface 
by making it more difficult for radiation to escape through the atmosphere. 
Aer-osols, on the other hand, make it more difficult fOT the solar radiation to 
reach the surface. If the aerosols are non-absorbing, then the surface must 
cool regardless of aerosol optical depth because the aerosols will a1ways act 
to increase the planetary albedo. For aerosols that absorb solar radiation, 
the surface will warm if the layer is near the surface and optically thin; it 
will cool if the layer is high or if the layer is optically thick. Deiailed discus
sions of these various poSsibilities are found in Ackerman et aL (1985a) and 
Ramaswamy and Kiehl (1985). Even if the aerosol layer becomes optica1ly 
thick at infrared wavelengths, the layer is generally optically thicker at solar 
wavelengths. The importance of this difference will be discussed in the next 
section. 

The second consequence of the smaller infrared optical depth is that an 
optically thick aerosol layer must develop a temperature gradient. Solar 
heating of the layer occurs primarily between the layer top and the level 
at which visible optical depth 1 or 2 is reached. The layer's ability to cool 
by emitting infrared radiation is directly proportional to its ability to absorb 
infrared radiation, which is related to its infrared optical depth. This cooling 
from the layer top alSo occurs primarily in the region from cloud top to an 
infrared optica1 depth of 1 or 2. However, the thickness of this "infrared 
cooling" layer is greater than that of the "solar heating" layer because the 
infrared extinction cross-sectlon per unit mass is smaller and, therefore, 
it takes more m8$S to reach the same optical I;lepth. It follows that much 
or the infrared radiation originates well below the layer of solar heating. 
The greater thickness of the infrared emitting layer relative to the Solar 
absorbing layer can be reduced by the presence of other infrared emitters 
such as water vapor and CCh. However, due to the speCtral <:haracteristics of 
gaseous emitters, (Le., the presence of infrared "windows"), these emitters 
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are generally not able to completely compensate for the difference in the 
aerosol optical depths at infrared and solar wavelengths. 

As a result of this vertical distribution of heating and cooling. the smoke 
layer would develop a vertical temperature gradient with a maximum tem
perature at or near the layer top. This. in turn, would result in a stably strat
ified aerosol layer and inhibit mixing from below. This differential heating 
would only stop when the layer temperature becomes sufficiently hot that 
the emitted infrared energy from the layer top exactly matches the absorbed 
solar energy. However, long before this occurs, the heated air would mix 
upward into the ambient air above the layer, carrying the aerosol upwards. 
Obviously, the diurnally varying solar heating and relatively constant in
frared cooling would result in diurnal variations in temperature at the top 
of the aerosol cloud. However, averaged over the daily cycle, the absorption 
of solar energy would dominate the emission of infrared energy. 

In the preceedirig discussion, the radiative concepts have been expressed in 
terms of the extinction optical depth of the aerosol. In real ity, the more rele
vant quantity is the absorption optical depth, which determines the amount 
of incident radiation, either solar or thermal, absorbed by the layer. Be
cause amorphous carbon is a highly absorbing material, the comparison of 
extinction optical depths between wavelength regimes is correct in a quali
tative sense for smoke. However, for other materials such as water, which is 
transparent at solar wavelengths and has strong absorption features in the 
infrared. comparisons must be made on the basis of the absorptivity. 

For absorbing particles that are small compared to the wavelength of the 
radiation being considered. abSorption tends to dominate scattering. This 
fact can be used to derive an approximate method for treating the effects 
of aerosols on infrared radiative transfer. The aerosols are assumed to be 
absorbers only and scattering is neglected. In this case, the aerosols are essen
tially treated as a "gas" with an equivalent optical depth equal to the aerosol 
absorption optical depth as a function of wavelength. This approach, which 
simplifies the radiative calculations considerably. has been used without sig
nificant loss of accuracy in the studies by Turco et al.(1983a), Crutzen et 
al. (1984), and Haberle et a1. (1985). 

One situation that is likely to be important, and which cannot be treated 
by the absorption only apprQximation, involves the condensation of water 
on the smoke particles. As discusSed in the section on mesoscale effects. 
following injection and the attendant initial precipitation, some layers might 
be saturated and condensation or freezing would occur on the particles, or 
smoke could be scavenged by water droplets or ice crystals, resulting in a 
polluted cloud or haze. Because of the large particle concentrations, the 
particles might only grow to sizes on the order of few microns in radius. 
However, this growth would stin have an appreciable effect on the radiative 
properties of the aerosol. especially in the infrared. Due to the increase 
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in particle size by water condensation, the infrared extinction cross-section 
and optkal depth would increase substantially. At the same time, the visible 
extinction optical depth would increase due to the incre~e in total aerosol 
mass, although the increase would not be as great as at infrared wavelengths. 
In short. if surficle01 water were available for condensation. the infrared 
optical depth of the aerosol layer could become equivalent to the visible 
optical depth through particle growth. Since it is unlikely that enough water 
would be present to produce raindrops, the aerosol layer might resemble a 
haze layer rather than a typical stratiform cloud. 

It should be clearly pointed out that these particles would be substantially 
different from normal haze or cloud droplets. Because of the inclusion of ab
sorbing material within the droplet. they would have large absorption cross
sections even at visible wavelengths. ]0 fact. the water could enhance the 
ability of the elemeiltal carbon 10 absorb solar radiation, as has been sbown 
theoretically by Ackerman and Toon (1981) and Chylek et a!. (1984). (For 
an extended discussion of this problem. see section 3.6 on optical proper~ 
ties.) Therefore. it should not be concluded that the addition of water would 
allow the solar radiation to penetrate tbe aerosol layer; on the contrary. both 
extinction and absorption would likely be increased. 

The GeM studies done to date have not included the effects of aerosols on 
the infrared radiative transfer, although they have been included in several 
of the one- and two-dimensional simulations. Neglecting the infrared effects 
presumably would cause the model surface temperatures to decrease tOO 
quickly and too deeply in the early period when both the visible and infrared 
aerosol optical depths are large. Although rapid cooling would be expected 
in any case due to the cutoff of solar radiation, increased infrared radiation 
from the aerosol layer could moderate the cooling rate. depending on the 
layer location and the initial temperature profile. Tbis increased infrared 
emission from the layer may alsO act to cool the bottom of the layer more 
rapidly. which in turn may offset the moderating Influence of the enhanced 
infrared emission at the surface. Including the infrared effects may also 
reduce the magnitude of tbe cooling somewhat if a considerable fraction of 
the injected aerosol is scavenged and removed rapidly from the atmosphere. 
Infrared effects would have only a minimal impact on the duration of the 
temperature perturbations (assuming that the smoke persists for periods of 
weeks or more), since the return to nOrmal temperatures would be controlled 
mainly by the return of normal insolation levels, j.e .• bytbe rate at which the 
smoke is gradually removed from the atmosphere. One further possibility 
is that the infrared effects would be important in regions such as the polar 
latitudes where there is minimal solar radiation. Infrared cooling may be 
especially significant in the polar nigbt stratosphere where cooling might 
enhance downward motions. thereby aiding in the ultimate removal of the 
smoke. 
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4.5.3 Radiative Equilibrium 

The effect of an aerosol layer on equilibrium planetary temperatures can 
be examined qualitatively using a simple model consisting of a black sur
face and a grey atmosphere (Ackerman et al.. 1985a). In this model the 
atmosphere is assumed to be uniform in temperature. to be transparent to 
solar radiation (in the absence of aerosols). and to have an infrared gaseous 
emissivity of 0.8, which is roughly equivalent to the average emissivity of 
the Earth's atmosphere. A spectrally-grey aerosol that absorbs but does not 
scatter radiation is introduced into the model. The infrared absorption op
tical depth. T~. (TR), is specified as a simple fraction of the solar absorption 
optical depth. "',,(S), and equilibrium temperatures are then computed as a 
function of the solar absorption optical depth. 

The results of this simple model, plotted in Figure 4.8. illustrate several 
of the points discussed in the preceeding two sections. As 1'1 (5) increases. 
the equilibium surface temperature decreases, first slowly, then sharply in 
the region of T" (8) approximately I. The decrease in temperature is a result 
of the reduction in solar energy reaching the surface. The slight increase in 
temperature at large To. (5) is caused by the aerosol layer becoming optically 
thick in the infrared. No temperature increase is seen in the cue where 
"Ol(/B) is assumed to be O. 

As the surface temperature decreases, the atmospheric temperature in
creases as it absorbs an increasing fraction of the solar energy. For a layer 
that is optically thick at aU wavelengths, both surface and atmospheric tem
peratures tend to the radiation-to-space temperature, which is defined as 
the average black-body radiation temperature necessary to emit to space 
the total solar energy absorbed by the surface-atmosphere system. For the 
Earth, the normal radiation-to-space temperature is about 254 K. Because 
this simple model has no vertical atmospheric structure, it cannot illustrate 
temperature gradient effects within the aerosol layer itself or within the 
atmosphere. 

A similar analytical model has been used by Golitzyn and Ginsburg (1985) 
to obtain estimates of the surface temperature and mean atmospheric tem
perature of a planet for several different cases. The model gives reasonable 
results for both clean and dusty Martian atmospheres (Ginsburg and FeigeJ
son. 1911; Ginsburg, 1973). for clean and dusty (due to an asteroid impact) 
terrestrial atmospheres. and for doubled C~ in the Earth's atmosphere, 
When applied to the nuclear war scenarios, the results are similar to those 
described above. 

Both Crutzen et a!. (1984) and Ackerman et a1. (1985a) have extended 
these analytic equilibrium models to include a three-layer atmosphere. Al
though these models can be used to examine some of the effects of opticany
thick aerosol layers of vertical temperature gradients, they are not capable 



128 Physical and Atmospheric Effects 

~O.---------------------------------------------------, 

l<: 

w 

290"'---

280 

~ 270 
0:( 
a: 
W 
It. 
:;.:: 
W 
,..... 260 

250 

o ~ RATIO OF 0·00 
o '" RATIO OF 0·01 
A " RATIO OF 0·10 
+ = RATIO OF 1·00 
X " RATIO OF 10 .. ()Q 

zw+---~;_~~~--~~_r~~._--r_~~rn~--~_r~~~ 

0<01 0·1 1 10 100 

EFFECTIVE ABSoRPTION OPTICAL DEPTH 

Figure 4 .. 8.. Equilibrium temperature as a function of the effective absorption op
tical depth for solar radiation (Ackerman et aI., 1985a). The eomputatiomare from 
a one-layer grey atmosphere model. Solid curves indicate surface temperatures and 
dashed curves atmospheric (grey layer) temperatures .. Symbols mark curves com
puted witb different ratios of infrared to solar effe(;tive optical depth. Ratio values 
are shown in the legend 

'Of adequately resolving temperature structure within the aerosol layer itself 
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While tbesesimple models are limited in their vertical resolution and spec
tral detail. more realistic studies can be performed with one-dimensional 
radiative-convective models (RCMs).ln addition to the more detailed radia
tive transfer calculations genetally included in the RCMs, they also incorpo
rate vertical structure and an atmospheric stability criterion. This criterion 
requires that when the temperature profile becomes unstable (i.e., when the 
vertical temperature gradient exceeds some critical value), the atmosphere 
is assumed to mix air upwards Instantly to reduce the gradient back to its 
critical value. This type of climate model has been used in a variety of cli
mate studies over the past 15 years (for a review of RCMs, see Ramanathan 
and Coakley, 1978). For the nuclear war climate problem, sensitivity studies 
of equilibrium responses have been carried out with RCMs by Ackerman 
eta!. (1985a). Cess et aI. (1985), and Ramaswamy and Kiehl (1985). The 
latter study presents results at 20 days after injection, which is essentially an 
equilibrium response of the model. 
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As discussed earlier in this chapter, various venical distributions of the 
smoke have been postulated, Ramaswamy and Kiehl (1985) compared the 
effects of the same total amount of smoke distributed with a constant density 
between the surface and 10 km latitude (Profile O) and smoke distributed 
with an exponential scale height of J km (Profile M). The same amount of 
solar radiation is absorbed by both distributions, but the heating rate dis
tributions are quite different, The "M" distribution has a broad maximum 
centered near 5 km, while the "0" distribution has a sharp maximum at 
the layer top (10 km). The equilibrium temperature profiles for these two 
cases, as well as for an unperturbed atmosphere, are shown in Figure 4.9. 
The "D" profile has a sharper and more elevated inversion and a consider
ably greater surface cooling (a temperature change of -32"C as opposed to 
- 22"C for the "M" profile). Since the surface receives the same amount of 
solar radiation in both cases, the enhanced cooling is primarily the result of 
less downward infrared radiation reaching the surface for the "Dn profile. 
This is in turn related to the height at which the maximum absorption of 
solar radiation takes place. The higher the level at which this absorption oc
turs, the less atmospheric gaseous infrared opacity lies above the layer. The 
gaseous opacity tends to trap the infrared radiation emitted by the layer (the 
greenhouse effect). Thus, when the layer lies above the bulk of the infrared 
opacity. it can more easily radiate the absorbed energy to space, and the 
total energy radiated by the layer, both upwards and downwards, is reduced. 
Ackerman et al. (198Sa) essentially pointed out the same effect when they 
noted that for an aerosol layer of given optical depth, the higher the layer, 
the colder the equilibrium surface temperature. 

Cess et al. (1985) used a 2-level ReM to study the sensiti vity of the surface 
temperature to various aspects of the aerosol layer such as vertical distribu
tion and optical depth. Their RCM incorporates the same vertical structure 
and boundary layer physics as are in the Oregon State University 2-1evel 
GeM (Ghan et aI., 1982), but the solar radiation code has been replaced 
with a delta-Eddington scheme, and the hydrologic cycle has been replaced 
with an assumption of constant relative humidity. They found that. as op
posed to results for forcing by C~ concentration changes or by changes 
in the solar constant, the sensitivity response to increasing aerosol concen
trations is non-linear due to the convective coupling between surface and 
troposphere and to the exponential behavior of solar absorption. For tro
pospheric aerosol layers with small optical depths, sufficient solar radiation 
continues to reacb the ground to convectively couple the troposphere and 
surface. As long as this coupling Is maintained, the surface temperature 
and tropospheric temperatures remain essentially unchanged; both temper
atures actually may increase if the planetary albedo is reduced as a result 
of the aerosol absorption, or may decrease if the albedo is increased due 
to aerosol scattering. However, under dense smoke clouds, the surface and 
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Figure 4.9. Thermal structure ofthe atmosphere for the unpenurbed case. and for 
smoke profile M and smoke profile D. Temperature profiles for the smoke cases are 
for 20 days after the assumed injection (taken from Ramaswamy and Kiehl, 1(85) 

lower atmosphere can decouple due to a combination of increased stabi1ity 
in the middle troposphere and reduced heating at the surface, both of which 
suppress convection. As a result, the surface temperature can decrease dra
matically because the direct solar heating is lost, mechanical transfer of heat 
from air to ground is suppressed, and the surface becomes very sensitive to 
smaJl changes in the radiative forcing. 

In addition to the RCM studies, Cess et a!. (1985) were able to perform 
sensitivity studies with the OSU GCM, which was modified to include the 
delta-Eddington solar scheme. Their reslllts show that, not unexpectedly, 
the surface cooling is sensitive to the layer optical depth, the aerosol single
scattering albedo, and the vertical distribution of the aerosol. The sensitivity 
to both the aerosol single-scattering albedo, w. and the vertical distribution 
is demonstrated in Figure 4.10. As indi~ated, the visible extinction optical 
depth of the layer is 1. The changes in surface-air temperatures are computed 
over non-ocean areas only. The results of the change in vertical distribution 
are consistent with the RCM results diSCussed above and show that the de
crease in surface--air temperature Is more severe for more elevated smoke 
layers. As expected, decreasing the single-scattering albedo. which increases 
the absorption optical depth for a given extinction optical depth. also in~ 
creases the severity of the cooling. The authors point out that the effect is 
more pronounced for the constant density distribution than for tbe constant 
mixing ratio distribution and attribute this difference to the greater effec
tiveness of surface-troposphere decoupling for the constant density case:. 
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Figure 4.10. Zonany-averaged (over land and sea-ice area\) day 10 changes in 
July surface-air temperatures for changes of the vertical smoke distribution and the 
smoke single-scauering albedo. computed "With the OSU 2·level GCM. The smoke 
optical depth is 1.0. (taken from Cess et al ... 1(85) 

An important limitation of the studies by Cess and his colleagues may arise 
because of the vertical resolution of their models. The two model layers each 
are assumed to bave equal atmospheric mass. Therefore. for the constant 
mixing ratio case, the optical depth is simply equally divided between the 
two layers. For tbe constant density case, approximately two-thirds of the 
smoke is in the upper layer and one-third in the lower layer. At these small 
absorption optical depths of 0.3 and 0.5 (forw equal to 0.7 and 0.5, respec
tively) and for a constant mixing ratio distribution, roughly equal amounts of 
solar radiation are absorbed in each layer and each layer experiences roughly 
the same solar heating rate. Thus, both the change in overall atmospheric 
stability and the change in the average temperature of the lower layer are 
minimized. which also minimizes the surface-troposphere decoupling.1f the 
absorption optical depth were greater, or if more of the aerosol were placed 
at higher levels in the atmosphere (as occurs in the constant density case), 
the solar heating per unit mass of air would be greater at the layer top. 
which would tend to heat the top layer preferentially and to stabilize the 
atmosphere. thereby increasing the decoupling of atmosphere and surface. 
In addition. since the bulk of the water is in the lower layer. the warmer 
temperature may increase the water vapor content, which would in tum 
increase the atmospheric opacity and the downward infrared radiation. Fur
thermore, the surface-air temperature is determined diagnostically, in part, 
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from the average temperature of the lower layer. An of these biases tend 
to reduce expected decrease in surface and surface-air temperature resulting 
from the attermation of solar radiation, and may in some cases actually force 
a warming. 

In the constant density case, the upper layer absorbs approximately twiCe 
as much radiation as the lower. and thus heats about twice as much. The 
temperature of the lower layer is decreased relative to the previous case due 
to the reduction in solar absorption. As a result. the atmospheric stability is 
increased. The increased absorption in the upper layer also implies a greater 
sensitivity at low optical depths to changes in the absorption optica1 depth, 
(Le .• changes in w). becaJ.lse. as w is decreased, an increasingly greater frac
tion of the absorption takes place in the upper layer due to the exponential 
nature of the attenuation of solar radiation. 

4.5.4 Diurnal Variations and Daylengtbs 

The majority of climate models are run with diurnally-averaged solar in
solation. This means that the solar radiation is computed at a single value 
of the solar zenith angle chosen to approximate an exact average for in
solation at the top of the atmosphere over daylight hours; this "averaged" 
solar radiation is then further multiplied by the fraction of the day during 
which the sun shines, and the result is used as the solar energy input to 
the climate model. While this is done primarily to increase computational 
speed, it has been assumed to introduce relatively little error in the values of 
daily average sunace temperature predicted by the models. The success of 
this approximation is basically due to the fact that, under normal conditions, 
aoout two-thirds of the solar radiation. absorbed by the surface-atmosphere 
system is deposited at the ground. Thus, most ofthediurnal variations in the 
atmosphere on the scale of typical general circulation model grids are con
fined to the boundary layer (the lowest few kilometers of the atmosphere) 
and have relatively little impact on the predicted temperatures and wind 
fields at higher levels. However. it obviously has a substantial impact on the 
variables at the surface and precludes the calculation of diurnal variations 
in such quantities as surface temperature and evaporation rates. 

In the case of optically-thick. elevated aerosol layers. this approximation 
would not be valid. The aerosol layer itself obviously would experience 
strong diurnal variations in solar heating, which presumably would lead di
rectly to variations in the predicted model quantities. To date. the effects of 
such variations have not been studied in any detail, although several model 
runs with a diurnal cycle have been carried out using the 2-level QSU/GCM 
(Cess, personal communication; Maceracken and Walton, 1984). Unfor
umately, however. comparisons of otherwise identical eases but with and 
without diurnalcyc1es have not been carried out. 
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An additional. and perhaps equally important. consequence of diurnally
averaged calculations was noted by Cess (1985). Because the solar radiation 
is attenuated exponentially by the aerosol layer. the effect of the solar zenith 
angle is very pronounced for layers with solar optical depths on the order 
of I to 3. The amount of sunlight reaching the surface on a daily basis can 
be substantially underestimated when an average solar zenith angle is used. 
Again. the climatological consequences of this underestimate have not been 
studied in detail, but it is assumed that this additional solar radiation reaching 
the surface will reduce the surface cooling somewhat. However, since heat 
transfer processes at the surface are highly non-linear, the magnitude of 
the reduction. or even if that reduction would occur, cannot be ascertained 
without further research. 

TABLe 4.1. 
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The effects. of the smoke on normal diurnal variations in insolation may 
also be important for plant communities, many of which are highly sensitive 
to both the total amount of sunlight received and the period (the dayJength) 
over which it is received (see Volume II of this report). The reduction in 
daylength due to absorbing aerosol layers with extinction optical depths of 1 
and 3 and absorption optical depths of 0.3 and 0.9, respectively, Were com
puted as a function of season and latitude. It was assumed that no ~ter 
clouds were present in the atmosphere. and sunrise and sunset were de
fined as the time at which the solar insolation was one_ tenth of its normal, 
clear sky, noontime value. The results are given in Table 4.1. The daylength 
reductions are quite large, particularly at high latitudes, where the longer 
slant path of the solar beam becomes more important. In several instances, 
the solar flux reaching the surface never exceeds the one-tenth normal flux 
criterion. 

4.6 INTERACTIONS WITH OTHER ATMOSPHERIC PROCESSES 

As. a result of the interaction of the smoke and dust with the radiation. 
various other atmospheric processes would be affected. The primary effect 
would be on the dynamical motions of theatrnosphere, which would in turn 
influence the transport of the aerosols. There would also likely be significant 
alterations in boundary layer processes and in the hydrologic cycle. These 
interactions are described briefly in this section in a qualitative manner. 
More extensive discussions. particularly on the dynamical interactions and 
modifications to the hydrologic cycle are found in Chapter 5, where the 
results of the general circulation model studies are described. 

4.6.1 Atmospheric Transport 

Prior to studies of the smoke problem. the vast majority of studies of the 
transport of atrate species by atmospheric motions considered the trace 
species to be passive. i.e .• to have no effect on the atmospheric motions. 
However. if a tracer has a significant effect on the distribution of radiative 
heating and cooling in the atmosphere, its presence will affect the motions 
of the atmosphere and. hence, its own transport. This is clearly the situation 
that arises when a layer of absorbing aerosols is present jn the atmosphere. 

From the previous calculations of the absorption of solar radiation by 
the smoke cloud, it can be inferred that the top of the cloud will heat and 
become buoyant, except perhaps during the winter season when insolation 
is weakest. As a result, the smoke wOuld be lofted both by induced. small
scale convective motions and by the generation of large-scale upward vertical 
velocities; The extent of lofting would be directly related to the amount of 
available solar radiation, and thus (as already noted) would have a strong 
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seasonal and latitudinal dependence. In addition, the atmosphere is likely 
to develop a temperature inversion below the level of maximum heating 
which would act to reduce mixing from below. Wexler ( 1950) noted such an 
inversion in his study of the large smoke plume generated by forest fires in 
Alberta, Canada, in 1950 although the cause of the inversion could not be 
unambiguously determined. The combination of these two effects. lofting 
and stabilization. suggests that at least the upper pan of the aerosol layer 
(absorption optical depth ,about I) could be transported upwards and could 
stabilize the atmosphere below. In essence, this layer would form a stabilized 
"stratosphere", even if the smoke were not initially injected into the ambient 
stratosphere. For this reason the determination of the exact initial height of 
injection is perhaps less crucial than previously thought. although it still is 
likely to be an important factor in winter scenarios. 

Inferences concerning subsequent smoke and dust transport can be drawn 
from observations of stratospheric winds and the transport of stratospheric 
aerosols. For a variety of reasons, including a reduced influence of both 
land-sea temperature contrast and topographical effects. stratospheric cir
culations tend to be strongly zonal. i.e., the flow around the Earth is along 
lines of constant latitude. Thus one might expect the lofted aerosols to be 
mixed fairly uniformly within latitudinal bands after a period of a few weeks. 
For example, Roback and Matson (1983) discuss the dispersion of the El 
ChicMn volcanic debris cloud. which in the relatively weak zonal flow of 
the tropical stratosphere took about three weeks to form a band around 
the globe. In regions where no injection had occurred, atmospheric "ed
dies" would "diffuse" the material from other latitudes. This meridional 
spreading would presumably be somewhat faster in the case of absorbing 
smoke aerosols than in the case of non-absorbing volcanic aerosols due to 
the stronger temperature gradients produced by the smoke. The induced 
vertical motions would also lead to enhanced meridional dispersion due to 
strong wind-shear effects. 

Obviously, the related issues of aerosol transport and modification of at
mospheric dynamics and stability are a crucial aspect of the climatic impact 
problem being assessed here. The lifetime of the particles, which is discussed 
in more detail in Chapter 5, is highly dependent on atmospheric transport 
and thermal stability. In the current atmosphere. tropospheric particles tend 
to have lifetimes on the order of a few days to weeks, depending on their 
height and the local synoptic conditions. Stratospheric particles have typi
cal lifetimes on the order of6 months to 2 years due to the stability of the 
stratosphere and the lack of precipitation scavenging. The principal removal 
mechanism for stratospheric aerosols is, in fact, not direct removal. but in
jection of the aerosols into the troposphere. either through mid-latitude 
tropopause folding events or through migration to the winter poles and de
scent in the polar vortex, and subsequent removal from the troposphere by 
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scavenging. Since the particle lifetimes determine the longevity and sever
ity of the climatological response, uncertainties in the smoke lifetimes ina 
modified atmosphere need to be reduced by further reSearch. 

4.6.2 Boundary Layer Processes 
The impact of variations in climatologicaUy-important parameters is usu

ally quantified in terms of their effects on surface variables, particularly 
temperature. While this reflects primarily our bias as surface dwellers. it 
also reflects the important role that surface processes play in the planetary 
energy balance. Under normal conditions, the daily input of solar energy 
to the surface is nearly balanced by evaporative or latent heat transfer, tur
bulentconductive or sensible heat transfer. and infrared radiative exchange 
with the atmosphere. The relative importance of these terms, as well as the 
conduction of heat into the sub-surface, varies with $CaSOn and location. 
Furthermore, there are QbviQusly substantial differences between the ther,;. 
mal respcmse of land and ocean surfaces. In the presence of an optically 
thick aerosol cloud. very little solar radiation will reach the ground; thus the 
focus of the present discussion win be on how the other terms in the energy 
balance might adjust to compensate fat this loss-ofsolar radiation. 

4.6.2.1 Land Surfaces 

For land surfaces. the effect of a thitk smoke layer on the sensible heat 
flux is quite predictable. Due to the substantial reduction in insolation, the 
ground temperature quickly drops below the surface air temperature and an 
inversion forms. While this phenomenon occurs every night, the polar night 
provides a dramatic example of what can occur -on longer time scales. Here 
the inversion deepens to a kilometer or more and the temperature difference 
over this layer may be as much as IS-20CC. As an example, a typical average 
temperature sounding for the month of February at Barrow. Alaska is plot
ted in Figure 4.11. Note the extreme stability of tbe lowest kilometer. which 
inhibits downward sensible heat transfer driven by mechanical turbulence. 

Mechanical turbulence is produced by frictional drag on tbe winds at the 
Earth's surface. The drag generates vertical eddies that mix heat downward 
to the surface under stable conditions. Compared to buoyancy (which only 
mixes beat upwards from tbe surface), mechanical turbulence is a relatively 
poorly understood process dependent on the roughness of the surface and 
the local wind speed. As a general rule. the current generation of GeM's has 
incorporated ratber simple boundary layer models. The ability of these cur
rent formulations to model adequately stable boundary conditions will have 
to be examined in view of the importance of these processes in determining 
the surface temperature. A correet determination of the downward heat flu)! 
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Figure 4.11. MonthJy-mean temperature profile for February. 1978 at Pi. Barrow, 
Alaska 

is especia1ly critical at tbe very early times wben tbe rate and magnitude of 
the surface cooling is likely to depend largely on the amount of heat that 
can be extracted from theatniosphere. 

The role of evaporative cooling in the land surface energy balance most 
probably is reduced substantially under these conditions. For low or negli
gible insolation. evaporation must be strongly inhibited. During the ini1ial 
transition period when the boundary layer is cooling. condensation would in 
fact occur. At the later stages. the low saturation vapor pressure of the cold 
boundary layer air would prevent much evaporation, even though water or 
ice is available at the surface. Given the low evaporation rates and the re
duced convective mixing. a large reduction in precipitation rates over land 
would seem to be unavoIdable. While transport of moist air from over the 
oceans to the land would occur, it is unlikely to compensate fully for the 
lack of evaporation and mixing. Overall. it seems plausible to conclude that 
latent heat would playa relatively unimportant role in the surface energy 
budget over land. 

These qualitative conclusions concerning the surface energy balance are 
reinforced by the results of Covey et aJ. (1985). who present a more de~ 
tailed analysis of the GeM model results reported in Covey et a!. (1984). 
They point out that for land surfaces underneath an optically-thick aerosol 
layer. the moisture term in the surface heat budget actually becomes slightly 
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pOSitive, indicating a net release of heat by condensa;tion under these con
ditions. These calculations are discussed in more detail in Chapter 5, 

Additional .suppOrt is lent by the computations of Cess et a1. (J985) with 
the 2-leveJ RCM described in the section on radiative equilibrium models. 
The aetosol waS assumed to be distributed between the surface and the' 
mOdel top (defined to be 200 mb) with a constant mixing ratio. The infrared 
opacity of the smoke was neglected. In the ReM, the surface is assumed 
to have no heat capacity, so an energy balance is determined by balancing 
absorbed solar radiation. net infrared radiation, and latent and sensible heat 
losses. As shown in Figure 4.12a, the solar r.adiation reaching the surface 
is reduc!!d by the presence of an aerosol layer. The combined heat fluxes 
gra;dually decrease and eventually Change sign. The small heat flux remaining 
for Qptiea:1 depths greater than 2.5 represents heat mixed to the surface by 
mechanicailUrbulence. The sum of this residual heat flux and the reduced 
solar radiation must be balanced by infrared losses from the surface. 

Urtdernormal conditiOns, the heat flux from. or into, the soil is rela
tively insignificant. Its primary role on seaSOfi<i1 time scales may be scenas 
controlling the amplitude of the diurnal temperature cycle. For Soils which 
conduct heat poorly such as sand,little heat is stor«l in the soil and the 
diurnal amplitude is lar-ge. For soils such as clay or loam, the conductivity is 
higher. so the heat storage tends to reduce the diurnal temperature ampli
tude somewhat. Soil thermal conductivity is intimately related to moisture; 
wet soils are far more efficient heat conductors than dry soils. This sug~ 
gests that should surface temperatures drop below freezing, the soil heat 
flux would decrease substantially. In short, the soil heat flux in soils with 
a high thermal conductivity may be an important factor in mitigating the 
surface cooling on the time scale of a few days. At longer time scales or for 
poorly conducting soils, it is unlikely to be significant. 

The final energy component to be considered for the land energy balance 
is the downward infrare.<f radiation. At first glance, one might expect this 
term to increase as a result of enhanced temperatures in the aerosol layer. 
However, the situation is more complicated. First of all, the majority of the 
downward infrared radiation reaching the surface under normal conditions 
originates in the relatively warm regions of the lower troposphere. If this 
layer coolS as a resUlt of an overlying aerosol layer. the downward infrared 
radiation reaching the surface actually decreases due to a reduction in the 
effective emission temperature of the lower atmoSphere. Although radiation 
from the warm aerosol layer may partially compensate for this decrease, it 
is unlikely to do so completely unless the bulk of the aerosol layer is very 
low in the atmosphere. 

This effect is demonstrated in Figure 4.12b, also taken from Cess et 
at (1985). For uniformly mixed smoke at small optical depths, the net in
frared radiation absorbed at the s:urface actually increases due to heating of 
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Figure 4.12. The equilibrium response (W/m1 ) of a radiative convective model 
as a function of smoke extinction optical depth for (a) surface-troposphere solar 
absorption. surface solar absorption, and latent plus sensible surface heat flux; and 
(b) changes in -surface solar absorption. surface infrared absorption, and net surface 
radiation absorption (taken from Cess et al., 1985) 

the lower atmosphere. As the optical depth increases the net infrared begins 
to decrease and becomes a deficit at about optical depth 2. Taking into con
sideration that the ground temperature has decreased by 15°C at this same 
optical depth and. therefore. is emitting much less. infrared radiation (since 
infrared emission by a blackbody is proportionally to the temperature raised 
to the 4th power, T 4 ), it is dear that the downward infrared flux from the 
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atmosphere has been reduced by a large degree. Because the model neglects 
the infrared opacity 'Of the aerosols, the computed downward infrared radi
ation maybe somewhat too small. However, this IS probably only a small 
correction at these optical depths. Furthermore, as noted in the discussion 
on radiative equilibrium results, the uniform mixing ratio distribution 'Of the 
aerosols assumed in the Cess et a1. (1985) model places muth of thesrnoke 
in the lowest few kilometers of the atmosphere, which in tum enhances the 
downward infrared radiation from douds and theajr to the surface. 

Ackerman et al. (1985a) have also presented calculations illustrating this 
effect. Their results. in which the infrared opacity of the aerosol layer is 
included, show that, for radiative-convective equilibrium, a soot layer of 
visible extinction optical depth 3 located between 8 and 14 km can reduce 
the downward infrared reaching the surface by about 20% compared to the 
downward infrared flux under clear sky conditions. If the aerosols in this 
layer are assumed to have an infrared opacity equal to their visible opacity. 
the downward infrared remains essentially unchanged at equilil)rium. Thus, 
while optically thin aerosol layers located near the surface may increase the 
downward infrared radiation reaching the surface, moderately thick layers in 
the middle troposphere or abOve are actually likely to reduce the downward 
infrared because they raise the effective level of solar absorption. 

Model calculations that allow tbe aerosol heating to influence the dynam
ical motions (MacCracken and Waiton, 1984;Aleksandrov, 1984; Haberle 
et aI., 1985; Stenchikov, 1985; Malone et a!., 1985; Thompson, 1985) show 
that the solar beating can produce vertical lifting of the particles and the 
surrounding air. This lofting reduces the temperature of the aerosol layer, 
through eXpansion and mixing, relative to the case of a fixed aerosol layer. 
Thus, the emission temperature of a smoke layer would be less than that 
computed from radiative-Convective eqUilibrium. thereby rt!ducing further 
the downward infrared flux. 

4.6.2.2 Ocean Surfaces 

Over the oceans, the situation would be quite different. Given the long 
thermal response time of tbe ocean mixed layer (generally the topmost 50 
to 100 m of the ocean). the ocean surface will cool only very slowly when 
the insolation is removed, When cold air masses from land areas move out 
over the warmer oceans., strong air modification events with large upward 
fluxes of heat and moisture are to be o:pected. Tbe depth of the modified 
air layer is difficult to· specify from qualitative arguments. Although deep 
convection could be suppressed by the presence· of an elevated inversion in 
the smoke layer. it seems plausible that a moderately deep layer of modi
fied air wjth a thickness of a few kilometers might develop over the warm 
ocean. 
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There is. of course. considerable uncertainty in making the preceeding 
generalizations since the land and ocean cases have been considered as if 
they were unrelated. Obviously. the modification of continental air masses 
as they move offshore and the corresponding modification of marine air as it 
moves onshore need to be considered. While the uncertainties in predicting 
coastal effects are unlikely to be completely removed. our understanding 
of these effects can be enhanced through the use of appropriate numerical 
models and through the study of intense air modification events such as 
those which occur in the China Sea. 

4.6.3 Hydrologic Cycle 

Discussion of the qualitative effects of an aerosol layer on the hydro
logic cycle is difficult because the hydrologic cycle is strongly dependent on 
both radiation and atmOSpheric dynamics. Some plausible arguments can be 
set forth but few can be stated definitively without further analysis. Conse~ 
quently. the following discussion attempts to identify issues of importance. 

The modification of condensation and precipitation processes would occur 
during both the transient phase and the quasi~equilibrium phase. Neglect
ing initial scavenging in the fire plume. which has been discussed elsewhere 
(Chapter 3). scavenging can occur by water vapor that has been redistributed 
by entrainment from the boundary layer to the middle troposphere or above. 
Considerable confusion has been generated on this issue because. on a gram 
per gram basis. more water vapor than aerosol is generated by combustion. 
The real issue. however. is the relative change in atmospheric water vapor 
concentrations produced by the injection. While background aerosol con
centrations are typically small. water vapor column amounts are order of 
lot glm2. In the NRC (1985) report. it was estimated that the average global 
water vapor concentrationil1 the upper troposphere might increase by a 
maximum of 20% due to all the fires in a major nuclear war. As pointed 
out earlier in this chapter. this excess water vapor can be very important 
on a local scale in producing severe cumulonimbus storms with some at
tendant rainfall and particle removal. On the longer timescale and larger 
spatial scale. the effect of such an increase is uncertain. There wilt be some 
increase in infrared opacity and perhaps some residual ice crystals at the 
early times following injection; However, once the smoke begins to heat the 
air by absorbing solar radiation. the air will be well below saturation and 
condensation will cease in the aerosol layer (Covey et al.. 1984; MaIone et 
al.. 1985). 

A related issue that has received considerable attention by critics of the 
nuclear winter hypothesis is the scavenging of aerosols by condensation pro
cesK§ as the atmospbere cools beneath a smoke cloud (Teller. 1984; Katz. 
1984). They have argued that as the atmosphere cools. condensation and 
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scavenging will occur. This condensation, however, is not likely to affect the 
upper levels of the aerosol layer, which are being heated, Also, this conden .. 
sation would probably be analogous to nocturnal fog for-mation rather than 
to precipitating cloud formation. The amount of water actually condens
ing would be limited to the water vapor already in the air mass and would 
not result in large amounts of precipitation or efficient particle removal, 
although some coagulation might occur, 

Possible changes in cloud optical properties also need to be considered. 
In an earlier section, it was pointed out that the inclusion of absorbing ma~ 
lerial in cloud droplets actually enhances the effective absorption of the 
material. In an atmosphere so impregnated with aerosols, it is difficult to 
imagine that any clouds would be formed that did not include a signifi
cant amount of absorbing material. Thus, the clouds which did form would 
be much more absorbing in the visible than present clouds. Furthermore, 
the presence of large numbers. of aerosol particles would presumably lead 
to clouds with more but smaller droplets, which mightincreas.e the reflec
tivity of clouds (Twomey et aI., 1984). Since absorption within the cloud 
would tend to decrease the reflectivity, the exact result would depend on the 
amount of absorbing material present within the cloud. In any case, either 
process would reduce cloud transmissivities. thus further reducing the solar 
radiation reaching the ground. Of course, significant absorption within the 
cloud would also act to evaporate the cloud. 

Because of the physical complexity of the processes involved, modelling 
cloud formation in GeMs is a very difficult problem. Current schemes. tend 
to be idealized and empirically tuned to the present climate, as they must 
be since the grid spacing in the climate models is much larger than the scale 
of individual clouds. Interactions with radiative transfer codes are carried 
out in a variety of ways, none of which are entirely appropriate for simu
lating the actual interactions. While some models do a fair job of predicting 
globally-averaged cloud statistics, regional-scale cloud predictions are often 
less. successful and the precipitation predictions are often marginal. As noted 
before, clouds are the dominant removal mechanism for aerosols. Modelling 
the microphysics of particle scavenging is a difficult problem even within the 
context of very detailed cloud models. The problem has hardly even been ad
dressed within GeMs with their coarse resolution and highly parameterized 
clouds (MacCracken and Walton, 1984 and Malone et al., 1985 represent the 
fi1'st attempts within the studies of nuclear weapons effects). In short, since 
tfte current schemes are not completely satisfactory for study of the present 
climate, they are likely to be inadequate for stUdying clouds, precipitation, 
and washout processes of smoke generated by a nuclear war. 

Interestingly, this Short-coming of the models may not be as critical in 
the study of the short-term effects as in the long term. The low relative 
humidities associated with the strong heating in the aerosol layer make the 
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issue of cloud formation relatively unimportant in the early stages. At later 
times as the smoke disperses and thins. cloud formation would again become 
a very important part of the climate simulation. 

4.7 GEOPHYSICAL ANALOGVFS 

There are phenomena in nature where the aerosol interactions discussed in 
this chapter are of importance. To some extent these phenomena can, and 
have. been used both to validate climate models in genera! and to aid in 
understanding. the climatological effeets of a nuclear war. Several of these 
analogues will be considered briefly regarding their relevance to the present 
problem. One other. the possible impact of an asteroid causing the extinc
tion at the Cretaceou£-Tertiary boundary (Alvarez et al.. 1980. 1984: Toon 
et al" 1982), will not be discussed since virtually no evidence on the at
mospheric effects of such an event can be deduced without recourse to the 
very same models that are currently being used to study the nuclear effects 
problem. 

4.7.1 Volcanic Eruptions 

In 1783 Benjamin Franklin proposed that the volcano Laki which erupted 
in Iceland was responsible for the cold summer weather in Europe of that 
year. Humphreys (1940) was the first to examine the volcanic bypothesis 
quantitatively. Although his treatment was incorrect in several important 
aspects. it illustrated the potential for volcanic eruptions to affect glObal 
climate. The idea that large atmospheric injections of aerosol could cause 
extremely severe climatic perturbations was suggested by Budyko (1974). 
who considered the potential effeets of several large eruptions occurring 
within a relatively short period of time. A recent review of the current status 
of our knowledge of volcanic effects was given by Toon and Pollack (1982). 
They concluded that large volcanic eruptions can affect the climate through 
the injeetion of gases leading to the formation of sulfuric acid droplets into 
the stratosphere. The ash particles injected by the volcanos are typically 
much larger in size and tend to settle rapidly out of the atmosphere. 

While volcanic aerosol layers might appear to be reasonable analogues of 
those projected to be produced by nuclear detonations and fires. they are 
not. Sulfuric acid droplets have very different optical properties compared 
to smoke particles. Sulfuric acid droplets are essentialy transparent at visi
ble wavelengths. Thus. their primary effect is to scatter solar radiation and 
thereby increase the planetary reflectivity (albedo). They do have apprecia
ble absorption at thermal infrared wavelengths and can actually heal the 
stratosphere locally by absorbing upwelling infrared radiation emitted by 
the surface and lower atmosphere (Labitzke et aI., 1983). 



]44 Physical and Almospheric Effecrs 

Furthermore, white the model predictions of the effect of volcanic aerosols. 
are quite consistent in predicting a small decrease in surface temperatures 
over large spatia) scales, this decrease has never been observed directly, al~ 
though considerable inferential evidence is available that cool summers have 
followed large volcanic eruptions (StomnieJ and Stommel. 1983). Kelly and 
Sear (1984) claim that volcanic eruptions also may be r~ponsible for de
clines in monthly mean land ·surface temperatures on the order of a few 
tenths of a degree in the several months following the eruption. On the lo
cal scale, Mass and Robeck (1982) showed that diurnal variations in surface 
temperature were damped under the VOlcanic ash plume following theerup
tion of Mount St. Helens. Apparently the ash cloud cooled the surface by 
reflecting and absorbing solar radiation during the day and warmed the sur
face by increased emission of infrared radiation at night. This was. however, 
only documented for a few days following the eruption. Attempts to isolate 
temperature signals at later times both at the surface and aloft were unsuc
cessful, apparently because most of the large ash particles feU out within 
the timeSpan of a few days and the remaining sulfuric acid and ash particles 
dispersed too rapidly. 

4.7.2 Dust Storms 

Regional scale dust storms are a frequent phenomena on Earth, and can 
reach the global scale on Mars. Saharan dust storms containing as. much 
as 8 million tonne of dust have been observed (NRC, 1985). These storms 
move out of west Africa:, westward across the Atlantic as far as South Amer
ica. They can generate optical depths at visible wavelengths as Jarge as L 
Observations show that convection is suppressed underneath the dust cloud 
and direct atmospheric heating occurs within the cloud. Brinkman and Mc
Gregor (1983) reported on dust clouds Over Nigeria with extinction optical 
depths up to 2, reductions of daily mean total solar radiation of up to 30%, 
and corresponding temperature decreases of up to 6°C. 

Although the dust particles involved are usually considerably larger than 
typical smoke particles and much less absorbing, the available evidence 
shows a climatic response very similar to that proposed for optical1y~thick 
smoke clouds. The rapid decrease in surface temperatures. the heating of 
the atmosphere, and the suppression of convection are all consistent with 
th~ physical processes discussed in the preceeding sections. 

