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A one-megaton nuclear explosion detonates a few kilometers above New York City. The fireball 
radiation, traveling at the speed of light, has already ignited flammable structures ten miles and 
more from the city center. The shock wave, traveling at the speed of sound, has not yet reached 
the city. The twin towers of the World Trade Center can be seen at right.

As the nuclear shock wave is leaving the city, skyscrapers and most buildings have been blown 
down. Fires are momentarily extinguished by the blast wave, and smoke is propelled away 
from the city. Looming over the scene is the mushroom cloud, which sucks debris u p to high 
altitudes— into the lower stratosphere for a groundburst of yield greater than about 200 kilotons.

The shock wave has passed. Many fires ignited by the fireball, and others—set, for example, 
from broken or demolished gas mains—begin to rage.



The fires spread and merge over an area of 100 square miles or more. Great clouds of roiling 
black smoke rise above the fires.

The inferno becomes a firestorm. Like a roaring fire in a fireplace with the flue open, but on 
a vastly larger scale, a huge column of convective air establishes itself, sucking up flames and 
carrying smoke to high altitudes. Winds in the firestorm can exceed hurricane force.

Many days later, hovering over the flattened city is a vast smoke pall extending into the 
stratosphere. Simultaneous development, and subsequent spreading and merging, of many 
such soot clouds at many altitudes can lead to nuclear winter.



Possible climatic regimes of the planet Earth. Land temperatures are shown in degrees 
Centigrade (or Celsius), and in degrees Fahrenheit, averaged over latitude, season, and time of 
day. The plausible range of temperatures for each case is shown by cross-hatching. The heavy 
lines indicate the most likely value. In the case of nuclear winter, minimum temperatures 
beneath the smoke about a week after a July war are illustrated. The range of about equally 
likely values is indicated. All but the mildest nuclear winters represent a larger alteration in 
the Northern Hemispheric climate than any that has been experienced since the origin of the 
human species.

Chapter 2 - The Idea of Nuclear Winter



Smoke injection profiles (how much smoke is put up at what altitude) used in a number of 
nuclear winter studies. Profiles are measured relative to a “unit” smoke injection, expressed as 
the fraction of the total amount of smoke injected per kilometer (km) of altitude. So for the 
“TTAPS Urban” profile, for example, about 38% of the smoke is between 5 and 6 km , another 
38% between 6 and 7 km, and the remainder between 1and 5 km. For each profile, the altitude 
above and below which half the smoke is injected (centroid) is indicated. The “NCAR” profile 
corresponds to injection between 0 and 7 k m with uniform mixing through this region of 
the atmosphere, as assumed by Thompson and Schneider. Since the air is denser in the lower 
atmosphere, they take the amount of smoke to be greater there as well. The “TTAPS”, “NRG”, 
and “SCOPE” profiles all correspond to injections at considerably higher altitudes, as detailed 
fire-plume studies indicate is likely to occur in a nuclear war. A different study [R. D. Small, 
Ambio 18 (1989), 337-383] shows a range of smoke injection profiles for different fire areas 
and intensities. Those centroids vary from 2.3 to 6.7 km , consistent with what is shown in this 
figure. In many cases significant amounts of smoke reach the stratosphere, sometimes to 15 - 30 
km altitude even without self-lofting (heating of the smoke by sunlight making it rise through 
the air). The stratosphere begins at about 12 km (actually between 8 and 15 km, depending on 
latitude, with the highest stratospheric altitudes at the lowest latitudes).

Chapter 3 - Current Scientific Knowledge of Nuclear Winter
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Chapter 7

Tambora and Frankenstein:  
What It Takes to Generate Nuclear Winter



Two sorts of thresholds: a step-function threshold, in which the response occurs entirely at a 
unique value of the stimulus, and a logistic or sigmoidal threshold, in which there is a broad 
transition region in which the response follows the stimulus. The physics of smoke absorption 
and nuclear winter gives a logistic threshold (see Figure 4, later this chapter). In Figure 4, the 
response (temperature) decreases with the stimulus, so the resulting logistic curves are mirror 
images of the S-shaped curve shown here.



This Figure is based on one-dimensional radiative-convective model calculations by T. 
Ackerman, with continental interior temperature changes reduced by a factor of 1.5 to take 
account of the moderating influence of the oceans. Temperatures are given on the left-hand 
margin in degrees Kelvin (°K). The freezing point of pure water is 273°K = 0°C (= 32°F). Thus, 
260°K = - 13°C, 270 °K = — 3°C, 280°K = +7°C, etc. A Fahrenheit scale is given in the right-
hand margin.