A. similar phenomena is observed on a much larger scale on Mars where 
dust storms originate in the Southern Hemisphere during its summer and 
occasionally spread globally in a matter of a week or two. Extinction optical 
depths can reach values on the order of 5 and surface cooling of as much 
as 10 to 15°C occurs (Zurek, 1982). The Martian dust is apparently more 
absorbing than typical desert sand on Earth and thus produce! strong heating 
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in the Martian atmosphere. The somewhat smaller temperature reduction 
than would be predicted for the Earth under the same conditions is likely due 
to both the large infrared optical depth of the Martian dust and the much 
weaker greenhouse effect and colder surface in the unperturbed Martian 
atmosphere. 

The effects of Martian dust storms on the dynamics of the atmosphere 
have also been observed. Data from the Viking Landers show that the normal 
cyclonic activity of the Martian atmosphere is suppressed when the dust is 
present (Ryan and Henry, 1979). Boubnov and Golitsyn (1985) proposed an 
explanation based on the suppression of baroelinic instability in atmospheric 
flows when the vertical stability of the atmosphere is increased. A similar 
suppression of synoptic-scale fluctuations was observed in the NCAR GeM 
in experiments with injected smoke layers performed by Thompson (1985). 

While Mars lacks an ocean·to moderate temperature changes. the periodic. 
large Martian dust stOrms: offer perhaps the most convincing. although still 
imperfect, analogue to the projected atmospheric effects of a major nuclear 
war. The large surface coatings. the heating of the atmosphere. the global 
transport of the dust. and the suppression of baroclinic activity are aU siin~ 
itar to, and consistent with, the computed effects of optically~thick smoke 
layers. 

4.7.3 Smoke from Forest Fires 

As noted previously. forest fires occasionally produce large amounts of 
smoke that can be transported over large areas. Examples of this include 
the plume from the A1berta fir(:$ reported by Wexler (1950). plumes from 
the large Australian bush fires of 1984 (Voice and Gauntlet\, 1984). smoke 
from peat fires in the U.S.S.R. in 1972 which were reported to travel over 
5500 km (Grigoryev and Lipatov. 1978). and plumes from recent fires in 
Alberta seen in satellite photographs (Chung and Le. 1984). In several of 
these events. temperatures under the smoke plumes were observed to be 
several degrees lower than forecast. presumably due to the obscuration of 
sunlight by the plume (Wexler. 1950). An early review by Plummer (1912) 
gives some very interesting historical information on forest fires that led to 
smoke transport over long distances in North America at the beginning of 
this century. For example. he reported that a large forest fire in Idaho in 
August. 1910, coveringao aiea of lQ4 km2 • caused "dark days" to occur over 
a total area of more tban one million square kilometers. so that artificial light 
had to be used even during daytime. He also wrote: "In connection with the 
1910 phenomenon it was noted that a cool wave fonowed. passing eastwardly 
over the same area, but spreading further southward. which gave the lowest 
temperatures. with frosts, for the month of August". Because much of the 
available information on fire plumes is anecdotal, however. it is difficult to 
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extract a reliable. quantitative picture of smoke behavior. While the smoke 
produced by forest fires is generally less absorbing than that produced by 
urban fires, plumes from large fires clearly present research opportunities 
that should be exploited in the future. 

4.SSUMMARY 

The introduction of an optically thick aerosol layer into the atmosphere 
WOuld have a significant effect on most of the important physical processes 
in the atmosphere. Severe storms induced by the stronl heating of the fires 
could produce local effects such as the Japanese black rain. These severe 
storms, particularly in the case of adjacent targets. could lead to mesoscale 
and synoptic-scale disturbances. The most immediate and obvious effect on 
longer timescales would be on the deposition o( solar energy both aloft and 
at the Earth's surface. Owing to the size of typical smoke particles. the effect 
on infrared radiative transfer would be in general considerably less impor
tant. However, the infrared effects could be important In layers which are 
opticaUy thick at infrared wavelengths. as well as in locations where con
densation and transient cloud formation produced high infrared opacities. 
Modifications in solar energy absorption patterns could both increase the 
buoyancy at the top of smoke layers and the stability at the bottom. Altered 
heating patterns also would force a response in the atmospheric dynamics, 
which would, in tum. alter the venical and horizontal distribution of the 
smoke. The effect of this coupling is difficult to anticipate from qualitative 
arguments and will have to be explored using three-dimensional models (see 
Chapler 5). 

The changes in solar heating would also have large effects on the surface 
energy budget. If most of the incoming solar radiation were absorbed by 
the smoke. the boundary layer over land would change from being weakly 
unstable on average to being very stable. In this case, sensible and latent 
heat fluxes would be considerably less important than normally. and the 
dominant term in the surface energy budget would be infrared exchange 
between the atmosphere and surface. Under these conditions, the surface 
would cool dramaticaUy. Over the ocean, large upward fluxes of heat and 
moisture would probably occur, causing intense modification of cold air 
masses moving offshQre. Ouestions regarding the warming of land surfaces 
by marine air masses, and the generation of mesoscale storms along coastal 
margins cannot yet be answered. 

The effect of smoke on cloud properties is similarly important but diffi
cult to quantify. Beneath the aerosol the formation of ground fogs would be 
probable. However. these fogs. like those found in such locations as Fair
banks, Alaska during the winter. would be unlikely to have strong effects 
on surface temperatures. Qoud formation above the aerosol seems unlikely 
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but, if it occurs, might increase the downward infrared energy reaching the 
surface. There is the possibility of some cloud formation in the stratosphere 
because of the much larger than normal accumulation of water vapor. Water 
cloud optical properties would certainly change because of both the greater 
availability of cloud condensation nuclei and the inclusion of absorbing ma
terial in and between the cloud droplets. If the near-surface air cooled below 
freezing, damaging frost and ice could form on vegetation. 

While some of the effeCts of smoke can be understood using simple mod
els and straightforward physical arguments. many of the effects are tughly 
non-linear and cannot be easily quantified. These effects must be determined 
through the use of sophisticated general circulation models or specialized 
meteorological models. Tbe present generation of GeMs lack the ability to 
simulate a number of the important physical processes. In particular. radia
tive transfer codes and boundary layer parameterizations must be improved. 
The models must also incorporate interactive aerosol transport, as is the case 
now with several models. In_addition, treatments of the hydrologic cycle and 
cloud formation must be examined to see if they are adequate for study of 
the nuclear war problem. This model evaluation and development cannot 
be accomplished on a short time scale. If the results are to provide reliable 
answers to the questions that have been raised, careful and systematic studies 
will need to be carried out in future years. 
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CHAPTER 5 

Meteorological and Climatic Effects 

S.lINTRODucnON 

Models Ine a principal tool for studying natural systems such as planetary 
atmospheres and oceans. Conceptually, the construction of these models is 
relatively simple. The imponam physical processes within the system are 
identified; mathematical equations that describe the processes and their in~ 
teractions with other processes are written down; and then the equations are 
solved, usually using computational aids, which may range from hand calcu· 
laters to the largest. fastest computers available. When studying the Earth's 
atmosphere, these mathematical models are used to identify the relative im· 
portance of many individual factors that affect weather and climate. as wen 
as to simulate the overall response of weather and climate to outside forces 
such as the clouds of smoke and dust that might be generated by a nuclear 
war. 

The components of the overall climatic system that need to be incorpo-
rated into a given model depend on the time scale and purpose of the model. 
For example. to model ice ages it would be necessary to include factors for 
the atmosphere; oceans, glaciers, and eVen the solid earth. since all of these 
sub-components can change on the hundred thousand year time scales ap
propriate to ice age!mterglacial cycles. Yet only a limited description of the 
average propertieS and effects of individual weatber disturbances may be 
necessary in such a model On the other hand, to forecast the weather over 
a week's time, more details of the atmospheric behaVior are needed. while 
other components of the weather.ctimate' system (e.g .• sea surface temper
ature) may be held as fixed "external" or boundary conditions, since they 
change very little in a week. 

The "resolution" of a model refers to spatial separation of the points at 
which cOmputations 'are made. A one~irnensional model might treat the 
vertical dimension (i.e., altitude) in detail. but average out all variations in 
the horizontal On the other hand, a three·dimensional mode] would also 
resolve: north·south and east-west dimensions, in addition to the vertical. 
Time may also be included, and the most comprehensive models explicitly 
include three spatial dimensions and time variations. Modelers speak of a 
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"hierarchy of models" that ranges from simple models, which predict aver
age surface temperature for the whole Earth, up to high resolution. three~ 
dimensional, time dependent models, which explicitly resolve atmospheric 
motions, temperatures, precipitation, cloudiness and other atmospheric con
stituents, including smoke'. 

While the most highly resolved models are morephysicaUy comprehen
sive, they are much more complicated to build and interpret. and they con
sume vastly greater human and computational resources than simpler mod
els. Choosing the "optimum" or necessary minimum combination of factors 
is an intuitive procedure that trades off completeness and hoped-foraccu
racy for tractability and economy. Such a trade~off is not "scientific" peT 
se, but rather is a value judgement, weighing many factors. However, the 
value judgement is still subject to scientific test and validation. Making this 
judgement depends strongly on the problem the climate model is designed 
to address. The best strategy is often to use a hierarchy of approaches, where 
models of various complexity and resolution are all applied to the same ques
tions, with the simpler ones helping to illustrate basic physical principles and 
the relative importance of individual factors. while the more comprehensive 
models are used to provide geographic detail or insight into the outcome of 
many simultaneously interacting processes at "feedback mechanisms". 

Feedback mechanisms are important controls on the climate system, which 
may act either to enhance initial changes ("positive" feedback) or to oppose 
them ("negative" feedback). As an example of a climate feedback, consider 
the simple phenomenon of ice forming on a lake or on a sea coast as the 
weather turns cold. The ice is brighter than the unfrozen water, and thus 
reflects more sunlight upward than the liquid water. This leads to a positive 
feedback, because the increased reflectivity further decreases the amount 
of solar heat absorbed by the lake, thus allowing the original cooling to 
accelerate. 

Many such feedback processes in the climatic system. both positive and 
negative, have been identified. Some of these are explicitly treated in the 
more comprehensive models. Indeed. such models are already able to pro~ 
duce many of the major features of the Earth's climate reasonably well. 
Such features include the seasonal cycle of temperature and winds and the 
broad geographic distribution of climatic variables such as temperature and 
precipitation. In addition. such models can reproduce the radically different 
climatic conditions of our neighboring planets Mars and Venus when the 
physical parameters in the model are changed to those of these planets. 

Despite these important successes., models cannot yet provide credi
ble, detailed predictions of how any arbitrary perturbation to. the surface
atmosphere system would perturb the weather and climate. First of all, 
no model can resolve every important atmospheric process on al1 re1e
vant scales. That is, smoke particles, c1ouds.,and even small-scale storm 
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complexes, cannot be individually and accurately treated. even in the high
est resolution weather and climate models. One-dimensional vertical models, 
by definition. do not resolve land and sea differences. winds or any other 
horizontal variations,although some can treat aerosol physiCs and radiative 
transfer in considerable detail. The inability of any model to treat explicitly 
every physical feature necessitates the development of procedures to account 
collectively for the effects of these neglected features on the processes re
tained in the model. This procedure is known as "parameterization". a con
traction for parametriC representation. Instead of solving for sub-resolution 
scale.details explicitly. a search is made for a relationship between variables 
on time and space scales that are resolved and what is happening on scales 
that are not resolved. While it is not possible to find a perfect correspon
dence between these averaged variables and what is actually experienced at 
a point, reasonably accurate relationships have been found that are valid 
in a variety of circumstances. Whether the parameterizations are accurate 
enough for each application is a principal issue of debate among climate 
modelers and others. 

Verification ex~rjments (including the simulation successes mentioned 
above) have confirmed that the present generation of climate models are 
powerful tools fot analyzing how the surface-atmosphere system behaves, 
but these verification exercises-on, say, the seasonal cycle-do not guar
antee the model's accuracy on completely different problems. Such as the 
climatic response to lOOmiIlion tonne of smoke being injected into the atmo
sphere of the Northern Hemisphere. Therefore, modelers perform so-called 
"sensitivity experiments" in which an external forcing. such as a nuclear 
smoke cloud, is imposed and the climatic response studied for a variety of 
internal assumptions-such as the height distribution of the injected smoke. 
the vertical resolution of the model. the cloudiness parameterization. etc. 
Through this procedure. modelers can determine if those model character
istics which are most uncertain have a significant influence on the potential 
climatic response of interest. such as the resulting surface temperature vari
ation under a thick smoke cloud. 

The most reliable procedure is to repeat these Climatic sensitivity experi
ments across a hierarchy of models, Constantly comparing the results both 
across the hierarchy and with observational data for appropriate climatic 
variables, where such data are available. Indeed, it is this approach that has 
been chosen by the various independent climatic modeling groups around 
the world in studying the possible effects of nuclear war on weather and 
climate. As a resUlt of the extensiveness of these efforts. sc;:ime qualified 
statements about such effects now can be made with some confidence. 

Recognition of the potentially serious consequences that nuclear war could 
inflict on weather and climate commenced with the identification and crude 
initial quantification of smoke injections into the atmosphere (Crutzen and 
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Birks, 1982). This led to "back-oHhe-enve)ope" calculations of the op
tical effects, to simple analytical studies, and to "first·generation" One-
dimensional, radiative~onvective models (for example Turco et al., 1983a,b; 
MacCracken. 1983; Crutzen et al.. 1984~ Golitsyn and Ginsburg, 1985; Ack
erman et ai., 1985a; Ramaswamy and Kiehl. 1985). These models were ap· 
plied to the sequence of events indicated in area I of Figure 5.1, and have 
been useful in gaining a semi-quantitative understanding of the dependence 
of the results on such variables as the amount and height distribution of ab
sorbing and scattering particles. their scattering coefficients, visible absorp
tion coefficients. infrared absorption coefficients. particle size distribution, 
and coagulation processes. 

The next stage utilized two- and three-dimensional atmospheric models, 
in which smoke and dust. in some cases varying with time in a prescribed 
manner. were inserted as radiativel), aciive components. modifying the 

CHAIoiGEO 
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WASHOUT 

INTERACTIVE SMOKE FEEDBACK 

3 

Figu re 5.1. Schematic diagram of smok~weather/climate effects. The area labelled 
J shows interactions included in first generation models. Second generation models 
added calculations of effects in area 2. Third~er"'tion. or fully interactive models 
complete the feedback loops as shown in area 3. Changed weather/climate effects 
are indicated by thicker lines. Adapted from Malone et al. (1985, 
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temperature structure and the circulation. but not being transported around 
within the model. These effectively added the boxes labelled 2 in Figure 
5.1. MacCracken (1983) uSed a two-dimensional model. while Aleksandrov 
and Stenchikov (1983). Covey et at (1984). Thompson et a!. (1984) and 
Cess et al. (1985) used three-dimensional models. Although some of these 
models divided the atmosphere into only two layers. which have. in some 
ways. limited their ability to simulate the atmospheric response. others using 
nine·layer models. which allowed more detailed calculation of the changes in 
venical struCture of the atmosphere, calculated similar results. AU of these 
models clearly demonstrated that large amounts of smoke would change the 
temperature structure. including. especially, the surface temperatures. These 
results also demonstrated that significant changes in atmospheric circulation 
would occur. Such changes would. if the smoke had been allowed to move. 
have rapidly transported the smoke to latitudes other than those where it 
was injected. The realism of the results was severely limited. however. by 
the lack of the feedback mechanism allowing the changed circulation to alter 
the distribution in height and horizontal position of the smoke (and dust). 

A third generation of studies is now well underway, in which "fully in~ 
teractive" smoke has been placed in two-dimensional (Haberle et aI., 1985). 
and more realistically, in three-dimensional atmospheric circulation mod
els (MacCracken and Walton, 1984; AJeksandrov, 1984; Stenchikov, 1985; 
Malone et al .. 1985; Thompson, 1985). These models include the processes 
indicated in area 3 of Figure 5.1, i.e., the smoke can be heated by solar 
radiation, which warms the air and leads to changes in aunospheric circu~ 
lation. which, in turn, alter the vertical and horizontal distribution of the 
smoke and precipitation. These changes. in tum, affect the amount of smoke 
remaining and its ability to absorb sunlight and start the cycle again. The 
strong coupling between the heating. atmospheric stability, and the induced 
motions requires realistic treatment, which is difficult in models with low 
vertical resolution. 

In the following sections, the principal conclusions that can be drawn from 
these studies will be summarized. Also discussed. with the aid of inferences 
drawn from physical reasoning and present model results, are possible effects 
on the oceans, monsoonal and coastal penurbations, and the possibility that 
effects might last several or more years. The findings are also summarized 
in terms of the range of possible surface temperature changes that could be 
experienced following a major nuclear war. This is attempted as a function 
of locality. season, and magnitude of the smoke inputs. At this stage such 
quantitative interpretations must be regarded as subject to a wide range 
of uncertainty for a variety of reasons, including uncertainties in targeting 
and scenarios (see Chapter 2), uncertainties in the extent of fires and tbe 
amount and characteristics of smoke emissions from those fires (see Chapter 
3), and uncertainties in plume processes and local precipitation and other 
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scavenging and microphysical processes (see Chapter 4), Nevertheless. such 
estimates have general qualitative validity and have been prepared ill order 
to be helpful in the further investigation of the possible biological impacts 
(see Volume II of this report), 

1n the climate studies discussed below. certain quantities of smoke (e,g .• 
150 million tonne) are usually specified. along with an assumed set of phys
ical properties that determine the optical effects of the smoke. In many of 
the studies. a specific absorptivity of about 2 m~ /g has been assumed. based 
on an elemental carbon content in the smoke of about 20% (see Chapter 
3), In other studies. more detailed analytic approaches have been taken to 
determine the absorptivity, Thus. it should be kept in mind that when total 
smoke amounts are qUOted. usually only about one-fifth of the mass consists 
of strongly light-absorbing SOOl, whieh is the critical component. 

The optieal depth. or thickness. of the smoke after it has been spread over 
a specified area of the globe, is usually specified as an absorption optical 
depth or as an extinction optical depth (which also includes the effect of 
scattering in reducing the intensity of a direct beam of light). The absorption 
optical depth is mainly due to the soot component of the smoke. while 
the non-soot aerosol component is the major contributor to the scattering. 
Optical depth is referred to with reference to overhead. or zenith. viewing. hi 
the literature. "extinction optical depth" and "optical depth" are often used 
interchangeably. Because values of the various smoke parameters (smoke 
mass, soot content, area of distribution. absorptivity, scattering coefficient. 
etc.) are not standardized in the studies, caution must be exercised in making 
comparisons and interpretations of computed effects. 

S.2 RESULTS OF ONE-DIMENSIONAL STIJDIES 

10 their seminal paper, which was based on the Ambio war scenario (Ambia 
Adv isors, t 982):, Crutzen and Birks (1982) calcu 1a ted that the average smoke 
loading resulting from the burning of a million square kilometers of forest 
and wildlands would be about 0.1 to 0;5 glnr. when spread over half of the 
Northern Hemisphere and assuming an average particle residence time of 5 
to 10 days. They concluded that this could lead to. an average reduction in 
sunlight reaching the ground by a factor of 2 to 150 at noon in summer, They 
suggested that there could be marked climatic effects. including suppression 
of rainfall due to the setting up of a temperature inversion in the lower 
atmosphere. but they did not attempt to estimate the possible effects on 
surface temperature. They also suggested that the burning of oil and gas 
wells. cities, and fossil fuel stockpiles could contribute comparable amounts 
of smoke. 

Turco et al. (1983a) considered the effects of a variety of smoke and dust 
loadings, based on some three dozen different war scenarios ranging from 
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a 3000 Ml pure counter-force war (i.e .• one in which only military targets 
outside cities would be hit) to a massive cities and counterforce war of 10,000 
M t. and a 100M t cities-only case using 1,000 warheads, each of lOOk t. Table 
5.1 summarizes a selection of these cases. 

TABLE 5.1. 
MAIN FEATURES Of THREE Of THE NUCLEAR WAR SCENARIOS 

CONSJUERED BY TURCO ET AL. (1983A). SEE TEXT FOR OISCUSSIOfIJ 

Pet. yield Warhead Total 
Total Pet. yield on urhan or yield number 
yield surface industrial range of 

Case (M!) hurst targets (Mt) explosions 

1. Ba . ..eline case. 5.00() 57 :W O.l-H) 1 U.400 
co u nlerva I ue 
and counler-
force" 

11. 3.000 MI .1,O{)() 50 II J.(I-Hl 2.2SU 
nominal. 
CIlUnlcrforce 
onl)p 

14. lOU MI loti () 1011 0.1 1.0on 
nominal. 
wuntervalue 
onl)" 

~ In the ~line case, I2JJ()() kml or inner cities are burned: a fuel loading or IU kym2 of 
cnmbuSl ibles an assumed 10 be burned. and 1.1 % of the hu rneel material is assumed 10 
ri!loC a~ ~mllke. Also. nO,OlK) kml of ~uburban area~ 8re assumed to burn. IS kg/m~. with 
3.1'1% rising as smoke. 

~ In this highly con~l"\tative case. it is assumed that no smoke emission occurs and 2S,(lOO 
umneiMt of fine dust are injected lnlO the upper atmosphere. 

< In contrast 10 the baseline case, 2(1,1I0n km2 of inner cities are assumed to burn. but with 
3..v:'i injected as smoke i010 the atmosphere. 

This large range of cases was used in a sensitivity analysis to delimit the 
influence of different variables on the atmospheric effects. Variables consid
ered included the total yield, the percentage of detonations that were surface 
bursts (which were assumed to generate dust. but not smoke), the percent
age yield on urban and industrial targets (which were assumed to generate 
large amounts smoke), the warhead yield range (which affects the height to 
which the nuclear fireball is assumed to rise in the atmosphere). and the total 
number of explosions. (Chapters 1 and 2 provide a more extensive discus
sion of these various quantities). None of these cases was considered to be 
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necessarily the most probable, although case 1, with 5,000 Mt detonated on 
military and urbanlindustrial targets, was designated the "baseline" case. For 
each case, smoke emissions from Urban and wildland fires and dust injeCtions 
from surface burSTh were estimated, microphysical calculations of the time 
evolution of the aerosol were carried out, and a time-dependent. radiative
convective calculation of atmospheric temperatures was performed, includ
ing the effect of the smoke on both solar and infrared radiation. 

Figure 5.2 shows the resulting land surface temperatures for the cases 
shown in Table 5.1 as calculated using a one-dimensional radiative
convective model tlIat assumed zero heat capacity at the sl,.lrface, in effect a 
land-only planet (Turcoet al.. 1983a,b). Since this model takes no account 
of possible horizontal transport of heat from the oceans, which are a vast 
store of heat. the resulting tempera1.ur-echanges are not representative of 
what would occur in coastal areas. but can be used to estimate what migh1 
occur in mid-continentatareas far removed from oceanic influences. Also, 
mean annual solar insolation was used in the model so seasonal effects are 
not included. 

}-' 

w ~ .r:r 20 Case 11: 3000 M T nominal, cbunterforce only 70 ~. lLJ 

< r:r 
tr AMBI E NT TEIiI pt R~ TU RE 60 ~ 
w ~- - - - - - ~-- I-
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~ SO Q:: 
:::E w 
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I- 40 :::E 
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Figure 5.1. Surface land temperatures as a function of time after detonation. as 
calculated by Turco et al. (1983a) for the nuclear war scenatjos listed in Table 5.1. 
Value" apply to rnid-continental region~ and do not take into account buffering of 
temperature changes' by oceanoc heal capacity 

Note that in the "baseline" case (case I) the surface temperature drops 
from an assumed normal global annual mean temperature of about + 13b C 
to about - 23b C in about three weeks, and stays below freezing for some 
three months. In this model, the surface temperature was taken as the av
erage temperature of the bottom two kilometers of the atmosphere, which 
tended to slow the rate of cooling somewhat. Infrared absorption by the 
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smoke is included in this calculation, but does not substantially slow the 
rate of cooling, because the smoke has a lower optiCal depth in the in~ 
frared and because the smoke has been thinned by spreading it over the 
Northern Hemisphere. Thus, the smoke does not have an effect similar to 
that of the much stronger infrared absorption of water clouds in reducing 
the rate of surface cooling on a cloudy night. In their baseline case, the 
total smoke emission is estimated at 225 million tonne, after prompt re~ 
moval of up to 50% of the smoke particles by scavenging processes in the 
fire plume. Five percent of the smoke is assumed to be injected into the 
stratosphere. They assume 960 million tonne of dust are generated, 80% 
going into the stratosphere. of which 8% is in the sub~micron size range 
with a long atmospheric lifetime. (The remaining 92% is removed rela~ 

tively rapidly from the atmosphere by gravitational settling. see Chapter 
3.) Smoke and dust in the troposphere are assumed to be removed at the 
rate observed in the nonnal atmosphere. i.e., about 50% in a week or so 
(Ogren. 1982). 

In the pure counterfprce case (case 11), all of the warheads are assumed to 
be of a size that would put dust into the stratosphere. where the sub~micron 
fraction would have: a long residence time. However, there is assumed to 
be no smoke. Dust is far less absorbing of solar radiation than ~ smoke 
(see Chapter 3) and consequently the surface cooling is much less, although 
it is stil1 estimated to be about 8°C in mid~ntinental regions. While this 
represents a large change in a climatological sense (it is, for instance, greater 
than the global average difference between a glacial and an inter~glacia1 

period), the climatological significance of the change is uncertain because 
this temperature decrease migbt occur only in continental interiors. Major 
volcanic eruptions injecting almost as much material into the stratosphere 
have. for example. reduced large~scale time·averaged temperatures by at 
m()st a few degrees, although they may have induced anomalous weather 
events exhibiting larger changes (see Section 4.1.1). These dust injections 
would last over a much shorter time periOd than climate changes associated 
with glacial events, or even with changes associated with processes such as the 
buildup of the atmospheric Co. concentration; thus, the perturbation is not 
likely to induce a permanent change. The cooling might, however, last for a 
year or more because of the long residence time for dust in the stratosphere. 
In case 1 there is also a long~lasting cooling due to the stratospheric part of 
the smoke and dust injection. 

Case 14 is of great interest because it involves the generation of an amount 
of smoke sirnilar to the baseline case (but no dust) from an attack employing 
100 Mt detonated on urban centers. Turco et at (1983a.b) estimated an 
emission of 150 miJIiontonne of smoke from the detonation of 1000 100~kt 
weapons on large urban areas. All the smoke is assumed to be deposited in 
the troposphere where it would normally have a relatively short residence 
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time. Note that the initial cooling is almost as great as in case 1, but that 
in case 14 the recovery is much faster, with the temperature returning to 
almost normal within three months. The faster recovery is the result of the 
smoke being deposited in the troposphere, where precipitation scavenging 
is assumed to be efficient. rather than in the stratosphere, where the lifetime 
could be months to years. 

Turco et al. (1983a.b) included treatment of detailed microphysical pro~ 
cesses for smoke and dust in their calculatjons and performed a number 
of sensitivity tesis to assess the importance of these parameters. as well as 
for variations in optical parameters. These tests identified the importance 
of smoke optical constants. injecti'on heights, and particle lifetimes in deter
mining the degree and duration of the surface cooling. They were unable. 
h_owever, to include detailed calculation of smoke removal processes. so their 
estimate of the duration of the cooling is highly uncertain. They noted. how
ever, the strong heating of the upper troposphere and suggested that this 
could lead to stabilization of the smoke cloud that could reduce the normal 
scavenging rates they assumed and aCcelerate transport of the smoke to the 
Southern Hemisphere. However, because of the inability of one-dimensional 
models to simulate horizontal transport, they were unable to provide any 
quantitative estimates of the degree of stabilization that would occur in the 
actual atmosphere or to estimate transport times. 

MacCracken (1983) also carried out studies using a one-dimensional 
r,adiative--convective model including land surface heat capacity. For injec
tion of smoke, dust, and nitrogen oxide amounts similar to those used by 
Turco et al. (1983a), the model projected up to a 30 tlC cooling within two 
weeks. This result is consistent with the findings of Turco eta!. (1983a). 
In otie important sensitivity case, MacCracken (1983) removed the assumed 
Cloud cover (Turco et al., 1983, had held cloud cover constant) on the pre
sumption that warming and stabilization of the smoke layer might reduce 
the relative humidity. This change led to an even greater cooling as a result 
of the loss of the clouds that had been moderating the cooling by trap
ping upwelling infrared and reradiating some of that radiation and some 
of the solar radiation back down to the surface. Accurate simulation of the 
potential atmospheric response th-us requires interactive calculations of the 
hydrologic cycle and cloud cover. MacCracken (1983) also calculated that 
the NO", emissions and consequent ozone perturbation alone would induce 
a comparatively small climatic perturbation, roughly consistent with past 
changes following a major volcanic eruption. 

Crutzen et at. (1984) used a one-dimensional, radiative equilibrium model 
to estimate surface and atmospheric temperatures for revised estimates of 
urban/industrial and forest smoke inputs. as well as somewhat different 
parameterizations of particle coagulation, dispersion, and washout. Their 
model assumed a three-layer atmosphere with a smoke- and cloud-free layer 
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between 1000 mb and 750 mb. and two layers of equal mass above 150 mb, 
each containing half the injected smoke. Characteristic smoke removal rates 
of 15 days in the middle layer and)O days in the upper layer were assumed. 
Lalent and sensible heat fluxes from land surfaces were parameterized in 
terms of the calculated surface temperatures, but the thermal inertia of the 
atmosphere and the heat transfer from the o«3.ns were neglected. Solar 
energy input was computed for equinoctial conditions at ahout 300 N. The 
model also included a simple icelsno",,·allledo feedback, with the surface 
albedo increasing from 12% to 50% when the land surface temperature 
dropped below ODe. The latter figure was taken as representative of dirty 
snow (Chylek et aI., 1983). . 

In their primary case, Crutzen et a1. (1985) estimated that a total of 100 
million tonne of smoke would be produced from the burning of 0.25 million 
km2 of forests and a similar -!\rea of urban/suburban fires, and thaI 36% of the 
smoke particles would be in the form-of amorphous elemental carbon. Equi~ 
librium temperatures calculated for this case for the conditions prevailing 
aleach time step are shown in Figure 5.3. The results show surface lemper~ 
atures dropping to about - 25°C after a few days, which is faster than, but 
otherwise in agreement with, the Turco et a!. (1983a.b) results. The upper 
smoke layer heated to about + 21°C. The dashed curves show the evolution 
of temperatures with a constant surface albedo of 12%. It is apparent that 
the albedo feedback considerably prolongs the cooling. The sudden jump 
in temperature on day 80 was caused by the assumed instantaneous melt
ing of the snow and ice, and the coincident change in the surface albedo 
from 50% to 12% when the surface temperature reached O°C. This albedo 
effect is, of course, dependent on there being enough available moisture 
to cause an appreciable snow cover when surface temperatures aTe below 
freezing. 

Crutzen et al. (1984) also calculated the effects of several other scenarios. 
One involved the burning of 1 million km2 of forest, which. in combination 
with the urban fires. gave two hundred million tonne of smoke, but a lower 
fraction of elemental carbOn (22%). In this case the temperature excursions 
were on Iy slightly larger, and the return to normal took about 10 days longer. 
In another calculation, 100.000 million tonne of water vapor was injected 
into the upper two layers along with the smoke plumes. E)!cept for a slower 
cooling in the first few days, the results did not differ significantly from 
those in FIg.ure 5.3. Finally, a case in which "only" 25 million tonne of 
smoke were injected into the atmosphere was considered. This might be 
equivalent to a "limited nuclear war". Even in this case, very substantial 
cooling appeared possible in the mid-latitude continental interiors. Oceanic 
effects and thermal inertia would. of course, be particularly imponant in this 
case, but it does suppon the case 14 results obtained by Turco et at. (1983a), 
and again illustrates the nonlinearity of the effects. 



160 Physical and Atmospheric Effects 

300 

Ts 
--- T, 

280 -::.:: ---GI TZ .. 
~ .. 
~ 260 

c= 

T3 
24(1 

40 80 120 
Time after detonations (days) 

Figure 5.3. Equilibrium temperatures at (K) the Earth's surface (1'." ) and in three 
atmospheric layers (Tl , from the surface to 750 rob; TJ, from 750 to 375 m b; and 
TJ , from 375 to 0 nib) in smo.ke-c6vereQ continental regions from 30-60°N. as II 
function of time after the insertion of 50 million tonne of smoke into each of layers 
2 and 3 (from Crutzen el a1.. 1984). Temperatures indicated with dashed lines are 
calclllaled with a surlace albedo of 12%. The temperatures indicated with solid lines 
assume a surface albedo of 50% for ground temperatures below O.,C Reproduced 
by permission of D. Reidel PubJ. Company 

5.3 RFSULTS OF GENERAL CIRCULATION MODElS 
WITH FIXED SMOKE 

The first three-dimensional simulations of the effects of large quantities of 
smoke and dust generated by a nuclear war were carried out using general 
circulation models (GeMs) that were not greatly changed from those used 
in simulating the undisturbed atmosphere. Nevertheless. the results pointed 
the way to more elaborate simulations and highlighted effects that are not 
intuitively obvious. 

Prior to these simulations, a model study was carried out by Hunt (1976), 
which made no reference to the possible consequences of nuclear war, but 
has some interesting parallels as wen as very important differences. In this 
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study, the solar energy input in a GCM was completely switched off and the 
resultant behavior of the atmosphere was observed. This model assumed 
an all·land planet. thus neglecting the heat storage in the oceans. The time 
variations of selected hemispheric integrals are shown in Figure 5.4. No-
table features, besides the cooling rate (integrated over the whole depth of 
the atmosphere) of more than J °C per day. are a very rapid decline in water 
vapor content (due to reduced evaporation and cooling of the atmosphere) 
and in the kinetic energy of the atmosphere, with a slower rate of decrease 
in energy dissipation, Surface cooling rates were found to be about 4°C per 
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Figure 5.4. Time variations of selected hemisphere integral quantities for a con· 
trol run and a run in which the solar insolation was switched off (from Hunt, 
197b). (Gaps in the curves occur where printer output was lost owing to computer 
malfunction.) 
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day in the first week. decreasing to around I QC per day after the first month. 
The zonally-averaged zonal wind speed dropped by a factor of 2 by day 48 
after the Sun was turned off, and the eddy kinetic energy decreased even 
more rapidly. These conditions might be like those which would prevail 
in the lower atmosphere under a uniform, optically-thick elevated smoke 
layer, although infrared effects could moderate the temperature and energy 
losses somewhat, depending on the infrared optical depth of the smoke. 
The presence of oceans in the real world would greatly reduce both the 
cooling and the losS of water vapor in the lower atmosphere. The absorption 
of solar radiation in the smoke laye. would of coun,e drastically change 
the picture in the upper atmosphere. Despite these differences. the results 
point to the possible importance of reductions in water content in the lower 
atmosphere in the post-nuclear war case. and in the vigor of the hydrologic 
cycle. They also suggest the possibility of a significant decline in synoptic 
disturbances and in mean wind speeds below the smoke ll'lyer. except perhaps 
in coastal areas or at the boundaries of an incomplete global J,;moke cover 
where horizontal thermal gradients could be large. 

The general circulation model used at the National Center for Atmo
spheric Research in Colorado. known as the NCAR Community Climate 
ModeJ. or NCAR CCM (Washington, 1982; Williamson, 1983). was first ap
plied to the nuclear war simulation by Covey et a!. (1984) (see also Thomp
son et at. 1984). The model is a nine-layer spectral model truncated at 
wavenumber 15. corresponding to a horizontal resolution of about 4.50 

latitude and 7.5 0 longitude. The top layer is centered at about 30 km. Inter
acti"Ve clouds are predicted based on the relative humidity and the presence 
or absence of convection. The radiative transfer code includes absorption of 
sunlight by ozone. water vapor. carbon dioxide. oxygen and douds, and cloud 
albedo effects. Infrared emissivities are inel uded for water vapor. ozone, C~ 
and clouds. but neglected in the case of smoke. as is visible scattering by the 
smoke particles. Sea surface temperature is specified at the seasonally vary
ing climatological value, and land surfaces are assumed to have zero heat 
capacity. The diurnal cycle is not considered. 

Based on a draft "baseline" case for a 6.500 Mt war (NRC. 1985), Covey 
et al. (1984) assumed that a smoke layer with an absorption optical depth of 
3 was distributed uniformly between 1 and 10 km altitude in the latitude belt 
30-70Q N. This smoke loading: WL=!S kept fixed for the duration of the model 
run. Simulations were run out for 20 day.') from a model-generated weather 
-situation emulating typical weather patterns for 30 June ("summer"), 27 
December ("winter"). and 22 March ("spring") supplied from an earlier 
simulation of the unperturbed annual cycle. 

For the summer case, Covey eta!' (1984) found COOling below the smoke 
layer. strongest in inland continental regions. and strong heating of about 
6()...80~C near the top of the smoke layer, with some heating even above 
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the smoke. presumably due mainly to transport of heat by the atmospheric 
motion. Estimated surface temperatures for Ihis case are shown in Figure 
5.5 at day 0 (the unperturbed state), day 2. and day 10 of the simulation. 
Areas with temperatures below -3°e (Le .• 270 K) are hatched. By day to. 
the temperature of land surfaces in some areas has dropped by up to 25°C, 
with considerable day-to--day variability in particular regions dependent on 
weather variations calculated by the model. For example. weather variabil
ity produces off-shore winds and below-freezing temperatures in Western 
Europe on day 8. but not On day 10 when the winds are on-shore. In spring. 
with less incident solar radiation, land average surface temperature depres
sions reached only about 11°C. and in winter only about SoC (Thompson et 
al.. 1984). 

Average zonal winds show an increase in the westerlies north of the smoke 
and around 30·45~ S. with greatly enhanced easterlies at the 20 kPa (200 
mb) level from about 45° N to 20° S. Water clouds largely disappear in the 
middle troposphere due to reduced water vapor transport upwards through 
the smoke-induced. stable temperature inversion in the lower troposphere 
and to substantial heating in the upper layers, 

The zonally-averaged meridional circulation of the atmosphere is greatly 
affected by the presence of the smoke. For the summer case. the normal 
cross-equatorial Hadley cen circulation is greatly strengthened in the first 
few weeks. while in spring the two tropical Hadley cells ate replaced by a 
single cell transporting air upwards in the northern sub-tropics. southward 
across the equator at about 10-15 km altitUde. and descending in the south
ern sub-tropics (Figure 5.6a,b). In the winter case (Figure 5.7a,b). there 
is very little change in the mean meridional circulation. although instanta
neous streamlines (Covey et al.. 1984) indicated that individual streamers of 
smoke could move as far south as the thermal equator. where it was sug
gested that solar heating of the smoke could cause subsequent changes in 
the circulation. 

These changes in atmospheric circulation patterns must be accepted with 
some caution. Because the smoke layer is held fixed in its spatial extent, very 
large thermal gradients are formed at the layer boundaries, The gradients. 
in turn, force the development of strong wind fields that can advect the heat 
away from the top and southern boundary of the smoke layer. If the smoke 
were allowed to be transported by the winds, such very large thermal gradi
ents would not develop and the associated wind fields would be somewhat 
different (see following section). 

The model em ployed at the Computing Centre of the U.S.S.R. Academy of 
Sciences in Moscow was also used to simulate post-nuclear war conditions 
(Aleksandrov and Stenchikov. 1983; Thompson et at, 1984). This model 
has a horizontal resolution of )20 latitude by 15° longitude. with two la}'
ers in the vertical representing the troposphere from the surface 10 about 
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Figure 5.5. Surface air temperatures calculated with the NCAR CCM b}' Cove}' 
et at (1984) fQr an injection .at time t = 0 of a Smoke layer having absorption 
optical depth 3. between 30 and 70" N. Diagrams are for the Northern Hemisphere 
summer case at (a) day O. (b) day 2. and (e) day 10. The contour interval is woe 
Bnd areas with temperatures below - 3"C are hatched. Reproduced b)' permisSion 
from Nalure. Macmillan Journals Limited 
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Figure 5.6. The zonally~averaged. north-south atmospheric circulation from a 
NCAR CCM simulation (Covey el aI.. 1984). Arrows indicate the direction of mo
lion. Units: 10w kg/so Data are averaged over days 16-20 of the simulation. (al 
Comrol run for April; (b) smoke~penurbed run fot April (a smoke layer with 
absorption optical depth of 3 was insened on day 0 within the area indicated by t11e 
dashed box). Reproduced by permission from NC1.lure, Macmillan Journals Limited 
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20 kPa (about 12 km altitude). This model was coupled to a thermodynamic 
model of the upper ocean. enabling changes in estimated surface ocean tem
peratures to be calculated. It use(! annually-averaged solar input, and was 
intended to represerit annual average conditions rather than indi\lidual sea
sons. Cloud cover and precipitation were calculated. 

In the Aleksandrov and Stenchikov (1983) simulation, smoke and dust 
that were supposed to correspond to the 10,000 Mt war scenario of Turco 
et al. (1983a) were instantaneously injected and uniformly spread into the 
model between latitudes 12" and 90" N. (In fact, because of the absorption 
and scattering properties assumed for the smoke and dust. their simulation 
corresponded to an injection several times larger than that in the 10,000 Mt 
case of Turco et al. (1983a) and was roughly equi\lalent to the upper range 
for smoke injections suggested by NRC, 1985.) Solar radiation reaching the 
troposphere (i,e., the model top) was assumed to have been reduced by the 
presence of dust in the stratosphere; the smoke was injected equally into 
the two model layers. 'The initial hemispheric-average absorption optical 
depth was assumed to be 6. This was reduced to 3.5 after 30 days. and 
further reduced in steps at later times in order to approximate the effects 
of coagulation and removal processes. 

Calculated globally-averaged atmospheric and land surface air temper
ature changes during the first 60 days are shown in Figure 5.8. and the 
change in surface air temperature, relative to the initial conditions. on day 
40 is shown in Figure 5.9 (Aleksandrov and Stenchikov. 1983). As in the 
NCAR model spring and summer cases (Covey et al., 1984), the mean merid
ional circulation in the smoke-perturbed case shows that the two normal 
Hadley cells. appropriate for annual mean conditions. are replaced by a 
single large cell with rising motion in the sUbtropics of the Northern Hemi
sphere, and sinking motion in the southern subtropics. The calculated circu
lation three months after smoke injection is shown in Figure 5.10b. Figure 
5.1Oc shows results for a case intended to be similar to case J4 of Turco et 
al. (J983a), but which again has a considerably greater absorption optical 
depth, 

MacCracken (1983) used a combination of the unperturbed winter
time circulation from a two-layer, three-dimensional model (Gates and 
Schlesinger, ]977) to disperse smoke from discrete source regions and to 
calculate the geographical distribution of visible optical depths, and a two
dimensional climate model (MacCracken et aI., 1981) to calculate resultant 
surface temperatures. He also discussed the possible effects of reduced rates 
of removal of smoke,relativeto those experienced in the unperturbed atmo
sphere (Ogren, 1982), in prolonging the effects. An initial 150 million tonne 
of smoke from urban/suburban fires was injected above the surface bound
ary layer on the first day, and an additional 57 million tonne from wildland 
fires over the first seven days, from four discrete target areas covering North 
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Figure 5.8. Globally-averaged atmospheric and land surface temperature changes 
from initial (annual mean) conditions during the first 60 days after injection into 
the Northern Hemisphere of smoke with a hemispheric average absorption optical 
depth of 6 (from Aleksandrov and Stenchikov. 1983) 
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Figure 5.9. The change, in °C. from initial (annual mean) surface temperature for 
the smok.~perturbed case, as in Figure 5.8, on day 40 after smoke injection (from 
Aleksandrov and Stenchikov, 1983) 
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Figure S.W The zonally-averaged. nonh-south atmospheric circulation from the 
Computing Centre (Moscow) model (Aleksandrov and Stenchikov. 1983). Arrows 
indicate the direction of motion. Units: 1010 kg's. (a) The normal undisturbed mean 
annual circulation: Ib) 3 months after injection into the Northern Hemisphere 
of smoke with an initial absorption optical depth of 6; (c) as in (b) but for an 
absorption optical depth of 3 

America. Europe and western Asia. Afler 30 days, the hemispheric-average 
extinction optical depth was found to be 1.1. MacCracken then reduced 
the scavenging rate by a factor of exp(-r/3). where r was the local extinc
tion optical depth; this factor was chosen as a plausible representation for 
the effect of smoke on precipitation rates, based on a ad hoc relationship 
between observations of precipitation rate (Jaeger. 1976) and solar radia
tion absorbed at the Earth's surface. This reduced scavenging rate gave a 
hemispheric-average extinction optical depth after 30 days of 4.5, with the 
highest values at middle and high latitudes. 

Using a two-dimensional climate model that treats land and sea sur
face areas separately within each latitude zone. MacCracken (1983) calcu
lated the reduction in surface temperatures oyer land and oceans for no[
mal and reduced rates of scavenging. The average results for the Northern 



170 Physical and Atnlospheric Effecrs 

0 ---..--. ------ e - T /3 nnmping ~ ------<> --- ----2 ---Ocean -- ----
0.> 
~ normal scavenging c -Land a;J 

.J:: 
u -It 
~ ... 
:::I .... 
<d -6 ... 
ell 

E' e-~/3 damping 
~ -8 

0 15 30 45 60 15 90 
Days 

Figu re 5.11. Reduction in Northern Hemisphere average la nd a nd ocean su rface 
temperatures as a function of lime following the injection of some 100 million 
tonne of smoke inlO the !'IIorthern Hemisphere. Both "normar smoke rem(wal 
rates (scavenging) and -normal" removal rates red uced hy a ractor of t -.,.1. where 
T is Ihe extinction opticallhickness. were \Iset1 (from MacCracken. 1(10) 

Hemisphere are shown in Figure 5.11. With normal scavenging. the maxi· 
mum cooling: of lalidoccurredwithin 2 weeks. but was much smaller than in 
one-dimensional models in which transport of heat from the oceans to the 
land was not included. Also. the one-rlimensional calculations were for land 
under the smoke cloud. whereas MacCracken's calculated temperatures were 
averaged over a11land in the Northern Hemisphere, including land not yet 
underneath the assumed spreading smoke cloud. The mid-L'llitude temper
ature changes MacCracken (1983) calculated under the smoke cloud were 
about twice as large as the change for the hemispheric land average (NRC. 
1985). and he noted that the cooling in mid-continental areas could be much 
larger. In the case of reduced scavenging, the maximum cooling was not 
much greater. but severe cooling: lasted much longer. Recovery was slowed 
not simply be<:ause the smoke optical depth was greater, but also because 
the smoke had had time to spread more uniformly. thereby intercepting 
a greater amount of global insolation. and because the ocean temperature 
decreased slowly throughout the simulation, 

The precipitation rates calculated by the two-dimensional model show 
marked reductions. After three months in the case of assumed reduced scav
enging, precipitation was 25% less than normal over land and 20% less over 
the oceans. The precipitation was found to be confined to lower altitudes 
than normal. with the reduction largely due to less precipitation in the in ... 
tertropicalconvergence lone, This was presumahly the resolt of the dramatic 
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change in the global circulation pattern and an increase in the vertical sta
bility of the lower atmosphere. 

Covey et al. (1985) report further diagnostk studies on the simulations 
which used the NCAR CCM. They have found that the land temperatures 
in the perturbed case were strongly influenced and. in fact. prevented from 
cooling further. by diffusion of heat downward from the lower troposphere. 
This heat was supplied by horizontal transport from the relatively warm 
oceans. They conclude that the substantial dowilward vertical heat diffusion 
into the lowest layer of the model wits almost certainly over-estimated in the 
smoke-perturbed conditions of high vertical stability by the particular pa
rameterization scheme used in the NCAR model. Consequently. they suggest 
that. in the absence of other errors. use of this parameterization results in 
an underestimate of the cooling of the land surface for the ca~e of optically
thick smoke layers. They warn. however. that there nre other omis~ions and 
approximations in the present modellio that make it difficult to conclude that 
the model-predicted temperature changes are in fact underestimates of the 
actual changes which could occur. 

Covey et al. (1985) also note that the thermal balance in the perturbed 
atmosphere as a whole would be dominated by intense solar heating of the 
upper troposphere smoke layer in middle latitudes. which would be balanced 
by dry convection and large-scale dynamical heat transport. Clouds largely 
disappeared in the mid to upper troposphere in smoke-affected regions of 
their model. due to a decrease in relative humidity resulting from the higher 
temperatures and. to a smaller extent, from a decrease in vertical transport of 
moisture. They suggested that to study the effects of nuclear war-generated 
smoke particles. the most important areas for improvement of general circu
lation models include improving representation of boundary layer processes 
and incorporating radiative interaction, with aerosol transport and removal 
processes. 

Cess et al. ( 1985) performed a number of sim u lations with fixed smoke lay
ers using a version of the tWO-layer, three-dimensional OSU model in which 
the solar radiative transfer scheme was modified to include both aerosol ab
sorption and scattering at solar wavelengths. The model was primarily used 
as a tool for conducting sensitivity tests and the majority of the simulations 
were truncated after 10 days. The results of some of these tests are discussed 
in Chapter 4, and summarized only briefly here. 

Analysis of the surface energy budget in their simulations illustrates the 
sensitivity of the surface temperature to the extinction optical depth of the 
aerosol. As the aerosol amount is increased. the initial response of the sur
face temperature is small because the loss ofscilar energy is compensated 
by an increase in downward infrared energy and a decrease in heat lost by 
convection and latent heat. At some point. these latter terms can no longer 
compensate for the loss (,If solar radiation and rapid surface cooling occurs. 
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The point at which this rapid cooling begins, and the total cooling which 
occurs within the first 10 days following the injection, are a function of sev
eral variables. Not unexpectedly, Cess et al. (1985) found that the surface 
cooled more when the smoke was mixed uniformly with height (constant 
density) than when it was mixed uniformly with pressure (constant mixing 
ratio), primarily because solar absorption occurs at a higher level in the at
mosphere for the cpnStant density case. Their results also indicate sensitivity 
to the absorption optical depth of the smoke as a result of both variations 
in the total (extinction) optical depth and variations in the assumed single
scattering albedo of the aerosol (see discussion in Chapter 4) with fixed 
total optical depth. In their conclusioris, the authors stress the need to im~ 
prove parameterizations of boundary layer and surface processes, but alsO 
point out that the treatment of infrared emission by the atmosphere may 
be a critical area that will require improvement to obtain more accurate 
simulations. 

5.4-RESULTS OF GENERAL CIRCULATION MODELS 
WITH INTERACTIVE SMOKE 

5.4.1 Two-Dimensional Models 

The importance of allowing the injected smoke both to be transported 
by the atmospheric circulation and to hiteract with the circulation through 
radiative effects was first suggesied by studies of the greal Martian dust 
storms (Ryan and Henry, 1979; Haberle et aI., 198-3). These Storms form 
on regional scales, but can grow rapidly into global-scale storms as a result 
of the interactions between the circulation of the Martian atmosphere and 
solar absorption by the dust. 

Haberle et al. (1985) modified the fully interactive, zonally-symmetric, 
tWO-dimensional circulation model of Haberle et al. (1983) to approximate 
important aspects of the terrestrial atmosphere circulation. Ground temper
atures are fixed at their mean annual vaJues, which is roughly equivalent 
to having an ocean-covered planet, and surlacesensible heat fluxes are cal
culated from a drag law formalism. Latent heat fluxes are prescribed using 
observed values and water cloud amounts are fixed at 50% coverage within 
each latitude zone. Although the model predicts winds. temperature, and 
the movement of trace species in the meridional plane (i.e., across lati
tude bands), it does not include a parameterized representation of large
scale eddy fluxes (whiCh cannot be calculated in two--dimensionat modelS) 
of these quantities. Although these eddy ftuxes are an important factor in 
the present atmosphere, it is not certain how they would change, and thus 
how they should be parameterized, in the caseofa highly~perturbed atmo-
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sphere. This lack of eddy fluxes and of variable surface temperature in the 
model is a significant limitation with regard to the prediction of changes 
in climatic variables such as air temperature. but they may be less impor
tant when investigating global-scale smoke transport by the mean meridional 
ci rcu lation. 

Such a model is obviously a very crude approximation to the real at
mosphere. In the unperturbed case, the model predicts two Hadley-type 
circulation cells. that are shallower and extend further polewards than in 
reality. These discrepancies are thought to be mainly due to the lack of 
a large-scale eddy parameterization and the crude representation of latent 
heating. The mid-latitude jet streams are also too strong, but the model 
does produce it statically-stable stratosphere. which is an important barrier 
to buoyantly generated vertical motion originating in the troposphere. The 
model includes a full radiative treatment of the smoke, including scattering 
and absorption of solar radiation and absorption and emission of infrared 
radiation. Coagulation of smoke is ignored and removal is by a fixed rain out 
rate giving an average tropospheric lifetime for smoke of 10-15 days. Smoke 
optical properties are those specified by Turco et a!. (1983a). 

An initial smoke layer of 265 million tonne was injected between 27,5<' 
and latitude 62.50 N. and between either 0 and 4 km or 6 and 10 km altitude. 
designated the "low cloud" and "high cloud" experiments, respectively. The 
corresponding. initial extinction optical depth is 14 (with an absorption opti
cal depth of about 5). For each initial smoke cloud, three 2<k1ay simulations 
were run: a passive tracer run in which the smoke was not allowed to affect 
the local heating rates or change the circulation; an interactive tracer run in 
which heating by the smoke was allowed to alter the circulation; and an in
teractive tracer run in which both heating by the smoke and upward vertical 
mixing of the smoke by convection were included. 

The results for the passive low cloud experiment are shown in Figure 
5.12a. After 20 simulated days, the southern part of the passive smoke cloud 
had been transponed toward the equator, giving a greater total latitudinal 
spread than existed initially. and the rainout term had removed all but 37 
million tonne of smoke. This left typical optical depths of about 2. Vinually 
no smoke rose above 4 km. 

When solar heating of the smoke was included (Figure 5.12b). a plume 
of smoke rose well into the stratosphere by day 20 due to large-scale circu
lation changes induced by the added source of heat. In this case, some 44 
million tonne of smoke remained. because smoke rising above 10 km was 
no longer subject to removal by rainout. Rising motion was favored at more 
southerly latitudes of the J\iorthern Hemisphere because solar heating was 
greater nearer the equator. 

When dry adiabatic mixing of the smoke was included (Figure 5.12c), 
more smoke was lofted. and nearly 66 million tonne remains after 20 days. 
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Figure 5.12. !sOplet'hs cif smoke density on day 20 after the injection of 265 mil
lion tonne (if smoke into a two-dimensional atmospheric Circula(ion model. Initial 
injection was between 27.5" amI 62.5°N latitude and 0 to 4 km altitude. (a) The 
smoke is tran~ported hy the undiSturbed circulation only; (h) the smoke is trans
ported hy and allowed to modify the large-scalecirculation: Ie) upward transport 
of smoke by suh-grid-.o;C31e convective motions; induced by heating of the smoke 
due to absorption of solar radiation. was also included (from Haberle et aJ., 1985) 

This was almost double the amount reinaining in the passive case. Strong 
cloud-top heating destabili,Zed the atmosphere above the smoke over a range 
of latitudes allowing most of the Sin'oke cloud to move upwards, and causing 
a much greater portion of the northern mid-latitude atmosphere to heal 
up. As a result a stronger direct component of motion toward the equator 
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developed in the upper levels. transporting more smoke toward the Southern 
Hemisphere. 

In the high cloud experiment, initial heating rates were more than double 
those in the low cloud experiment (due to the lower air density). inducing 
stronger vertical motions and convection. After eight days the smoke in the 
radiatively interactive case reached the top of the model. and was artificially 
forced to spread southward. A tendency noted particularly in the high cloud 
experiment. but also in the low cloud case. was the rising of the initial plume 
of smoke to shade the smoke below it. As a result. the plume. which became 
even more strongly heated at higher altitudes. broke away from the main 
body of smoke. A weaker plume developed at a higher latitude where the 
main body of smoke was not shaded. This process could limit the vertical 
transport of smoke into the stratosphere to a total visible optical depth in 
the stratosphere sufficien t to suppress hea ti ng of the smoke below, Spread of 
lOfted smoke into the Southern Hemisphere might. however, reduce theop~ 
tical thickness of lofted smoke in the Northern Hemisphere, possibly leading 
to further lofting of the underlying smoke. 

A similar interactive smoke run was also performed using the two·dimen
sional climate model of MacCracken et al. (1981) modified to allow move
ment of the smoke (Walton et al.. 1983). Since this model contains anum· 
her of additional parameterizations for the Earth's atmosphere, including a 
treatment of eddy fluxes, variable surface temperatures. and an interactive 
hydrologic cycle. the results provide an interesting comparison to those of 
Haberle et al. (1985). In the MacCracken et al. model. the predicted lofting 
of the smoke was reduced, being limited to about 20 km, but the horizontal 
spread towards the south was much greater. These differences apparently 
were related predominantly to the inclusion of the horizontal eddy trans
port term, This transpon tended to spread the smoke layer horizontally and, 
at the same time. to mix the heated smoke parcels with cooler ambient air. 
This reduced the buoyancy of the smoke and the lofting. However, it also re
duced the shielding of tbe smoke at lower levels. leading to- heating through 
a deeper column of the atmosphere. Because of this apparent importance 
of eddy transport terms, these results indicate clearly that three·dimensional 
studies are essential. 

While two-dimensional models have obvious deficiencies as vehicles for 
quantitative simulations of what might happen in the real three-dimensional 
atmosphere. they do illustrate, however, several qualitative effects that may 
be very important. The most significant is that the indusion of interactive 
smoke, radiation. and transport processes, including local convective mix
ing, may lead to rapid lofting of large quantities of smoke to heights well 
above levels where washout processes could remove the smoke, This implies 
the potential for much longer-lasting effects on surface temperatures than 
hitherto considered likely. 
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5.4.2 Three-Dimensional Models 

MacCracken and Walton (1984) have performed fully interactive simula
tions using the OSU GeM (Gates and Schlesinger. 1977) coupled to a three
dimensional extension of their GRANTOUR model (MacCracken, 1983). In 
this version of GRANTOUR, the troposphere is di\lided into 10.000 equal 
volume parcels, initially in four layers, and the parcels are moved by the 
three-dimensional wind field calculated with the GCM. TWO classes of parti
cles are treated in the model: those with diameters less than 1 pm and those 
with diameters greater than 1 I'm. These panicles are assumed to have ex
tinction cross-sections of 6.7 nf'/g and 2.6 m2/g, respectively. The smoke 
particles are assumed to be scavenged by the precipitation calculated in the 
GeM at the nearest grid cell; since the precipitation rate changes as the c1i
male evolves, the particle lifetime will also change interactively. The larger 
particles are assumed to be scavenged about four times as rapidly as the 
smaller particles. 

Coagulation was ignored in their initial calculation, which may result in a 
potential over-estimate of extinction (and absorption) optical depth after 30 
days by up to 50% (Penner and Haselman, 1985). As in the noninteractive 
case discussed earlier, the OSU GCM has two layers in the troposphere and 
does not include the stratosphere. Sea surface temperatures and the solar 
radiation were held fixed at July conditions. This latter assumption probably 
leads to the overestimate of surface land temperature and underestimate of 
precipitation over the continents apparent in tbe control case (due to loss 
of soil moisture). 

Two interactive smoke cases were calculated. In the first, 150 million tonne 
of smoke was injected into the atmosphere assuming an equal mixing ratio 
from the surface to 11 km altitude. This was roughly equivalent in magni
tude to case 14 of Turco et al. (1983a), although the initial smoke vertical 
distnoution was different in this case due to the constant mixing ratio as
sumption and the higher mixing of the smoke. The second case invol\led the 
injection of only 15 million tonne of smoke. The smoke was assumed to be 
injected in four discrete regions over the eastern and westem U.S .• Europe. 
and western Asia. 

The results for the case with 150 miUion tonne of injected smoke are 
shown in Figure 5 . .13 for day 30 after the injection in a simulated three
dimensional view looking north-west from 60° S latitude. 160° W longitude 
in the South Pacific. Each dot in the diagram represents about 5,000 tonne 
of smoke particles in the size bin larger than 1 p.m. A sequence of such views 
at various times shows that the smoke has moved upward and southward, 
with scavenging and dispersion reducing the concentrations in the lower at
mosphere. By day 20 the smoke had, in fact. spread nearly uniformly over 
the Northern Hemi$phere. except in low latitudes. A few regions still had 
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Figure 5.13. Three-dimensional representation of the large particle smoke distri
bution 30 days after a su.mmer injection of 150 million tonne of smoke in four 
regions over the eastern and western U.s., Europe, and weslern Asia. Results are 
for an interactive smoke case from MacCracken and Walton (1984). Each dot rep
resents about 5,000 tonne of smoke 

extinction optical depths of la, but most of the hemisphere was covered by 
an extinction optical depth of 2. which was about the hemispheric average 
at that time. Smoke had started to spread to equatorial and sub-tropical 
latitudes of the Southern Hemisphere within the first three weeks. 

In order to examine the effects of interactive transport. two other cases 
were examined. In one case, the smoke was transported by the winds and 
scavenged by the precipitation taken from the control simulation, i.e., in an 
atmosphere unaffected by the presence of the smoke. In this passive smoke 
case, there was virtually no transpon of smoke to the Southern Hemisphere 
during the fun 30 days of the simulation; most of the smoke moved toward 
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the pole and spread around the hemisphere. In the second case, the winds 
and precipitation generated by a fixed, uniform-smoke simulation were used 
(as exp lai ned in Cess et a 1.. 1985). The penu rbed circu lation used was 51 m i lar 
to those developed by Covey et a!. (1984) and Aleksandrov and Stenchikov 
(1983) simulations. This circulation led to modest transport of smoke into 
the Southern Hemisphere (less than in the fully interactive case), and less 
transport toward high northern latitudes. 

Removal rates due to scavenging by precipitation generated in the fixed
smoke OSU simulation were found to be much slower than were determined 
based on precipitation rates from the unperturbed atmosphere simulation. 
In the fully interactive case, the scavenging was not quite so slow. but further 
analysis is needed to determine the reason for the difference. Precipitation 
rates in the conuol case and for three successive IO-day periods in the in
teractl\le smoke case are shown in Figure 5.14. for land areas only. Note 
the marked and progressi\le reduction of precipitation Civer the northern 
mid-latitude continents and in the Inter-Tropical Convergence Zone. A lo
cal increase occurred at about latitude 30e N. whiCh could be related to a 
low-Ie\lel return flow of moist tropical air compensating for the southward 
flow at upper levels. 

Resulting land surface temperatures were on average only a little colder 
in the fully interactive case than in the fixed smoke simulation. However. 
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Figure 5.14. Zonally.averaged precipilali()n rale. .. over land in the cClnlrol case (no 
!;"rnoit.e) and Ihe inlerati\le j;rnoke ca>;e. a.~ in Figure 5.1.~. for three successive IO-da} 
peri\ldl' (from G han et al .. ( 1 ~8S) 
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in the interacti~e case. which started with di~rete source regions. there was 
necessarily patchiness in the smoke distribution. with more extreme cold un
der the denser smoke clouds, and less cooling where there was less smoke. 
This was panicularly e~ident in the first week or two. In the subtropics of the 
Southern Hemisphere. there was evidence of warming by a few degrees. botb 
in the fixed smoke case and in the fully interactive smoke case, a result of 
increased subsidence induced by the presence of the smoke in the ~orthern 
Hemisphere and of surface drying due to reduced precipitation. Presum
ably, if the model were run for a longer time. allowing sufficient smoke 
to pass into the Southern Hemisphere at high altitudes. this slight warm
ing would change to a cooling as solar radiation was absorbed aloft by the 
smoke. 

MacCracken and Walton (1984) also show 30-day time series of surface 
temperatures for" number of typical locatil)n~. Two such examples are 
shown in Figure 5.15, one for a mid-continental site in western Asia and 
one for a site near the east coast of Asia. Temperatures are compared for 
the control case and for the interactive case having initially 150 million 
tonne of smoke. The site in western Asia is far removed from oceanic influ
ences and gives the most severe cooling. In the interactive s.moke ca'Se this 
site exhibited a dramatic cooling to some 3~f.>C below the control case 
hy the end of the first week. followed by some amelioration at the end of 
the fourth week as the smoke was di'2persed. The coastal site showed little 
significant difference between the control and interactive smoke cases un
til the fourth day when smoke moved overhead. Cooling remained around 
10cC in the following week. and then almost doubled to a 15-20cC cooling 
as more smoke moved overhead and winds became more off-shore. 

Several factors should be borne in mind in relation to effects in coastal 
zones. Firstly, in these simulations the sea surface temperatures were held 
fixed when. in reality. they would slowly cool by a few degrees. or perhaps 
be affected more dramatically by perturbed ocean motions. Secondly, the 
vertical resolution of the general circulation model was limited to only two 
layers and therefore did not adequately resolve the boundary la~er. Thus. the 
model had difficulty simulating low level temperature inversions. which in 
some synoptic situations would isolate the coastal land areas from maritime 
air. Thirdly. a surface gravitational outflow of cold air from the continen
tal interior could occur in coastal valleys. similar to nocturnal valley winds. 
or to the katabatic winds which area common feature of coastal climates 
around Antarctica (see Fitzjal"rald. 1984; Palish. 1984). Under these condi
tions. coastal zones may experience eX\leme cold episodes. including damag
ing frosts. even though such zones may experience on average much milder 
conditions. Higher resolution regional and mesoscale models are necessary 
to predict the occurrence of such cold episodes, which in any case would 
occur more or less as random events. 
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Figure S.lS. Time series of surface air temperature for control (no smoke) and 
interactive smoke ca<>e (as in Figure 5.13) for (al mid-continental Asia. and (b) 
east coast Asia. These curves show diurnal cycles. suppressed when smoke is over
head. and fluctuations due to passing weather systems (in the control case) and 
moving smoke clouds. Actual variations al a particular location would depend on 
the chance occurrence of particular weather situalions at the time of smoke injec
tion 
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When only 15 million tonne of smoke were injected into the atmosphere. 
MacCracken and Walton (1984) found that, if the smoke was assumed to be 
uniformly distributed, virtually no significant cooling occurred. However. if 
the smoke was injected from the four discrete source regions. cooling of up 
to lOoC occurred under the smoke clouds before they dispersed. 

Aleksandrov (1984) and Stenchikov (1985) have run the GCM of the 
Computing Centre of the U.S.S.R. Academy of Sciences, discussed in Sec
tion 5.3 above (see Aleksandrov and Stenchikov. 1983; Thompson et al.. 
1984) in an interactive mode that treated the global circulation of the at
mosphere, the heating of the upper atmosphere by absorption of sunlight 
by the smoke (assuming a fixed size-averaged absorption cross-section), and 
transport of smoke by atmos-pheric motions that are modified by the smoke 
heating itself. As in their earlier non-interactive smoke case. the smoke was 
injected uniformly between latitude 120 and 90~ N. 

For a case with an initial absorption optical depth for smoke of 3. and with 
scavenging rates as in the noninteractive case rather than evolving with the 
changing climate, the interactive simulation of Stenchikov (1985) produced 
a surface temperature cooling as shown in Figure 5.16. Comparison with the 
corresponding non-interactive result (not shown), showed that the surface 
temperature drop in middle to high northern latitudes was less than in the 

Figure 5.16. The change in surface air temperature rt') from the normal annual 
mean 40 days after the injection of nuclear !imoke and dust between latitude 12° 
and 9U

o 
N wUh an initial mean absoflJtion optical depth for smoke of 3. using the 

mn<lel 01 Alek.'i8ndrov and Stencl1ikov (1983) (from SlenchikO\,. lCJH51 
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l'ig.ure 5.17. (a) Smoke injection regina'; for the interactivc ha-;eline ~cenario of 
Thompson (lQ8S) in which ISO million tonne of smoke are injected hctween (I an(i 
7 km altitude. (b) The resuifingdbtrihutillU (lfsmokeahsorptiun optical depth after 
15 days_ for a July injection 
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non~interactive case. although still as much as 20 to 30°C over parts of North 
America. Europe, and the U.S.S.R. There was, in addition. considerable 
cooling over the Middle East by as much as 30°C or more. As could be 
expected from the circulation changes in the noninteractive simulations, in 
which the northern arm of the Hadley circulation was reversed. this cooling 
at more southerly latitudes was due to southward transport of smoke and 
dust at high altitudes in the mO(!el. The cooling was relatively large at lower 
latitudes beca use of the high intensity of the sola r rad iatian being intercepted 
at these latitudes. especially in the annual mean case considered here, and 
the normally warm temperatures. 

The NCAR Community Climate Model has also been run for an interac~ 
tive smoke case (Thompson. 1985). Smoke was transported by the explicitly 
calculated large~scale motions, but sub~grid~scale convective transport was 
ignored. The model ha~ no smoke removal proce~s. so the resulting es.timated 
average cooling is probably lOa great. It also has no surface heat capacity 
to slow the rate of temperature change, and no diurnal cycle. which may be 
important in the calculation of surface temperature change at low optical 
depths. 

In his interactive baseline scenario. Thompson (1985) injected 180 mil
lion tonne of smoke distributed uniformly over portions of the NATO and 
Warsaw Pact countries and between 0 and 7 km altitude in July. The in~ 
jection regions are shown in Figure 5.17. The smoke was assumed to be 
purely absorbing with a specific absorption of 2 m2 /g. By day five, a smoke 
layer with an absorption optical depth greater than 1 bridged the North At~ 
[antic. but there remained a gap across the North Pacific Ocean and Alaska. 
Smoke had, however, already spread to the north, and to the south as far as 
Mexico. tropical East Africa, and northern India. By day ten, small patches 
of smoke reached 20° S, and a layer with an absorption optical depth of at 
least 1 existed over most of northern Africa and parts of the Jndian subcon~ 
linenL Over North America there were isolated clearer patches and only a 
small area with optical absorption depths in excess of 2.5. Smoke completely 
covered the Arctic basin all the way to the North Pole. The distribution of 
a bsorption optical depth on day 15 is shown in Figure 5.JTh. 

The rapid dispersion of the smoke in the NCAR CCM should be viewed 
with some caution. The particular spectral advection scheme used in the 
model to compute the horizontal transport suffers from artificial numerical 
diffusion. especially in areas with sharp gradients in smoke concentration 
and it has been necessary to develop a somewhat ad hoc correction algo
rithm. Thus. the spreading in the early days of the simulation. where the 
gradients can be quite high. may be altered somewhat by this scheme. 

North·south. zonalIy~averaged vertical cross·sections show that by day five 
smoke had risen around the south.ern edge of the initial injettions to alti~ 
tudes in excess of 12 km. By day to. a strong southward movement of high 
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altitude smoke had occurred, with a tongue reaching as far as 300 S ~t 15 km 
altitude. Northward movement occurred between 5 and 10 km altitude. The 
vertical cross-section on day 20 is shoWn in Figure 5.18. The largest smoke 
mbdng ratios on this day were found over the Arctic. but there was a contin
uin'g southward movement between 10 and 20 km altitude. with appreciable 
smoke as far as latitude 40° S. 
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Figure 5.18. Vertical crQss-sectiQD of smoke mixing ratio, in units of 10-11 gig. 
after 20 days. for the July baseline case of Thompson (I985) 

,.-...10 
E -20 
~ 

III 12 .......... 
I- Willi 10 ::r: 5 
(!) -8 W 
:t. 

~5 
2 

11111 ~ 
0 
90 50 ,30 0 -30 -60 -90 

LATITUDE 

Figure 5.19. Vertical cross-section of atmospheric healin~ rates after 20 days. for 
the July baseline case of ThompSon (1985). Units are 10- "C/~ (which is roughly 
equivalem to°c/day) 
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The reason for this dramatic change is evident from the vertical cross
section of heating rates (Figure 5.19). Note that around 15 km altitude. 
the heating rales were as high as 15-20OClday. The resulting vertical cross
section of temperature on day 20 is shown in Figure 5.20. in which it is 
evident that the tropopause has been effectively lowered to around 4 km 
altitude in northern mid-latitudes. and to about 9-10 km in the tropics (i.e .• 
about 7 km below normal). It is probable that this sharp increase in static 
stability in what was the troposphere would suppress deep convection. pre
cipita·tion. and barocJinic activity in the Northern Hemisphere. 
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Figure 5.20. Vertical c(oSHeCtion of temperature after 20 days, for the July base
line case of Thompson (198S). Temperatures in the Northern Hemisphere 10-20 
km altitude range have increased by 80"C or more 

A major change in precipitation may be inferred from Figure S.21. which 
indicates severe suppression of condensation in the former Inter-Tropical 
Convergence Zone, where release of latent heat normally plays a major role 
in driving the atmospheric circulation. Condensation in the former mid
troposphere has been strongly reduced over most of the Northern Hemi
sphere. There have. however. been some local increases in condensation in 
the bottom 1-2 km of the atmosphere, especially around 30° N. These sup
port the findings of an increase in precipitation at 30° N found by Ghan et 
at ll98S) (see Fig. 5.14). 
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Figure 5.21. Vertical cross-section of changes in condensation rate. averaged over 
days 5-20 after $II1oke injection. for the July baseline case of Thompson (lQ85). 
Units are Hrfl kglm~·s 

Changes in surface temperature were consistent with the southward move
ment of the smoke cloud. By day 5 after the smoke injections, very patchy 
areas of below freezing temperatures appeared in north temperate latitudes; 
including most of the western U.S .• parts of eastern Europe and the Mid
dle East. central Asia. and the Tibetan Plateau. There were suggestions of 
a slight warming at southern mid-]atitudes, which could be due to induced 
subsidence in the intensified southern arm of the Hadley circulation. as well 
as reductions in cloudiness and precipitation_ Day 10 showed some consol
idation of the below freezing areas over North America and Eurasia. but 
there were still some comparatively warm patches. Day 15 showed a further 
consolidation of the cold areas over North America and Eurasia, with a more 
extensive area below freezing over southeastern Asia including Tibet. Cool
ing was also apparent over portions of South America, southern Africa and 
inland Australia. The situation on day 20 (Figure 5.22) was quite similar. 

The same initial smoke input, but for January conditions, showed only a 
slight tendency for the smoke to rise above its initial height of injection. and 
then ani y to move polewards. Some movement toward the equator was found 
in the bottom 2 km, however. where by day 30 the smoke had reached about 
latitude 10e N (Figure 5.23). This very different behavior was due to lack 
of strong solar heating in the winter hemisphere. The low level movement 
towards the equator could be largely counteracted by washout, since limited 
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Figure 5.22. Surface temperatures, in "C on day 20 after smoke injection. for the 
July baseline case of Thompson (1 qSS) 
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30 days for the January baseline case of Thompson (1985) 
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solar heating will mean much less tendency to set up a more stable thermal 
structure. On the other hand, it is conceivable that, if enough smoke did 
reach the northern subtropics, solar heating would begin to drive a thermal 
circulation that might bring more smoke southward. It would be necessary 
to include particle scavenging and to run the model for a longer period in 
order to investigate this possibility. 

Surface temperature changes in the winter case were much smaller than 
in summer, with the principal effect being cooting along the southern edge 
of the smoke around latitude 20-40° N. The cooling averages about 5°C, but 
was occasionally as large as 15-20°C. 

An important qUestion raised by the winter simulation is the rate of re
moval of smoke from the Arctic winter atmosphere, where precipitation is 
normally very small. Infrared cooling normally leads to descending air over 
the winter pole, which would tend to bring the smoke lay(!;r to lower levels 
where it could be efficiently scavenged in late spring and summer by Arc
tic stratus c1ouds. However, direct heating of the smoke layer in the spring 
could affect the transport and Scavenging processes. Further mOdel studies 
concentrating on the Arctic Basin are needed to resolve this issue. 

Thompson (1985) also examined a summer case with smoke injection 
between the surface and 4 km altitude. In this case, within 15 days lofting 
due to solar heating raised the smoke to 15 km and a tongue of smoke even 
moved as far as latitude 200 S. 

A case with three times the baseline smoke levels, i.e., with an injection 
of 540 million tonne of smoke, was also run. This a,rnount of smoke seems 
u_nlikely with present nuclear arsenals unless much more smoke is generated 
in mass fires than in smaller-scale fires (NRC (1985) gave an upper range 
value of 650 million tonne). Alternatively. an absorption optical depth equiv
alent to this case might be possible ifsources of elemental carbon other than 
smoke from fires, such as soil and surface carbon lofted into the stratosphere 
by the nuclear fireballs themselves, were to be much larger than currently 
believed likely (GalbaUy et aI., 1985; see Chapter 3). 

In the case of a 540_ million tonne injection of smoke. severe surface 
cooling was indicated by day 15 over much of the tropics, including below 
freezing temperatures in parts of Africa and South-east Asia. Large areas 
were also calculated to drop below freezing in the Southern Hemisphere 
subtropics, which would norMally be experiencing a mild winter. 

A case with 60 million tonne of smoke,representing the potential injec
tions from a more limited exchange, was also run for the Northern Hemi
sphere summer. This simulation led to significant cooling by day 15, with be
low freezing temperatures at the surface only over northern Canada, north
ern Europe. and Siberia. The location of these sub-freezing patches would 
depend on the variable wind patterns, and mu~t therefore be considered to 
be more or less random within the continental interiors of this latitude zone. 
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Malone et al. (1985) have used a 20-Ievel version of the NCAR Commu
nity Climate Model in an interactive mode with aerosol scavenging by the 
model-predicted precipitation. In the unperturbed atmosphere. the simu
lated latitudinal distribution of precipitation is fairly realistic. but the total 
amount is too large. especia1ly in the tropics, and the precipitation is gener
ated too low in the atmosphere. 

The basic case considered by Malone et al. (1985) had an injection of 
t 70 million tonne of smoke with an assumed visible specific absorption of 2 
m2lg. Removal rates were based on a simple empirical relationship between 
the height-dependent precipitation rate (within the cloud) and the fraction 
of particles scavenged. Below-cloud scavenging, which is generally much less 
efficient. was neglected and gravitational settling was included but proved to 
be unimportant. Two passive and two interactive simulations were carried 
out. The passive tracer cases (Le., cases in which the aerosols have no effect 
On radiation or circulation) consisted of a "'ow" injection between 2 and 
5 km altitude and "middle" injection between 5 and 9 km. The interactive 
cases were a "low" injection (2-5 km), to compare with the passive case, and 
a "NAS" case based on the U.S. National Academy of Sciences (NRC. 1985) 
"baseline" case, i.e .• a constant density injection between 0 and 9 km. Smoke 
was injected over the U.S. and over west and east Europe, with maximum 
injection rates on day O. declining linearly to zero on day 7. 

Aerosol residence times were calculated from the model for the passive 
"low" and "middle" cases and compared with observed residence times for 
natural and anthropogenic aerosols. The "low" case gave a residence time 
of 5-6 days. and the "middle" case 9-10 days. which are both within tbe 
range estimated from observations of the fate of other tracers (Pruppacher 
and Klett. ] 978). Figure 5.24 shows the calculated aerosol remaining as a 
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Figure 5.24. Smoke aerosol mass (I Tg = I million tonne) remaining in the atmo
sphere as a function of time after injections in January (full lines) and July (dashed 
lines) for Ihe passi'Ye and interactive smoke simulationI'. and for "low" and "NAS" 
injeclion profiles (from Malone el aI., 1985) 
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function of time after the start of injection for January (full lines) and July 
(dashed lines) simulations, for (a) the passive "low" case, (b) the interactive 
"low'" case, and (c) the interactive "NAS" case. Note that in the passive "low" 
case, the lifetime of the smoke was longer for a winter injection, but in both 
of the interactive cases the lifetime was greater for a summer injection. This 
is because lofting of the smoke due to solar heating in summer would quickly 
take it above the precipitation level. The "NAS" case, with its higher mean 
altitude of injection, gave longer lifetimes than the "low" injection in both 
seasons, but the difference was much less in summer because in summer both 
"low" and higher altitude smoke inputs would be lofted to much the same 
levels within a matter of a week or so. In the summer cases, lofting increased 
residence times from normal values of about a week up to 5 or 6 monthS 
by day 40. Estimates of the tropospheric residence times are probably not 
very accurate due to the less-than-perfect simulation of precipitation and 
the crude parameterization of tbe smoke removal process. Nevertheless. the 
relative changes seem reasonable. 

The July passive and interactive cases are compared in Figure 5.25 for the 
"low" injection after 20 days. Not only is the center of mass of the smoke 
higber in the interactive qlSe, but the total amount of smoke remaining is 
greater. In the interactive case, the smoke has already reached 25 km altitude 
and latitude 30" S after 20 days. 
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Figl;lre 5.25. Comparison of tbe verlical cross-sections of smoke mixing ratios for 
the passive (dashed lines) and interactive (full lines) smoke cases of Malone et 
al. (1985). on day 20. Units are 1(J"9 gig . 

The separation of the smoke from the precipitation in the summer inter
active case, "NAS" injection. is iUustrated in Figure 5.26. By this time, most 
of the remaining smoke (about one third of that originally injected into the 
atmosphere) had risen to above the tropopause, and the precipitation was 
confined to the troposphere, most occurring in the lowest i km. although it 
did decur up to about 5 km near the equator. 
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Figure 5.2b. Vertical croS!;-section of the atmosphere. showing the modified posi
tion of the tropopau!re (hea\,) da~hed 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 mainly above the tropopause). Results 
are for the July interactive-smoke case with 170 million tonne of smoke injected 
between 0 and 9 km altitude (from Malone et al. 1985) 

Malone et al. (1985) conc1uded from their study that the "NASr smoke 
injection led to substantial reductions in surface air temperature over the 
continents. relative to the simulated smoke-free climate. for both north
ern summer and winter injections. Minimum temperatures occurred within 
one or two weeks and. in summer. the low temperatures would continue 
for many weeks afterwards. Large temperature reductions did not persist 
in winter due to the shorter residence time of the smoke. which resulted 
mainly from the lack of lofting in winter. Lofting in summer carried the 
smoke to high altitudes. increasing its residence time and horizontal spread. 
and intensified zonal winds led to rapid longitudinal homogenization in the 
stratosphere. The spatial distribution in the Northern Hemisphere remained 
non-uniform after 20 days. but the non-uniformity was essentially in the 
smoke remaining in the troposphere. By day 40, the distribution was fairly 
uniform 2onally. In January. the more intense zonal circulation into which 
the smoke was injected produced a rapid longitudinal homogenization of 
the smoke; the distribution then becoming quite zonally symmetric after 20 
days. 

The model results also indicated that. for the summer case, transport into 
the Southern Hemisphere occurred almost entirely at altitudes above 10 km. 
Malone et a1. (1985) suggested that in the NAS case the smoke remaining 
in the stratosphere would eventually spread more or less uniformly over the 
globe, leading to an absorption optical depth of about 0.2. This optical depth 
would correspond to a 20% or greater reduction in sunlight reaching the 
surface. depending on solar zenith angle. The lifetime of this stratospheric 
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smoke is still an open question. The estimated lifetime of the smoke after 
40 days of simulation was 180 days. This figure obviously has considerable 
uncertainty attached to it due to the short length of the simulation and the 
limitations of the mOdel. In the current stratosphere. background particle 
lifetimes are observed to range from 6 months to 2 years (see Chapters 3 and 
4 for further discussion). The climaticeffecl of this amount of stratospheric 
absorption (i.e., an absorption optical depth of 0.2) and reduction in surface 
insolation on time scales of months to years has not yet beenca1culated. but 
could be considerable. 

Malone et al. (1985) indicate concern about important weaknesses in the 
model, especi.dly in the boundary layer and surface physics. which affect 
continental surface temperatures and the amount and distribution of pre
cipitation. Their model gives weaker than observed circulation in the un
perturbed summer hemisphere, and neglects scattering and infrared effects 
of the aerosol particles, as well as the evolution of the particles with time. 

To one degree or another. all of the multi-dimensionaI models that have 
been used to study the climatic impact of nuclear exchanges have both 
strengths an4 weaknesses. While researcb aimed at improving the models 
and the climate simulations continues. the results already obtained, how
ever, offer considerable insights into the possible climatic impact. 

5.S NONLJNEARITIES AND THRESHOLD EFFECTS 

As was pointed out in Chapter 4. surface land temperatures are determined 
by a balance of incoming solar energy and downward infrared energy from 
the atmosphere with ouig~ing infrared energy from the surface and heat 
transferred from the surface to the atmosphere either directly through small
scale convection or indirectly through evaporation of water. If the amount of 
solar radiation reaching the surface is reduced by small amounts. the balance 
of the terms is maintained by complementary reductions in the loss of heat 
through convection and evaporation. with the result that the surface temper
ature remains relatively constant. However. if a sufficient reduction in solar 
radiation occurs, convection and evaporation cease entirely. and the surface 
temperature must begin to decrease more rapidly. If the reduction in solar 
radiation is caused by the injection of an absorbIng aerosol such as smoke, 
then it is possible, in theory, to specify the amount of smoke necessary to 
reduce the solar energy reaching the surface to the point where convection 
is suppressed. Once this point is reached. surface temperatures will decrease 
rapidly with increasing absorption optical depth ontilthe smoke thickness is 
sufficient to reduce the solar radiation reaching the surface to nearly zero. 
This reduction in solar radiation obeys an exponential law: thus. an absorp
tion optical depth of one, for overhead Sun, would allow some 37% of the 
incident sunlight to reach the surface; an additional absorption optical depth 
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of one would allow 37% of the fil'sl 37% (that is, 14%) to get thl'ough: and, 
an absorption optical depth of 3 would allow only 5% to reach the surface. 
Beyond this point. increasing amounts of smoke in the vertical column wiIJ 
have little effect on the I'esulting surface temperature. since there is little in
coming solar radiation left to be absorbed. This effect is illustrated in Figure 
4.8 and discussed in Section 4.5.3. 

These concepts (i.e .. of a compensation point. beyond which the surface 
temperature begins to fall rapidly with increasing absorption optical depth. 
and the exponential nature of light attenuation by absorption) have led to 
the notion of a "threshold" optical depth. above which a full-fledged cli
matic cooling would be expected. In principle. such a "threshold" could be 
defined in terms of the optical depth of a smoke layer or. alternatively, the 
mass of smoke. if the optical properties are known. In reality. however. the 
"threshold" concept is imprecise, and liable to be misleading if it is taken 
too literally. even though it is based on a correct understanding that the 
effects of smoke injections are highly nonlinear. 

The precise absorption optical depth at which convection at the surface 
would essentially cease might well be taken as the critical absorption depth. 
However. this quantity is a function of a number of other variables, including 
at least the vertical distribution of the absorbing aerosol. the ratio of scatter
ing to absorption optical depth (e.g .• see Cess et ai., 1985). the season of the 
year, tbe latitude. and the state of the atmosphere at the time of injection. 
The vertical distribution and fraction of absorbing material. in tum, would 
vary greatly with such variables as the mixture of the sources of smoke and 
the size of the weapons used (see Chapters 2 and 3). while the state of the 
atmosphere at the time of injection would be virtually unpredictable until 
shortly before the actual excbange took place (and even then. inadequately 
known). Thus, it is essentially impossible to relate a zonal or hemispheric
mean threshold optical depth to particular numbers of warheads exploded 
or total amount of megatonnage detonated. 

Moreover. when discrete smoke and dust source regions and the gradual 
dispersion of the resulting clouds of absorbing material are considered, (see. 
for example. MacCracken and Walton, 1984; Thompson. 1985; and Malone 
et at. 1985), h is apparent that optical depths in excess of the critical value 
would occur locally under these patchy clouds. even though the total amount 
of absorber would not be sufficient to create large-scale climatic effects if 
spread uniformly over the hemisphere or globe. Such a phenomenon was 
particularly apparent in the case study of Thompson (1985) in which 60 
million tonne of smoke was injected and in the case of a IS million tonne 
injection considered by MacCracken and Walton (1984) (see discussion in 
Section 5.4.2). 

Therefore. as Schneider (1985) has argued, there is. no sharp cutoff in 
smoke amount below which there will be no adverse weather and climate 
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effects. Even if there were. the present level of sophistication of climate 
models is such that a precise estimate of where that cutoff would be could 
not be given. Thus, the nonlinearity of the surface temperature dependency 
on the amount of absorber is n01 useful in setting an upper limit to the envi~ 
ronmentally "acceptable" amount of smoke and dust that could be generated 
in a nuclear war without causing weather or climatic disasters. 