The fraction of world petroleum refining capacity as it depends on the cumulative number 
of refineries. Curves are given for three groups of countries: (1) the U.S., its NATO allies, the 
U.S.S.R., its (present and former) WTO allies, and China; (2) the countries of Group 1 plus the 
Middle East, Japan, Australia, and several other nations closely aligned with the superpowers; 
(3) all nations with significant refining capacity. For each group, the individual refineries are 
ordered b y refining capacity, with the largest added first. A random summation of refining 
capacity would correspond to the long dashed line (for Groups 1 and 2). A second scale below 
the figure indicates the nuclear weapons megatonnage required to destroy the cumulative 
number of refineries; a 10-kiloton warhead (roughly equivalent in yield to the Hiroshima 
atomic bomb) would be sufficient to destroy and burn any refinery in the world today. [Data 
on refinery capacity taken from the International Petroleum Encyclopedia (Tulsa, Okla.: Penn 
Well Publ. Co., 1986).] 

An analysis of the effects of blast overpressure on storage tankage [based on S. Glasstone a n 
d P. J. Dolan, The Effects of Nuclear Weapons (Washington, D.C.: Department of Defense, 1977)] 
shows that a 10-kiloton airburst would rupture petroleum storage tanks over an area of about 
2 to 15 square kilometers, depending on the size of the tanks and how full they are. Storage 
tanks are even more sensitive to low-yield bursts (around 1 kiloton) than refineries are; typical 
containers m a y be destroyed over an area of u p to 10 square kilometers b y a 1-kiloton airburst 
[Glasstone and Dolan, 1977].

Since 1- to 10-kiloton yields are characteristic of tactical n u clear weapons, these considerations 
underscore the danger that tactical as well as strategic weapons may bring about nuclear winter.

Chapter 8 - Targeting



Chapter 14

Darkness at Noon:  
Six Classes of Nuclear Winter





The severity of nuclear winter depends chiefly on how many nuclear weapons are exploded on 
what targets. The more cities and petroleum facilities in flames, the worse the climatic damage 
is. In this schematic representation, the upper dashed curve roughly indicates the maximum 
likely climatic effect for any combination ol targets, given present uncertainties on fuel 
loadings, soot emission factors, etc. A measure of increasing nuclear winter severity, Classes 
I to VI — ranging from insignificant to apocalyptic global consequences— is discussed in the 
text. The curves tend to flatten out as the number of warheads increases, because the number 
ol targets and quantities of combustible materials are eventually nearly used up. The rural and 
military targets lead to substantial dust generation, but require many high-yield groundbursts 
(consistent with present war plans and strategic systems) to cause significant global effects. 
The industrial, urban, and petroleum targets are characterized by combustible materials highly 
concentrated at relatively few sites; this is why global nuclear winter maybe generated with only 
a few hundred detonations or less. As discussed earlier, petroleum refineries exhibit the greatest 
climatic sensitivity with the fewest detonations (even for individual warhead sizes of around 1 
to 10 kilotons— i.e., tactical nuclear weapons). We estimate the probable error in our estimates 
to be ± one n u clear winter class, as shown by the sample error bar at the right ol the curve lor 
petroleum targets. The vertical line at the right indicates the present total U.S./Soviet nuclear 
weapons inventory, including both strategic a n d tactical warheads. The British and French 
nuclear forces (being expanded to around 1000 and 700 strategic warheads respectively) will 
each be capable of causing a nuclear winter with pure urban targeting. Nuclear winter maybe 
within the reach of China as well, with about 350 operational strategic warheads (possibly to 
be increased to nearly 1,000 if MIRVing the CSS-2 missile takes place as anticipated). It is clear 
that a few hundred warheads, if specifically a i m e d at fire-sensitive targets, might exceed the 
threshold for an environmental catastrophe unprecedented in the tenure of humans on Earth.



Schematic indication of how various components of the existing U.S. a n d Soviet nuclear force 
structures and related activities might he reduced so that a minimum sufficient deterrence 
(MSD) regime is approached around the turn of the millennium, January 1, 2001. Dashed 
lines near top for each component indicate previous trends. means approximately; KT means 
kiloton; B means billion.