Another potentially important nonlinearity arises as a result of the "loft~ 
lng" and the reduction in precipitation scavenging rate induced by atmo~ 
spheric stabilization (Malone et a1.. 1985). 1n their studies. both the fraction 
and amount of smoke lofted increased with smoke amount up 10 absorp~ 

tion optical depths around 2 or 3 (due to itlcreasing local warming of the 
smoke layer). For even larger initial smoke amounts. however. the fraction 
rema ining in the atmosphere began to decrease. so that t he amount of smoke 
which was lofted increased less rapidly than the initial smoke amount. The 
reason the fraction did not continue to increase was because,once thick 
upper layers of smoke were established. these upper layers shaded the un~ 
derlying smoke, thereby preventing it from being lofted upward. As a result. 
the large amount of smoke in the lower layers continued to be exposed to 
removal processes in the troposphere. 

5.6 SUMMARY OF MODELING RFSULTS 

The results discussed in the preceeding sections are indicative of the recent 
advances in model sophistication and in the realism of the simulations of 
the climatic consequences of a nuclear exchange. Three particular model de~ 
velopments stand out as having improved the understanding of the climatic 
impact: (1) the inclusion of the interaction between the absorption of radi~ 
ation by the smoke particles and atmospheric motions; (2) the simulation 
of smoke dispersion from regional sources. as opposed to the assumption of 
uniformly distributed smoke as an initial condition; and (3) the use of scav
enging rates determined by the model-generated precipitation (MacCracken 
and Walton, 1984; Malone et aI., 1985), even though the parameterization 
of.scavenging processes is still fairly simplistic. 

The simulations run with these improved models have produced two very 
significant results. All of the groups which have performed interactive smoke 
simUlations find that, in the northern summer, the feedback causes smoke to 
be lofted and then to move southwards. In the models with greater vertical 
resolution (Thompson, 1985; Malone et aI., 1985), the height to which the 
layer rises is around 15 to 25 km and the major transport southward oc~ 
curs at these levels. For initial smoke injections of around 100-200 million 
tonne, the lofting and southward transport results, during the first month, 
in only a slight amelioration of the cold surface temperatures calculated for 
northern midlatitude continental areas for the fixed smoke case. However. 
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when smoke transport and feedback effects are included. appreciable cool
ing occurs in the northern subtropics. with some spill-over of smoke into 
and consequent cooling of the tropics and southern midlatitudes. Since sub
tropical and tropical plants are more sensitive than temperate climate plants 
to lowered temperatures, this is a particularly important result (see discus
sion in Volume II of this report). 

The second important result emerging from these new calculations is that 
the lofting of tbe smoke and the changed vertical temperature profile could 
quickly lead to a lowering of the tropopause to levels of around 5 km in 
the Northern Hemisphere. In this modified atmosphere. most of the pre
cipitation would occur over the oceans and in the lowest 1 or 2 km of the 
atmosphere. The bulk of the smoke would be above the new tropopause 
where it would not be efficiently scavenged. This would lead to much longer 
atmospheric lifetimes for the smoke and. consequently, to prolonged sur
face cooling and greater effects in the Southern Hemisphere as the smoke 
is transported southward (Malone et aI., 1985). 

Results for smoke injections in the northern winter, when there is far less 
solar energy available to loft the smoke. show little southward movement 
of the smoke, and removal rates more typical of those in the ambient at
mosphere due to less induced atmospheric stability from particle heating. In 
this case, potential effects in the tropics and Southern Hemisphere would be 
more critically dependent on the initial height of injection of the smoke and 
its subsequent lifetime. If sufficient smoke remained aloft into the spring, 
significant southward transport of smoke might still occur, probably causing 
surface cooling when it reached more southerly latitudes. However. model 
simulations have not yet been run for the extended time periods needed to 
evaluate these effects. 

Most of the major uncertainties in the simulations now are related to pro
cesses that happen on time and space scales which are smaller than those 
resolved in the models. These include the efficiency of prompt scavenging in 
the initial smoke plumes, the effects of coagulation on the optical properties 
and size of the smoke particles. longer timescale scavenging rates, induced 
coastal and mesoscale effects, and the effect of sub-grid scale mixing on 
modifying vertical stability and enhancing lofting of the smoke. These pro
cesses will have to be evaluated with higher resolution models and the results 
incorporated into the GeMs through parameterizations. There is a second 
group of processes, such as albedo feedbacks and the effect of smoke parti
cles on stratospheric chemistry, that are only beginning to be addressed at 
this point. 

In attempting to summarize the current status of the issue of the climatic 
consequences of a nuclear war or, to put it more directly, to answer the ques
tion "would a major nuclear exchange have severe climatic consequences?", 
the fonowing tour points must be made. 
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1. No new and substantial work (as opposed to some qualitative expressions 
of skepticism) ha~ lessened the probability that a major nuclear exchange 
would cause severe environmental effects (although some of the effects 
would probably be less extreme than was sometimes suggested in discus
sions of the early results). Consideration of the lofting of smoke due to 
solar heating increases the probability and probable duration of signifi
cant effects, as a result of the increased lifetimes of the particles and the 
rapid separation of the smoke layer from regions of precipitation and 
scavenging. 

Small and Bush (1985; see discussion in Chapter 3) have produced 
estimates of reduced smoke emissions from wildland fires. Even if these 
estimates are correct, they make little difference in the overaIi problem 
since the Wtal smoke amount is dominated by urban and industrial fire 
emissions. It is clear, however. that significant collateral damage to urban 
and industrial sites (including fuel storage facilities) is almost cenainly 
necessary to produce severe climatic consequences, 

Current model results, primarily those from one-dimensional mod
els (Ramaswamy and Kiehl, 1985; Ackerman et a1.. 1985) and two
dimensional models (Haberle et at, 1985), indicate that inclusion of the 
infrared absorption and emission properties of the smoke and dustaerosol 
is unlikely to moderate substantially the predicted surface cooling unless 
the smoke is very near the surface. This, however, must be verified more 
rigorously, both by better measurements of representative smoke and 
dust optical properties, and by the inclusion of infrared effects in the 
three-dimensional mOdels. Inclusion of aerosol scattering properties is 
also essential to obtaining firmer conclusions, especially for low extinc
tion optical depths. 

2. The results of the interactive models support the possibility of significant 
environmental effects in the tropics and in the Southern Hemisphere. If 
large quantities of smoke were injected into the northern mid-latitudes 
in the northern spring or summer, it now seems likely that consider
able smoke would be carried southwards at high altitude within a matter 
of weeks, which would result in at least some cooling in the tropics and 
Southern Hemisphere. Models will have to be run out for several months, 
and include removal processes (including stratospheric chem istry and par
ticulate coagulation), before the extent of these effects in the tropics and 
Southern Hemisphere can be described with confidence. 

The effects of a similar large injection of smoke and dust during the 
northern autumn or winter. when lofting due to solar radiation could 
be almost negligible, is a different problem. The crucial questipns here 
concern the heights of injection and the lifetime of the smoke and dust in 
the winter atmosphere. In the perhaps unlikely event that large quantities 
of smoke and dust were to survive in the atmosphere untilliorthem spring 
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and summer. there might be significant effects, even at more southerly 
latitudes. 

3. There are still large uncertainties associated with the problem, some due 
to poorly understood physical processes and some due to more intan
gible issues. Some of these uncertainties; when resolved, could increase 
the severity of the climatic consequences (e.g., determining the timescale 
of the climate perturbation if the smoke is lofted into the stratosphere 
and the lifetime of the particles once they are in the stable upper atmo
sphere). Otheruncenainties, such as the possibility of rapid coagulation 
in dense plumes. could reduce the potential impacts. Perhaps the great
est uncertainties are associated with processes and questions whose effects 
are completely undetermined and may result in either enhanced or mod
erated severity. These include items as diverse as the effects of mesoscale 
and synoptic-scale circulations, revised estimates of smoke production 
from urban fires and dust production from surface bursts,the fraction of 
the smoke involved in prompt scavenging, and various aspects of atmo
spheric chemistry. 

One subject that may have a considerable impact on the entire prob
Jem and which has not yet been addressed. is atmosphere-ocean interac
tions. The very substantial global-scale changes in the temperature struc
ture of the atmosphere that are predicted by the model simulations imply 
very substantial changes in atmospheric cirCUlation and stability, which 
would in turn, greatly affect precipitation patterns and surface wind fields. 
Thus, it is probable that ocean currents, regions of oceanic upwelling, and 
land-sea circulations would also be altered. Even in the normal climate 
system, these phenomena. such as the Southern Oscillation-El Nino and 
monsoon circulations, account for major year-te-year climatic fluctua
tions (e.g., see Wyrtki, 1975; Rasmusson and Wallace, 1983). It is likely 
that there would also be complex effects in coastal zones where land-sea 
thermal contrasts would change sign in summer, and strong horizon
tal temperature gradients might set up abnormal mesoscale circulations. 
Delineation of the effects on the oceans requires fuJly interactive, cou
pled atmosphere-ocean models. Research versions of this type of model 
are just beginning to become available for climate research. Mesoscale 
ocean-atmosphere effects require investigation with much higher spa
tial resolution than is used in the present generation of general circu
lation models. This may be possible by the use of compatible nested 
models in Which a general circulation model is used to set the initial 
and boundary conditions for one or more .limited area mesoscale mod
els. 

4. To a large extent, the discussion of climatic consequences has fOCused 
on regional and hemispheric responses. Re.sults have been formulated in 
the context of departures from the model predicted "normal" climatic 
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means. To understand the actual consequences, these results have to be 
put into the context of theit effect on biological, ecological. and agricul
tural systems. For instance. the anticipated cooling effects at northern 
high and niid-Iatitudes. while very substantial if the smoke injection oc
curs in the northern summer, are no greater. and indeed may be less, 
than the cooling which occurs every winter. Nevertheless, if such cooling 
occurred suddenly during a normal growing season, its biological conse· 
quences would far exceed those usually associated with winter, because 
the normal onset of winter is gradual. antiCipated, and prepared for by 
humans. animals. and plants alike. It is also possible that the effects would 
be more serious in subtropical latitudes which could experience a smaller. 
but completely unprecedented. cooling, perhaps accompanied by major 
decreases in precipitation. The problem of extrapolating from climate 
predictions to weather variability on the synoptic and mesoscale further 
complicates the estimation of biological impacts. While these issues are 
addressed in detail in Volume 11 of this report, they should remain clearly 
jn focus as additional climatological research is done on this problem. 

5,7 EXTRAPOLATIONS FROM THE MODEL RESULTS 

Models are tools for correcting, refining, and quantifying the results of an
alytical thinking. However. as was noted in the preceeding Sections of this 
chapter, climate models have definite limits and cannot provide answers to 
all the questions that are raised with regard to the consequences of a nuclear 
exchange. In the absence of detailed model1ing results that could be used to 
answer these questiOns, qualitative reasoning can be helpful in many cases 
in attempting to provide first-order estimates of trends and probabilities and 
to suggest more detailed consequences. In this section, an attempt is made 
to provide answers to some of the questions that have been posed based on 
knowledge of the current climate system and the way in which it operates 
and on reasonable inferences drawn from the studies that have been car
ried out to date. Obviously, these answers are not "final" in any sense; they 
represent a preliminary evaluation and should be interpreted within that 
context. 

5.7.1 Effects on the Oceans 

Changes in sea surface tern perature as a result of the presence of optically
thick aerosol layers in the atmosphere would arise from a number of effects 
in addition to the reduction in solar radiation reaching the oceans. These 
include changes in the downward infrared Hux due to altered cloud cover, 
the presence of the aerosol layer itself, cooler atmospheric temperatures; 
and changes in latent heat fluxes due to altered air temperatures. humidities 



----_. - - - ~ ~ , ---~ - ---~, 

Meteorological and Climatic Effects 199 

and wind speeds. There could also be changes in coastal upwelling and ocean 
currents due to altered wind stress. Changes in upwelling and ocean currents 
would be highly location-specific and could well be locally dominant over 
other changes in the surface radiation and heat fluxes. 

Most of the general circulation models that have been used to study the 
effects of smoke and dust following a nuclear war have nol been cou
pled to models of tbe ocean and have. in fact. assumed either a fixed or 
seasonally-varying sea surface temperature based on climatological aver
ages. The exceptions are the two-layer. three-dimensional model of Alek
sandrov and Stenchikov (1983). the two-dimensional climate model of Mac
Cracken (1983), and the one-dimensional energy-balance model of Robock 
(1984). However, none of these models includes the actual dynamics of the 
oceans. In each of these simulations, the essential result is a cooling of the 
ocean surface by only a few degrees Celsius in the first few months. As 
an illustration, the temperature changes calculated by MacCracken (1983) 
a re shown in Figure 5.11. The only exception to these small coolings is in 
the simulation of Robock (1984). where, due to the inclusion of ice-albedo 
feedback. the cooling at high northern latitudes in the first autumn fol
lowing a summer war was of the order of S-lOoC. However, the lack of 
energy conservation in this model simulation makes the results somewhat 
suspect. 

Even if the possibility of changes in the dynamics of the oceans are ig
nored, realistic estimates of sea surface temperature changes must await the 
coupling of an ocean model to an atmospheric model incorporating fuJly in
teractive smoke and dust. In this case, the simulated changes in atmospheric 
wind speeds and relative humidities could be used to obtain a more accurate 
estimation of the latent heat fluxes at the ocean surface. 

As already suggested, however, the largest changes in sea surface temper
atures would be likely 10 occur regionally due to changes in ocean dynamics 
induced by changes in wind stress. Outflow of cold surface air from the 
continents, as in a winter monsoon or katabatic flow, would lead to coastal 
upwelling of cold water, as occurs naturally in many parts of the world. This 
could reduce the moderating influence of the oceans in coastal zones that 
are not subject to strong on-shore winds. 

The most dramatic changes could occur in systems such as the EI Nifio
Southern Oscillation (ENSO) system, which operates in the equatorial Pa
cific and is apparently modulated by the strength of the trade wind systems 
(Wyrtki, 1975). ENSO is a complex phenomenon in which surface winds 
influence the oceanic state and sea surface temperatures completely across 
the tropical Pacific Ocean. These sea surface temperature anomalies. in tum. 
influence the atmospheric circulation, Dot only in the tropics but in higher 
latitudes (see. for example, Chervln and Druyan, 1984; Stone and Chervin. 
1984). This complex interacting system is tbe subject of very active research 
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(see NRC, 1983, Kerr, 1984;) both because of its intrinsic interest and its 
observed influence on mjd~latjtude weather. 

Oearly, it is premature to predict how surface wind changes associated 
with the effects of optically-thick smoke and dust layers would affect ENSO, 
but it is clear that such effects would occur. Surface wind patterns would 
have to be derived from a fuUy interactive GeM. and these might be ex~ 
pected to change as the situation develops due to the spreading of the smoke 
and dust and to seasonal variations. Feedbacks between the atmosphere and 
the ocean CQuld change the situation furth,er. Such changes cOuld lead to sig
nificant diSturbances to climate both in the tropiCs and at higher latitudes. 
even in the absence of smoke and dust layers in these regions. Regions 
which could be impacted include South America. Australia, New Zealand. 
and southern Africa (Pittock. 1984). 

5.7.2 Effects on the Monsoons 

The monsoons are seasonal. contin:ental~scale circulations driven by the 
contrasts between land and sea-'$urface temperatures, which change sign be
tween summer and winter (Ramage, 1971; Webster, 1981). They lead to 
marked dry and, wet seasOns across most of tropical Africa, scn.ithern Asia, 
and northern Australia, as shown in Figure 5.27. 

In the northern summer, solar heating of the north African and the Asian 
mainlands, and especially of the high Tibetan Plateau, generates low sur
face pressure and flow of moist air towards the northeast from the tropical 
Atlantic Ocean, the Arabian Sea, tbe Indian Ocean, and the South China 
Sea to produce the southwest monsoon, wbich provides most of the annual 
rainfall to the Sahel, the Indian subcontinent, Southeast Asia, China and 
parts of Japan. At the same time- southern sub-tropical Africa and northern 
Australia experience their dry season. 

Six months laler the situation is reversed. with high pressure centered over 
the cold land masses and subsiding dry air flowing out from the northern 
continents, which are in the middle of their dry season. Now the air is flowing 
from the north and brings rain to the east side of the Indian peninsula, but 
nowhere else in Asia. As it crosses the equator it turns to the south~east and 
brings rain to northern Australia. Similar flows bring rain to the southern 
subtropics of east and west Africa and to. Madagascar. 

If the northern midlatitudes and subtropics were covered with a smoke 
pall during northern summer as a result of a nuclear exchange, it is probable 
that the southwest monsoon circulation would be switched off (Oboukhov 
and Golitsyn, 1983). Due to the attenuation of solar radiation by the smoke, 
the land~ea temperature difference and. in particular, the solar heating of 
the Tibetan Plateau. would be reduced and then reversed probably within a 
matter of a few days. The southwest monsoon might be replaced initially by a 
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figure 5.27. Area.~ normally affected hy local summer precipitation regimes are indicated hy broad hatching. Stippled area>; 
ha'o'e double rainfall maxima (summer and winter). TheSe raj nfal.l regi mes may be seriously affected by surface land cooling 
after large injections of smoke into the atmosphere. After Ramage ( 1 ~71). Reproduced b}' permission of Academic Press 
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shallow northeast monsoon, which would bring unseasonally dry conditions 
to much of south and east Asia and the Sahel zone, and rain to Indonesia and 
northern Australia. Outflow of cold air from the Asian continent over the 
warm ocean could, however, lead to increased rainfall in coastal zones. The 
rain over Indonesia !J;nd northern Australia might quickly weaken, with rain 
becoming confined to the coastal zones of the Asian mainland as upper level 
smoke moves southward, thereby possibly inducing a return northward floW' 
at low levels in the tropiCS. There are suggestions Of same of these possible 
effects in Figure 5.14 and 5.21 above. 

A more detailed description of these effects must await simulations by 
higher resolution general circulation models or regional scale models. How
ever, there is little doubt that the normal rainfaJI pattern over the monsoon 
regions would be drastically affected. 

5.7.3 Coastal Effects 

Normal coastal weather is strongly affected by local circulations induced 
by land-sea temperature contrasts, the familiar land and sea breezes. Simi
larly, in the presence of an optically-thick smoke layer, coastal effects would 
arise from the large horizontal temperature gradients which could be set 
up in the coastal zones between the cold land and relatively warm oceans. 
This gradient, in conjunction with gravity flows, could produce significant 
surface outflow of cold air, probably in quite shallow layers, from the in~ 
teriors of continents out over the warmer ocean waters. These outflows 
could occur spasmodically, depending in part on weather fluctuations. and 
could lead to sub-freezing conditions in coastal zones lasting for periods 
of days or weeks. These extreme episodeS would be far more important 
to the survival of crops and plant communities than average cold condi
tions(see discusSion in Volume 11), and are not predictable with the present 
generation of general circulation models because of inadequate spatial 
resolution. 

Cold outflow conditions might set up situations partially analogous to the 
"cold outbreaks" that occur most notably off the east coast of Asia in normal 
winters in associaHon with the northeast monsoon (Zhu, 1983; Lav and Lav. 
1984; and Chu and Park, 1984). However, the increased vertical stability at 
mid-tropospheric levels over the oceans would ensure that any associated 
convective storms over the ocean would be shallow. It is also possible that 
the increased vertical stability would be such that cold air outflow would 
be confined to a very shallow boundary layer similar to the katabatic winds 
that cross the coast of Antarctica (see ego Fitzjarrald, 1984; Parish, 1984), or 
to a less severe nocturnal drainage situation. Such circulations are strongly 
influenced by local topography and tend to be strongest in coastal valleys. 
where many cities are located. 
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Onshore winds. such as might occur on mid-latitude west coasts and low 
latitude east coasts, likewise could tend to bring only rather shallow inflows 
of warm moist air moving up over the shallow layers of cold surface conti
nental air. If the on-shore westerlies were sufficiently strong (which might 
not be the case in northern summer), this circulation might produce situa
tions analogous to lake effect storms, such as occur near the Great Lakes in 
North America. These storms typically produce heavy snowfalls or intense 
rain. 

Such possibilities are, of course, little more than informed speculation 
untit they are investigated by experiments with mesoscale and general circu
lation models having sufficient spatial resolution to resolve these probably 
very shallow circulation features. This may be possible with a series of com
patible atmospheric models ranging from global scale down to mesoscale. 
with the initial or boundary conditions for the high resolution models being 
set by simulations of the perturbed atmosphere with the coarser reSolution 
models. 

5.7.4 Island Effects 

The special situations applicable to small land masses surrounded by 
ocean. such as New Zealand. Tasmania, Japan, Indonesia, the PhiJi ppines and 
the West Indies, should also be investigated. Land surface cooling in these 
situations might be limited by land-sea breeze circulations. If this mechanism 
operates. cooling of smaU land, masses might be limited to, at most. some 5 
to lO"e below the surrounding ocean. with even less cooJing under strong 
wind conditions. However, in the case of islands close to continental land 
masses such as the British Isles and Japan. cold winds from the continents 
could lead on occasions to much more severe conditions. 

Serious effects might arise from significantly reduced precipitation over 
tropical islands in those areas where a high proportion of normal rainfall is 
associated with sea-breeze convergence and the diurnaJ cycle. In these cases, 
there might be a reduced or no sea breeze, and rainfal1 might tend to occur 
off the coast. 

Island coasts subject to strong on-shore orographic rainfall might not be 
so strongly affected, although wind patterns might change significantly. even 
as far south as Tasmania and the South Island of New Zealand. Initially, as 
lofting and southward movement of smoke occurs in the Northern Hemi
sphere, subsidence in southern mid-latitudes might tend to suppress rainfall 
in this wne, but a strengthening of the mid-latitude westerlies and a shift 
in their latitude of maximum strength might lead to increased precipitation 
on some windward coasts. If and when the smoke spreads more uniformly 
with latitude, however, this strengthening of the westerlies might cease and 
orographic rainfall could diminish. 
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5.7.5 Precipitation Changes 

Changes in precipitation patterns have already been discussed both in this 
chapter and the preceeding chapter, but it is useful to bring the various dis
cussions together. Above all, it must be stressed that precipitation is one of 
the most difficult Quantities to treat in general circulation models and the 
models are, in general. only moderately successful at simulating observed 
precipitation patterns, It follows that the precipitation changes are among 
the least certain estimat~ of effects. Nevertheless. it is possible to speculate 
intelligently on the general trend of precipitation changes from a consider
ation of the basic physics involved. 

All the models predict a general heating of the upper layers of smoke. 
and cooling at the surface. especially over land. This must lead to increased 
vertical stability below the smoke, which on average must tend to reduce 
the precipitation, especially over land. Moreover, since land surfaces would 
cool more rapidly than ocean surfaces, there would be a tendency for sub
sidence oCair over land. at least in the lower levels. This should lead,in 
general, to a suppression of precipitation over land. Heating of the upper air 
would also lead to reductions in relative humidity and upper level cloudiness 
(Oboukhov and Golitsyn, 1983), except perhaps for thin cirrus thal might 
be generated by convectiv~ motion above the heated smoke layer. 

Some have argued (e.g., Katz. 1984; Singer, 1984: Teller. 1984) that the 
initial cooling of lower tropospheric air could lead to considerable rain, 
snowfall, and fog. Water from the combustion of wood and fuels. and wa
ter from entrained boundary layer air would provide additional sources of 
moisture. The mass of water from the fires actually exceeds the mass of 
smoke produced. but is not significant compared to the total amount of wa~ 
ter normally in the troposphere. The significance of these Quantities of water 
vapor fOT precipitation and particle scavenging is easily exaggerated because 
of a common misconception (not necessarily held by the above authors) 
that large amounts of precipitation derive from the water contained i.n the 
volume of air over any given area at that time. Precipitation is usually the 
result of a dynamic process in which air is lifted in a continuing stream as a 
result of orographic flow, convection, or wave motion (fronts). Thus, water 
is removed not just from a single, limited air mass, but from a continuous 
stream of air flowing through the cloud. The amount of water ina cloud at 
anyone time is not very large compared with the total precipitation often 
experienced over time at a given point on the ground. Thus the cooling of 
a particular parcel of air, such as would happen under a smoke pail. would 
not by itself result in large amounts of precipitation. 

However inadequate the parameterization of the precipitation process 
may be. the models With internally-generated precipitation (I.e .• which do 
not have prescribed rainfall) that have been applied to this problem show 
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reduced precipitation in line with the above general arg.uments. For exam
ple. MacCracken (1983) found. with noninteractive smoke. that the changed 
thermal structure and circulation led to 25% less precipitation over land and 
20% less over the oceans some three months after the smoke was injected. 
Thompson (1985), in his fuJly interactive smoke run with the NCAR CCM. 
found larg.e reductions in condensation in the upper troposphere and in the 
lTCZ, as shown in Figure 5.21. Similarly. Ghan et al. (1985) found large 
overall reductions in precipitation (see Figure 5.15). 

As discussed in Section 5.7.2 concerni ng the monsoons, it is a Iso likely that 
the southwest monsoon. which pro_vides most of the rainfall to southern Asia. 
and the similar system which waters the Sahel in Africa. would fail if major 
cooling of land surfaces were to occur in the northern summer. Increased 
rainfall might occur. however, in coastal zones in these <ireas (see Section 
5.7.3). 

Island rainfaU was discussed in Section 5.7.4 above. Those tropical islands 
which get most of their rainfall from sea breeze convergence during the 
late afternoon or evening would lose much of their rainfall if the diurnal 
temperature cycle over land were suppressed. since the sea breeze would 
be reduced. Orograpbic rainfall would also be affected by changing wind 
patterns and strengths. 

Finally. the direct thermal circulation that would be set up between the 
Nonhem and Soutbern Hemispheres until the smoke became more evenly 
distributed between hemispheres. could cause a relatively greater subsidence 
in 'he southern mid-latitudes, which could tend to decrease rainfall in these 
latitudes. A return flow at low altitudes could lead to a local increase in 
rainfan around 300 N latitude (see Figures 5.14 and 5.21). 

It sufficient smoke remains aloft after it has spread globally to provide 
an absorption optical thickness of about one or more. one mig.ht expect a 
gradual weakening of synoptic disturbances and of the hydrologic cycle in 
general. In this case, globally-averaged precipitation could be significantly 
below normal for an appreciable period after the initial smoke injection. 
It has also been suggested that changes iii the electrical properties of the 
atmosphere due to increased background radioactivity might be possible 
(Izrael, 1983). and tbat these might have some effect on the hydrOlogic 
cycle. No quantitative calculations have been made. however. and the effect 
is not likely to be noticeable compared to smoke-induced changes. 

5.7.6 Effects on the Southern Hemisphere 

In the Ambio scenario (Ambio Advisors. )982). it was assumed that only 
about 3% of the megatonnage in a 5.700 Mt nuclear war (about 170 Mt) 
would be detonated in the Southern Hemisphere. According to Galbally 
et at (1(84), this might generate some 10 million tonne of smoke. By 
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itself, this would almost certainly not be enough to produce widespread and 
significant surface cooling (although short-term local cooling could occur 
under thick patches of smoke before they dispersed). Therefore, should a 
large nuclear exchange OCcur, the major environmental consequences in the 
Southern Hemisphere would be the result of both transport of smoke from 
the Northern Hemisphere and modification of the circulation as a result of 
perturbations caused in the Northern Hemisphere, 

Transport of the smoke to the Southern Hemisphere would most likely 
be due to changes in the general circulation of the atmosphere induced by 
the smoke and dust injected into the Northern Hemisphere. The model re
sults discussed in the preceeding sections show that. for smoke injections in 
the northern spring and summer, solar heating of the smoke layer would 
tend to produce a direct circulation that would transport smoke and dust 
southwards at altitudes around 10-20 km. The smoke and dust could reach 
southern midlatitudes within a matter of a few weeks. This induced circu
lation would be in marked contrast to the unperturbed circulation, which 
leads to a very slow exchange of air between the Nonhero and Southern 
Hemispheres, with characteristic times of a year or more. The normal rate 
of exchange is illustrated by the observed lag of approximately one year 
in the concentration of carbon dioxide in the SOuthern Hemisphere behind 
that in the Northern Hemisphere. where most of the anthropogenic carbon 
dioxide emissions occur (Pearman et al.. 1983). 

The more recent three-dimensional -simulations, in which the heating of 
the smoke layer is allowed to force dynamical motions, all show this trans
port into the Southern Hemisphere for smoke injections occurring in the 
northern summer and, to a lesser degree, spring (see. for example. Figures 
5.18 and 5.25). For smoke injections in the 150 million tonne or greater 
range, appreciable visible absorption optical depths could be reached in the 
southern subtropics within a matter of two to three weeks. Since the inter
active simulations have not been run for time intervals longer than about 
six weeks. the ultimate extent of the smoke coverage in the Southern Hemi
sphere has not been determined. However. the model results all indicate that 
the lofted smoke which would be moving into the Southern Hemisphere 
would be well above the level of significant precipitation (see especially Fig
ure 5.26), and that lower level precipitation in the Northern Hemispbere 
would be greatly reduced by the Increased lower level static stability (Fig
ureli 5.21 and 5.14). This implies that the smoke could have a long lifetime, 
on' the order of months to years. It would then have time to mix much 
more evenly between hemispheres and even to higher southern latitudes. 
Thus, in the Southern Hemisphere, optical depths might reasonably be ex
peeted to continue increasing beyond the first few weeks and, pOSSibly, to 
produce significant land surface cooling in continental mid latitudes. This, of 
course, would not be true if other processes such as coagulation, accretion of 
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sulfuric acid and subsequent gravitational settling or oxidation. were to op
erate to remove the smoke from the stratosphere. 

The magnitude of the effects in the Southern Hemisphere likely would 
be highly dependent on the season in which the smoke injection occurs. 
For major injections Occurring in the Northern Hemisphere during spring. 
summer. or early autumn, the transfer of large quantities of smoke to the 
Southern Hemisphere seems likely. However, smoke injected during the 
northern spring or early summer would arrive at southern latitudes in the 
southern winter, when it would have a minimal effect on surface tempera
tures. In this case the operative question is how much of this smoke would 
still be in the atmosphere when the following southern spring and summer 
arrive. In view of the relatively high altitude at which the transport would 
occur. it seems probable that a large fraction of the smoke would still be in 
the upper atmosphere unless some chemical process destroys it in situ (see 
discussion in Chapter 6). It is possible that the most serious effects for the 
Southern Hemisphere would occur in the event of a late summer or early 
autumn injection in the Northern Hemisphere. In this case, the southward 
drifting smoke would be continually heated and lofted by the maximum so
lar intensity during the change of seasons. This heating and the associated 
circulation probably would produce the greatest transport of smoke into 
the Southern Hemisphere, and the smoke would be present in the South
ern Hemisphere summer, when its effect on surface temperature would be 
maximized. 

If injection occurred in the northern autumn or winter. the smoke and dust 
probably would be confined to high northern latitudes until northern spring, 
as indicated in Figure 5.23. Thus. the potential effects on the Southern 
Hemisphere depend crucially on the lifetime of this smoke and dust in the 
nonhern winter atmosphere. The results of Malone et a!. (1985) suggest that 
the lifetime could be very dependent at that time of year on the initial height 
of injection (see Figure 5.24). For smoke injected between 0 and 9 km with 
a uniform concentration (the NRC, 1985. scenario), the particle lifetimes 
after about 40 days of simulated time are estimated to be of the order of 45 
days. However. only 14% of the original injected mass remains at day 40. 
A projection to the following northern spring based on these figures would 
lead to a considerable reduction in total smoke levels, leaving only some 
3-5% of the particle mass remaining 3 months after the initial injection. If 
this were correct, significant effects in the Southern Hemisphere could only 
occur for total initial smoke injections of the order of 1000 million tonne 
or more, which is about an order of magnitude greater than the estimated 
injection mass (see Chapter 3). There is, however, great uncertainty in these 
estimated lifetimes, as they are highly dependent on the inilial height of 
injection and on the simulated precipitation rates under perturbed Arctic 
conditions. 



208 Physical and Almospheric Effects 

There are processes other than the direct attenuation of sunlight by trans
ported smoke layers by which Southern Hemisphere weather and climate 
might be affected. especially if significant amounts of smoke were present in 
the Northern Hemisphere in the northern spring or summer. Perturbations 
to atmospheric and oceanic circulations could affect winds. temperatures, 
and precipitation, even in a Southern Hemisphere not covered by smoke. 
As discussed in Section 5.7.2, the northern summer monsoons might be 
curtailed by the lack of solar insolation in the Northern Hemisphere. This 
could lead initially to a surface outflow of cold air from Asia and to a burst of 
"monsoon-type" rainfall during the normw dry season in northern Australia 
and the southern subtropical monsoon regions of Africa. 

Changes in the global circulation induced by the presence of smoke 
and dust in the Northern Hemisphere would probably result in a direct, 
therma\ly-driven meridional circulation with air moving southward across 
the equator at about 10-20 km and descending in middle latitudes of the 
Southern Hemisphere; This could lead to surface warming and a marked 
decrease in cloud cover and precipitation until smoke and dust were to 
move overhead. At this point. the surface warming would turn to cooling. 
but there would not necessarily be any significant increase in precipitation. 
Changing wind pattemsmight. however. alter this picture somewhat. Also. 
the presence of the direct thermal circulation might strengthen the zona] 
winds in the mid~latitudes of the Southern Hemisphere. This could cause an 
increase in orographic rainfall on windward exposures. but the effect might 
be short-lived if the induced meridional circulation were to achieve a fairly 
uniform mixing of smoke and dust into the Southern Hemisphere within a 
matter of a few months. After that, one might expect the vigor of the cir~ 
eulation in the lower atmosphere to decrease somewhat due to the reduced 
energy input into the surface and troposphere. Malone et al. (1985) suggest 
that this reduction in solar insolation might be about 20%. 

Finally. it must be emphasized that the preceeding discussion is. of neces
sity, somewhat speculative. It is, however. based 00 reasonable extrapolation 
from the modelliog results and on scientific judgement. While far from es
tablished. the conclusions are the best that can be drawn at this time. 

5.7. 7LonKer~ Term EtTect5 

Since, under certain scenarios, severe atmospheric effects resulting from 
a nuclear exchange could last for weeks to several months. and since large
scale nuclear war would cause other damage to the environment. it is natural 
to ask whether climatic changes could be induced on time·scales of years. 
)n all probability, climatic perturbations resulting from a nuclear exchange 
would be. on climatic time-scales, only a sharp transient disturbance. While 
that transient could have disastrous human and biological consequences. the 
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Earth's climate would be expected to return to the current "normal" unless 
tbe initial disturbance triggered some climatic feedback process that would 
alter the energy balance of the Earth, either permanently or on a much 
longer time-scale. While the possibility of such a drastic climatic change 
cannot be completely dismissed, it appears to be unlikely. 

There are, however. several processes that might have effects on the req
uisite time-scales to cause long-lasting climate perturbations. The recent re
sults which confirm the possibility of lofting smoke to altitudes exceeding 
10-20 km raise serious questions about the ultimate fate of these particles. 
The lifetime of soot particles at these altitudes becomes a critical question, 
as is their effect on the chemistry and radiative properties of the upper 
atmosphere. Death of vegetation from fire. radioactive fallout. abnormally 
cold conditions, Or toxic chemieals in the surface air could result in reduced 
evapotranspiration. w hleh Mintz (1984) and Sh ukla a nd Mintz (1982) re
gard as a significant determinant of regional and global climates. The death 
of vegatation could also produce changes in surface albedo (e.g .• Eaton and 
Wendler. 1983; Jurik and Gates, 1983) with effects on climate both at middle 
and low latitudes, according to Otterman et a!. (1984) and Sud and Fennessy 
(1982), although this is disputed by Henderson-Sellers and Gornitz (1984). 
The length of time that albedo effects would persist is dependent on the rate 
at which some sort of vegetation would re~establish itself, thereby reducing 
the surface albedo and restoring evapotranspiration rates towards normal 
values. The re-establishment could be nullified if some positive feedback 
process prevented the recovery of the vegetative cover. Several investigators 
have argued that this has been the case in areas such as the Sahel. where 
loss of vegetation due to over-grazing and drought has increased the surface 
albedo and possibly led to increased aridity (Charney et aI.. 1975). Whether 
such a mechanism would operate outside certain already very sensitive aT
eas is, however, very doubtful. (See Volume II for further discussion on this 
point.) 

Settling and deposition of soot on snow and ice fields could decrease sur
face aJbedo in areas that normally have permanent snow or ice cOlier, possi
bly leading to increased solar heating and melting once the air-borne smoke 
layers have cleared (Warren and Wiscombe, 1985). Such an effect would be 
moderated by subsequent falls of clean snow covering the layer of soot, or 
by melting and subsequent run-off. In some circumstances, soot layers could 
be exposed repeatedly at the surface following melting of over-lying snow. It 
seems unlikely, however, that an effect lasting more than a few years would 
be produced. 

Robock (1984) studied the effetts of snow- and ice-albedo feedback, which 
he calculated would enhance the cooling in summer, especially in the set
and summer when there would be less smoke and more solar radiation to 
be reflected back into space by the increased snow and ice cover. lie a1so 
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pointed out that the transfer of heat from the oceans to the atmosphere in 
the presence of an optically-thick smoke layer would cause some cooling of 
the mixed layer of the ocean. This, in tum, would feed back as a cooler lower 
boundary for the atmosphere in the following years. which could prolong 
the atmospheric surface cooling. Unfortunately • the lack of vertical resoit,l
tion of atmospheric pmcesses in his model makes the interpretation of such 
results problematic. 

The potential effect of the deposition of SOOt onto sea ice has been exam
ined by Ledley and Thompson (personal communication). They find that the 
largest perturbations of the sea-ice cycle might occur in spring. leading to an 
increase in the summer ice-free period of from 2 to 3.5 months at latitude 
82.SO N. The predicted disturbance in the annual cyc1e of sea ice that they 
calculated continued into following years due to the increased absorption 
of solar radiation by the ice-free surface waters. Large-scale sea-ice changes 
could significantly affect climate. probably on the time-scale of a few years. 

In view of its potential importance. the question of possible long-term 
effects should be addressed more rigorously than has been possible here.. 
This will require not only improvements in understanding of the global 
climate system and in models used to simulate it. but also requires better 
definition of the shorHerm physical and biological impacts of a nuclear war. 

5.S PROVISIONAL TEMPERATURE EFFECT SCENARIOS 

Most of the discussion concerning climatic consequences has been couched 
in qualitative terms and broad generalities because of the uncertainties as
sociated, in particular. with predicting detailed effects both on temporal 
and spatial scales. However. as a result of interactions with biologists and 
ecologists working on Volume II of this report and With other interested. 
persons. it was felt that an attempt should be made to offer a more quan
titative assessment of the potential climatic effects. The provisional tem
perature effect scenarios given in Tables 5.2 and 5.3 are the results of that 
attempt. 

These temperature scenarios are conditional on a wide range of variables 
including, but not limited to, the total amount of smoke injected, the frac
tion of amorphous elemental carbon in the smoke. the height of the ini
tial injection, and the season in which the injection occurs. The suggested 
temperature changes are given for broad geographical regions rather than 
being location specific. and have wide ranges of uncertainty. They are, in 
the absence of more definitive knowledge. interim and somewhat speculative 
conclusions. These numbers should nOl be quOted without full acknowledge
ment of their qualified and lentalive nature. They are not "predictions" in 
the sense of weal!rer forecasts. They are estimares of ehe pJausible ranges of 
effects, based on a combination of model results and scientific judgemenl. 
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The values presented in Table~ 5.2 and 5.3 are estimates of the departure 
from normal for s unace air tern peratu re for the NRC (1985) "baseline" case 
of 180 million tonne of smoke injected with uniform density between a and 
q km altitude. Estimates are made for three time intervals: "acute", meaning 
the first few weeks after smoke injection, with emphasis on the most extreme 
effects in space and time (many areas could have lesser or less prolonged 
effects); "lntermediate", meaningthe first one to approximately six months; 
and "chronic", meaning one to several years after the nuclear war. The 
ranges shown are fairly subjective estimates of confidence limits. They were 
purposely chosen to be large sO that there would be a high probability that 
the temperature changes would fall within the range given. 

The definitions used in the tables for "continental interiors" and "coastal 
areas" have been left intentionally vague because of inherent uncertainties. 
As a general guide, a place is effectively "continental" and free from oceanic 
influences if it normally has a large diurnal range in temperature. This is 
clearly not just a function of distance from the coast. but also of topography 
and prevailing wind strengths and direction. As such, the appropriate desig
nation for a particular site can change with the seasons, and could be very 
different in a perturbed atmosphere. "Small islands" may be loosely defined 
as islands small enough for land-sea breeze systems to penetrate effectively 
to the interior. Very small islands have essentially an oceanic climate. 

Temporal and spatial variability about these average changes is also of 
interest. There is little evidence on this issue, but some hroad principles 
can be suggested. Firstly, in the acute phase, initial patchiness of the smoke 
clouds would induce a large variability in the temperature and precipita
tion changes. Qualitative estimates could be derived for specific scenarios 
from a daily series of maps such as that shown in Figure 5.22. Secondly. in 
the intermediate and chronic. phases, when there is greatly reduced patchi
ness of the smoke and dust cover, the day-to-day variability in temperatures 
would probably become less than in the naturalatrnosphere. except perhaps 
in coastal zones. The reduced. variability would be the result of a reduced 
diurnal cycle, generally less synoptic variability under a more stable ther
mal stratification. and a smoke veil that would be far more uniform than 
the normal patchiness of natural cloud cover. Coastal zones are a possible 
exception since on-shore winds could bring much warmer air from over the 
oceans, while off-shore winds could bring cold air from the continental in
teriors. More confident predictions of likely variability in coastal areas must 
await further modelling. 

The tables .are loosely based on injections that would be approximately 
uniform with height. Injections at lower altitudes would tend to decrease 
the magnitude of the changes given; higher injections would tend to in
crease them. For late spring or summer injections, the effects of differences 
in injection height would be fairly small because lofting of the smoke would 
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TABLE 5.2. 
TEMPERATURE ANOMALIES IN °C FOR SMOKE INJECTIONS AS DEFINED 

IN THE NRC (1985) BASELINE CASE AND OCCURRING IN THE 
NORTHERN HEMISPHERE DURING LATE SPRING OR SUMMER. THE 

VALUES OF THE ANOMALIES MUST BE INTERPRETED IN THE 
CONTEXT OF THE DISCUSSION IN THE TEXT 

Acute Intermediate Chronicb 

Region (first few weeks) (1-6 months) (first few years) 

Northern midlatitude -15 to -3$ -5 to -30 II to -10 
continental when under 
inleriors dense ~moke· 

Northern Hemisphere o to-1 -lw-3 o to-4 
sea 5urfaceh 

(ice free) 

Nonhern Hemisphere very variable. very variable, varjable. 
coastalareasb o to - 5 unless -1 to-5 Oto-5 

off-shorewind unless off-shore 
when -15 to wind when-5 
-35 to-30 

Northern Hemisphere 010-5 Oto-5 Oto -5 
and tropical small 
islandsh 

Tropical 010 -15 o to -15 Oto -5 
continental 
interiors 

Southern midlalitude initial 0 10 + 5. o to -lS 010-5 
continental then 0 to-10 
interiors in patches 

Southern Hemisphere 0 o to-2 o to--4 
sea sutfaceh 

(ice free) 

Southern mid latitude 0 Oto-1Sio 010-5 
coastal areas off-shote winds 

Southern Hemisphere 0 o to-5 Oto-5 
small islands 

Footnotes: 
" ~Dense smoke~ referS to smoke clouds of absorption optical depth of the order of 2 or 

greater, staying overhead for severa] days. 
\> These values are c1hnatologicai average estimates. Local anomalies maye"ceed these lim

its. espedally due to changes in oceanic behaviollr such as upwelling or EI Niiio-type 
anomalous situations. 
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TABLE 5.3. 
TEMPERATURE ANOMAUES IN OC FOR SMOKE INJECTIONS AS DEFINED 

IN THE NRC (1985) BASELINE CASE AND OCCURING DURING 
NORTHERN HEMISPHERE WINTER. THE VALUES OF THE 

ANOMALIES MUST BE INTERPRETED IN TIlE CONTEXT OF THE 
DISCUSSION IN THE TExrt 

Acute Intermediate Chronic ll 

Region (first few weeks) (1-6 monthS) (first few years) 

Northern midlatitude o to -20 when 010-15 o to-S 
continental under dense 
interiors smokea 

Northern Hemisphere 0 Oto-2 010-3 
sea ~;urfa:ceh 
(ice free) 

Northern Hemisphere very va:riable. very variable, 010-3 
coa:staIareasb o to -5 unleSs o to - 5- unless 

otr-shore wind off-shore wind 
when 0 to - 20 when 0 to -IS 

NQrthem Hemisphere Oto-5 o to-5 010-5 
and tropical 
small islandsh 

Tropical o to-IS 010-5 Oto-3 
continental 
interiors 

Southern midIatitude 0 o to-IO 010-5 
continental 
interiors 

Southern Hemisphere 0 o to-I o to-l 
s(:a surfaceh 

(ice free) 

Southern midlatitude 0 o to -]0 in Oto-5 
coastal areas off-shore winds 

Southern Hemisphere 0 o to-5 o to-5 
small islands 

Footnotes.: 
• MDense smoke" refers to smoke clouds of absorption optical depth of the. order of 2 or 

greater. staying overhead for several days. 

b These values are cJ.i.nlatological average estimates.Loca1 anomalies may exceed these lim
its, especially due to changes in oceank behaviour such as upwelling or EI Niito-type 
aooma1ies. . 

f These values allow for II considerable range Of variation in smoke removal rates in the 
Northern Hemisphere. winteJ' atmosphere. More rapid removal rates would lead to neg
ligible effects on the intermediate and chronic time scales, less rapid removal to \Ipper 
limits fot effec\$ Wi indic.aled here. 
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tend to wipe out any differences in injection height. For winter injections, 
however, lower injection heights might significantly reduce the estimated 
changes. while higher injections might increase the longevity of the effects. 

Injections of different amounts of smoke than used in developing the esti~ 
mates in Table 5.2 and 5.3 would change the estimated responses. However. 
as yet there has not been as detailed a study of the possible range of effects 
as for the case given by the tables. but. in recognizing that uncertainties are 
large, some inferences can be made. For example. injection of about one
third as much smoke (Le .. assuming an injection of smoke containing about 
10 million tonne of elemental carbon) in the spring, summer. or autumn 
would produce shorter and more patchy effects in the acute stage and in
termediate effects more like the chronic effects given in Table 5.2; chronic 
effects would tend to zero. Winter injections of such amounts would prob~ 
ably have only rather small effects in the acute stage that would disappear 
relatively quickly. Injection of about three times as much smoke (Le., smoke 
containing about 100 million ton ne of elemental carbon) would, on the other 
hand. induce effects that would be more extensive and longer lasting. The 
acute stage in the Northern Hemisphere would not be much worse in mid~ 
continental regions, but the area affected would be larger and the effects 
would last months rather than weeks. The intermediate effects in the South
ern Hemisphere would be similar to those in the Northern Hemisphere and 
the chronic phase would be more severe and 10nger~lasting in both hemi~ 
spheres. As these examples indicate. the effects would not be linear in smoke 
levels. and thus caution must be exercised in interpolating or extrapolating 
the data, 

It should also be re~iterated that the information given in Tables 5.2 and 
5.3 should not be construed as "predictive", The values are offered as gUide
lines based on the currently available model results and extrapolation from 
current knowledge of how the atmosphere works. They should be used and 
quoted only within these constraints. 
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CHAPTER 6 

Nuclear and Post-Nuclear Chemical 
Pollutants and Perturbations 

6.1 INTRODUCTION 

At the time of the 1975 NAS report on the long-term global effects of nu
clear war, the major issue was the depletion of stratospheric ozone resulting 
from nitrogen oxides formed in fireballs and transported by them into the 
stratosphere (Foley and Ruderman, 1973; Johnston et al., 1973; Chang and 
Due:wer. 1973; Hampson, 1974). The basis for consideration of this effect 
was growing theoretical understanding of the importance of nitrogen ox
ides in determining the stratospheric ozone abundance and concern for the 
environmental effects of the nitrogen oxides formed in the engines of air
craft flying in the lower stratosphere (Crutzen, 1970, 1971; Johnston, 1971). 
Recently, Crutzen and~Birks (1982) suggested other potential impacts of 
nuclear war on large-scale atmospheric chemistry and estimated the quan
tities of smoke and gaseous emissions that could arise from fires ignited by 
nuclear explosions. They also suggested that the resulting fires would sup
ply nitrogen oxides, hydrocarbons, and carbon monoxide to the Tower ] 0 
or 12 km of the atmosphere that could, under sunlit conditions. result in 
widespread ozone and oxidant production in the lower troposphere by the 
processes that are known to generate urban photoChemical smog. 

In this chapter. some estunates are presented of the quantities of gaseous 
and particulate effluents that could be emitted into the atmosphere by the 
fires ignited during a nuclear war, and the potential for developing harmful 
levels of these materials. The emission estimates are based on the nuclear 
fire properties described in Chapter 3. The changes in the concentrations 
of atmospheric species that may occur as a result of subsequent photo
chemical reactions are also considered. Perturbations to stratospheric and 
tropospheric chemistry are discussed separately. because of the indepen
dent nature of the chemical effects of stratospheric NO". (produced by fire
balls) and gaseous species emitted by fires into the troposphere. Chemical 
models of the unperturbed atmosphere are used to estimate these changes. 
The assessment could be carried out with greater confidence if the num
bers and yields of weapon's detonations were precisely known and the 
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potential effe(:ts of dust and smoke on atmospheric chemistry, dynamics 
and solar flux could be accurately calculated. As indicated in Chapter 5. 
however. such projections are eJCtremely difficult to develop. Accordingly. 
for both the stratosphere and troposphere, there is a wide range of uncer
tainty in the estimates of photochemical effects. While some limited insight 
can be provided into what may occur in a perturbed atmosphere, better 
analyses will be needed in order to take ioto account the potentially signif
icant changes in dynamics, temperature, and composition that could occur 
as a result of multiple nuclear explosions, fires, and smoke plumes. 

Some of the major consequencC$ of the pre(lictedchemicaJ changes arise 
from perturbations of the atmospheric ozone epDcentration. Stratospheric 
ozone depletion COUld, in the absence of thick smoke layers, lead to an in
crease in solar ultraviolet radiatiOn at the Earth's surface sufficiently large to 
be noticeably harmful to man and the biosphere (NRC, 1984). High concen
trations of ozone and other pollutants in the troposphere could be directly 
harmful to plants. and maybe humans as well. Both of these issues, and 
others related to the impact of more exotic atmospheric contaminants. are 
discussed below, and taken up again in Volume II. 

6.2 EMISSIONS AND SHORT-TERM POLLUTANT 
CONCE..""'ITRA TIONS FROM POST-NUCLEAR FIRES 

During a nuclear war many chemical pollutants would be injected into tbe 
atmosphere. In Chapter 3. estimates were made of the potential areas of ut
ban fires and quantities of combustible material that could burn as a result 
.of several hundred megatons of nuclear explosions over urban and indus
trial centers. Although there are considerable uncertainties in estimating the 
quantities of materials that could bum under such circumstances, the studies 
by Turco etai. (1983a,b), Crutzen et al. (1984), and NRC (1985) indicate that 
they may amount to about 2000 to 5000 million tonne Qf cellulosic material 
and nearly 1000 million tonne of fossil fue1s and fossil fuel-derived products. 
The flaming combustion of these materials could produce. about 100 million 
tonne of sooty, absorbing smoke particles, whiCh would cause substantial op
tical and meteorological perturbations in the global atmosphere, as described 
in Chapters 3,4 and 5. Extensive smoldering of plastics aild cellulosic mate
rials could produce similar or even larger quantities of oily smoke particles 
that do not absorb sunlight as effectively. In addition, numerous gaseous 
pollutants could be created and dispersed by the fires. Nuclear explosions, 
in addition to forming nitrogen oxides as already noted, could disperse in
dustrial chemicals directly into the environment from storage !acilities, This 
sectiOn provides esiimates of the potential releases of some of the gases that 
can playa role in the photochemistry of the atmosphere or that Teach lev
els high enough to constitute'a health hazard. For a discussion of poteniial 
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health problems associated with the release of asbestos fibers into the at
mosphere. the reader is referred to the NRC (1985) report and the more 
thorough discussion of Stephens and Birks (198S). 

6.2_1 Smoke from Smoldering Combustion 

The smoldering combustion of cellulosic materials can produce much 
more smoke than flaming combustion (McMahon and Tsoukalas. 1978; 
Bankston et aI., 1981). Measured emission factors range between 3% and 
20%. Various plastic materials likewise produce large concentrations of 
smoke by smoldering (Bankston et aI., 1981). It is, theR-fore, clear that 
several hundred million tonne of smoke particles may be produced by smol
dering combustion following nuclear attacks. This smoke would tend to stay 
at low altitudes, especially because it would be emitted well after the ini
tial intense flaming phase. so that surface cooling and a stable near-surface 
temperature inversion might have been established. Some of the smoke par
ticles would be in the supermicron range and would thus be deposited in 
the respiratory tracts of people. Gaseous byproducts and very fine aerosols 
would likewise be inhaled and absorbed by the lungs. The gaseous and con
densed pollutants are likely to include potentially hazardous organic matter. 
for example. up to 100 ppm of polycyclic organic compounds (HaU and 
DeAngelis. 1980; McMahon and Tsoukalas. 1978). 

6.2.2 Carbon Monoxide 

A variety of measurements of the carbon monoxide yield from large fires 
in cellulosic materials, such as forest and other wildland fires (Crutzen et al.. 
1985; Greenberg et at, 1984), and also in real building fire situations (Treit
man et al.. 1980) indicate CO-to-C~ molar emission ratios of 12-1S%. In 
the case of building fires, these ratios can be derived from the reported sta
tistical distributions of elevated CO and CO2 concentrations. Emission rates 
of about 100 g of CO per kg fuel have been determined by Muhlbaier (1981) 
for small-scate open biomass combustion. and by Ouintiere et a1. (1982) in 
smOldering fires in closed compartments. Much higher CO emission ratios, 
however, are also possible for smoldering fires (lves et a1.. 1972) and for 
the burning of damp forest fuels (Sandberg et at., 1975) and plastics (Terrill 
et al.. 1978). Tewanon (1984) reports an average production from flaming 
burning of cellulosic materials of 6 g of CO per kg fuel for well-ventilated 
fires, increasing to 97 g of CO per kg fuel for mixed flaming/smoldering 
combustion. Here a yield of about 100 g of CO per kg fuel is adopted. 
after assigning the greatest weight to measurements taken in actual fire sit
uations. This leads to a total emission of about 270 to 750 million tonne 
ot CO (rom fires following a nuclear war, assuming that the total fuel 
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consumed is with in the range given by the Crutzen et al. (1984) value of 
2700 million tonne and the NRC (1985) value of 7500 million tonne. With 
background atmospheric volume mixing ratios of CO varying between 50 
ppv in the Southern Hemisphere and 150--200 ppbv at middle and high lat
itudes in the Northern Hemisphere (Seiler and Fishman, 1981). the total 
atmospheric mass of carbon monoxide is equal to abOut 500 million tonne, 
so that a substantial increase in ambient CO (:oncentrations could occur, 
especially at middle latitudes of the Northern Hemisphere. 

6.2.3 Hydrocarbons 

Studies of the release of hydrocarbons from wildland fires (Crutzen et a1., 
1985,; Greenberg et al.. 1984) indicate methane to carbon dioxide release 
rate ratios of about 1 %. or 5 g CHt per kg fuel. For nonrnethane hydro
carbons, the average measured ratio was about 1.3%, or 6.5 g carbOn per 
kg fuel. Both ratios ,are uncertain by about 30%. The composition of noo
methane hydrocarbons was abo-ut 45% alkenes (mostly C2 H.,), 25% alkanes 
(mainly C2 fit, and <;Ha), 13% aromatics (especially benzene and toluene), 
6% acetylene, and the rest various oxygenated compounds. In a number of 
field fires in the U.S., total hydrocarbon emissions varied between 1.4% and 
5.4% (7 to 27 g hydrocarbons per kg fuel) (McMahon, 1983). According to 
a compilation by the U.S. Environmental Protection Agency (EPA, 1972). 
methane production yields for various categories of fuels were as follows: 
municipal refuse 15. automobile components 15, horticultural refuse ]0. and 
wo()d 2 g ~ per kg fuel. Wood-burning fireplaces produce only 1.5 g hy
drocarbons per kg fuel (Muhlbaier, 1981). Fire tests perfonned with 'room 
furnisbings produced typically 5-10 g unsaturated and 5-15 g saturated hy
drocarbons per kg fuel (Jves et a!., 1972). By assigning the greatest weight 
to those measurements which were made in large· fires, emission factors of 
about 5-10 g. Cf4 and 5-15 g non methane hydrocarbons per kg fuel may 
tentatively be adopted. This would lead to the emission ofabaut 14 to 75 
million tonne C~ and 14 to 110 million tonne nonmetbane hydrocarbons, 
using the Crutzen et al. (1984) and NRC (1985) estimates of total fuel con
sumed. 

The addition of this amount of methane to the atmosphere is negligible 
compared to the total of 5000 million tonne that is normally present in the 
atmosphere (Khalil and Rasmussen, 1983). The emissions of nonmethane 
hydrocarbons wouJd, however, increase their atmospheric abundances by 
large factors. For instance, in the case of ethane (C2 Ht.). which is currently 
present in the atmosphere at the ppb level, the global increase could be a 
factor of 2. For other more reactive compounds, the increase could be much 
larger, in some cases by orders of magnitude~ 

These emission estimates do not include the potentially large releases of 
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hydrocarbons from explosions and fires in above ground fossil fuel deposits 
and natural gas distribution systems. It is also known that about 500/(.1 of 
spllled oil may volatilize within a few days (Jemelov and Linden. 1981). 
Such events may be rather common in a nuclear war, so that this volatiliza
tion could very well release on the order of 100 million tonne of reactive 
alkane hydrocarbons to the atmosphere. The effects of deliberate attacks 
on natural gas production Wells. leading to blowouts, could be even more 
serious (Crutzen and Birks, 1982). but will not be taken into account in the 
following analyses. 

6.2.4 Oxides of Nitrogen 

11 has been estimated that Hy2 molecules of NO are formed per mega
ton explosion yield (Foley and Ruderman, 1973; Johnston et ai, 1973). In a 
6000 Mt nuclear war (Chapter 2), this mechanism would produce 30 million 
tonne of NO. Large-sca1e savanna fires (Crutzen et al.. 1984) give NO-to
C~ molar emission rate ratios of about 2 x to ... 3, Laboratory experiments 
with various types of biofuels have given average molar ratios of 2.S x 1(,3 

(Clements and McMahon. 1980). Similar or somewhat smaller values were 
compiled by EPA (1972) for the open burning of municipal refuse. auto
mobile components, and horticultural refuse. Adopting an average NO", -to
C~ molar emission rate of 2 x 10--3 (2 g NO per kg fuel). the production 
of NO from fires would be about 5 to 14 million tonne. The total amount 
of NO produced in the fireballs and in the urban and industrial fires would. 
therefore. add up to about 35 to 45 million tonne. which is roughly equal 
to the worldwide. annual production of NO from automotive and indus
trial combustion processes. This emission may be an underestimate. because 
it does not take into account the potential production of NO in hot mass 
fires. 

6.%.5 Local Concentrations of Toxic Compounds 

Emissions. of CO, hydrocarbons. nitrogen oxides. and other primary emit
ted compounds. when distributed through large portions of the atmosphere. 
would not lead to concentrations that are lethal or hazardous to health. Of 
course, for survivors near local fire plumes, dangerous toxic levels may ex
ist. Hazardous levels of primary pollutants might also be reached if, as a 
consequence of the absorption of sunlight high in the atmosphere. strong 
temperature inversions were to develop over the continents, particularly in 
river valleys and lowland areas, while smoldering combustion is still taking 
place. As an example. assume that strong temperature inversions can limit 
the vertical mixing of smoldering fire effluents to the lowest 200 m of the 
atmosphere; that smoke from smoldering fires over an area 5 km across 
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mixes with background air flowing across the area at 5 m/s; and that the 
fires have a smoldering time of 3 days. an average fuel loading of about 10 
kg/m2 , and a smoke yield of 50 glkg fuel. In this case, the average smoke 
density in the air flowing out of the smoldering city beneath the inversion 
would be equal to about 10 mglm' more than the smoke density in air 
flowing into the city. Sucb a high smoke density would limit visibilities to 
about 100 m (Middleton, 1952). Of course. close to the ground in the air 
immediately leaving the smoldering urban centers. the visibility could be 
appreciably less. Assuming an emission rate of 100 g CO per kg fuel, the air 
flowing out of the city could contain about 20 ppmv of carbon monoxide 
more than the air flowing into the city. Such concentrations would be too 
low to cause aCute health effects. Treitman et at. (1980) estimate that much 
higher smoke densities of I glm:l are required to cause immediate respira~ 
tory distress: and about ten times higher concentrations of CO are required 
to cause acute health effects (Woolley and Fardell, 1982). On the other 
hand, the pollutant concentrations calculated using this extremely simplified 
model are high enough to warrant further consideration of this issue. For 
instance. the effects of multiple city smoldering in densely populated re~ 
gions was not considered. The duration of exposure to such pollutants could 
also be important. Furthermore, fuel loadings and emission yields of CO 
and smoke may be higher than assumed in these calculations. and the si~ 
multaneous presence of a variety of other toxins should also be considered. 
Inside or in the immediate surroundings of the burning areas low to the 
ground, CO concentrations could also be much higher than those estimated 
above. 

In many fire environments, CO is the most hazardous gas (TeniU et aI., 
1978). If this is true in the case considered, other gaseous compounds pro
duced by fires should generally constitute lesser health hazards on larger 
scales. but this has not yet been adequately studied. Besides CO, perhaps 
the most significant pyrotoxic gases are acrolein and hydrochloric acid (Ter
rill et aI., 1918; Treitman et aI., 1980; Woolley and Fardell, 1982). The 
same studies indicate much less concern for direct human health effecu 
from HCN (hydrogen cyanide) and No", depending on the conditions of 
exposure. 

The simultaheous occurrence of health problems due to heavy air pollu~ 
tion carinot. therefore, become a matter of concern on continental scales, 
However. regionalJyand locally, acute health effects could be much mote 
serious, especially in connection with the special meteorological Conditions 
that may de\lelop as a consequence of large scale nuclear war. Synergistic 
effects due to the presence of many gaseous and particulate air pollutants 
could also lower the thresholds for severe health effects considerably (lves 
et aI., 1972). Potential effects on plants are discussed in Volume 1l.lt is clear 
that more thorough analysis of potential effects is required. 
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6.2.6 Other Emissions and Effects 

If the HU-to-CO.2 emission ratio of about] %, measured by Treitman 
et al. (1980) in building fires, is extrapolated to global nuclear war condi
tions, the total emission of HCt: (hydrochloric acid) from the war itself could 
amount to about 30 million tonne. The release of about 1 % su1fur from fos· 
sit fuel burning-a level consistent with current statistics (Bolin and Cook, 
1983)-may lead to the production of about 14 million tonne of sulfur as 
H2S04 (sulfuric acid). Further, if aU oxides of nitrogen fTOm the nuclear
induced fires were converted to HNO:J (nitric acid), an injection of 5-14 
million tonne of nitrogen as HN~ would result. These acids are removed 
naturally by precipitation. After a nuelear war. if the removal of the added 
acids occurred over one month of normal rainfall. the pH of precipitation 
over the northern mid-latitudes could be lower than 4 (i.e., almost ten times 
or more acidic than present polluted rain. The possible formation of cold 
acid fogs in a thermally stable atmosphere and its effects on the biosphere 
might be another consequence of the outcome of a nuclear war to be con
sidered in future studies. 

Chemical releases from the targeting of industries may lead to local pollu· 
tion of the water, soil. and atmosphere (Turco et aI., 1983a,b; NRC, 1985). 
As an example, consider the case of chlorine storage. In the United King
dom, there are about 100 storage containers that can each hold between 20 
and 50 tonne of chlorine. These containers are lotated at water treatment 
plants, large power stations, and various industrial plants. In addition, there 
are approximately 10 larger installations where greater quantities of chlo
rine are stored. These facilities hold between 250 and 2000 tons per site in 
tanks holding up to 350 tons. Any release of this heavy gas into the environ
ment could create locally severe conditions. Chlorine container failures can. 
however, also trigger intense fires that could carry the chlorine to higher 
altitudes. thereby limiting toxic effects to the near vicinity of the accident 
(l.P.R Shaw. personal communication). Thus, evaluating potential effects 
is riot straightforward. 

The release of numerous organic chlorine compounds may likewise be of 
concern in and downwind of targeted cities. Turco et a1. (1983a,b) have re
ported the storage of more than 30 mimon tonne of PCBs (polychlorinated 
biphenyls) in electrical equipment in the U.S. Turco et a1. (1983a,b)and 
Crutzen et at. (1984) point to the possible production of chlorinated diox
ins and dibenzofurans from tbesltloldering combustion Of such chlorine
containing substances. These compounds. and many others that are com
mon in industry, are also persistent in the environment, and can be carcino
genic and mutagenic as well a510xic. Accordingly. long-term pollution effects 
need to be evaluated from the unprecedented chemical releases in a nuclear 
war. 
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6.2.7 Summary of Air Pollution Effects 

In conclusion, chemical releases from attaclcs on industries and cities could 
cause hazardous pollution levels on local and perhaps regional scales, espe
cially in low ventilation areas near smoldering fires. in water, soil and air 
affected by chemical spills, and in regions exposed to persistent toxins in 
the form of gases or combined with smoke. Most of the chemical releases 
would be likely to occur in or near densely populated areas. Obviously, a 
more detailed analysis of the release and effects of dangerous substances is 
needed. 

6.3 STRATOSPHERIC CHEMISTRY 

6.3.1 Impact of Fireball Nitrogen Oxides on Stratospheric Ozone 

A1though the current ambient integrated ozone column abundance varies 
substantially with latitude and season, assessments of the response of strato
spheric ozone to perturbations have usually been based on models in which 
altitude is the single spatial dimension (NRC. 1984). The complexity of 
stratospheric transport is, in this case, reduced to a specification of char
acteristic times for vertical diffusion as a function of altitude in a hemi
spheric average sense. The result is a model that approximates mid-latitude 
or globaJ average conditions based on the assumption that horizontal mixing 
is much more rapid than vertical mixing (I.e., that it is instantaneous) in the 
stratosphere. Recognizing this limitation. the one-dimensional models are 
useful for comparing the importance of chemical processes in the strato
sphere and for estimating the general magnitude of stratospheric response 
to various perturbations. An observed mid-latitude ozone profile (WMO, 
1982) and the altitude profile of ozone from a current model are shown 
in Figure 6.1. The nonuniform vertical distribution arises from the inter
action of chemical processes, which are driven chiefly by solar ultraviolet 
radiation, and transport, which is most significant in the lower stratosphere 
where the ultraviolet flux has been reduced by absorption at higher altitudes. 
In the ambient atmosphere, production of ozone by ultraviolet photolysis of 
molecular oxygen is balanced by several chemical recombination processes 
(NRC, 1984). The two reactions involving NO~ (NO + N02 ): 

NO + 03- NO::! + O::! 
NO::! + 0- NO + G.! , 

are the most important (in current one-dimensional models) (e.g., Crutzen, 
1970; NRC, 1984; Connell and Wuebbles. 1985). The remaining ozone de
struction is distributed among processes involving chlorine radical species, 



NlleleM and Posl·Nuclear Chemical PoliulIlnrs and Perturbations 223 

HQ, (= OH + HO:!) radical species. and, to a much Jesser extent, transport 
to the troposphere. 

Most of the ambient stratospheric No.. is produced by the reaction of 
excited atomic oxygen with N20. which is emined at the surface by various 
combustion processes and soil bacteria and transported into the stratosphere. 
The total abundance of No.. in the present stratosphere is O.>'1.5x 1011 
moles (compared to 7x1013 moles of O:J). In a cooling nuclear fireball, 
NO,," production results when the equilibrium dissociation reaction, N2 + 
O:! = 2NO, is rapidly quenched from high initial temperatures (~2000 K), 
such that a high non-equilibrium abundance of NO remains in the rising and 
expanding nuclear fireball. Theoretical estimates of the production of NO. 
in this environment have been discussed by Oi (more (1975) and by the NRC 
committees (NAS, 1975 and NRC. (985). Approximately 1 X 10'2 molecules 
of NO (about 5000 tonne) are produced per megaton of nuclear energy re
lease, with an uncertainty of perhaps a factor of 2. Hence, 400-900 Mt of 
nuclear explosions would double the existing stratospheric NOli' abundance. 
In 10000 Mt global nuclear war scenarios considered in the past (NAS, 1975; 
Turco et a!.. 1983b; Chang and Wuebbles, (983), with the majority of the 
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explosive energy in weapons with individual yields ;:: 0.5 Mt, stratospheric 
NO", would be increased by 15-20 times Over the natural background. The 
more recent scenarios, especially NRC (1985) ,and Crutzen and Birks (1982) 
indicate stratospheric NO'>l injections that are several times less. The 5000 
Mt baseline scenario of Turco et a1. (1983a), which included some of the 
larger weapons that still exist in the arsenals,resulted in an NO" injection 
between the high and low cases just mentioned. 

Because the various stratospheric chemical species interact with each other 
as we1l as with ozone, their net effect on ozone is not a simple sum of 
the effect of each specieS calculated independently. At each altitude, the 
overhead burden of ozone also affects the solar flux in the photolytically 
active ultraviolet region. Hence, the local change jn the ozone abundance 
depends on the altitude distribution of injeCted Net, and the resultant change 
in the ozone profile. 

The ozone dep1elion depends on the heights of injection of No", and 
therefore on the top and bottom altitudes of the stabilized nuclear clouds. 
These heights vary with the explosive yield, as discussed in Chapter 1. At 
middle latitudes, it is expected that weapons of about 0.4-0.5 Mt would 
loft substantial amounts of NO,.. above 17 km (Peterson, 1970; Foley and 
Ruderman, 1973; Glasstone·and Dolan, 1977; NRC, 1985). The troPQpause 
lies at about 11-13 km. and weapons as small as -100 kt would inject No" 
into tbe lower stratosphere. However, in the model, NO" injected below 
-17 km results in a small net production of ozone mainly as a byproduct of 
the oxidation of methane. The efficiency or this process increases with higher 
concentrations of NCk. Thus, the calculated perturbations of stratospheric 
ozone depend strongly on. the assumed nuclear detonation yields, but less 
directly on the total megatonnage. ihis is clearly demonstrated in the case 
of the Ambio baseline scenario (used by Crutzen and Birks. 1982) in which 
5740 Mt of low·yield weapons produced essentially no net change in the 
stratospheric ozone eplumn, although the vertical distribution of ozone was 
lnodified. 

Since tbe 1975 NAS report, as a result of improving knowledge of rel
evant labotatorychemical kinetics, the importance of NOr in calculating 
ozone depletion, and the crossover altitude between ozone production and 
ozone destruction, have varied. For massive injections of NO., high into the 
stratosphere (e.g., from 10000 Mt in weapons of greater than] Mt each), 
the calculated ozone change has not been sensitive to the changes in kinetics 
parameters over the last decade (NAS. 1975; Duewer et at, 1978; Crutzen 
and Birks, 1982; Turco et aI., 1983a.b; NRC, 1985). For smalIer injections, 
and especially for scenarios assuming individual weapon yields smaller than 
1 Mt. the calculated ozone depletion is more sensitive \0 chemical reaction 
rate coefficients whose measured values have varied with improvements in 
laboratory techniques. The simulations presented in this chapter were ob-
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tailled with atmospheric models using current estimates of chemical reaction 
rates. 

Even when an assumed scenario includes weapons of sufficient yield to 
penetrate the tropopause, the projected ozone depletion depends on the dis
tribution of injection heights. A number of major factors come into play. 
First, since the ozone-dissociating ultraviolet solar Hux intensity increases 
and air density decreases with altitude, the density of atomic oxygen-in 
steady state with respect to production by ozone photolysis and loss by 
combination with molecular oxygen-increases also. This increases the effi
ciency per NOr molecule of the ozone-destroying NO", chemical reactions 
by increasing the rate of the reaction of NCh with 0, while N~ photol
ysis (an ozone neutral reaction) is unaffected. Second, about two-thirds of 
the stratospheric ozone column lies below about 25 km. so that large rela
tive changes In the upper stratosphere can make a smaller contribution to 
the total change in the ozone column than smaller relative changes near 
the ozone maximum. Thirdly. methane oxidation reactions come into play 
that can increase ozone. FinaUy, if ozone is diminished above its concen
tration maximum at about 23 km. the subsequent increase in the ultraviOlet 
nux at lower altitudes increases the rate of molecular oxygen photolysis and 
ozone production. Dissociation of oxygen by solar ultraviolet produces oxy
gen atoms and subsequently ozone. so the increase in oxygen photolysis 
can partially compensate for the decrease in the upper stratospheric ozone 
column. 

Figure 6.2 shows the vertical distribution of NOz injection that would re
sult from three nuclear exchange scenarios. Since the distribution of injected 
No.. is calculated from the yields of the individual weapons, widely differ
ent distributions can result from different scenarios involving the same total 
megatonnage. (See Cltapter 2 for details of these scenarios.) The NRC 6500 
Mt and the Ambia 5740 Mt scenarios are based on estimates of near-term 
nuclear arsenals assuming continuing trends to smaller warheads (however, 
see Chapter 2). The potential effect of including higher yield weapons. some 
of which Tilay still be· present in the arsenals, is ill ustrated by the Knox (1983) 
scenario. which included several 20 Mt warheads that would loft NOz into 
the upper stratosphere. The NRC (1985) report also considered a case in 
which large yield weapons were assumed to be detonated over very "hard" 
targets. A1though most of the larger warheads have been or are expected to 
be retired in the near future, some may remain and others could be added 
in the future. 

While calculated ozone perturbations are very sensitive to the vertical dis
tribution of NOz injections. and therefore the assumed yields of individual 
weapons, smoke emissions are generally much less sensitive. Accordingly. 
calculated ozone changes may vary widely among scenarios estimated to 
produce roughly equivalent quantities of smoke. For the nuclear scenarios 
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Figure b.2. NO" input from fireballs 

described above, the predicted average hemispheric-scale ozone reductions 
are shown in Figure 6.3. The differences arise mainly from variations in 
the number of explosions with energy yields between 0.5 and 20 Mt (which 
deposit Nq" into the model stratosphere). The Knox (1983) scenario, which 
includes some high yield weapons, produces a maximum ozone column de
pletion of 44% after 6 months. The NRC 6500 Mt scenario excludes weapons 
larger than 1.5 Mt, but corresponds to a somewhat higher average injection 
height than the Ambia scenario, which contained many smaii weapons. The 
NRC scenario produced an ozone column decrease of about 17% and the 
Ambia scenario produced a 4% maximum decrease at a somewbat later 
time. The greater time delay in the Ambia case occurs becal,lse the injected 
NO", is slowly tranSported and mixed upward to the region where it can 
affect the ozone. In general, maximum ozone depletions (in an atmosphere 
unperturbed by smoke) are found to range up to perhaps 50% for scenarios 
of -5000 Mt including high yield weapons; the peak depletion is reached 
in 6 to 12 months, and a sustained depletion of 10% or more can persist 
for 3 to 6 years. On the other hand, with only low yield weapons, the peak 
ozone depletion may never reach even 10%. The 5000 Mt baseline model 
of Turco et aJ. (1983a,b) predicted peak ozone depletions of about 20-30%, 
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figure 6.3. TOlal column ozone change vs time computed with the one
dimensional model. of Connell and Wuebbles (1985) 

representing the impact of mixed high and low yield weapons. Izrael et 
at (1983) have also considered the effects of nuclear-generated NO.., on 
stratospheric 0:1. and estimated peak depletions of 30 to 50% consistent 
with the above discussion. 

Several factors that can lead to much larger ozone depletions have not 
been considered in these studies. including the likely induced changes in 
atmospheric dynamics and temperature, and possible reactions of O:J with 
injected aerosols. These will be discussed in more detail in the following 
section. Moreover. the instantaneous meridional and longitudinal spreading 
assumed in one-dimensional models very probably underestimates potential 
ozone reduction for the first few months in the northern mid-latitude zone, 
where the injected NO.., may tend to remain concentrated. 

In addition to the problem of long-term hemispheric-scale ozone deple
tion. there may also be deep, transient, short-term regional-scale depletions. 
These could result from detonation of many large weapons within a confined 
area. such as an lCBM field. leading to a local NO ... concentration hundreds 
of times greater than the ambient value. Before dispersive processes dilute 
the injected NO"'. ozone in the affected region of the atmosphere could 
essentially be completely removed. Luther (1983) projected Olone column 
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decreases of up to 70% after a few hours and persisting for several days-an 
"ozone hole" -assuming various numbers and sizes of weapons for areas 
characteristic of an attack by the U.S.S.R. on a U.S. ICBM field. These 
calculations ignored the effect of varying wind directions and velocities in 
different atmospheric layers (shear) that would tend to disperse the ozone 
hole as seen from the ground and also neglected the great mass of dust and 
water that would accompany the NO.. Accordingly. the derived ozone de
pletion is probably an overestimate of what might occur for a given affected 
location. 

The increases in ultraviolet radiation at the ground arising from reductions 
in total ozone depend on latitude and season (as well as on any absorption 
and scattering by intervening clouds of smoke. dust. and ice). The biolog~ 
ieal im pacts .of UV -8 radiation (- 280-320 n m) also depend on the action 
spectra (absorption times quantum yield) for various physiological responses 
to the radiation in individual organisms (NRC, 1984). For most organisms 
the responses are uncertain, although some effects on certain crops, insects 
and marine micro-organisms would be expected in light of recent laboratory 
studies (see Volume II and NRC, 1984). In humans, increased UV-8 accu
mulated over many years can lead to a number of disorders. including skin 
cancer (NRC, 1984). While probably not a major health factor itSelf in the 
aftermath of a major nuclear exchange. enhanced UV -8 radiation would be 
another factor degrading the post-war environmental state. 

Nachtwey and Runde) (1982) have discussed the calculation of changes in 
biologically active ultraviolet radiation given a particular percentage reduc'
tion in total ozone. Based on that discussion. UV-B increases can be esti
mated for the scenarios discussed earlier. For a 40 to 50% ozone decrease at 
30° N. a factor of five increase in biologically active, wavelength-integrated 
UV would result. At 30D with a 10% ozone decrease. biologically active UV 
would increase by about 25%. With all low yield weapons scenarios, a lower 
limit for the average change in surface UV-B radiation could essentially be 
zero (also see below). On the other hand. Luther (1983) calculated that a 
70% ozone reduction in ozone holes would increase the surface Oux of 300 
nm radiation by about a factor of twelve. Accordingly, ultraviolet radiation 
intensities could be enhanced in some regions at certain times, by up to an 
order of magnitude, and over several years, on average, by up to a factor of 
around twice the estimated percentage ozone depletion. 

6.3.2 Stratospheric Chemistry in an Atmosphere Perturbed by Smoke 

The injection of nitrogen oxides from rising nuclear fireballs is only one 
of the potential influences of a nuclear war on the chemistry of the strato
sphere, particularly on its ozone concentration. If nudear explosions take 
place near the surface, substantial amounts of soil dust (and possibly soil 
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carbon and water vapor) could be injected into the stratosphere (see Chapter 
3). Reactions with dust could lower ozone concentrations. Smoke and gases 
generated in fires ignited by the nuclear exchange, particularly from very in
tense city fires, could also be lofted to stratospheric altitudes (see Chaplers 
3 and 4). In addition to direct injections into the stratosphere, perturbations 
of atmospheric temperatures and circulation could loft subStantia).quantities 
of smoke and debris from the troposphere to the stratosphere (see Crutzen 
et aI., 1984, and Chapter 5) and could dynamically redistribute stratospheric 
ozone and other trace constituents. Other potential nuclear war induced 
perturbations include the introduction of additional compounds (e.g., soot, 
HU and H20) that affect chemical kinetics. changes in temperature that al
ter chemical reaction rates. and a lowering of the tropopause and changes in 
the dynamic collpling between the troposphere and stratosphere (via gravity 
and planetary waves) that determine stratospheric residence times. 

There are two fundamental problems to be dealt with in order to calculate 
these effects. First. a reasonable estimate must be deveJoped of what mate
rials may be injected, and how the atmosphere could be perturbed. Second, 
since changes in the ozone concentration would induce temperature changes 
that in tum could alter the atmospheric response, the capability must be de
veloped for interactively and simultaI1eously calculating the effects of all 
of these processes and perturbations as the atmosphere evolves following 
a nuclear conflict. Because neither of these problems: has been completely 
solved, it is only possible to speculate on some of the possibilities, In doing 
so, it is assumed here that thesI110ke injection is relatively huge and occurs 
in summer, thereby inducing a large perturbation to the atmospheric cir~ 
culation (see Chapter 5). The effects of a winter war would likely be less 
dramatic, but couldsti11 be significant. 

Smoke injected into the middle and upper troposphere could dramatically 
increase the normally slow vertical mixing in the stratospheric layers above 
the smoke and could lift the lower stratospheric air mass upward and towards 
the equator ahead of the warming smoke.The enhanced vertical mixing could 
bring ozone-destructive gases higher into the ozone layer than would other
wise occur, probably Jeading to deeper ozone reductions: The displacement 
of the ozone reservoir in the lower stratosphere to higher altitudes and to
ward the equator would also probably lead to further OZOili': depletions. 

The strong upward air mov.ertJ.ent induced in regions of the North
ern Hemisphere during the first weeks to months would be balanced 
by a large scale, stow downward motion in the Southern Hemisphere. 
which might well allow transport of stratospheric air having relatively 
high ozone concentrations to the surface (for example. under some cur~ 
rent situations ozone concentration levels can occur briefly as a result of 
thunderstorm-induced downdrafts or other intense vertic.a! mixing). Once 
the smoke spreads to the Southern Hemisphere, however, the Hadley 
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circulation may become less intense (based on current GeM results, see 
Chapter 5), the upper troposphere may be stabilized and deepen the strato
sphere, and stratospheric contributions to tropospheric ozone concentra
tionsmight decrease. The induced movement of air to the Southern Hemi
sphere may, however, also carry nitrogen oxides injected in the Northern 
Hemisphere; thereby leading to greater ozone reduction in equatorial and 
southern latitudes than would occur if the circulation were not perturbed. 
Although mixing of the NO", into the Southern Hemisphere might some
what reduce the ozone reduction ill the Nonhern Hemisphere, this enhanced 
horizontal spreading of the NO:" is likely to lead to a greater averag-e ozone 
red uction worldwide. Whether the surface flux of ultraviolet radiation would 
increase. however, would also depend on the concentrations of other radia
tive absorbers such as smoke partic1es. 

Solar heating of the smoke lofted into the stratosphere by induced circu~ 
lation changes could also produce substantial increases in stratospheric tem~ 
peratures, in some cases by 20 to 50°C Or more; depending on the season. 
Such temperature changes alone would cause substantial reductions in the 
ozone concentration. For example. when the NRC (1985) estimates of mid~ 
dIe latitude temperature changes following a nuclear exchange are assumed 
(which basically create an isothermal lower stratosphere at a temperature 
of about 240 K) the vertical ozone column is found to be reduced by 18% 
in the absence of any other effects; However, note the concurrent presence 
of smoke, which would block a fraction of the enhanced solar UV-B radia~ 
tion. On the other hand, the smoke would also lead to absorption of shaner 
wavelength UV radiation, which is active in producing ozone by molecular 
oxygen dissociation (Crutzen et ai., 1984). This may be another important 
factor leading to ozone depletion. Wanrting of the stratosphere and upper 
troposphere by smoke is also projected to extend the atmospheric residence 
time of stratospheric constituents (see Chapter 5), thereby extending the 
recovery process from months to perhaps a few years. 

In addition to absorbing UV radiation, ozone is an active constituent in 
determining the visible and infrared radiation balances of the atmosphere. 
Thus. changes in ozone can affect temperatures and: circulation patterns 
(NRC, 1985). Solar absorption by ozone in the middle and upper strato~ 
sphere, for example, may provide a stable temperature inversion at 35-4() 
km, preventing smoke particles from rising beyond this level (Malone et 
aI., 1985). Ozone infrared cooling of upper stratospheric air normally oon~ 
tributes to the wintenime descent of that air in polar regions; this sinking 
motion comprises one of the cleansing processes for the stratosphere. The 
infrared emission of smoke aerosols during the polar night may augment 
this cooling and thereby induce downward movement of the smoke to levels 
where it maybe more subject to removal by precipitation scavenging. 

Oxidation of smoke by ozone (and other reactive species. perhaps 
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especially OH) may provide an important long-term removal mechanism 
for injected smoke particles. Oxidation of the nonabsorbing hydrocarbons 
comprising smoke at ozone levels typical of the unperturbed stratosphere 
could be relatively rapid, although at the temperatures expected in the per
turbed stratosphere, and with depleted ozone, this possibility requires a more 
thorough review. The oxidation of light-absorbing graphitic soot should be 
even slower (R. Fristrom, private communication). At present. there is no 
quantitative evidence to suggest that the physical and optical properties of 
the injected smoke would be significantly altered over shon periods as a 
result of chemical attack, but such an effect cannot be discounted. 

This analysis of possible effects is certainly not complete and must be 
acknowledged as uncertain. It will require considerable research to answer 
the most important questions. Quite clearly, however. the changes in strato
spheric chemistry that have been proposed could have important global in
ftuences: at this time, the effects cannot be accurately quantified. It should be 
recognized. however. that previous calculations of ozone reductions based 
on a smoke free atmosphere (as described in Section 6.3.1) probably do not 
represent the conditions likely to prevail after a nuclear war. Larger, longer 
lasting and more widespread reductions in stratospheric ozone would now 
seem to be a possibility. 

6.4 TROPOSPHERlC EFFECTS 

The chemistry of the troposphere is qualitatively different from that of the 
stratosphere. Most gaseous species emitted at the Earth's surface are re
moved from the air in a relatively shon time by photochemical reactions 
and by a number of dry and wet physical scavenging and removal processes. 
The photOchemistry of the troposphere is driven by chemical radicals, of 
which OH is most genenilly reactive. Ozone is produced as a byproduct of 
hydrocarbon decomposition via chain reaction mechanisms involving peroxy 
radicals and NO. Species that are relatively inert chemically. such as N2 0. 
Ctt., HzO, COS and many fluorocarbons are transported upward through 
the tropopause in substantial quantities. 

Crutten and Birks (1982) and Birks and Staehelin (1985) have suggested a 
number of chemical changes that might occur in the troposphere as a result 
of nuclear war. Incorporating species emitted by fires into existing models 
of the atmosphere has been used to provide initial estimates of the expected 
perturbations. Major changes in atmospheric structure and climate caused 
by the smoke emissions could, of course alter c,urrent tropospheric processes 
and characteristics such as vertical mixing, temperature profile. and wet and 
dry deposition processes, and should eventually be factored into these stud
ies. In sucb a penurbed state, atmospheric processes currently important, 
and therefore reasonably treated by models, might lose importance, while 
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new processes not properly treated could be dominant. For example, the 
interaction of gaseous species with aerosols in a smoky atmosphere could 
control the overall composition of the troposphere, unlike present condi
tions (Birks and Staehelin, 1985). 

The photochemical oxidation of hydrocarbons released to the troposphere 
by fires, in the presence of sunlight and sufficient quantities of NO would 
lead to the production of ozone. Crutzen and Birks (1982) have shown that 
the oxidation of one molecule of CO can yield one molecule of ozone, while 
the yield from ethane can be as much as six ozone molecules. The produc
tion of NO from nUclear explosions and fires is projected to be so large that 
the NO concentration should not be a Umiting factor for ozone formation. 
The hydrocarbons and NQ, would also be mixed together in polluted air 
masses. By implication. the formation of a few hundred million tonne of 
tropospheric ozone from the oxidation of the hydrocarbon emissions dis
cussed earlier could occur within a week or so. The average ambient mixing 
ratio of surface ozOne is about 50ppbv and the total tropospheric ozone 
burden is roughly four hundred million tonne, Therefore, in principle, the 
potential exists for noticeable ozone enhancements over large regions of the 
northern mid-latitudes. However, such an outcome requires sunlight suffi
cient to drive the necessary photochemical processes. The light intensity. in 
turn, depends on the optical properties, distribution, and residence time of 
the smoke injected by the fires. If a substantial quantity of smoke is not 
promptly removed, it is likely that NO and N0:2 would be transformed by 
reactions not requiring sunlight and deposited on particles or on the surface 
as follows: 

NO+~- NCh +~ 

N0:2 + ~ - N<l) + 02 

N~ +N~ +M- N20s +M 

N10s + H20 (aq)- 2HNO:J 

HNOi -0 cloud droplets, aerosol 

aerosol- deposition 

Hence, photochemical ozone formation would be less likely to occur after 
the eventual removal of tbe smoke from the atmosphere. 

A multi~dimensional model including coupled treatments of dynamics, ra
diation, and homogeneous and heterogeneous chemistry would be necessary 
to properly investigate this problem. Without such a model, and lacking 
the detailed experimental information needed to construct it. the potential 
tropospheric effects can onty be sketched. An analysis of the problem has 
been carried out by Penner (1983), who concluded that large tropospheric 
ozone increases covering wide areas would be an un likely outcome of a nu
clear war. The surface ozone effects expected based on present calculations 
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would be negligible against the direct effects of nuclear warfare. except per
haps in localized areas where enough pollutants and sunlight were present 
to generate large ozone concentrations. 

Many naturaJ and anthTOpogenic gases are removed from the atmosphere 
by reactions with hydroxyl radicals (OH). formed by photochemical pro
cesses. With large amounts of smoke in the atmosphere. (he necessary sun
light to drive these reactions might not be available; the smoke itself could 
be a strong sink for hydroxyl radicals. Under these circumstances. there 
would likely be a buildup of undesirable gases that are now present in the 
atmosphere only at very low concentrations (Birks and Staehelin. 1985). No 
quantitative evaluation has, however. been presented and this problem may 
also turn out to be of secondary importance. For instance, the emission of 
H2S (hydrogen sulfide) over the continents is about equal to 50 million tonne 
S per year under normal conditions. If this much Hl S were spread over the 
Northern Hemisphere mid-latitudes (10]~ m2 ) and mixed through a depth of 
a few kilometers, there could be a build-up of H2S to about 10 ppbv over 
one month. assuming no removal. A1though this level is quite high com
pared to normal, it is still probably not high enough to cause major health 
problems compared to the direct effects of a nuclear war. 

6.5 SUMMARY 

The potential impacts of a nuclear war on atmospheric chemistry have been 
investigated for more!hjlll a decade. During this period, a better recognition 
of the effects that may be most important has developed, although we have 
no assurances that all of the crucial issues have been investigated. 

The potentially significant chemical consequences discussed in this chapter 
are summarized in Table 6.1. The impact of these changes on biological sys
tems is discussed in Volume n. In the absence of fires and smoke emissions, 
the reduction in stratospheric ozone and consequent increases in surface 
ultraviolet radiation would likely be the most important effect of nitrogen 
oxides generated by nuclear explosions. With smoke in the stratosphere, 
changes in circulation and temperatures, as well as interactions between soot 
particles. solar UV radiation, and ozone, could lead to strongly enhanced 
ozone destruction. In the presence of large quantities of smoke particles, the 
variety of gaseous chemical emissions could also result in climatic changes 
through alterations of stratospheric composition (such changes have not yet 
been considered in the model studies reported in Chapter 5). These effects 
could delay the recovery of the atmosphere Significantly. Further detailed 
analysis of these interactions is required. On the other hand, the formation 
of high ozone concentrations by photochemical reactions in the troposphere 
is not now considered to be an important problem. 

On local and regional scales, the most important potential chemical effects 
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TABLE 6.1. 
SUMMARY OF POTENTIALLY SIGNIFICANT ATMOSPHERIC 

CHEMISTRY EFFECTS 

Time period 
after 
explosions 

Hours to 
Days 

Days to 
Weeks 

Weeks 

Months 

Years 

Spalial coverage 

Close to fires 

In unventilated areas 
such as river vaJ
leys and other low 
areas near smolder
ing fires; high 
values require 
strong temperature 
in'Yersions 

In limited regions 
surrounding areas 
of many high 
Yield explosions 

Nonhern Hemisphere 
mid-latitudes 

Noithern Hemisphere 

Effect 

High levels of CO and pyrotoxins 
Local releases of ... arious hazardous 

pollutants from chemi(;al 
factories and storage facilities 

High particle and gas concentra-
tions: 

Particles: 0.01-0.1 glm3 

CO: 15-150 ppm'" 
HCl:.<::::: 1-10 ppmv 
Aldehydes: .<:::::0.1-1 ppm", 

Large inereao;es in UV-B radiation 
in "o;zone holes" if not 
shielded by smoke 

Pre<:ipitation acidities with 
pH on the order of 
4, assuming no change in 
other emissions 

Tropospheric ozone concentra
tions could increase at edges of 
smoke clouds, but urtlikely to be 
'Yery significant 

Several times incre'ase in 
UV-B in smoke-free parts of 
atmosphere due to reductions 
insu-alOspheric ozone by up to 
30% (or more as a result (If 
changes in dynamics and presence 
of smoke in stratosphere) 

Unresolved (see text) 
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would include: the build-up of pollutants from smoldering fires. particularly 
in poorly ventilated. cooled air masses trapped in valleys and lowlands; spins 
and dispersal of highly toxic industrial chemicals and pyrototoxins; and. 
possibly. in very limited regions and for only a few days, severe stratospheric 
ozone depletion. 

A nuclear war such as considered in this study could also lead to changes 
in atmospheric chemistry over months to decades after the initial releases 
of pollutants by the nuclear explosions and fires. Such alterations might be 
coupled to potential long-term changes in the biosphere that are described 
in Volume n. At the present level of knowledge, only a few of the possi
bilities deserving further study can be suggested. Although direct emissions 
of C~ from post-nuclear fires are roughly equivalent to only one year's 
emissions from current fossil fuel combustion (and are. therefore. climati
cally insignificant). the subsequent death of extensive plant communities. as 
suggested in Volume II, and release of CO:! through decay and fires could, 
over a number of years. raise COJ levels by a few tens of percent if not 
balanced by regrowth of vegetation. Similarly. alteration of land and marine 
ecosystems over large areas could modify the production and release of trace 
gases such as methane. could alter air-sea gaseous exchange rates. and could 
affect the hydrological cycle. Uncertainties related to these and other longer 
term perturbations remain to be addressed. 
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CHAPTER 7 

Radiological Dose Assessments 

7.1 INTRODUCTION 

Nuclear explosions create highly radioactive fission products; the emitted 
neutrons may a150 induce radioactivity in initially inert material near the 
explosion, In this chapter the potential doses associated with these radionu
clides are assessed. Our focus is on the consequences 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 is generally smaller than the ranges 
for blast and thermal effects (See Chapter I). 

In this assessment of the potential radiological dose from a major nuclear 
conflict, the contributions from "local" (first 24 hours) and more widely dis
tributed. or "global" fallout will be considered separately. Global fallout will 
be further subdivided into an intermediate time scale, sometimes called tro
pospheric. 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 depo
sition (Svirezhev, 1985; see also Volume 1I). 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 (see 
also Volume II, Chapter 3). 

The total amount of gamma-ray radioactivity dispersed in a nuclear ex
change 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 casualties, is very 
sensitive to assumptions about height of burst, winds, time of exposure, 
protection factor, and other variables. For global fallout, the dose commit
ments are sensitive to bow these fission products are injected into various 
regions of the atmosphere, which depends on individual warhead yield as 
well as burst location. The distribution of fallout in time and space from 
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the atmosphetic:weapons testing programs of the 1950s and early 1960s has 
been studied extensively as a basis for developing a methodology for treat
ing these many dependencies (see, for example, Glasstone and Do[an, 1977; 
UNSCEAR, 1982). 

Despite this dependence of potential radiological dose on the details of 
an exchange. a scenario-independent methodology is presented-if you will, 
"user's guides"-to allow interested researchers to estimate doses for the sce
narios of their choice. In this chapter, these methods are applied to scenarios 
typical of those that have been reported in the literature. For local fallout, 
aspects of the baseline scenario outlined in Chapter 2 are considered. For 
global fallout, both the 5300 megaton baseline scenario reported by Knox 
(1983). and the IT APS 5000 megaton reference nuclear war scenario (Turco 
et at. 1983a) are considered. 

Some previous assessments of radiological faJlout have relied on assump
tionsthat are no longer valid. For example, the 1975 study by the U.S. 
National Academy of Sciences (NAS, 1975) predicted global dose levels sig
nificantly lower than those reported here. The NAS study was devoted to 
the assessment of long range effects and specifically excluded local and short 
term effects derived from the deposition of radioactive fallout, even though 
they were acknowledged to be of significance. The total yield of the NAS 
scenario was 10,000 Mt consisting principally of weapons having a 1 or 5 Mt 
yield. This contrasts markedly with current scenarios that generally assume 
use of weapons having yields of 0,5 Mt or less. These lower yield weapons in
ject most of their radioactivity into the troposphere, where it is more rapidly 
deposited at the surface. Such injections can, therefore, deliver higher ra
diation doses than stratospheric injections. In the study by Shapiro (1974), 
lower doses were also found because its dose assessments were based on 
scaling from past atmospheric tests. Again, the mix of yield, burst locations, 
and meteorology in these tests were very different from preSent weapons 
arsenaJs and scenarios. -

Previous studies have not considered the potential effects on radiological 
estimates of the possible climatic perturbations described in Chapter 5. By 
considering the possible effects of perturbed conditions here, earlier assess
ments have therefore been extended. These efforts have only begun; thus, 
the present results must be viewed only as indicative of what may happen, 
given current understanding and relatively simple assumptions. 

7.2 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. 
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Fresh fission products are highly radioactive and most decay bysimul
taneous emission of electrons and gamma-rays. The most intense radiation 
occurs immediately after a nuclear explosion. Elements that are less ra
dioactive, however, linger for long periods of time. An approximate and 
conservative rule-of-thumb for the first six months following a weapon det
onation is that the gamma radiation will decay by an order-of-magnitude for 
every factor of seven in time (Glasstone and Dolan. 1977). Thus. if gamma 
activity at I-hour after detonation produces a radiation level of 1000 radJh. 
then at 7-hours the dose rale would be 100 rad/h. In two weeks it would be 
-] radlh. For the sake of comparison. a lethal whole-body radiation dose 
would be about 450 rads delivered within 48 hours Of 600 rads received over 
several weeks. The lethal dose level also depends on the presence of other 
trauma as well as'on the amount of medical attention available (Le., a lower 
dose could prove fatal if untreated). 

If the implausible assumption is made that al1 of the radioactivity in the 
fresh nuclear debris from a 1 Mt, all-fission weapon arrives on the ground 
I-hour after detonation and is uniformly spread over grassy ground such 
that it would just give a 48-hour unshielded lethal dose (i.e .. 450 rad) then 
approximately 50.000 km2 could be covered. Given such a "uniform depo
sition" model. it would require only about 100 such weapons to completely 
cover Europe with lethal radiation. In reality, because of a variety of physical 
processes, the actual areas affected are much smaller. Most of the radioac
tivity 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 near the detonation 
point where. extremely high radiation levels occur. When realistic deposi
tional processes are considered. the approximate area covered by a 48-hour 
unshielded lethal dose is about 1300 km2 , Le., nearly a factor of 40 smaller 
than the area predicted using the simplistic model above. This large factor 
is panially explained because only about one-half of the radioactivity from 
ground bursts is on fallout-Sized particles (OCP A, 1973). The other portion 
of the radioactivity is found on smaller particles that have very low settling 
velocities and therefore contribute to global faUout over longer times. Por
tions 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 falJout~ 

Calculating the physical processes governing the amount. time. and loca
tion of the depOSition of the radioactive partiCles is an exceedingly complex 
and difficult task requiring computer simulation. but it is extremely im
portant to do this properly because of the large variations that can occur 
(as indicated above). If less accurate information is sufficient. then semi
quantitative approaches which have been derived fn)m sophisticated models 
are available. These models are based largely on nuclear test observations. 
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A semi-quantitative model that has been widely used for impact analysis 
and planning purposes has been presented by Glasstone and Dolan (1977). 
Serni-quantitative models are useful where scenarios are neither too complex 
nor wind shears too different from those used to derive the model. How
ever, if solutions are needed that require consideration of complex wind 
systems, time-()f-arrival of radioactivity. or overJay of doses from many fall
out patterns, then more sophisticated models should be used. In this study, 
to facilitate analysis of yet undefined scenarios. a simple graphical method 
is presented that can be used to generate rough estimates of gamma radia
tion patterns from multiple nuclear weapon scenarios. Based on a complex 
computer simulation. this graphical model was chosen for its ease of usage. 
Time-()f-arrival of radioactivity has been accounted for in its development. 
Overlap from multiple bursts is considered in Section 7.2.3. 

7 • .2.1 Phenomenology 

Lofted radioactive fallout panicles that have radii exceeding 5 to 10 pm 
have sufficient fall velocities to contribute to local fallout. Most of these' 
local fallout particles can be seen by the unaided eye. Particles can be as 
large as several millimeters in radius. These paticles bave settling velocities 
that range from a few centimeters per second to many tens of meters per 
second. They are lofted by the rising nuclear debris cloud and aTe 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 larger the debris 
cloud, the faster its radius gro-ws since the Tate of eddy mixing increases 
as the size of the cloud increases (for a discussion of scale.dependent eddy 
rnixingsee Walton, 1973). The arrival of radioactivity ala 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 con
tributors to local fallouteffet.ts from strategic- nuclear war (Glasstone and 
Dolan, 1977). However, the inclusion of rain out processes would proba
bly not significantly affect the answers to generic questions pertaining to 
large-scale nuclear war phenomena (for example. "What percent of West
er!" Europe would suffer lethal levels of gamma radiaiion from local fall
out in a large-scale nuclear exchange?"), especially if a substantial por
tion of the weapons are surface-butst. This is particularly true fOT strate
gic weapon yields of greater than 30 kt, because the radioactivity on the 
small particles most affected by rainout rises above a11 but the largest con
vectiverain cells. Thus lethal doses from rainout should occur only from 
large convective rain cells. and this should occur only over relatively small 
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areas (i.e .. beneath moving convective cells). However, for any given ra
dioactive air parcel, the overall probability of rainout the first day from 
a convective cell is quite low for yields greater than 30 k1. Rainout may 
also occur over large areas associated with frontal systems, but in the case 
of strategic yields. the radioactivity on small particles must diffuse down
ward from levels that are often above the top of the precipitation system 
in order ~o produce rainout. Asa result. radiological doses from debris 
in precipitation would be substantially lower than early-time doses associ
ated with local fallout. In either case (frontal or convective rainout), for a 
large-scale multi-burst exchange. the size of the expected lethal-dose rain
out 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. first order rainout areas can be ignored 
in calculating the radiological hazard from a large-scale nuclear war sce
nario. However, for lower yield (s30 kt) tactical war scenarios, or at spe
cific locations, rainoutcould lead to important and dominant radiological 
effects. 

Fallout of radionuclides from commercial nuclear reactors has been sug
gested as a potentially significant contributor to local fallout doses. Calcula
tions indicate that fallout from a reactor and nearby stored nuclear waste fa
cilities can exceed fallout from a single nuclear explosion, if the reactor core 
can be fragmented and its stored nuclear waste is lofted in the same manner 
as occurs for weapon radioactivity. However, in a large scale nuclear ex
change, if the most dangerous early time impact (that is. gamma radiation de
posited by local fallout) is considered, then, in the critical time period during 
the first week after detonation, the gamma radiation from the reactors \11m 
contribute a relatively small pomon of the gamma radiation generated by 
the weapons used in the attack, even if all the radioactivity from all reactors 
is lofted. In the Jonger term (i.e., one year or longer). the reactors' radioac
tivity has the potential to be more important than the weapons' radioactivity. 
However, the dose rates would be orders of magnitude lower than during the 
first 48 hours from weapons radiation. (See Appendix 7A for further discus
sion of the potential radiological dose from an attack on nuclear fuel cycle 
facilities). 

7.2.2 Single-Weapon Fallout Model 

To calculate the time of arrival of radioactivity at a location with rea
sonable accuracy, all significant processes must be taken into considera
tion. Once the duration and amount of radioactivity arriving at a partic
ular point have been calculated. the dose is obtained by an integration over 
time, taking into account the decay of the radionuclides. For tbis work the 
KDFOC2 computer model (Harvey and Serduke. 1979) was used to catcu-
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late fallout fields for single bursts. which in turn were used to develop a 
semi-quantitative moclel for preparing rough estimates of fallout areas for 
typical strategic weapons. A wind profile (including shear) characteristic of 
mid-continental Northern Hemisphere summer conditions was selected from 
observations and baseline fa1l0ut calculations were performed for several ex
plosion yields assuming all-iission weapons. (A procedure is given below to 
scale from all-fission to various fusion-fission weapon configurations.) As an 
example of the results. a one-megaton fallout pattern is shown in Figure 
7.1. Figure 7.2 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. For ex
ample, numbers of people or hectares of land can more easily be determined 
from estimates of area covered than of downwind extent. These areas cor
respond to 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 leading to Fig. 7.1. 

50km 

Figure 7.1. 48-Itour dose predictions for a I-M! all-fission weapon detonated at the 
surface. A mid-continental Northern Hemisphere summer wind profile was used. 
The double-lobed pattern is due to a strong directional wind shear that is rypical 
during this season. For a j-Mt weapon. the lofting of radioacthit)' is so high that 
topographic features are not expected to playa large role in panern development; 
thus. a flat surface has heen used. The protection factor is 1. The local terrain is 
assumed to be a rolling grassy plain 
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Figure 7.2. 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 thaI 
used in the calculation to produce Figure 7.1. These curves include an instrument 
shieldi ng factor of 25% (G lasstone and Dolan. 1977). Duses wit h i n the area defined 
would exceed the minimum dose 

To convert from areas for the 48-hour curves shown in Figure 7.2 to 
areas for minimum doses over longer times. an "area multiplication factor", 
AMF, is given in Figure 7.3. For example, if the 2-week, 300-rad area is 
needed, first the 48-hour, 300-rad area is found from Figure 7.2, then the 
appropriate AMF is read from Figure 7.3. The 2-week, 30G-rad area is the 
product of the 300-rad, 48-hour area and the 2-week. 300-rad AMF. For 
example. a I-Mt, all fission weapon, has a 2-week. 300-rad area of 

- 2000 km2 x 130= 2600 km2
• 

There are two scaling laws that allow weapons design and various shel
tering 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 yie1d 
P - total yield 
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Figure 7.3. Area multiplication factors t-o extend the dose integration time from 
48 hours to longer times. These factors must be used in conjunction with the areas 
given in Figure7.2 

To find it 48~hour minimum dose-area for a particular fisSion fraction 
using Figures 7.2 and 7.3, the dose of interest. D, should be multiplied by 
1/ p before reading the val ues of the .area and the area multiplication factor. 
For example. to obtain the 450 rad. 48-hour dose area for a 50% tjssion 
weapon, the area for the scaled dose of 900 Tad would be obtained from 
Figure 7.2. For a l~Mt, 50% 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 radioactivity becomes a significant 
factor. For such cases, careful consideration of surrounding materials may 
be necessary to produce accurate faUout estimates. 

The second scaling law accounts for "protection factors" (K) against ioniz
ing radiation that would be provided by sheltering. The 48-hour minimum 
dose areas given in Figure 7.2 are appropriate for a person or other or
ganism located on a rolling grassy plain. ]n other configurations, radiation 
exposure varies according to how much shielding is obtained while remain
ing 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 
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buildings and other structures. Basements can provide K's of 10 to 20. Spe
cially constructed she1ters can provide K's 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 7.2 should 
be used. For example. for those in an undamaged basement with K == 10 
for the first 48 .. hours. Figure 7.2 indicates that the 450 or more rad effective 
dose area from a I -Mt. aU-fission weapon is about 130 knr. This is obtained 
by using a scaled dose of 4500 rads. For comparison, the 45().rad minimum 
dose area is about 1300 km2 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 (~l month) include weathering (runoff and soil 
penetration), cleanup measures, relocation. and the ability of the body to 
repair itself when dose is spread over time or occurs 8t lower rates. These 
consideratons can be taken into account with existing computer models, but 
are nOl treated here. Seve~1 factors that could enhance the effects of fallout 
are mentioned below. 

7.2.3 Dose EstImation From MultipJe Explosions 

In a major nuclear exchange. there could be thousands of nuclear war
heads detonated. For such an exchange, realistic wind panerns and targeting 
scenarios could cause individual weapon fallout patterns to overlap in com
plicated ways that are difficult to predict and calculale. Even though acute 
doses are additive, a single dose pattern calculated for a weapon cannot be 
used directly to sum up doses in a multi-weapon scenario, except under 
limited conditic;ms.. For example. if the wind speed and direction are not 
approximately the same for the detonation of each weapon, thC!n different 
patterns should be used. Thus, only under limited conditions maya single 
dose pattern be moved around a dose accumulation grid to sum total doses 
from many weapons. 

The number of possible frulout scenarios far exceeds the number of tar
geting scenarios. This is because, for each targeting scenario that exists, 
the possible meteorological situations are numerous, complex, and varying. 
Probabilistic analysis, however, may be used to obtain probability distribu
tion functions which could be analyzed to answer questions of planning and 
impact analysis. 

Two relatively simple multi-burst models can be developed for use in 
conjunction with the seroi-quantitative model presented here. These cases 
can provide rough estimates of fallout areas from multiple weapons scenar
ios; 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 
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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-Qverlap(TO) case is examined; 
this approximation would arise when targets are densely packed and the 
same size warhead is used against each. A Jarge number of warheads used 
against, say. a hardened missile field site would be more closely modeled 
by the TO model than the NO model. Possible incoming warhead fratricide 
should also be considered in developing any credible scenario for closely 
packed targets. 

As an example of the use of the NO and TO approximations. a case 
with 100 l-Mt. 50% fission, surface-detonated explosions is considered and 
estimates are developed for the 45O-rad. 48-hour dose areas for both cases. 
For the NO case the falloutarea can be obtaJned by determining the area for 
a single }-Mt weapon (900-rad scaled dose from Figure 7.2) and multiplying 
by 100. This gives 7.2 x Iii km2 for the 4So-rad. 48-hour dose contour. For 
the TO model. the area is obtained for a single I-Mt weapon. 9-rad staled 
dose from Figure 7.2. One hundred of these, laid on top of ea'ch other, would 
give 450 rads for 50% fission weapons. The area in this case is 3.3 x 10' km2 . 

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 ar· 
eas 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 predic
tion that explicitly takes overlap into account (Harvey, 1982). In this study, 
a scenario was developed for a severe case of fallout in a countervalue at
tack on the U.S, where population centers were targeted with surface bursts. 
Figure 7.4 shows the contours of a 500-rad minimum I-week dose where 
overlap was considered. The 500-rad area 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% 
of the U.S. is covered with 500-rad contours. including nearly 100% of the 
northeast, approximately 50% of the area east of the Mississippi, 10% of 
the area west of the Mississippi. and only a small percentage of the area in 
the Great Plains. 

Results of this scenario, 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 
7,4 could be significantly different if military targets (e.g. , ICB,M silos) were 
included as well. Although the NO and TO cases prE!$ented in this chapter 
are sim pie to apply, they must be used only to develop rough estimates of to
tal area coverage within regions with relatively uniformly dispersed targets, 
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When the density of targets of one area is as large as in the northeastern U.S. 
and another is as dispersed as in the western U.S., 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 so
phistication decreases. 

Figure 7,4. A fallout as.~<;)llent that explicitly takes fallout pattern o"erlap into 
account. Shown are 500'-rad. 1-week minimum isodose contours. This scenario was 
intended to emphasize population dose. Approximately WOO population centers in 
the U.s. were targeted. each with a l~Mt. SO%-fission weapon. The aSliumed winds 
were westerly with small vertical shear and were nearly constant over the continent 
(taken from HaTve)'. 1982) 

7.2.4 Sample Calculation of Multiple--Weapon Fallout 

To illustrate the fallout prediction method presented here, an escalat
ing nuclear exchange scenario, which is consistent with that developed in 
Chapter 2, 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 U.S.S.R (west of the Urals), east
ern U.S.S.R, western U.S. (west of 96~ west longitude), and eastern U.S. 
The four phases of attack are: initial counterforce, extended counterfon:e. 
industrial countervalue, and a final phase of mixed military and counter
value targeting. The weapon yields and the number of warheads that are 
employed for just the surface bursts during each phase are shown in Ta~ 
ble 7.1. Airbursts are omitted since they do not produce appreciable local 
fallout. 
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TABLE 7.1. 
SURFACE-BURST WARHEADS IN A PHASED NUCLEAR EXCHANGE_ 

ALL WEAPONS ARE ASSUMED TO HAVE A 50% FISSION YIELD 

Number of warhead!; 

Initial Extended 1 nd \lstria I 
counter- counter- COunter- Full 

Weapon force force value Final baseline 
yield (MI) phase phase phase phase exchange 

0.05 0 300 0 250 550 
0.1 975 150 50 8 1183 
0.2 0 250 50 121 421 
0.3 500 250 0 125 875 
0.5 1000 2110 (j 25 1225 
1.() 250 495 160 125 1030 
5.0 fI 50 15 8 73 

Total surface-
burst yield -1000 -1000 -250 -250 -2500 

In the first phase. land-based ICBM's are the primary targets. These are 
assumed to be located in the western U.S. and the U.S.S.R. at sites containing 
125 to 275 missiles. The geographiCal distribution of missile silos in the 
U_S.S.R. is assumed to be fifty percent east and fifty percent west of the 
Urals. Each missile silo is attacked with a surface-burst and an air-burst 
weapon. For a given site, the TO model is used to calculate the faUout 
pattern. An u.s. ICBM sites are attacked with 0.5 Mt weapons. Each of five 
U.S. ICBM complexes are presumed to have 20a missile silos, while each 
of 6 U.S.S.R. complexes are presumed to have between 125 and 275 misslle 
silos. with a tota] of 1300. The Soviet sites are attacked with ], 0.3, and 0.1 
Mt weapons. During this phase, each side employs a total of about 1000 Mt. 
BeSides the attack: on Soviet miSsile silos, 425 a.l-Mt weapons are assumed 
to be surface-burst against other Soviet military targets, with approximately 
28 Mt west of the Uratsand 14 Mt to the east. The 425 fallout patterns from 
these weapons have been modeled with the NO model. 

1n the second pbaseof the attack, there are an additional 1000 Mt of 
surface-burst weapons employed. These are employed against each region 
with 20, 40, and 40% of the weapons being used against targets in Eu
rope. the U.S. and the U.S.S.R., respectively. Here, Europe includes both 
the NATO and Warsaw Pact countries. To roughly account for population 
distribution. the weapons emplOyed against the U.S. are divided up as two
thirds in the eastern U.S. and one-third in the western U.S.; for Soviet targets 
it is assumed that two-thirds are detonated west and one-third east of the 
Urals. 
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TABLE 7.2. 
PERCl.NT OF LAND MASS COVERED BY A MINIMUM 450 RAD, 

4S.HOUR DOSE 

Initial Extended Industria] 
counler- counler- counler- FuU 

force force value Final baseline 
phase phase phase phase exchange 

Europe 0 2.9 0.6 0.8 4.3 
Eastern 

U.S.S.R. 0.5 0.5 0.1 0.2 1.3 
Weslern 

U.S.S.R. 1.6 2.3 0.7 1.7 6.3 
Easlern U.S. 0 4.7 LO 1.4 7.t 
Western U.S. 4.4 2.3 0.7 6.6 8.0 

For a1l the weapons employed in the second. third and fourth phases. the 
faUout 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 in 
Table 7.2. No shielding bas been assumed in calculating these percentages. 
Similar areas were found for 600 rad over two weeks. 

Care must be taken in interpreting these results. To begin with. there is 
an uncertainty factor of seveta1 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 
U.S.S.R. 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 7.2 for 
Europe would be expected to decrease since some of the area credited to Eu
rope would actually be in the Soviet sector. Similarly, the percentage of the 
western U.S. is probably overestimated, assuming typical wind conditions. 
For the eastern U.S., the area covered would be increased by radioactiv
ity originating in the central U.S. 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 assess
ments. 

• Shielding is probably the most sensitive parameter in reducing the effec
tive dose to a population. This effect has been ignored in these calcula
tions. Protective measures could substantially reduce the human impact 
of fallout . 

• ChOOSing a scenario that exacerbates local fallout (e.g., surface bursting 
of cities) could increase letha] areas by factors of several. 
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• Large differences in doses could arise because of irregularities in fallout 
patterns in the local fallout zones that could range over orders of magni
tude. Relocation could substantially reduce a population's dose. 

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

• 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% of the baseline calculation. 

• Tactical weapons, ignOred in the baseline scenariO, could increase leihal 
local fanout areas in certain geographical regions; particularly within Eu
rope, by about 20% of the baseline calculations. 

• Internal radiation exposure could increase the average total doses to hu
mans by about 20% 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 
(see- Appendix 7A). 

7.] GLOBAL FALLOUT 

Global fallout consists of the radioactivity carried by fine particulate mat
ter and gaseous compo1Jnds that are Jofted into the atmosphere by nu
clear explosions. One may distinguish two components to global fallout
intermediate time scale and long~term. Intermediate time scale fallout con
sists of material that is initially injected into the troposphere and is removed 
principaUy by precipitation within the first month. The fractional contribu
tion 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 mix
ing and the fine particulate matter has negligible fall velocities. the primary 
deposition mechanism involves transport of the radioactivity to the tropo
sphere through seasonal changes in stratospheric circulation. Once within 
the troposphere. these particles would normally be removed within a month 
by precipitation scavenging. 

7.].1 Methodology 

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 at, 1984), an empirical code 



Radiological Dose AssessmenlS 251 

that was designed to match measurements from atmospheric testing bas 
been used. The model contains two tropospheric and six stratospheric injec
tion compartments. By following unique tracer material from severalatmo~ 
sphene nuclear tests in the late 19505. 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 compart
ments and the interhemispheric exchange rate in the stratosphere. Radioac
tive materiaJ that is placed initiaJly into the troposphere is also handled by 
the GLODEP2 model (Edwards et aI., 1984). From this information, sur
face deposition tables were prepared. The GLODEP2 model has never been 
tested against atmosphericnucJear tests in middle latitudes sinee no exten
sive 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 jn the Northern Hemi
sphere Sub-polar latitude ca1culations since the stratospheric fallQut there 
would deposit much the same as the global fallout from the polM bursts 
used to generaie the polar deposition tables in the model. 

In this section, a simple table, based on GLODEP2 calculations- is pre~ 
pared that enables readers to obtain dose estimates for their own scenarios. 
Table 7.3 presents the 50-yearexternaJ gamma-ray dose commitment, in 
radS, for single nuclear explosions of 0.1 to 20 Mt yield. An bursts are as
sumed to occur at the surface, and to be all fission. For an airburst (where 
the fireball does not toucbthe ground). the tabular values must be doubled 
since about twice as much radioac.tivity is available for global fallout for an 
airburst as compared to a surface burst Recall that about half the radioactiv
ity dispersed in a surface burst is deposited within 24 hours as local fallout. 
Two burst latitudes. 40 c N and 55°N, were selected as median latitudes for 
strikes against the U.S., Europe, and the U.S.S;R., respectively. 

Table 7.3 should be used only (a) for surface bursts or (b) for airbursts 
whose height is below 3 km but above the heigllt where the firebaJl touches 
the surface. The height of an airburst may be defined by the relation 
R ~870yo.4, where Y is the totaJ yield of the explosion in megatons and 
H is in meters (Glasstone and Dolan, 1977). 

As an example of how Table 7.3 can be used, average dose estimates are 
derived at 30-50" N latitude for an arbitrary, illustrative, simplified nuclear 
exchange during the Northern Hemisphere Winter season. Table 7.4 presents 
the results of this example. The doses per weapon in column 7 were obtained 
from Table 7.3, interpolating between yield columns where necessary. 

Using the Table 7.3 on this illustrative scenario gives a total 30-50° N 
dose of 8.8 rads, while the computer version of GLODEP2 gives 8.1 rads. 
The small difference is due principally to interpolation between total yield 
categories and the fact that tabular values are given to only one significant 



TABLE 7.3. 
GLOBAL EXTERNAL GAMMA-RAY DOSE (IN RADS) FROM A SINGLE NUCLEAR WEAPON EXPLODED AT THE 

SURFACE AS CALCULATED BY GLODEP:!. DOSES ARE DUE TO THE RADIOACTIVITY DEPOSITED AT THE 
SURFACE AND ARE INTEGRATED OVER 50 YEARS, ASSUMING NO WEATHERING. ALL WEAPONS 

ARE ASSUMED TO BE 100% FISSION. FOR AIRBURSTS MULTIPLY TABULAR VALUE BY TWO 

NORTHERN HEMISPHERE WINTER 

Bursts at - 4ft' N Bursts at - 55" N 
Latitude TOlal Yield (M!) 'focal Yield (Mt) 

0.1 0.3 1 3 10 :!O 0.1 0.3 3- 10 20 

70-90N 4x 10-5 2>< W--4 1 X 10-3 2>< 1(J3 4>< IO-J I-tx JO- l 2x 10- 3 4x 10-3 1 X 10-3 2x 10-3 4x 10- 3 8x lO-3 
S0-70N 1 X 10-3 3>< 10-3 4x 10- 3 8x 10-.1 2x 1O- l 3 X IIJ_! 5x 10- 3 t X 10- 2 4 X 10- 3 8x 1O- l 2x 10-1 3x 1O- l 

3{)-SON 4x 10-] 9x la- l 6 x la- 3 1 x 10- 2 2>< 10-2 4x lIr~ 2x 10- 3 4 X 10- 3 5x 10- 3 1 X 10-2 2x 10-2 4x 10-2 

10-30N 8>< 1O-~ 2X 10-3 2 X 10-' 3 x iO- l oX 10- 1 1 X w-2 5 X 10- 5 3 ><lO-~ 2x 1O-~ 3x 10-3 6x 10-3 1 x 10-- 2 

lOS-ION 1>< 10-5 5x 10-5 3x la-4 5 x 10-· 6X 1O-~ 1 X lIJ- 3 o.x 10-1> 4x 1{)-5 3x 1O-~ Sx 10-· 6x 1O-~ 1 X 10- 3 

to-3OS 3x 10-" 2x IO~5 2x 10-· 4x lO-4 1 >(}0-3 3x 10- 3 3xta-f> 2xlO- 5 2x 10-~ 4x 10-' 1 x 10- 3 3x 10-3 

30-505 3x 1O-~ 2x 10-5 1 x 10-· 8x 10-4 4x 10-3 8x 10-3 3x 10-1> 2x1O"'5 1 x 1O-~ 8x Hr' 4x 10---,3 8x 10- 3 

SO-70S 1 x lo- b 8x 10-6 6x 10-5 5 X }(J4 3XJ(J3 o.XlO- 3 I X 10-" 8x 10-6 6xlO- 5 5X 10--'4 3x 10-3 6X 10- 3 

70-905 7X 10- 8 4 X lW7 3x Itr" 1 >< 10-4 7xlO- 4 1 X 10-3 7 X 10-8 4XI0-7 3xIO- b Ix 10-4 7x 10- 4 }x 10- 3 

NORTHERN HEMISPHERE SUMMER 

70-90N 3 x,: lO- s 1 x 10-· 5x 10-4 1 X 10-] 3X 10- 3 6x IO-J 1 X 10-3 3x 10-3 7x 10-4 1 X 10-3 3x 10-3 6x 10-3 

SU-70N 1 x 10-'\ 3x 10- 3 3x 10- 3 6X 10- 3 2xt0-2 3x 10-2 4 X 10- 3 9x 10-3 3x 10-3 6X 10-3 2x 10-2 3X 10- 2 

30-S0N 3x 1O~.1 7 X 10-3 4x 10-3 1 X 10- 2 2xlO-z 5x 1.0-2 ] X 10- 3 3x 10-3 4x 10-1 1 X 10-2 2x 10- 2 5x 10-2-
to-30N 6x 10- 4 t X 10- 3 1 X l(J-l 3x 10- 3 7 X 10- 3 I X 10-2 4x 1O-~ 2x 1O-~ 1 X 10-3 3x 10- 3 7x 10- 3 1 X 10-2 

lOS-ION 7 x lO-n 3 x 10-- 5 2 X 10- 4 3x 10- 4 5x 10-4 9x W- 4 3x 10-6 2x lO-S 2x 10-4 3x 10-' 5X 10- 4 9x 10-4 

10-305 2x 10-" 1 x lO-s 1 X 10-4 3)nO-~ 1 x 10-3 2x 10-3 2x 10-11 I X 10-5 I X 10-4 3x IO-~ 1 X 10-3 2x 10-3 

30-50S 2x 1O- b 1 X 10-5 9x 10-5 7>< 1O-~ 4X 10-1 7x 10- 3 2x 1O- to } x 10-5 9x 10-5 7xlO- 4 4>< 10- 3 7><10-:' 
50-70S 9x 10-7 6X 10-1> 4x 10-5 oX 10- 4 3x 10-1 7X 10-3 9x 10-7 6X 10-" 4xI0- 5 6><10-' 3>< 10- 3 7X 10-3 

7()-90S ] x 10- 7 7 X W- 7 6x 10-(' 2>< 1O-~ 1 X 10-3 2x 10-3 1 X 10-7 7X 10-7 6X 10-6 2x 10-' 1 X 10-3 2x 10- 3 
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figure. This close comparison suggests that increasing the number of yield 
columns the number of significant figures in the body of the table is not 
warranted. 

TABLE 7.4. 
DOSES (IN RADS) AT 3O-50"N FOR AN ILLUSTRATIVE NUCLEAR 

WAR SCENARIO 

Doses 
Total Bun1 Burst from 

No. of Yield fission height heighl Butst Table 7.3 
weapons (MI) fraction (m) facto"- latitude (rads) 

1000 1.0 05 1500 2 4C1'N 6 x 10-.1 

55 20,0 0.5 0 I 4(fN 4 x IO-~ 

135 1.5 0,5 0 1 5SON 7 x 10-.1 

52 9.0 0.5 2500 2 SSON 2 x JO- 1 

Total 

a Faclor = I for ~uTface bursts. 2 for airbutslS. 
I> Taul d05C i:; the product of coJumoli 1,3. S and 7. 

7.3.2 Global Dose in an Unperturbed Atmosphere Using Specific 
Scenarios 

Total 
dose" 
(rads) 

b.O 
1.1 
(J,7 
1.0 

8.8 rads 

A variety of scenario studies have been performed using GLOOEP2 
(Knox, 1983; Edwards et at., 1984) Dose calculations for scenarios (A) 
and (8), which are described in Table 7.5, are presented in detail in Ta
ble 7.6. The atmospheric compartments in Table 7.5 refer to those used in 
the GLODEP2 model. The Ambio reference nuclear war containing 5700 
Mt and 14,700 warheads has not been considered here. Its preponderance of 
low-yield warheads would produce even higher dose estimates than scenarios 
(A) or (B). 

As indicated in the illustrative example. dose assessment is sensitive to 
yield, and so a somewhat larger dose is expected from (8) than from (A) 
because of its lower average yield per warhead. From a comparison of 
GLODEP2 results for the (A) and (B) scenarios for a Northern Hemisphere 
winter injection (Table 7.6, columns At and BI ), it is seen that tbe Northern 
Hemisphere averages for CA) 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 30-500 N latitude band, where scenarios (A) 
and (8) yield 33 and 42 rads, respectively. All the doses reponed here for 
global fallout are integrated external gamma-ray exposure over SO years and 
assume no sheltering, no weathering, and a smooth plane surface. 
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TABLE 7.s. 
NUCLEAR WAR SCENARIO 

Scenario A 
Knoll (1983) 5300 Mt 
baseline nuclear w~r 

Total 
;yield/warhead 

(Mt) 

20.0 
9.0 

1.0-2.0 
0.9 
0.75 
0.55 

0,3-0.4 
0.1-0.2 
<0.1 

Total fission 
;yield injected 

(Mt) 

305 
235 
355 
675 

15 
220 
115 
110 

1 

Scenario B 
IT APS (Turco et aI., 1 9S3a) 5UOn Mt 

reference nuclear war 

Total 
;yield/warhead 

(Mf) 

10.0 
5.0 
1.0 
1.0 
1.0 
0.5 
0.5 
0.3 
0.3 
0.2 
0.2 
0.1 
0.1 

7 
5 
7 
7 
1 

Total fission 
yield injected 

(Mt) 

125 
125 
213 
319 

5 
187 
125 
113 

5 
o 
5 
5 
2 

Mt of fission products injected into atmosphere 

Polar troposphere 
Lower polar stratosphere 
Upper polar stratosphere 
High polar atmosphere 

TOTAL 

Fraction of ;yield in surface bursts 
Fission fraction 
Total number of explosions 

Scenario A 
226 

1234 
571 

o 

2031 

0.47 
0.5 
6235 

Scenario B 
369 
898 
226 

25 

1520 

0.57 
0.5 

10400 

For scenario (A), 55% Of the dose emanates from the tropospheric injec
tions. The corresponding value for (B) is 75%. This emphasizes the sensi
tivity 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. Tropo
spheric 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 
doSe 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. 



Radiological Dose Assessmenrs 255 

TABLE 7.6. 
GLOBAL FALLOUT DOSE ASSESSMENTS (RADS) FOR AN 

UNPERTURBED ATMOSPHERE WITH NO SMOKE 

A = 5300 Mt ba~eline nuclear war (Knox, 1(83) 
B = 5000 Mt reference nuclear war (Turco et aI., 1983a) 

Latitude band AI BI Az Hz A3 BJ 

7()....90N 4.5 3.7 2.9 2.5 7.8 8.1 
S0-70N 27.3 28.8 21.7 22.7 21.3 24.6 
3()....50N 32.11 4L7 27.4 33.7 22.3 23.9 
10-30N 6.9 8.3 5.6 6.6 7.6 7.2 
lO5---WN 0.8 0.6 0.5 0.3 1.3 1.0 
10-30S n.b 0.4 0.4. 02 0.6 0.4 
30-5 OS 0.8 0.4. 0.6 0.4 0.7 0.4 
50-70S 0.5 0.3 0.5 0.3 0.5 0.3 
70-90S 0.1 0.0 0.2 0.1 02 0.1 

Area averaged-N.H. 16.2 19.1 13.1 15~2 12.8 13.7 
Area averaged-S.H. 0.6 0.4 0.5 0.3 0.7 0.4. 
Area averaged-Global 8.4 9.8 6.8 7.8 6.8 7.1 
Global population dose 

(X lOin) person-rads 6.7 8.2 5.5 6.6 5.3 5.5 

AI = Winter injettion using GLODEP2 
Bl = Winter injettion USing GLODEP2 
Az = Summer injection using GLODEPI 
B2 = Summer injection using GLODEPl 
A3 = Summer lnjection using GRANTOUR with str3t(lSpheric contribl,llwn:; from 

GLODEPl 
83 = Summer injection using GRANTOUR with stratospheric contributiorts from 

GLODEPl 

Table 7.6 inc1udes calculated values for the global population dose. This 
quantity is calculated by multiplying the dose in each 200 wide latitude band 
by the population of that latitude band, and then summing over al1latitudes. 
For a given scenario. this number is one measure of the potential global 
biological impact. The global population dose as calculated by GLODEP2 
for (A) and (B) are 7 and 8X 1010 person-rads, respectively. Essentially all 
of this dose occurs in the Northern Hemisphere because 90% of the world's 
population and higher doses prevail there. 

Figure 7.5 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, fonowed by a gradual rise to the SO-year 
value. 



256 Physical and Atmospheric Effects 

80C:C=~~~~=+=+~3~~~~ 
~----------------10rads------------~ 

~ 60 
~ ... 
';' 40 
~ 30----4 
£ 20r--------------10~ds--------________ ~ 

g O~==============~~3====~ o 1-
m 
o ... 
.c 
:; -40 
o 
'" o 
m 0.3-----4 

-80 ~e.::::r::::t:::::::±::~_L..Ll--.L~___.l1 
o 10 20 

Time in yeats 

Figure 7.5. Global fallout: accumulated whole body gamma dose (rads) from 6235 
explosions tata'ling. 2031 Mt of fission products (scenario A). An 8 day tropospheric 
deposition decay constant, characteristic of a winter injection. is assumed 

A. comparison of the GLODEP2 results for the IT APS sCenario (6) and 
Turco et al. (1983a) results (using an entirely different methodology) reveals 
that GLODEP2·dosesare 19 rads for the Northern Hemisphere average and 
42 rads for the 30-50" N latitude band, while Turco et al. 's estimates give 
corresponding doses of 20 rads and about 40 to 60 rads. 

Other studies that have been undertaken using GLODEP2and the 5300 
Mt scenario (A) have led to the conclusions: 

Winter vs SUmmer Injection: GLODEP2 contains an exponential tropo
spheric deposition model with a variable time constant T that depends on 
the season. Values used fOT'f are 8.2 days for the Northern Hemisphere 
Winter and 18.2 days for summeL For the 30-50" N latitude band, com
parison of two runs for Scenario (A) yie1ds 27 rads for summer injections 
compared to 33 rads. for winter injections. The corresponding figures for the 
global population dose are about 6 X 1010 personprads (s.ummer) and 7 x 1010 
person~rads (winter). The population averaged dose per person is 12 rads 
(summer) and 15 rads (winter). 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 com~ 
parison to winter. while the upper stratospheric contribution is increased. 
These results indicate that the predicted differences between summer and 
winter are not large, the dose commitments ate not very sensitive to T. and 
that other sources of uncertainty would predominate. 
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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. This shift in average yield has been going on for about the past two 
decades as targeting accuracy improved, although the trend appears to have 
halted (see Chapter 2). Table 7.7 presents results comparing the S300 Mt 
baseline scenario with two variations. In scenario (Aa). the number of devices 
in the baseline scenario (A) is increased from 62J5 to 13250 while the total 
yield is held at S300 Mt. In scenario (Ab). smaller yields have been used. 
but the number of devices is constant at 6235 (the total yield consequently 
is reduced by 25% from 5300 to 4000 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 case (Ab). the dose remains about the same even 
with a 25% drop in the total yield. 

TABLE 7.7. 
GLOBAL FALLOUT: SENSITIVITY OF DOSE TO WARHEAD YIELD. 

THE SAME FlSSION FRACTION AND GROUND BURST FRACTION AS 
ASSUMED AS IN SCENARJO A 

Glohal Global 
BVg. pop. 

Total Number Avg. Yteld 30°-SOo N dose per dose (1010 

yield of per dose person person-
Scenario (Mt) explosions warhead (rads) (rads) rads) 

A 5300 6235 0.85 33 15 6.7 
Aa 5300 13250 0.40 64 21 12.5 
Ab 4000 6235 0.64 33 14 6.5 

7.3.3 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 (see Chapter 
5). Over land in the Northern Hemisphere, the presence of smoke and soot 
would probably result in Jess precipitation and a lowering of the tropopause; 
these changes could decrease the intermediate time scale (tropospheric) fall
out 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 acceler
ated interhemispheric transport. resulting in doses there that are likely to 
be increased over those calculated for an unperturbed atmosphere. 
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Both the GLODEP2 and the Turco et at (1983a) models assumed fission 
product depositions frama normal atmosphere in calculating global fallout. 
Preliminary studies have been conducted with radionuclides ina 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 da·ta 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, locaIly diffused in the borizontal and 
vel1ical, moved vertically by convective fluxes and the re-evaporation of 
precipitation, and removed by precipitation scavenging and dry deposWon. 
Information. in the farm of mixing ratios of curies per kg of air, is Carried by 
Lagrangian parcels that move with the prescribed winds. It is assumed that 
the fission products are in the form of particulate material in two size ranges. 
greater than and less than one micrometer in diameter. The significa,nce 
of the two size ranges lies in the assumption that the large particles are 
scavenged by precipitation with greater efficiency than the small ones. Thus, 
the surface dose will depend upon the assumed division of the radioactivity 
between the two size ranges. Coagulation from small to large particles is not 
treated in the verSion of the model used here. All meteorological information 
is SpeCified on a fixed spatial grid and is interpolated to the parcel locations. 
In turn, when mixing ratios are needed on the fixed grid. they are obtained 
from weighted averages of the parcel values. The removal processes cause 
material to be accumulated on the ground and this information is saved in 
a history file that can be used for post-processing. -The radioactive decay 
of the fission products is not calculated in GRANTOUR, but rather in a 
post-processor. Knowing the time of injection and the am(wnt and time 
of arrival at a grid point, it is possible to compute the dose for any time 
interval. 

Studies focused on comparisons of radiation dose aSseSSments with smoke 
in the atmosphere (interactive atmosphere) and without smoke (noninterac
live); other relevant parameters were also explored, including consideration 
of particle size distribution, source location, different initial meteorology, 
and averaging doses over land areas only. AU of the GRANTOUR simula
tions reported here are for the Northern Hemisphere summer season and use 
five radioactivity and smoke source locations of equal strength. The location$ 
include two in the U.S., two in the U.S.S.R.. and one in western Europe. 
This division of sources is similar to that assumed. in our earlier discussion 
on local fal1011t. Sources were initia11y injected with a Gaussian distributiOn 
whOse amplitude was 10% of the maximum at a radius of lY along a great 
circle. The total amount of smoke injected was 150 teragrams (equivalent 
to the urban smoke contributions used by Turco et al. (1983a) and NRC 
(1985». MacCracken and Wahon (1984) describe the induced climatic per-
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turbations (also see Chapter 5). The vertical distribution of the radioactivity 
injections were distributed, as was the smoke. with the same vertical distribu
tion as the source term injections calculated using the GLODEP2 injection 
algorithm. Most of the calculations assumed the radionuclidcs were attached 
to particles of two diameter sizes; (> 1 pm and < I pm). with an initial distri
bution of 43% of the radioactivity attached to the larger particles and 57% 
to the smaller particles. Deposition was followed for 30 days in most calcu
lations, A single 60 day run indicated that 30 days is sufficient to account 
for 90% of the deposition. Results are compared for a SO year unsheltered. 
unweathered. external gamma-ray dose. 

GRANTOUR treats only the troposphere and splits it into three vertica1 
layers extending from 800-1000, 4~OO and 200-400 mbar. In a normal 
atmosphere. these layers reach up to 2,0, 7.1 and n.8 km. In the com
parisons. GLODEP2 was used to estimate the dose contributions from the 
stratospheric injections, which were added to the doses calculated by GRAN
TOUR assuming altered climatic conditions. The results for GRANTOUR's 
] 0° x 10° (latitude-longitude) grid size were then suitably averaged to obtain 
results for the nine 20° wide latitude bands in order to facilitate compari
son with GLODEP2. Average doses were also calculated for only the land 
masses, 

Scenarios A and B were used in the ca1culations. Columns AJ and Bz in Ta
ble 7.6 display a comparison of the predictions of GLODEP2 for these two 
scenarios, Column A) and I3j 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%) between the GLODEP2 only and GRANTOURIGLODEP2 
methodologies for an unperturbed atmosphere (cases 1 and 3). providing 
some confidence that the results of GLODEP2 and GRANTOUR can be 
combined for simulations with a perturbed atmosphere, although the initia1 
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 7,8 compares calculations for a perturbed atmosphere (interactive 
smoke) with estimates for normal July conditions. These results are also 
shown in Figures 7,6 and 7,7. aud indicate that the perturbed atmosphere 
lowers the average dose in the Northern Hemisphere by about 15%. Because 
the principal mechanism for radionuclide removal from the tropo$phere is 
precipitation, the GRANTOUR ca1culations are roughly consistent with the 
thesis that precipitation is inhibited when large amounts of smoke are intro
duced, The transfer of fission product radioDuclides to the Southern Hemi
sphere is somewhat enhanced by the perturtJed climate. resulting in higber 
doses than for the unperturbed case. The increases in Southern Hemisphere 
dose. however. are not large. and the resulting doses are sti1l about a factor 
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TABLE 7.8. 
GLOBAL FALLOUT DOSE USING THE THREE-DIMENSIONAL 
GRANTOUR MODEL (SUMMER SCENARIO) COMPARISON OJ" 

PERTURBED ATMOSPHERE (SMOKE) AND UNPERTURBED ATMOSPHERE 
(NO SMOKE) EXTERNAL GAMMA-RAY DOSES ARE IN MDS. BECAUSE 
GRANTOURONLY CALCULATES 11IE TROPOSPHERIC CONTRIBUTION. 

THE DOSES HERE INCLUDE THE CONTRIBUTIONS FROM THE 
STRATOSPHERE AS CAl.CULATED BY GLODEP2 

A3 A... B3 
Latitude band (no smoke) (smoke) (no smoke) 

'~70N 7.8 6.4 8.2 
7Q-50N 21.3 17.2 24.6 
S0-30N 22.3 20.1 23.9 
30-1 ON 7.6 7.5 7.2 

lON-lOS 1.3 1,6 LO 
10-305 0.6 0.8 0.4 
30-50S 0.1 0,8 0.4 
50-70S 0,5 0.5 0.3 
70-905 0.2 0.2 0.1 

Area averaged-N.H. 12.8 11.5 13.7 
Area averaged-S.H. 0.7 0.8 0.4 
Area averaged-Global 6,8 6.1 7.1 
Population 

average-G lobal U.s 10.7 12.0 
Global population doSe 

(x 1010) person-rad." 5.3 4.9 5.5 

A3 = 5300 Mt (Knox. 1983). unperturbed atmosphere Ino smoke) 
~ = 5300 Mt (Kl'IQ)(. J983), petturbeCI atmOsphere (smoke) 
8 3 = 5000 Mt (Turco et at. 1983.1). unperturbed aunoophere (no smoke) 
Ri = 5CXKI Ml (Turco el .II.. 19H3a), penurbed atmosphere (smoke) 

1L. 
(smoke) 

5.8 
18.0 
20.4 

7.'2 
1.4 
O.b 
0.5 
0.3 
n.] 

11.5 
0.6 
6.1 

10.7 

4,9 

of 20 lower than in the Northern Hemisphere. This is because the in
creased transfer to the Southern Hemisphere is mitigated by the decay 
in activity during the time before the radionuclides are deposited on the 
ground. 

Preliminary ConClusions from other parameter studies include: 
Land area averages: For each GRANTOUR calculation reported above, 

dose calculations were repeated, averaging only over the land areas. Since the 
source locations are centered over land masses, one would expect land aver~ 
age values to be higher than average values that include both land and ocean 
areas. Averaging doses over only the Northern Hemisphere land areas in
creased the calculated tropospheric dose by about 30% above the combined 
average for land and oceans in all of the cases presented. Considering the 
total dose. including the contribution from the stratosphere, the percentage 
increase was smaller, ranging from 10 to 20%. 
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Figure 7.0. Comparison of radionuclide global dose distribution for cases with 
unperturbed and smoke-perturbed dimates (tropospheric contributions only) 

HolSpolS: Figures 7.6 and 7.7 reveal longitudinal, as well as latitudinal. 
details that are not apparent in the averages of Table 7.8. Scenario B is 
illustrated bere 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 
7.8 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 
val ue for a grid square (- 5 x 1 (}'i km2 ) is about a factor of 6 to 8 higher 
than the Northern Hemisphere average dose. There will also be loca1 areas 
much smaller than the 10° x 10° grid size where the peak doses would be 
considerably higher. 

Particle size. By changing the initial assumed distribution of radioactivity 
on large and small particles from 43 and 57% to 70 and 30%, respectively. 
the average dose in the Northern Hemisphere increases about 25%. This is 
due to more rapid deposition of the larger particles. 
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Figure 7.7. Same as Figure 7.b. but a different viewing angle 

Source locations. By shifting the source about 5" on a great circle, zonal 
changes in dose of 10-20% are observed, but the hemispheric averages do 
not change significantly. The zoTial changes are primarily due to the source 
strength shifts, but variations in local weather on the first day of the OSU 
meteorological input to GRANTOUR also playa role. 

Initial weather conditions. By starting on day 10 of the Oregon State Uni
versity July climate (rather than day I), dose estimates for the northern mid
latitude bands change significantly (about 30%), but the Northern Hemi
spheric average is unchanged. This indicates that initial weather conditions 
may produce significant variations in local dose, but that these may average 
out over hemispheric areas. 

As GRANTOUR treats only the trOpOSphere and GLODEP2 has been 
used for the stratospberic contributions (which assumes an unperturbed 
stratosphere), additional calculations using a computer model that incJudes 
the perturbed stratosphere should be undertaken. 
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1.4 INTERNAL DOSE DUE TO INHALATION 
AND THE FOOD CHAIN 
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One serious problem following a large~scale nuclear exchange is radioactive 
contamination of drinking water. Those cities that are damaged would un
doubtedly lose their water system due to power loss and ruptured supply 
pipes. Suburban residents within the local fallout pattern would encounter 
heavily contaminated water suppJies and would have to rely on stored water. 
Surface water supplies wouJd be directly contaminated by fission products. 

During the first few months in areas extending several hundred kilometers 
downwind of an explosion, the dust. smoke. and radioactivity could cause se
vere water poJiution in surface waters. The dominant fission product during 
th is time would be 131) (iodine~ 131 ). Beyond a few months, the dominant fis~ 
sion product in solution would be ~Sr (strontium~90) (Naidu, 1984). Many 
of the fission products would remain fixed in fallout dust, river and lake sed~ 
iments and soils. In rural areas, intermediate and long-term fallout would 
pollute water supplies to a lesser extent than the city and suburban supplies. 
In the absence of additional contamination from runoff, lakes, reservoirs and 
rivers would gradually become less contaminated as water flowed through 
the system. 

Initially groundwater supplies would remain unpolluted but they may be 
difficult to tap. EventuaJly, however. some groundwater could become con~ 
taminated. and remain so for some tens of years after a nuclear war. It 
would take hundreds or thousands of years for an aquifier to become pure 
(or nearly so) (van der Heijde. J985). Doses from drinking this water would 
be small, but. nonetheless. possibly above current water quality standards. In 
the long term, 90Sr and mCs (cesium-I37) would be the major radionuclides 
affecting fresh water supplies. 

The GLODEP2 fractional deposition rates have been used to calculate 
wSr surface concentrations. The results are given in Table 7.9 for the North~ 
ern Hemisphere winter and summer seasons. The values are based on the 
Knox (1983) 5300 Mt baseline scenario A. and are expressed in mCilknr 
for a 6-year period over 20Q latitude bands. The maximum de~sjtion oc~ 
curs between 30-70Q N. The concurrent deposition values for 1 7CS can be 
obtained by multiplying the 'IOSr values by 1.6. These values assume an un
perturbed atmosphere. As stated earlier, introducing smoke and SOOt into 
the troposphere and stratosphere would probably slightly reduce Northern 
Hemisphere values andsligbtly increase 90Sr deposition in the Southern 
Hemisphere. . 

Significant doses to individual human organs can also arise from specific 
radionuclides via food pathways. Such doses are caused by consumption 
of radioactively contaminated milk, meat, fish, vegetables. grains, and other 
foods. For a normal atmosphere, various researchers (lCRP30, 197~ Kocher. 
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TABLE 7.9. 
AVERAGE ACCUMULATED STRONTIUM-90 DEPOSrnON 

(MCI/KM~) AFfER SIX Yl-.ARS AS A FUNCTION OF LATITUDE 

latitude band 

Season 711-90N 50-70N 3 0--5 ON I 0--30N HJS.-ION 10-305 30-5OS 50-70S 70-905 

Winter 271 
Summer 226 

937 
946 

862 
978 

234 
237 

3l} 
26 

25 
}9 

47 
39 

26 
30 

3 
10 

1979; Ng, 1977; Lee and Strope, 1974) have provided means to calculate 
organ doses for a number of radionllclides and food pathways. However, in 
a post-nuclear war atmosphere perturbed by large quantities of smoke. the 
results of the above studies may not be vaHd since the dose in radsiCi from 
soil to animal feed to humans are highly variable geographically and depend 
upon the degree of perturbation of weather and ecosystems. 

However, the internal total body dose (the sum of the dose to each organ 
weighted by the risk factor due to consumption of various foods) has been 
very roughly estimated by 1. RotbJat (private communication)to be about 
20% of the external dose from local fanout. about equivalent for interme
diate time scale fallout. and somewhat greater than the external dose from 
long-term fanout. These estimates are very uncertain. Further consideration 
of the pathways of fission products into the food chain is given in Volume II. 

7.5 SUMMARY 

Methods for estimating doses from radionucHdes have beeD studied for more 
than thirty years. During this period. a better recognition of the effects tbat 
may be most important has developed, although there are no assurances that 
all of the crucial issues have been investigated. 

For radionuclides, the most important shorHetm consequence is the 
downwind fallout during the first few days of relatively large radioactive 
particles lofted by surface explosions. The deposition of fresh radioactive 
material in natural and induced precipitation events could also contribute 
to enhanced surface dose rates over very limited areas (hotspots) both Dear 
to and far away from detonation sites. For both local fallout and distant 
hotspots. dose rates can be high enough to induce major short- and long
term biological and ecological consequences (see Volume II). 

Calculations of local fallout fields were performed using the KDFOC2 
model and an escalating nuclear exchange scenario (described in Chapter 2). 
In this illustrative example where simple assumptions are made about the 
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overlap of fallout plumes. these estimates indicate that about 7% of the land 
surface in the U.S., Europe,and the U.S.S.R. would be covered by lethal ex
ternal gamma-ray doses exceeding 450 rads in 48~hrs, assuming a protection 
factor of ] (i.e., no protective aCtion is taken). A similar area estimate is ob
tailied for lethal doses exceeding 600 rads in 2-weeks. More realistic overlap 
calculations would suggest that these areas could be greater (by a factor of 3 
in one specific case}. For those survivors protected from radiation by struc
tures, these areas would be considerably reduced. Areas of sub-lethal debil
itating exposure (;2::200 rads in 48 hrs) would, however. be larger. A good 
approximation is that these areas are in versely proportional to the 48 hr dose. 
In local fallout fields of limited area, the dose from beta rays could be high 
enough to significantly affect surviving biota, Variations in fallout patterns 
in the local fallout zones could range over orders of magnitude. If large pop
ulations could be mobilized to move from highly radioactive zones or take 
substantial protective measures, the human impact of fallout could be greatly 
reduced. 

The uncertainties in these calculations of local fallout could be several 
factors. In addition. using different scenarios (e.g., all surface bursting or 
little surface bursting of weapons) could modify the calculated lethal areas 
by several factors. There are a number of other factors that could change 
these local fallout assessments. 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 about 20% of the ba,seline cal
culation. Tactical weapons. ignored in the baseline scenario. could ind'ease 
lethal local fallout areas iii certain geographical regions, particularly within 
western Europe, by up to 20% of the baseline scenario. Internal radiation 
exposure could increase the average total doses to humans by up to 20% of 
the external dose. Targeting Of nuclear fuel cycle facilities could contribute 
to radiation doses (see Appendix 7 A), 

For global fallout, different computer models and scenarios have been 
intercompared. The calculations predict that the 50 year unshe:ltered, un
weathered average external total body gamma-ray dose levels in the North
ern Hemisphere would be about 10 to 20 rads, and about 0.5 to 1 fad in 
the Southern Hemisphere, The peak doses of 20 to 60 rads appear in the 
30° to 50g north latitude band. Values predicted for the global population 
dose using the assumptions made in this study are typically about 6 x 1010 

person-rads. The doses in the maxima grid points using a 10">< 1 ('f latitude 
and longitude mesh size, are a factor of 6 to 8 bigher than the Northern 
Hemisphere averages. Fifty to seventy five percent of the global fallout dose 
would be due to the tropospheric injection of radionuclides that are de
posited in the first month. These results were obtained assuming a normal 
(unperturbed) atmosphere, and have an estimated confidence level of a fac
tor of 2 for a given scenario. The most sensitive parameter that affects global 
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fallout levels is the scenario (e.g. total yield, yield mix. surface or airburst, 
burst locations). 

Additional calculations involving a perturbed atmosphere indicate that 
the above dose assessments would be about 15% lower in the Northern 
Hemisphere, and marginally higher (approximately 1 rad) in the South
ern Hemisphere compared to predictions for the unperturbed atmosphere. 
These results are consistent with the projection that smoke injections can in
crease vertical stability, inhibit precipitation. and increase interhemispheric 
transport. 

Estimates of dose contributions from food pathways are much more ten
uous. Rotblat (private communication) has roughly estimated that internal 
doses would be about 200'k of the external dose from local fallout, about 
equivalent for intermediate fallout. and somewhat greater than the external 
dose from long-term global fallout. 



APPENDIX 7A 

Radioactivity from 
Nuclear Fuel Cycle Facilities 

Three potential effects of radioactivity from nuclear fuel cycle facilities 
are considered in this report, although there is considerable controversy over 
the subject of the possible targeting with nuclear warheads of nuclear fuel 
cycle facilities. There is general agreement that enormous reservoirs of long
lived radionuclides exist in reactor cores, spent fuel rods. fuel reprocessing 
plants and radioactive waste storage facilities. Disagreement arises when the 
feasibility and extent of such a targeting strategy are considered. Even if one 
adopts the view that "what if" questions must be considered, there is still 
disagreement over the quantitative treatment of the potential dispersal of 
the radioactivity contained in these sources. In the present treatment, some 
of the assumptions regarding radioactivity release are considered highly im
probable by a number of researchers. The results, therefore, should not 
be separated from the assumptions and large uncertainties associated with 
them. 

7A.l INTRODUCTION 

A gigawatt nuclear power plant may be a valuable industria1 target in a 
nuclear war. If a targeting rationale is proposed that the largest possible 
amount of Gross National Product be destroyed in an attack on a nation's 
industry (one measure of the worth of a target to a nation). then large 
(-1000 MW(e) nuclear power plants could become priority targets for 
relatively small (s125 kt) strategic weapons (Chester and Chester, 1976). 
In the u.s. there are about 100 such targets, and worldwide about 300. There 
are also military reactors and weapons facilities that could be targeted. Since 
these facilities may be targeted, reactor-generated radioactivity should be 
considered as part of the potential post-attack radiological problem. 

Whether the radioactivity contained in a reactor vessel can be dispersed 
in a manner similar to a weapon's radioactivity is debatable. Nuclear reactor 
cores are typically surrounded by a meter-thick reinforced concrete building 
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that has about a 1 em thick inner steel lining. many heavy steel structural 
elements inside the containment building. and an approximately IO em thick 
reactor vessel. Inside the reactor vessel are fuel rods and cladding capable 
of withstanding high temperatures and pressures. For the core radioactivity 
to be dispersed in the same way as the weapons radioactivity, all of these 
barriers must be breached. The core itself must be at least fragmented and 
possibly vaporized, and then entrained into the rising nudear doud column 
along with possibly hundreds of kilotons of frag:mented and vaporized dirt 
and other materials from the crater and nearby structures, including the 
thick concrete slab that supports the reactor building. Under certain condi
tions of damage. there is a pOssibility of a reactor core meltdown resulting 
in the release of some Of the more volatile radionudides to the local envi
ronment. If this were to occur, however. the area of contamination would be 
relatively small compared to the contamination by a reactor core if it were 
to be pulverized and lofted by a nuclear explosion. 

Some believe that if the reactor is within the weapon's crater radius that 
the core could potentially contribute to gJo~1 and local faUout. Others be
lieve that it cannot be fragmented and lofted in a manner similar to the 
weapon's residual radioactivity. Considering potential future terminal guid
ance technology, it is likely that the contairiment building would be within 
both a weapon's crater and fireball radius, lIthe containment structure were 
targeted with a surface-burst weapon. 

Even if these barriers were secure, the primary contributor to the long
term dose at a nuclear power plant would not be the core. The most haz
ardous radioactivity, when assessing long-term effects (2: 1 yr after attack),. 
is that held in the spent-fuel ponds, j'f the reactor has been operating at 
full power for a few years. Since the spent-fuel st(lrage usually has no con
tainment building nor reactor vessel to be breached. it is much more vul
nerable to being lofted by a nuclear weapon than the core materials. Unless 
spent-fuel is located at sufficient distance from a reactor, it could potentially 
become part of the local fallout problem. 

Other nuclear fuel cycle radioactivity may also be Significant. Reprocessing 
plants. although not as immediately important economically as power plants 
contain a great deal of radioactivity that could significantly contribute to 
the long-term doses. Also, military reactors developing fissUe material and 
their reprocessing plants might be important wartime targets. They also 
hold significant amounts of radioactivity in their waste ponds and reactor 
cores. 

Military ships fueled by nuclear power could be prime targets as welt. 
Ships' reactors typically produce less power ( ..... 60-250 MW(t») than com
mercial reactors (Ambio Advisors, 1982). They COUld, however, have sub~ 
stantially radioactive cores, depending on the megawatt-hours of service a 
shipboard reactor has produced since refueling. A large nuclear powered 
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ship with more than one reactor, designed for years of service without refu~ 
eling, can have nearly as much long~lived radioactivity (e.g .. IIOSr) on board 
as an operating commercial reactor (Rickover. 1980). Such shipboard reac
IOrs may also be more vulnerable to vaporization than commercial reaCtors. 

Figure 7A 1 shows the gamma radiation dose rate-area integrals from a 
I-Mt, all-fission nuclear weapon and from possible commercial fuel cycle 
facilities. In the first few days, the higher activity of the nuclear weapon 
debris dominates over the gamma radiation of the reactor. Ukewise. gamma 
radiation levels from a light water reactor (L WR) is greater than that of 10 
years worth of stored spent fuel for about one year after the detonation. 
Subsequently, the spent fuel would be relatively more radioactive. Similarly, 
the gamma radiation from 10 years of spent fuel is greater than the radioac
tivity of a 1 Mt fission weapon after about two months because of the greater 
ahundanceof long-lived gamma emitters in the spent fuel. 
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Thus, for doses from a 1 Mt alHission weapon detonated ,on a reactor. 
the core gamma radiation would be comparable to the weapon's radiation at 
about five days. By two months the gamma radioactivity from the weapon 
would have decayed by a factor of over 1000 from its value at I hour. 
Beyond about one year the gamma radiation from the weapon is insignificant 
compared to a reactor's radiation; however, the dose levels are no longer 
acutely life threatening. 

7A.2 LOCAL FALLOUT 

For dose estimates from local fallout, two timeframes are considered-the 
short-term, where there is acute lethal radiation, and the long term, when 
chronic doses become important. In the short-term, the gamma radiation is 
the main hazard. Later. specific radionuclides become important concerns 
for doses via food pathways. 

For doses received within the first 48-hours, the nuclear weapon gamma 
radiation pathway for a high-yield (-1 Mt) warhead dominates the fuel
cycle gamma radioactivity. even if one assumes a worst case assumption 
in which all the radioactivity from the attacked nuclear fuel cycle facility 
is lofted with the weapon products, For lower yields and thermonuclear 
weapons, the core gamma radiation becomes more important, andcQuld 
potentially dominate the dose. even at very early times. However I since there 
are now only approximately 100 nuclear power plants available for targeting 
in the U.S .• and possibly a few hundred shipboard reactor targets which 
are dispersed over the globe (Ambia Advisors, 1982). and because there are 
typically more than a thousand other U.S. targets in major nuclear exchange 
scenarios, the impact of fuel cycle radiation to the tota] U.S. 48-hour external 
gamma-ray dose would likely be less than 10%. 

In the long-term, the radioactivity from the core and spent-fuel ponds 
could have a dominant effect, both around the reactQr and at substantial 
distances downwind. Because of the long-lived nature of the core radioactiv
ity, civil defense measures (e.g., using expedient shelters) might also require 
modification when reactor radioactivity is contributing to the local fallout 
effects. 

After about one year. the products from the nuclear fuel cycle could make 
a substantial contribution to the total gamma-ray dose fallout patterns over 
the U.S. Certainly, if released, fallout gamma radiation from a large reactor 
would dominate the dose of a 1 Mt weapon over the long-term (see Figure 
7A.2). 

In terms of radiological effects. individual radionuclides (e.g .• 9OSr) be
come more important over the longer time-frame than the whole-body 
gamma radiation. Assuming 50% fission weapons, it is possible to have 
more qoSt' in a single reactor and its spent fuel pond than that produced in a 
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figure 1A.2. Contours of 100 rad faUout dose during (lne year"s exposure. Marting 
one month after the detonation of (A) a 1 MI homb. and 10) II 1 MI homb on a J 
GW(e) nuclear reactor (Rothlat. 1981) 

1000 Mt attack. Most of the lIOSr is in the spent fuel pond and thus could 
be more easily lofted as fallout than the IItISr in the heavily shielded reactor 
core. Accordingly, in the long term, the fuel-cycle II()Sr contribution can 
dominate over the weapon contribution. For example. Chester and Chester 
(1976) calculated levels of 90Sr much higher than the current maximum 
permissible concentration (MPC) over much of the U.S. farmland one year 
after an attack on the projected nuclear power industry of the year 2000. 
Scaling down their results to an attack on a 100 MW(e) nuclear power 
industry, they calculated that about 60% of the U.S. grain-growing capacity 
would be in areas that exceed current 'lOSr MPC levels. 

The previous discussion emphasizes the effecu on U.S. targets since past 
studies have focUSed on these. The conclusions. however. are more general 

7A.3 GLOBAL FALLOUT 

In calculation of the potential global fallout, assumptions have been made 
that facilitated calculations and allowed estimation of expected dose. For 
example. it was assumed that each nuclear facility would be surface tar
geted by a high yield. accurately delivered warhead that would completely 
pulverize and vaporize all of the nuclear materials. and that these ma
terials would then follow the same pathways as the weapon materials (a 
worst case assumption). It was assumed further that the major nuclear fa
cilities in a 100 GW(e) civilian nuclear power industry would also be at
tacked. The results should be viewed as providing estimates that approach 
maximum global fallout for an attack on a commercial nuclear power in
dustry of 100 Gw(e). Higher estimates would be obtained. however. using 
the same assumptions by including military facilities and a larger civilian 
industry. 

This hypothetical reactor attack scenario assumed that, as pan of the 
5300 Mt exchange of Knox (1983), some of the warheads would be targeted 
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on nuclear power facilities. Specifically 0.9 Mt weapons would be surface 
burst on 100 light water reactors (LWR's). 100 lO~year spent fuel storage 
(SFS) facilities, and one fuel reprocessing plant (FRP), With a 0.9 Mt sur
face burst on each facility. 2% of the radioactive fission products would 
be injected into the troposphere and 48% into the stratosphere. The re
mainingactivity (50%) would contribute to local fallout. Such large yields 
were assumed because of the hardness of the nuc1ear reactor. If smaller 
yield weapons were used to target the nuclear facilities, the relative injec
tions of radioactivity into the troposphere would be much greater. While 
the weapons radioactivjty would result in higher doses on the ground, this 
would not be true for the nuclear facility radioactivity. This is because 
of the relatively slow decay of the facilities' radioactivity. Hence. a faster 
deposition time would not significantly affect the 50 year dose. The pat
terns and local concentrations of fallout deposition WOUld. however. be 
affected. 

Using GLODEP2 and a Northern Hemisphere winter scenario. the result
ing unsheltered, unweathered doses are shown in Table 7A.1. The largest 
value of 95 rads for the total of weapons plus the nuclear power industry 
occurred in the 30:..50° N latitude band. The doses obtained for the Southern 
Hemisphere were about a factor of 30 smaller than in the Northern Hemi
sphere. The majority of the dose contributions came from the spent fuel 
storage faCilities and the high level waste in the reprocessing plant. 

TABLE 7A.1. 
FIFTY· YEAR EXTERNAL GAMMA-RAY GLOBAL FALLOUT DOSE IN 
RADS FOR NINE LATITUDE BANDS ASSUMING A FULL NUCLEAR 

ATTACK, INCLUDING A FULL-SCALE, TOTALLY EFFECTIVE 
ATTACK ON A 100 GW(E) NUCLEAR POWER INDUSTRY. THESE VALUES 

DO NOT ACCOUNT FOR WEATHERING, SHELTERING OR RAINQUT 

Latitl,lde bands 

Source 70-90N 50-70N 30-S0N 10-30N ] ON-lOS 10-3OS 30-505 50-70S 70-905 

Weapons 4.5 27.3 32.9 6.9 0.8 0.6 0.8 0.5 0.09 
LWR" 1.8 6.3 9.1 3.0 0.6 0.3 0.3 OJ 0.01 
SFSb 6.7 23.8 32.7 11.3 2.3 1.0 1.0 0.4 0.03 
FR¥ 4.1 14.6 20.1 7.0 1.4 0.6 0.6 0.2 0.02 

Total 17.1 72.0 94.8 28.:! 5.1 2.5 2,7 1.2 0.15 

;. LWR = 100 light water reactors 
b SFS = 100 spent fuel storage facilities 
c FRP = fuel reprocessing plant 
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Figure 7A.3 is a plot of accumulated dose in the JOc_SOc N latitude band 
as a function of time out to 50 years (200 quarter years) for the 5300 Mt 
scenario (Northern Hemisphere winter injection) with and without the tar~ 
geting of nuclear power facilities. The bulk of the dose from the weapons 
alone for this scenario resulted from deposition in the first year. The rela~ 
live contributions of the nuclear facilities were minimal in the first year, but 
became larger with time. At 50 years, the contribution of the nuclear facili
ties would be approximately doub1e that of the weapons alone. In addition, 
while the weapons-only curve at 50 years is almost flat, the nuclear facilities 
curve has a positive slope with the radioactivity continuing to directly affect 
future generations. 

100.0 
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A2 

Scen3rio Al 0:;: 5300 Mt baseline scenario 

Scenario A2 '" Same as 1 plus targeting of 
nuclear facilities 

2 4 6 10 2 4 6 100 2 
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4 

Figure 7A.3. Accumulated dose al 30G _50G N vs time for scenario A. with (A2) 
and without (AI) an attack on U.S. nuclear facilities 

An :attack on all of the world's civilian nuclear fuel cycle facilities (ap
proximately 300 GW(e» would scale the above results up by about a factor 
of three, although this scenario is even less likely. The potential effect is 
growing in time; the world's nuClear capacity has been projected to grow to 
500 GW(e) by 1995. A significant contribution could also come from tar~ 
geting military nuclear facilities, with results qualitatively similar to those 
obtained from attacking power plants. . 

In summary. using some "worst case" assumption6 for a speculative nu
clear war scenario wherein 100 GW(e) of the nuclear power industry is 
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included in the target list. the 50 year global fallout dose is estimated to in· 
crease by a factor of 3 over similar estimates wherein nuclear power facilities 
are not attacked. 

Accounting for possible moderate t6 heavy attacks oli civilian and military 
nuclear facilities, for the internal doses necessarily accompanying the exter
nal doses (perhaps doubling or tripling these) over generations. the forma
tion oflocalized hotspots with up to ten times the average radioactivity-in 
combination with all the other sources of radioactivity-it seems that re
actor debris could result in significant long-term radiological problems for 
humans and ecosystems. Many of these problems involving the radiological 
assessments associated with nuclear facilities are unresolved and uncertain, 
but deserve more thorough attention. 
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CHAPTER 8 

Research Recommendations 

Discussions in the preceeding chapters have pointed out numerous areas 
of uncertainties in our understanding of the chain of events linking a major 
nuclear exchange to environmental consequences. These uncertainties affect 
the prediction of the magnitude. longevity and detailed nature of the effects. 
However, knowledge of the general characteristics of the potential short
term atmospheric response is based on fundamental principles which are 
less subject to uncertainty. Nevertheless, it is important to reduce the many 
uncertainties in order to more effectively portray the potential consequences 
of a nuclear war. 

Some of the remaining uncertainties can never be resolved short of a nu
clear war itself. Besides questions of how nuclear weapons might be used, 
there are questions of scale (city-sized fires. hemispheric-scale smoke paDs) 
that cannot be addressed experimentally and, therefore, cannot be confirmed 
directly. However. there are many other uncertainties that can be substan
tially reduced through careful research. Such research could also prove use
ful in areas of atmospheric dynamics. physics. and chemistry that currently 
are not adequately understood. It is the purpose of this chapter to identify 
those areas where experimentation and analysis may prove to be illuminat
ing. 

The following research recommendations are the result of discussions 
among the authors of this volume and the participants of the SCOPE
ENUWAR Synthesis Workshop held at the University of Essex in June 
1985. The recommendations are divided into several categories, essentially 
along the lines of the various technical areas discussed in the study. The 
final section is an exception, offering a few broad recommendations to the 
science community at large. 

8.1 STRA TEGle DOCTRINE 

The issue of the potentially severe, g!obal-scale environmental effects of 
a nuclear war is relatively new. The strategic implications of this issue 
should be discussed with and factored into the thoughts and concepts of 
government and military planners. There should be ongoing discussions be
tween the planners and the research scientists so that issues such as weapons 

27S 
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inventories. targeting strategies. and p1ausible expectations about the manner 
in which nuclear exchanges might develop can be treated lisingassumptions 
that are widely agreed upon. 

It is recommended that: 

• A wider range of plausible scenarios and associated conditions must be 
developed in order to serve. as a basis for considering the sensitivity of 
atmospheric effects to issues such as weapons types and use, trends in 
weapons development, the proximity of targets and cities, and other factors. 

8.2 ELECTROMAGNETIC PULSE 

The International Union of Radio Scientists has begun to study the impli
calions of the predicted electromagnetic pulse (EMP) on the operation of 
electrical and electronic equipment In a nuclear conflict. This important, 
but very um::erta:in. effect must be better understood if more robust interna
tional communication systems for crisis control are to be developed. Thus. 
i1 is recommended that: 

• The impact of EMP generated by high-altitude nuclear detonations during 
an international crisis should be more accurately characterized. Implica
tions for future systems designed to prevent the breakdown of international 
communications and safety mechanisms at critical facilities such as nuclear 
reactors should be investigated. 

8.3 DUST 

While dust has played only a secondary role in the most recent studies of 
the climatic effects of nuclear war. it is clear that the contribution of dust 
to the overall problem-in terms of atmospheric and radiological effects
could be significant. Although it would be quite difficult to reduce all of 
the uncertainties in estimates of the physical and optical properties of dust, 
some of them could be narrowed. With this in mind, the potential properties 
of dust raised by nuclear explosions at continental sites where detonations 
might occur should be more accurately defined. 

In particular, the following efforts should be carried out: 

• Studies of SOil characteristics, including the size distribution and index of 
refraction of the soil dust; 

• A reanalysis of archived nuclear test data for the amount and characteristics 
of the soil dust generated; and 

• A careful determination of the organic contents of surface and subsurface 
soils that might contribute to the absorption of sunlight aloft or to the 
production of soot in the fireball. 
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8.4 FUEL LOADING 

The research carried out thus far clearly indicates that estimates of fuel 
loadings in and adjacent to target areas are an important aspect of the total 
problem. While rough estimates of potential fuel loadings have been made 
from limited fuel surveys in cities, biomass assays in wildlands, and statis
tics on world production and consumption rates of flammable materials and 
fuels. the figures obtained so far are only preliminary. Moreover, little in
formation has been developed on the geographical distributions of the fuels 
or their proximity to likely target zones. It also has become apparent that 
the storage of fossil fuels, either directly or indirectly in fossil fuel products, 
may dominate smoke and soot emission estimates. surpassing, for example, 
the importance of wood used in construction. 

Therefore. specific information should be obtained with regard to: 

• Inventories of fossil fuel storage: 
• Combustible fuel burdens in urban areas (cities. suburbs, and industrial 

zones); 
• Combustible fuel burdens in rural areas (forests. grasslands, and agricul

tural zones). particularly in areas that are in the vicinity of potential targets 
of nuclear weapons and; 

• Inventories of the storage of dangerous andlor toxic chemicals in potential 
blast zones that could be spilled or dispersed in a nuclear eXChange. 

8.5 SMOKE PRODUCTION AND PROPERTIES 

The production and properties of smoke from large fires are areas of great 
uncertainty and great importance. While tbe issue of scaling from small or 
moderate size fires to the massive fires expected in the advent of a nuclear 
war cannot be resolved at this time, there is clearly a great deal of research 
that can be done to resolve some of the related uncertainties in this area. 

Essential information on the quantity of smoke produced, its elemental 
carbon fraction. and its morphological and optical properties could be ob
tained rrom Jarge--scaJe experimental fires.These might. (or instance. be fires 
involving pools or liquid ruels such as oil or kerosene spread over areas of 
I rj to 10" m2 or structural fires set for experimental purposes. Fires of even 
larger size in stands of forest could be belpful for understanding smoke proP 
duction in large fires (as well as aiding studies of the plume dynamics for such 
fires). Obviously. very careful and critical planning will be required jf useful 
scientific goals are to be achieved in such experimental situations. For exam
ple, redundant measurements and cross calibrations of instruments should 
be employed, as well as consistent in situ and ground-based observations. 

In field environments of large-scale fires, measurements of the following 
quantities should receive the highest priority: 
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• Smoke production efficiencies and yields. especial1y in large and very hot 
fires; 

• The composition of smoke, with particular emphasis on the fraction of 
elemental carbOn; 

• The morphology (shape) Of the smoke particles, both initially and as a 
function of time; 

• Size distributions and coagulation rates as a function of time 
• The radiative properties of smoke at visible. near infrared. and thermal 

infrared wavelengths, including variations with time (aging); 
• Microphysical interactions of smoke with condensed water in convective 

plume situations. 

A large body of laboratory data already exists on the formation and prop
erties of smoke and soot. Nevertheless, most of the important properties 
associated with climatic and enVironmental effects are not well defined. 
Clearly, further interpretation of laboratory expetiments should be made 
and new measurements should be carried out to refine our knowledge and 
fill some of the gaps in the data base. 

Laboratory studies are needed on a number of properties of smoke, such 
as: 

• Smoke and elemental carbon yields from different types of fuels under 
varying conditions of heating and ventilation; 

• Particle agglomeration rates, size distributions, and morphology; 
• Optical properties of fresh and aged smoke; and 
• Nucleation properties of smoke particles from different sources. 

In addition to the measurement programs on experimental and laboratory 
fires, several other avenues of research should be explored, including: 

• Designing properly-scaled, experimental fires involving house-sized fuel 
arrays to obtain rough estimates of smoke production on this scale; 

• Performing theoretical studies of the optical properties of soot agglomer
ates to check and to allow for extrapolation from laboratory results; 

• Conducting analog scattering and absorption experiments using micro
waves on inhomogeneous and agglomerated particles; and 

• Considering the feasibility of measuring smoke characteristics at unplanned 
fires in cities and wildlands using mobile instrument packages. 

8~6 FIRE AND FIRE taLUME MODEUNG 

Since experimental studies of massive urban fires will not be possible, model 
studies must be carried out. Research should continue on: 

• The development of large .. scale fires in cities following nuclear detonations; 
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• The sensitivity of fire growth and spread to fuel loadings and meteorolog
ical conditions; and 

• The effect of adjacent fires on fire development. 

Detailed models of cloud dynamics and microphysics are being developed 
to study natural convective systems in relation to observations. However. 
only preliminary assessments of large-scale fire processes have been carried 
out with these models. Modeling studies are needed especially to define the 
dynamics, microphysics. and smoke lofting by cloud systems evolving from 
fires as large as those expected to be ignited by nuclear detonations, because 
such very large fires are unattainable experimentally. Studies of natural con
vective systems would help provide an understanding of the fundamental 
processes which control fire plumes. Unfortunately, many of the basic mi
crophysical processes in clouds are not well understood. and progress on 
detailed plume simulations will be limited accordingly. 

Nevertheless, useful information could be obtained from model studies 
of: 

• Fire plumes 
- in different weather environments, 
- with spatially and temporally varying heat sources. and 
- with interactive smoke microphysics; 

• The formation of massive convective plumes and cumulonimbus storID5 
over large fires; 

• The interaction and merging of multiple plumes in close proximity: 
• The microphysical processes of smoke scavenging and precipitation re

moval in large-scale, fire-induced storms. 

As noted above, studies of experimental fires are important in order 
to determine the quantity of smoke produced and its optical properties. 
Experimental fire studies are equally important in the context of fire dy
namics in order to validate plume models. Measurements that should be 
made are: 

• Ambient meteorological conditions; 
• The extent, intensity, and time history of the heat source; 
• The height of tbe smoke injection and vertical extent of the plume; 
• The frequency of occurrence and water content of capping clouds. 

8.7 PLUME DISPERSION AND MFSOSCALE EFFECTS 

Mesoscale models that could be usefully applied to the unique meteoro
logical situations that might occur after a nuclear war are currently under 
development as a result of public and scientific interest concerning improved 
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weather prediction, acid deposition, and warning of severe storms. The sci· 
ence of mesoscale modeling is, however, still in a formative stage. Extensive 
observations and model validation $tudies have not yet been carried out, al· 
though many interesting features of local and synoptic scale meteorological 
eventS could be studied in this manner. 

Modeling of smoke cloud dispersion and scavenging on the mesoscale, 
leading to the globa:l·scale, should be initiated and extended to treat: 

• The evolution of extensive smoke·filled ice anvils downwind from large 
conftagrati6ns; 

• The interaction of smoke plumes with synoptic weather systems; 
• The response of the boundary layer and lower troposphere to blanketing 

by thick smoke plumes that may be intermittent or patchy; 
• The potential trapping of toxic air pollutan" in stable cold layers near the 

ground. 

8.8 CLIMATE MODELING 

General circulation models have already been modified to a limited degree 
to investigate smo}l:e cloud effects following a nuclear war. The resulting 
studies have revealed the possibilities of accelerated global spreading and 
stabilization of ~ive smoke clouds, the potential for self-lofting of the 
smoke as a result of solar heating and for sudden temperature drops of land 
surfaces under dense smoke patches, even to temperatures below freezing 
during the warm season. The GCM simulations should be refined and ex~ 
tended t6 provide further insight intO the problem. 

With regard to GCMs, the following research recommendations are of
fered: 

• lmprove the treatmentS and parameterizations of key physical processes, 
such as 

-solar and infrared radiation transfer in mixed environments, including 
smoke and water and ice clouds or low level fog, 

- smoke scavenging and removal by clouds and precipitation, 
- diurnal and boundary layer effects, panicularly under conditions of 

strong static stability. Where necessary ,more sophisticated parameter· 
izations 6f heat transport and cloud/fog formation should be developed. 

• Penorm model intercomparisOns to determine the importance of different 
physical representations and grid resolution in calCulating responses. 

• Investigate the sensiijvity of the results to the season of smoke injections, 
and extend simulations to cover periods of a year or more. 

• Perform simulations using higher resolution and nested mesoscale and 
cloud scale models. 
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• Investigate the impact of patchine55 of the smoke cloud on the radiative 
response of global climate models. 

• Interpret in more detail the multi-dimensional climate and dynamics sim
ulations that have already been carried out. 

• Refine the treatment of stratospheric smoke in the models by including 
chemical and physical removal processes and interactive ozone pbotocbem
istry. 

A broad base of information exists in meteorological and climatological 
records. astronomical data, satellite photographic archives. and the results 
of measurements made during atmospheric nuclear testing. A number of 
historical events have been uncovered that are relevant to the problem of 
climatic change induced by smoke and dust aerosols. Other examples may 
exist. Reasonahle proposals to search archives and records (from World War 
11, for example) should be considered. Therefore. 

• Historical data should continue to be reviewed for pertinent information 
on climatic perturbations. smoke cloud effects, and related physical phe
nomena. 

Analyses of effects over periods of years to decades following a nuclear 
war ha ... e not yet been undertaken. although a number of speculations have 
appeared. This is an enormously complex problem. involving the forecast
ing of both physical and biological feedbacks for whicb analytical tools are 
poorly developed. Nevertheless. ideas should be pursued and estimates of 
effects obtained to see if critical factors have been omitted from existing 
studies, and to lay the groundwork for future studies when appropriate an
alytical tools become available. 

Studies should be made of the long-term perturbations that are possible 
after a major nuclear excbange, including: 

• Effects of climate feedback mechanisms such as ice-albedo coupling; 
• Interactions between the oceans and the atmosphere over month to decadal 

time periods; 
• The implications of massive chemical emissions during a war. 

8.9 CHEMISTRY 

Some of the earlier concerns about the indirect effects of nuclear weapons 
centered on the destruction of stratospheric ozone. Numerous studies of the 
effects on the ozone layer ha ... e been carried out. but none have included 
the possible addition of aerosol particles. Furthermore, the subject of tropo
spheric chemistry. especially near the surface following soon after the fires, 
has not been addressed in any detail. Therefore, a variety of studies need to 
be tarried out, including: 
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• Estimate the emission of toxic gases during the burning of fossil-fuel de
rived products, such as plastic, and from large fires in general; 

• Calculate the possible alterations to tropospheric chemistry (smog and 
acidic precipitation, for example) resulting from chemicals released by nu
clear explosions and fires; 

• Determine the response of organic and soot particles to ultraviolet irradi
ation; and 

• Consider the interaction between sooty particles and reactive gases, partic
ularlyozone. 

• Simulate the concentrations of air pollutants and toxic materials that will 
build-up in confined river valleys, lowlands. and other sheltered areas as a 
result of smoldering fires, 

8.10 RADIOACTIVITY 

While considerable effort has been made to understand the effects of ra
dioactivity and radioactive fallout. there are still important areas of uncer
tainty. Further research is recommended to: 

• Calculate the local fallout ina manner that realistically treats overlap of 
radioactivity from adjacent surface bursts aru;:l includes the details of pop
ulation distribution and land use patterns; 

• Evaluate internal dose contributions in a post-nuclear war environment; 
• Improve understanding of the radiological dose commitments associated 

with the potentiaJ targeting and damaging of civilian and military nuclear 
fuel qcle facilities; 

• Extend the cakulatioo$ of global fallout to include the stratospheric con
tribution in a smoke-perturbed atmosphere. 

8.11 GENERAL RECOMMENDATIONS 

The direct and indirect effects of a nuclear exchange are among the greatest 
problems facing the hUman race at this point in history. While the magni
tude of the potential direct effects of a major nuclear eXChange has been 
recognized since the first bombs were dropped on Hiroshima and Nagasaki, 
only recently have the major indirect effects come to be seen as compara
bly important on a global scale. Clearly, a great deal of research remains to 
be done. Furthermore, the study of indirect effects involves many scientific 
disciplines that must contribute and interactto bring together findings from 
scientists around the world. In addition, the findings must be expressed in 
a manner convincing to scientists. government, and the public around the 
world. 

To provide continued improvement in the further understanding of this 
problem, we recommend that: 
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• An international committee OT coordinating body of scientists be estab~ 
lished to follo\1l the events. research. and progress on the problems of the 
global effects of nuclear war, and to report on a regular basis to gov
ernments and national and international scientific unions on the status of 
work and understanding_ The committee could also. upon request. provide 
information to those seeking to pursue research on the problem . 

• Interactions between physical scientists and biological scientists should be 
continued as a means to promoting interdisciplinary insights and discov~ 
eries; the discussions between scientists during this project have increased 
the appreciation of interconnections and interdependencies in the natural 
world and of common human interests among scientists. Ongoing interna
tional cooperation on interdisciplinary global environmental problems, as 
demonstrated by this study. can accelerate learning and broaden the base 
of science. and should be encouraged. 
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APPENDIX 1 

Executive Summary of Volume 11: 
Ecological and Agricultural Effects 

by Mark A. Harwell and Thomas C. Hutchinson 

The potential consequences to the global environment of a nuclear war 
have been the focus of several studies in the four decades since the first 
detonations of nuclear weapons in Japan. During this time. the potential 
consequences that would ensue from a modern nuclear war bave increased 
dramatically. and the combination of much larger yields and much greater 
numbers of nuclear warheads could now result in a large-scale nuclear war 
having little in common with the relatively limited experiences of Hiroshima 
and Nagasaki. Simultaneously. the projections of the magnitude of impacts 
from a nuclear war have also increased steadily; however. the perception 
of the consequences of a large-scale nuclear war consistently have lagged 
behind the reality. New global-scale phenomena continue to be identified, 
even up to the present. and there remains a concern that decision-makers are 
operating with obsolete analyses and basing their policies on a foundation 
of misunderstanding of the total consequences of nuclear war. 

The SCOPE-ENUWAR project had as one of its objectives the develop
ment of a comprehensive understanding of the nature of a post-nuclear war 
world, based on the full range of available information and models. Volume 
I of the ENUWAR report presented the bases for estimating potential ef
fects on the physical environment, including possible climatic disturbances 
as well as fallout, UV~B, air pollutants, and other effects. The present vol
ume takes up where the first left off, by specifically considering the potential 
consequences of such physical and chemical stresses on biological systems 
and on the ultimate endpoint of concern, i.e .• effects on the global human 
population. 

The approach taken in the biological analyses was to synthesize current 
understanding of the responses of ecological and agricultural systems to 
perturbations. relying on the e"pertise of over 200 scientists from over 30 
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countries around the Earth. Much of the synthesis took place in the context 
of a series of workshops that addressed specific issues; other work included 
conducting simulation modeling and performing detailed calculations of p0-

tential effects on the human populations of representative countries. We do 
not present the evaluation of a single nuc lear war scenario as estimated by a 
single methodology; rather. a suite of methodologies were drawn upon col~ 
lectively to develop an image of the aftermath of a large~scale nuclear war. 
The range of possible nuclear war scenarios Is great; the estimates from the 
physical scientists of potential climatic consequences are not yet certain and 
continue to evolve with time. Those estimates are complex in their spatial 
and tempora] distribution over the Earth, and the global landscape is cov
ered by extremely complex ecological. agricultural. and human systems that 
react to perturbations in complex manners. For these reasons, the present 
volume investigates the vulnerability of these sytems to the types of per
turbations possible after a nuclear war, offering readers the opportunity to 
form their own specific projections of biological and human consequences 
by providing calculations of vulnerabilities to benChmark assumptions. 

Nevertheless. many conclusions are evident from considering these vul
nerabilities to nuclear war perturbations. These include: 

• Natural ecosystems are vulnerable to extreme climatic disturbances, with 
differential vulnerability depending on the ecosystem type, location. and 
season of effects. Temperature effects would be dominant for terrestrial 
ecosystems in the Northern Hemisphere and in the tropics and sub-tropics; 
light reductions would be most important for oceanic ecosystems; precip
itation effects would be more important 10 grasslands and many Southern 
Hemisphere ecosystems. 

• The potential for synergistic responses and propagation of effects through 
ecosystems implies much greater impacts than can be understood by ad
dressing perturbations in isolation. For example, increased exposure to 
UV~B and to mixtures of air pollutants and radiation, while not crucially 
harmful for anyone stress, might coJlectjvely be very detrimental or lethal 
to sensitive systems because of synergistic interactions. 

• Fires as a direct consequence of a major nuclear exchange could consume 
large areas of natural ecosystems, but fire-vulnerable ecosystems are gen~ 
'f!rally adapted to survive or regenerate via a post-fire succession. Other 
direct effects of nuclear detonations on ecological systems would be lim
ited in extent or effect. 

• The recovery of natural ecosystems from the climatic stresses postulated 
for an acute phase following a major nuclear war would depend on 
normal adaptations to disturbance, such as through presence of spores, 
seed banks. seedling banks, vegetative growth. and coppicing. For some 
systems, the initial damage could be very great and recovery very slow, with 
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full recovery to the pre-disturbed stale being unlikely. Human-ecosystem 
interactions could act to retard ecological recovery. 

• Because of limitations in the amounts of utilizable energy. natural ecosys
tems cannot replace agricultural systems in supporting the majority of 
humans on Earth. even if those natural ecosystems were not to suffer any 
impacts from nuclear war. 

• Consequently, human populations are highly vulnerable to disruptions in 
agricultural systems. 

• Agricultural systems are very sensitive to climatic and societal disturbances 
occurring on regional to global scales. with reductions in or even total loss 
of crop yields possible in response to many of the potential stresses. These 
conclusions consistently follow from a suite of approaches to evaluating 
vulnerabilities. including historical precedents. statistical analyses, physi
ological and mechanistic relationships, simulation modeling. and reliance 
on expert judgment. 

• The vulnerabilities of agricultural productivity to climatic perturbations 
are a function of a number of different factors, anyone of which could 
be limiting. These factors include: insufficient integrated thermal time for 
crops over the growing season; shortening of the growing season by reduc
tion in a frost-free period in response to average temperature reductions: 
increasing of the time required for crop maturation in response to re
duced temperatures; the combination of the latter two factors to result in 
insufficient time for crops to mature prior to onset of killing cold tem
peratures: insufficient integrated time of sunlight over the growing season 
for crop maturation; insufficient precipitation for crop yields to remain 
at high levels; and the occurrence of brief episodic events of chilling or 
freezing temperatures at critical times during the growing season. 

• Potential disruptions in agriCUltural productivity and/or in exchange of 
food across national boundaries in the aftermath of a large-scale nuclear 
war are factors to which the human population is highly vulnerable. Vul
nerability is manifested in the quantities and duration of food stores ex~ 
isting at any point in time. such that loss of the continued agricultural 
productivity or imports that maintain food levels would lead to depletion 
of food stores for much of the world's human population in a time period 
before it is likely that agricultural productivity could be resumed. 

• Under such a situation, the majority of the world's population is at risk 
of starvation in the aftermath of a nuclear war. Risk is therefore exported 
from combatant countries to noncombatant countries, especially tbose de
pendent on others for food and energy subsidies and those whose food 
Stores are small relative to the population. 

• The high senshivjty of agricultural systems to even relatively small alter
ations in climatic conditions indicates that many of the unresol\led issues 
among the physical scientists are less important, since even their lower 
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estimates of many effects could be devastating to agricultural production 
and thereby to buman populations on regional or wider scales. 

• Longer-term climatic disturbances. if they were to occur. would be at least 
as important to human survival as the acute. early extremes of tempera
ture and light reductions. suggesting that much greater attention should 
be given to those issues. Similarly, much greater attention is needed to 
resolve uncertainties in precipitation reduction estimates, since many of 
the agricultural systems are water-limited. and reduced precipitation can 
significantly reduce total production. 

• Factors related to the possibility and rates of redevelopment of an agrj~ 
cultural base for the human population would have much influence on 
the long-term consequences to the human population. Interactions with 
societal factors would be very important. 

• Global fallout is not likely to result in major ecological, agricultural, or 
human effects, as compared to effects of other global disturbances. Local 
fallollt. on the other hand, could be highly consequential to natural and 
agricultural systems and to humans: however. the extent of coverage of 
lethal levels of local rallout and the levels of internal doses to humans 
from such fallout are inadequately characterized. 

• Human populations are highly vulnerable to possible societal disruptions 
within combatant and noncombatant countries after a large-scale nuclear 
war. such as in the consequent problems of distribution or food and other 
limited resources among the immediate survivors. This is an area requiring 
a level or serious scientific investigation that has not yet been brought to 
bear on these issues. 

As a part of the SCDPE-ENUWAR project, a workshop was held in Hi
roshima. Japan in order for the scientists to gain a fuller appreciation of 
the human consequences of nuclear detonations. The considerations listed 
above indicate that as devastating as the Japanese atomic bombings were, as 
consequential to their victims even to the present day. and as important to 
the development of the 20th Century. they cannot provide a sense of what 
the global aftermath of a modern nuclear war could be like. Hiroshima today 
is a thriving. dynamic city reborn from complete devastation by interactions 
and support rrom the outside world; after a large-scale nuclear war, there 
would be essentially no outside world. and qualitatively new global-scale ef
fects would occur that could devastate not just an urban population but the 
entirety of humanity. Although issues remain to be resolved. the information 
in this volume demonstrates some of the great vulnerabilities of agricultural. 
ecological. and societal support systems to the potential direct and indirect 
consequences of nuclear war. This demonstration of global frailties man
dates the rormulation or new global perspectives on avoiding the aftermath 
or nuclear war. 
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RECOMMENDA nONS FOR FURTHER RFSEARCH 

One of the more important outcomes of the process of holding workshops 
around the world to investigate the environmental consequences of nuclear 
war has been the recognition of the broad subject areas that have not yet 
received adequate research treatment. It is instructive to realize that many 
of the following listed topic areas involve the field of stress ecology; thus. 
improved understanding of the environmental consequences of nuclear war 
will progress in concert witll advances in stress ecology. 

During the synthesis workshop held at the Wivenhoe Conference Center. 
University of Essex in June 1985. the review committee for this volume 
compiled their recommendations for further research. (See Appendix A of 
Volume 11 for a listing of review committee members.) These were supple
mented by a more detailed list compiled by M. Harwell. T. Hutchinson, W. 
Cropper, Jr., and C. Harwell. (See Appendix B of Volume 11 for both sets 
of recommendations.) 

In brief summary: 

1. Progress in this field will be strongly dependent on research efforts in 
stress ecology. 

2. There needs to be an enhanced cooperation between physical and bi
ological scientists in identifying the research priorities of the physical 
scientists. Examples of biologically-based suggestions include: 
• Climatologists need to do research on short-term variability in climate 

and the relationships between average climatic conditions and vari
ances in climatic conditions in a post-nuclear-war framework. 

• Better resol ution is needed of the potential levels of air pollution likely 
to result from a nuclear war. 

• Better resolution is needed of the potential levels of precipitation re
ductions likely to result from a nuclear war. 

• The potential for long-term climatic changes needs investigation. par
ticularly involving feedback mechanisms. such as albedo changes. ice 
pack dynamics, and greenbouse-effect gases. 

3. There is a need for models of environmental and ecosystem responses 
extending into the chronic post-nudear-war phase. These should include 
better estimates of chronic phase parameters of temperature, light. and 
precipitation. These should also include much more experimental work 
on the effects of beta-radiation on plants and crops. Microcosm or en
closure experiments would be appropriate. 

4. Explicit experimentation is needed to investigate synergisms including. 
for example, the interactive effects on biota of radiation. UV-S. and air 
pollution. 

5. Synthesis studies addressing the specific conditions at local. regional, and 
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national levels are the next logical step in the process of understanding 
the effects of global nuclear war. 

6. There is a need for further analysis of food stores. the likelihood of their 
destruction in a major nuclear war. their location. and other data. on a 
country*by-country basis. 

7. Experiments need to be conducted using microcosms and enclosed whole 
ecosystems and agriCultural systems to examine systems-level responses 
to climatic disturbances; partiCular attention can be given to recovery 
processes by using this approach. 

8. New model development is needed to determine responses of ecosystems 
to climatic perturbations. Such models will have general applicability to 
other important issues in addition to nuclear war. 

9. Existing sophisticated models of local fallout patterns need to be used to 
e ... aluate the range Qf dose levels that would be experienced after a nuclear 
war, based on a variety of nuclear war scenarios and weather conditions. 
Similarly. eX'istingdose mOdels need to be used to evaluate the range of 
internal radiation doses to be expected In the aftermath of a Jarge*scate 
nuclear war. 

10. There is a critical need for comprehensive and concerted study of the 
potential societal responses to nuclear war. 
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Glossary * 

Absorption: The process whereby visible or infrtued radiation passing 
through a medium is transformed via interactions into another form of 
energy. often heat. 

See also Optical depth. Extinction. Scattering. 

Absorption coefficient: A physical parameter expressing the efficiency of a 
medium in absorbing radiation. The absorption coefficient of homoge
neous materials depends pn the nature of the material and on the wave
length of the incident radiation. 

See also Extinction coefficient 

Absorption optical depth: The part of the optical depth due to the absorption 
process. 

See also Optical depth. 

Activity: The number of nuclear disintegrations per second in a radioactive 
substance. The 51 unit of activity is the Becquerel. 

See also Radioaclivity. 

Advection: The process of transport of a fluid property as a result of the 
motion of the fluid itself. Advection refers conventionally to transport 
mainly by large scale horizontal and vertical winds. Vertical mixing by 
small scale processes (e.g., clouds) is usually referred to as convection. 

Aerosol: A suspension of liquid or solid particles in a gas, usually the atmo
sphere. Most of the particles constituting the aerosols are 10 micrometers 
or less in diameter. Haze, most smoke, and some fogs are aerosols. 

See also Cloud condensation nuclei, Dust, Residence time. SOOt. 

Air burst: A nuclear ewlosion that takes place high enough in the atmo
sphere that the fireball does not reach the surface. As a consequence, air 
bursts do not raise large quantities of surface materials (e.g .. dust) in the 
atmosphere, nor do they give rise to local fallout. 
See also BWI wave. Elecuomagnetic pulse . 

• Any won:l printed in iudia. wbether in the text or in the 'See alsn' sections. u&:n to a 
concept defined elsewhere in the glossary. When such a cross·refeuRce is indicated in tbe 
telli. it is IWI repeated in tbe 'See also' section. 
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310 Physical and Atmospheric Effects 

Albedo: The ratio of the reflected to incident radiation flux1 usuaUy for visible 
radiation, or near-infrared radiation. The planetary albedo of the Earth's 
surface-atmosphere system in the absence of smoke is about 30%. 

Amorphous carbon: Small spheres of randomly-arranged crystallites of 
graphite formed in flames. 

See also Elemental carbon, Soot 

Anvil: Elevated layer of ice particles produced by outflow at the top of a 
cumulonimbus cloud. 

Atmospheric pressure:- The static pressure that results from the weight per 
unit surface area of the mass of air lying above a location. The atmospheric 
pressure at sea level is about 100 kiiopascaJs (kPa), equal to 1000 millibars 
(mb) or 14.7 pounds per square inch (psi). 

Atomic bomb: A weapon that derives its destructive power from the en
ergy released by the splitting or fission of nuclei such as uranium and 
piulOnium. 

Attenuation: Used either as a synonym of extiliCtion of a directed flux of 
energy resulting from both absorption and scattering, or as ihe reduc
tion in a directed flux of energy due to absorption and backscattering 
only. 

Back~scattering: An instance of scattering where the change in direction of 
the phoron. or particle relative to its direction before the interaction is 
greater than 90°. 

See also Albedo. Forward-scattering. 

Beta particle: A beta partic1e is an electron emitted in a nuclear disintegra~ 
tion. 

Biomass: The amount of carbon stored in the living tissues of an ecosystem, 
Sometimes also the dry weight of living materials, typically expressed in 
kg (carbon, or C). or in kg (dry matter), respectively. or kglm2 for a,real 
loading. 

BJack rain: Name given to the dark, smoke-stained rain that fell. (m some 
neighbOrhOods of Hiroshima and Nagasaki shortly after the atomic bomb
ings. 

See also Rainoul, Woshout. 

lnast wave: An intense shock wave created by a nuclear explosion in which 
the pressure, temperature, and fluid velocity discontinuities are very large. 

See also Peak overpressure .. 
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Boundary layer: The layer of the atmosphere that is affected by the nature 
and characteristics of the surface. The atmospheric or planetary boundary 
layer is typically several hundred meters deep at night. and up to a few 
km during the day. in the undisturbed atmosphere. 

Cl : Acronym for Command. Control. and Communications. three compo
nents essential for the management and operation of military forces. 

See also C 3 1, Electromagnetic pulse. 

e31: Acronym for Command, Control, Communications. and Intelligence. 

See also C 3 • Electromagnetic pulse. 

CCN: Acronym for Cloud Condensalion Nuclei. 

Climate: The word climate is used in a number of ways, bUI usually refers 
to the state of the atmosphere. oceans and surface averaged over some 
area and period of time, usually greater than several days. 

Cloud Condensation Nuc:lei [CCN): Small. usually hygroscopic. aerosols on 
which water vapor condenses in clouds. These nuclei are essential for the 
formation of clouds and precipitation. 

See also Aerosol. Washout. 

CO: The chemical symbol for carbon monoxide, a gas produced in combus
tion processes, particularly when the availability of oxygen is limited. 

Coagulation: Any process which agglomerates small particles or aerosols 
into larger ones. 

See also Residence lime, WashoUl. 

Combustible burden: The amount of fuel available for combustion per unit 
area of building flOOr or ground area, expressed in Jc.glr02. 

See also Fuel loading. 

Conflagration: A spreading fire driven by winds and 'hermal radiation. 

Convection: The process of transport and mixing of a fluid as a result of 
localized vertical air motions. 

Counterforce attack: A strategic attack that aims at destroying the military 
potential of the adversary. such as missile silos. air and naval bases. military 
depots. etc. 

See also Counlervalue attack. 

Countervalue attack: A strategic attack that aims at destroying the industrial 
and economic base of the adversary. 

See also C l • Counterforce arrack. 
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Delayed faJlouti see Radioactive fallout. 

Dose: The energy of ionizing radiation absorbed in a medium, per unit mass, 
integrated aver time. 

See also Gray, Rad. 

Dry deposition: The -return to the Earth's surfac,e of partiCles in a 
precipitation-free environillel1t. principally by impaction brought on by 
mixing of the air in the boundary layer. ' 

See al$o Radioactive !alloul. Pfetipflalion scavenging. 

Dust: Here, mainly small soil particles picked up by winds. 

See also Aerosol, Ground burst 

Dynamic -pressure: The pressure on a surface prOduced bya wind. 

See also Overpressure. Peak overpressare. 
Early fallout: See Radioaclive jallOIJL 

Electromagnetic pulse [EMPJ: The sharp and intense pulse ofeleclromag
netic radiation within the radio frequency spectrum that is produce4 by 
a high altitude nuclear explosion. EMP can damage electrical power dis
tribution systems, and unprotected electrical and electronic equipment. 
including telecommunications networks and computer systems. 

Electromagnetic- radiation: A form of energy contained in oscillating elec
trical and magnetic fields, tra.veling at the speed of light. 

Elemental carbon; An approximately pure form of carbon, composed of ei
ther amorphous carbon or graphitic carbon, as distinguished from organic 
carbon or carbonates. 

See also Soot. 

EMP: Abbreviation for ElectromagnetiC pulse. 

Entrainment: The process of mixing air from the environment intQ a cloud. 
plume or fireball; contributing to the dilution of the cloud. 

ENtlWAR; Acronym for Environmental Consequences of Nuclear War. the 
name of the SCOPE project studying this subject. 

Epicenter: The location of the nuclear weapon, at the time of the explosion. 

See also Ground zero, Hypocenter. 

Extinction: The depletion or reduction ofa direct flux of radiation as it 
penetrates-a substance (e.g., aerOSOls in the atmosphere), due both to ab~ 
sorplion and scattering. 
See also Extiltctiol1 toefficiem. 
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Extinction coefficient: A physical parameter expressing the efficiency of a 
substance in causing extinction. The extinction coefficient depends on the 
nature of the material and ·on the wavelength of the incident radiQ1ion. 
See also Absorption coefficient. 

Extinction cross~section: A measure, in units of area, of the probabiJity of an 
interaction occurring between a particle and a photon. either by scattering 
or absorption. 

Extinction efficiency: For a particle or molecule. the ratio of the extinction 
cross·section to the geometric cross-section or projected area (e.g .. 1I'r2 for 
a spherical particle of radius.,.) of the particle or molecule, 

Extinction optical depth: See QPlicai depth. 
Fallout: See Radioactive fallo1J.l. 

Fireball: The volume of hot air that forms immediately after the explosion 
of a nuclear weapon in a surface or air bursi. The fireball is luminous due 
to its high temperature. 

See also Mushroom cloud. 

Firestorni: The severe meteorological conditions resulting from an intense 
surface heating as a result of extensive and vigorous stationary fires. 
Firestorms develop a swirling cyclonic inflow of air that limits entrain· 
ment and lofts smoke to great heights. They have been observed to occur 
after intense incendiary bombing in Hamburg and Dresden and may have 
occurred after the nuclear explosion in Hiroshima. 

Fissile material: Material capable of undergoing fission by interaction with 
slow (thermal) neutrons. 

See also Black rain, Conflagration. 

Fission: Tbe pro(:e$S of splitting the nucleus of heavy chemical elements, 
usua.l1y radionudides. into two or moresmaUer nuclei. This -process can 
be accompanied by the emission of beta particles, gamma rays, and 
neutrons. 

See also Fusion. 

Fluence: The radiative energy flux per unit surface integrated over a finite 
period of time. and generally measured in caJ/cm2 (1 cal/cm2 = 4. 2 X 1 a' 
JJm2 ). 

See also Ignition Ihreshold. 

Forward-scattering: An instance of scattering where the change in direction 
of the incident photon or panicle is less than 90". 

See also Back-scattering. 
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Fuel loading: The mass amount of combustible fuel per unit area. 
See also CombU$libfe burden. 

Fusion: The process of combining the nuclei of light chemical elements, such 
as deuterium or tritium. into larger nuclei, <lccompanied by the rele<lse 
of large amounts of energy. Thermonucleo,r weapons rely mainly dn the 
fusion process. 

See also Fission. 

Gamma radiation or gamma ray: Energetic photons of el.ecrromagnetic ra
diation, with wavelengths nominally shorter than 0.1 nanometers. Gamma 
rays are emitted by nuclear processes, including explosions. 

See also X-ray. 

GCM: Acronym for General Circulation Model. 

GeneraJ Circulation Model [GeM}: Three-dimensional cOplputer model 
based on the physical equations for fluid flow used to study the evolu
tiOn of the large-scale features of the. atmospheric circi,ilation. 

Gray [Gy}: The Sf unit of ionizing tadiation absorbed by a medium. It is 
equiva1ent to the absorption of 1 Joule per' kilogram of material. 

See also Rad, Rem. 

Greenhouse effect: The common name for designating Several radiative pro
cesses where spedfic atmoSpheric molecules (such as water vapor and car
bon dioxide) allow most of the solar radiation to pass through the atmo
sphere to the surface, while most of the infrared radiation emitted by tbe 
surface is absorbed by the atmosphere and re~emitted both downward and 
upward. The downward re-radiation warms the surface, while the upward 
component is lost to spac¢ or absorbed higher up in the atmosphere. 

Ground burst:· A nuclear explosion on a land surface. Ground bursts raise 
large quantities of radioactive dust in the atmosphere, and produce local 
{alloul, 

Ground shock: An intense shock or pressure wave travelling in the ground 
as a result of a nuclear explosion. 

See also Blas! wave. 

Ground zerO: Synonym of hypocenter for an ait or gtound butst. 

Half·life: The: time required for the radioactivity of a given material to de
crease to half of its initial value due to nuclear disintegrations, 

See also Plutonium, Uranium. 

H·bomb~ Synonym of hydrogen or thermonuclear weapon. 
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Height of burst [HOB}: The altitude of a nuclear weapon at the time it 
explodes. The height of burst affects the type of damage generated. 

Hertz [Hz]: Unit of frequency equal to 1 cycle per second. 

Hydrophobic: The tendency of particles not to attract water vapor or become 
dissolved in water droplel$. 

See also Hygroscopic. 

Hygroscopic: The tendency of particles to be susceptible to condensation of 
water vapor on them and to be soluble in water droplets. 

See also Hydrophobit. 

Hypocenter:. The location at the ground surface immediately below a nuclear 
explosion. or the site oia surface hurst (also called ground zero). 

ICSU: Acronym for lnternational Council of Scientific Unions. 

Ignition threshold: The ftuence from a nuclear fireball needed to ignite a 
given material. It is dependent on the type, size; dryness. and orientation 
of the material as well as on the yield of the nuclear weapon. 

Incendiary efficiency: The area on the ground subjet:t to fire ignition by a 
nuclear explosion per kiloton of yield. 

Infrared radiation: The band of elecuomagnelic radiation in the wavelength 
interval 0.8 to 100 micrometers. About balf the solar energy available 
at the Earth's surface is contained in the radiation band from 0.8 to 5 
micrometers: this is often called the near-infrared. In contrast, radiation 
at longer wavelengths is called thermal radiation, or the thermal infrared. 

See also Greenhouse effect, Visible radialion. 

Ionizing Radiation: A high energy photon (such as an X or gamma ray) ot 
particle (such as electrons or alpha particles) capable of ionizing an atom 
or molecule by stripping off electrons. 

Isotope: Isotopes of a given chemical element differ in the number of neu
ttons present in the nucleus of the atom. Isotopes have similar, but not 
identical, physical and chemical properties. 

Kiloton [ktj: An amount of energy equal to 4.2 X 1012 J. This is approxi
mately the amount of energy that would be released by the simultaneous 
explosion of roughly a thousand tons of TNT. 

See also Hiroshimo.; Megaton. Yield. 

Local fallout: See Radioactive fallout. 

Mass fire: A moving or stationary fire involving a large area. 

See also Confla-gration, FireslOrm. 
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Megaton [Mt]; An amount of energy equal to 4.2X 10'~ J. Thi~ is approxi
mately the amount of energy that would be released by the simultaneous 
explosion of roughly a million tons of TNT. 

See also Kilolon. Yield. 

Mesoscale: Term applied to atmospheric features on horizontal scales rang
ing from a one to several hundred kilometers and temporal scales from 
about an hour to a day. 

Mesosphere: The atmospheric layer between the slratopause and the 
mesopause. i.e. roughly from 50 to 80 km above the surface. 

Microwave radiation: The band of the rtldio jreqlU!ncy speclTum with a wave
length in the interval 0.1 to 500 millimeters. used in telecommunication 
and radar systems. 

See also Infrared radio.tion. 

Missile silo; A hardened cc;mcrete structure, usually totally buried, that con
tains a nuclear missile. 

Mushroom cloud: The rising cloud formed just after a nuclear air or ground 
burst by convective winds that entrain and carry upward dust debris. and 
condensed water. 

Near-infrared radiation: See Infrared ratiitllion. 

NO.: A generic chemical symbol to designate a nonspecific mixture of the 
oxides of nitrogen, mainly NO and N~. 

Nuclear fuel cycle facilities: All facilities involving nuclear fuel, from min
ing through to waste storage facilities, including nuclear reactors. spent 
fuel storage facilities, reprocessing plants, and waste depositories. 

Nuclear radiation: A general term designating all of the ionizing radiation 
of a nuclear explosion; e.g., gamma rays. neutrons, electrons (or beta par
ticles) and alpha particles. 

Nuclear weapon: A generic name for a device that derives its explOsive 
energy from fission, fusion, or both. 

See also Awmic bomb, Thermonuclear weapon. 

Nuclear winter: A phrase used to refer mainly to the sharp and widespread 
cooling and near-darkness that could result from the emission of mas
sive amounts of smoke and other materials as a result of widespread 
fires induced by extensive nuclear attacks on urban areas, oil and gas 
storage facilities, and other developed and wildland areas. The extent of 
the cooling and associated reduction in precipitation would vary strongly 
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with latitude, season, and proximity to coastlines. A wide range of per
turbations is possible because of necessary assumptions and remaining 
uncertainties. 

In its broadest usage. the term "nuclear winter" is sometimes considered 
to include the entire set of adverse environmental consequences following 
a nuclear war. including the additional effects of lofted dust (which could 
prolong or augment the cooling) and of radioactive laliaul. 

By extension. the term is sometimes used to refer to the consequent effects 
on ecosystems. agriculture, and human health and welfare. 

Optical depth: A non-dimensional number used to describe the cumulative 
depletion. or extinction (d ue to both absorplion and sCtUlering) that a direct 
beam of visible or infrared radiation experiences as it travels through a 
medium. An extinction optical depth of 1 reduces the direct beam to 37% 
of its original value. 

Overpressure: The excess of the local static pressure above the normal at
mospheric pressure. 

See also Peak overpressure, Dynamic pressure. 

Ozone [03]: A molecule composed of three atoms of o")'gen. In the unper~ 
turbed atmosphere. ozone is concentrated mainly in the lower SUQlosph.ere 
(20-SO km). 

Peak overpressure: The maximum value. above the normal atmospheric 
pressure, of the static pressure attained during the passage of a shock or 
bias, walle. 
See also Dynamic pressure. Overpressure. 

Photon: The quantized unit of electromagnetic energy. The energy carried 
by a photon is proportional to the electromagnetic wave frequency. 

See also Eleclromagneric radiation. 

Planetary albedo: The average albedo of the planet Earth, as seen from 
space, about 0.3 or 30% for solar radiation under present conditions. 

Plutonium [pu}: A fissionable chemical element produced by nuclear reac
tions and used in nuclear weapons. 

Precipitation scavenging: A term to designate the removal of gases, aerosols 
or nuclear debris from the atmosphere by precipitation processes. Precip
itation scavenging includes both rainoul and washout processes. 

See also Fallou" Scavenging. 

Primary Ignition: The fires ignited as a direct result of the thermal radialion 
or thermal jl4sh of a nuclear explosion. 
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Prompt Radiation: The ionizing radiarion emitted during. and in the first 
minute or so after. a nuclear explosion, as opposed to that emitted later 
by the radioaclivl? failoul. The prompt radiation contains about 5% of the 
total energy liberated by the explosion. 

Protection factor: The attenuation factor of ionizing radiation due to the 
shielding provided by a structure or material. 

Psi [pdI: A non-SI unit of pressure equal to one pound per square inch. The 
51 unit of pressure is the Pascal (1 psi = 6894 Pal. 

Pyrotoxin: A term to designate toxic chemicals released during combustion. 
particularly from plastics and industrial chemicals. 

Rad lrad]: A non~SI unit of absorbed energy from ionizing radialion., equiv
alen t to the absorption of 100 ergs per gram, or 10- 2 Joule per kilQ
gram. The corresponding SI unit Is the Gray, and 1 Gy = 100 rads. The 
name of this unit derives from the abbreviation for Radiation Absorbed 
Dose. 

See also Rem. 

Radioactive fallout: The radioactive debris (particles) generated by a nu
clear explosion that is deposited on the surface at various times by dry 
deposition or in precipitation. Early or local falloul refers to the surface 
deposition within one day in the vicinity of the explosion. Global or de-
14yed fallour refers to the settling or washout of radioactivity after the first 
day. Intermediate timescale fallout is deposited general1y within the first 
month after the explosion, while long term fallout is deposited over times 
of months to years. 

See also Air bu.rst. Black rain, Ground bursr, Residence lime. Scawmging, 
Washout 

Radioac:tivity: The property of unstable chemical elements or isotopes to 
decay by emitting nuclear radiation. 
See also Acliviry, Fission, Pluronium, Radionuclide, Uranium. 

Radio frequency spectrum: The band of eleccromagnelic ratiwlion with 
wavelengths betweell 1 millimeter (300 GHz) and 111' m (300 Hz). 

See also Infrared radiazion. 

Radionudid~ A radioactive element or Isotope. 

See also Plutonium, Radioactivity, Uranium. 

Rainout: The in-cloud removal of aerosols by incorporation into cloud water 
and subsequent precipitation. 

See also Black ram, Fallour, PrecipUalion scavenging, Scavenging, Washout. 
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Rayleigb scattering or absorption: A particular type of scattering or absorp
tion that occurs in cases where the wavelength of the incident radiation is 
much larger than a typical dimension of the particle. 

Rem: A non-SI unit for absorbed radiation dose, defined as the dose that 
will produce the same biological effect as the absorption of 1 roentgen of 
X-rays or gamma rays. For gamma rays, 1 rad is equivalent to 1 rem. The 
name of this unit derives from the abbreviation for Roentgen Equivalent 
Man. 

Residence time: The average length of time that material is expected to 
remain within a given system before being removed (e.g .• the atmosphere). 

See also Scavenging, Washout. 

Scattering: The interaction of electromagnetic radiation with a particle. re
sulting in the deflection of the radiation. 

See also Absorption, Forward-scattering. Back-scattering, Rayleigh scaner
ing. 

Scanering optical depth: The fraction of the optical depth due to the seal· 
tering process. 
See al$O Absorption optical depth. 

Scavenging: A general term referring to the processes of particle or gas col
lection. agglomeration andlor removal from the atmosphere. particularly 
by clouds and precipitation. 

See also Black rain. RaiIJouc. Washout. 

Scenario: A description of the hypothetical development of a nuclear war, 
with specific assumptions about the number, yield. and space and time 
distribution of nuclear explosions. 

SCOPE: Acronym for Scientific Committee on Problems of the Environ
merit. SCOPE was established in 1969 by ICSU to identify interdisciplinary 
environmental issues requiring the most urgent attention. 

Shock wave: A supersonic pressure wave in a medium, such as air. associated 
with nuclear detonations. 

See also Blasi wave 

SI: Acronym for Systeme lnternational of units. SJ is a coherent system of 
units based on the meter. the kilogram, the second; the ampere, the kelvin, 
the mole, and the candela. A large number of derived units can be created 
by combining these 7 base units. 

The SI system defines standard prefixes to designate multiples and fractions 
of the standard units, including: 
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Multiplication Factors Prefix Sl Symbol 
1 000 000 000 000 1012 tera T 

1 000 000 000 HF giga G 
1000000 ;:::: Ja> mega M 

1000 - lO' kilo k 
100 = tt)! hecto h 
10 = 10' deka da 

0.1 ::: 10-' deci d 
0.01 - 10-2 centi c 

0.001 - 10-3 milli m 
0.000 00) == 10--° micro J.' 

0.000 000 001 = 10-'" nano n 
0.000 000000 OOJ - 10- 11 pica p 

SUD: See missile silo. 

Single scattering albedo: The ratio of the scatlering coefficient and the ex
tinction coefficient for a given particle or medium. 

Smoke: A sl!spension of solid andlor liquid particles and gases produced 
by combustion processes as well as wind blown debris and ash. Smoke is 
typically a heterogeneous mixture of particles of different sizes. structures. 
and composition. and may vary from white and oily (from smoldering 
combustion) to black and sooty (from flaming combustion). 

See also Black rain. SOOL 

Smoldering: A process of low temperature combustion in the absence of 
open flames. 

Soot: A smoke component composed largely of amorphous or e1ememal C/IT

bon. Soot is particularly effective in absorbing solar radiation. 

Strategic nuclear weapons: Weapons. generally of high yield. placed on 
intercontinenta1 missiles (ICBMs) and other long range delivery systems 
(SLBMs. bombers with intercontinental range). 

See also Tactical nuclear weapons, Thealer nuclear weapons. 

Stratosphere: The atmospheric layer between the tropopause and the 
stratopause. roughly between 12 and SO km above the surface. chanc
terized by a general increase in temperature with increasing altitude, The 
residence time of gases and particles in the stratosphere is much longer 
than in the troposphere. 

See Temperature inversion. 

Surface burst: A nuclear explosion occurring at or very close to the surface. 
either over water or land. SO that the firebtlll intercepts the surface. 
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Synoptic: Organized annospheric motions on spatia1 scales of about one to 
ten thousand kilometers and lasting one to several days. 

Tactical nuclear weapons: Generally speaking. low yield nuclear weapons 
mounted on short range (less than 200 km) delivery systems, and built to 
be used on the battlefield. 

See also Strategic nuclear weapons. Thearer nuclear weapolU. 

Temperature innrsion: A layer of the atmosphere in which the temperature 
is constant or increases with height. Such layers are usually stable against 
convection and mixing from below. 

Theater nuclear weapons: Generally speaking. medium or large yield nuclear 
weapons carried by intermediate range missiles and aircraft for use in 
continental-size geographical regions. 

See also Suategic nuclear weapons, Tactical nuclear weapons. 

Thermal radiation: The radiation emitted by any body or substance as a 
result of its heat content (as measured by its temperature). For substances 
at normal temperatures (250 to 320 K), the thermal radiation is in the 
thermal-infrared. For the Sun and a nuclear fireball (-6000 K), the radi
ation is in the visible and near-infrared parts of the spectrum. 

nermal pulse or thermal flash: The intense but brief emission of heat and 
light in a nuclear explosion. 

Thermonuclear weapons: A nuclear weapon that derives a substantial part 
of its explosive energy from nuclear fusion. Such weapons are sometimes 
called H-bombs, because they use hydrogen isOlOpes (typically a few kg 
of deuterium and tritium) as the fuel for the fusion process. Thermonu
clear weapons use fission devices as a trigger. The energy ywld of a ther
monuclear weapon can be much larger than that of an womic bomb of 
comparable size. 

TNT: Trinitrotoluene, a conventional high intensity explosive, also known as 
dynamite. The explosive power of nuclear weapons is expressed in equiv
alents of kilotons or megaJOns of TNT. 

Troposphere: The lowest layer of the atmosphere, from the surface to about 
12 kilometers, characterized by a general decrease of temperature with 
increasing altitude. The troposphere contains 90% of the total mass of air, 
and most of the water- vapor in the atmosphere; thus, most precipitation 
originates in this layer. 

See also Sualosphere, Tropopause. 

Tropopause: The boundary between the uoposphere and the stratosphere. 
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UJtra'Yiolet radiation: The band of electTomagn:elic radialion with wave~ 
lengths in the interval 100 to 400 nanometers. This radiation band is fur
ther divided into three other regions: UV-A (32{)-400 nanometers), UV-B 
(290-320 nanometers), and UV-C (200-290 nanometers). The UV·B ra
diation has the greatest biological significance. 

Underground burst: A nuclear explosion tbat takes place below the surface 
of the Earth. 

Underwater burst: A nuclear explosion that takes pJace below the surface 
of the water, in a sea or ocean. 

Uranium [U]: A heavy fissionable chemical element found in nature. Its 
isOtopes 235 U and 138U are used to build' nuclear weapons, as well as to 
operate nuclear power stations. 

UV·B: See U/Jraviolel fadialiofl. 

Vjsible radiation: The band of eiecl1'omagnetic radiation. with wavelength in 
the interval 0.4 to 0.8 micrometers. About half of the solar energy received 
at the surface is in the visible radiation band. 

See also Infrared radiation, Ultraviolet radiation. 

Washout: The process of aerosol removal from the atmosphere thrQugh 
capture by preeipitation, particularly below the cloud base. 

See also Fallout, Rainom, Scavenging. 

Wind shear: A situation in which the winds at a location vary in speed and 
direction at different heights. 

X~ray: The band of electromagnetic radiation with wavelengths nominally in 
the interval 0.1 to 10 nanometerS. X-rays are emitted by nudear explo
sions, but are relatively ineffective at penetrating air. 

Yield: The amount of energy released by a nuclear explosion. The yield of 
a nuclear weapon is often expressed in terms of kilotons (kzJ or megatons 
(Ml). The energy released by delayed radioactive fallout is not usually 
counted in tbe yield of a nuclear weapon. 

See also Atomic bomb, Thermonuclear weapon.. 
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