Chapter 21 - Other Nuclear States



Appendices



The energy budget of the normal atmosphere, at left, contrasted with the energy budget of the 
atmosphere after a nuclear war, at right. The thicknesses of the beams of radiation in which the 
arrows are embedded are roughly proportional to the energy fluxes— that is, to the amount 
of energy absorbed or emitted by a given area in a given period of time. You might measure 
these fluxes in, for example, the number of watts received or emitted per square centimeter of 
the Earth’s surface. For simplicity, we here measure energy fluxes in arbitrary units, so that 100 
of these units describes how much sunlight is falling on a given area at the top of the Earth’s 
atmosphere (say, a square centimeter) in a given period of time (say, a second). In the normal 
atmosphere some of the incoming solar radiation is reflected back to space by clouds and the 
atmosphere; some of it is absorbed by the atmosphere; and a goodly percentage of it reaches the 
surface of the Earth, where it is mainly absorbed a n d heats the ground. The atmosphere and 
the surface then achieve an energy equilibrium by radiating infrared radiation back to space. 
But in the aftermath of a nuclear war, a nearly opaque pall of smoke and dust can be generated 
that prevents m o s t of the sunlight from reaching the surface. Instead, it is mainly absorbed 
by the smoke and reflected back to space by the dust. The top of the smoke cloud will be much 
warmer than that region of the atmosphere ordinarily gets; the surface of the Earth will be 
much colder. In both sketches, “reflected by atmosphere” accounts for the effect of clouds as 
well as the molecules and particles in the air.

Appendix A - Climate: The Global Energy Machine



How much light gets through an aerosol haze, or cloud of smoke or dust, depends on the optical 
depth of the layer of fine particles. For optical depth 1, most of the light penetrates through the 
scattering dust cloud. But less than half penetrates through the darker absorbing smoke cloud 
(which here is not as dark as pure soot). At optical depth 2, the light that gets through a cloud 
of soot is only as much as on a gloomy, overcast day in the normal atmosphere. At optical 
depth 5 for smoke, so little light gets through that green plants can just barely harvest enough 
sunlight for photosynthesis to keep pace with plant metabolism. At an absorption optical depth 
greater than 5, photosynthesis grinds to a halt. At optical depth around 12 for smoke clouds, it 
is as dark at midday as it would be at midnight on a clear night with a full moon in the normal 
atmosphere. To achieve the same darkness at noon with dust takes an optical depth as large 
as 80. Clearly, smoke optical depths much larger than 1 can be very dangerous if distributed 
over large areas of the Earth. In these illustrative calculations, the absorption optical depth (for 
smoke) is given for the Sun overhead, but the scattering optical depth (for dust) is for the Sun 
about 35° from the horizon. A light transmission of 10’2 is 0.01 or 1 % the sunlight falling on 
the top of the atmosphere; 10”4 is 0.0001 or one ten-thousandth; lO-6 is one-millionth; etc.



Appendix B - Nuclear Winter Theory: Early Predictions Compared With Latest Findings
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1 Two one-megaton-yield nuclear warheads explode over the New York metropolitan area. 
Dark, sooty fires are set substantial distances away.  
[Painting by Chesley Bonestell. Courtesy, Frederick C. Durant III, Bonestell Space Art.]



2 A low-yield nuclear weapon explodes over the Nevada desert in the “Climax” text, June 4, 
1953. This weapon had a yield roughly four times that of the bomb that destroyed Hiroshima.  
[Courtesy, U.S. Department of Defense.]



3 The black, sooty smoke from the burning of a small modern building. A great deal of such 
smoke, at high altitude, prevents ordinary sunlight from reaching the ground and warming the 
Earth, but permits infrared thermal radiation to escape to space and cool the Earth—optimum 
properties for generating nuclear winter.  
[Courtesy, B. Williamson, Lawrence Berkeley Laboratory.]



4 Hiroshima, after its destruction on August 6, 1945, by a roughly twelve-kiloton nuclear 
weapon dropped by the United States. This explosion and the bombing of Nagasaki two days 
later put a prompt end to World War II. In this first nuclear “war,” all available weapons in 
the stockpile (both of them) were used. In a modern nuclear war, destruction would be much 
greater and the killing much more widespread—in part because there would very likely be 
nowhere from which to receive help and few places to which to escape; and in part because of 
nuclear winter, whose effects would only begin to be felt days after the war was over.  
[U.S. Strategic Bombing Survey photo; courtesy, Popperfoto, London.]



5 Successive pictures of the same strip of landscape and sky on Mars, as taken by Viking I in its 
extended mission in the early 1980s. A “sol” is a Martian day, a little longer than an Earth day. 
The days around sol 1742 witnessed a dust storm and a lowering of surface temperature. Such 
correlations, connected with the mechanism of nuclear winter, amount to a few °C temperature 
drop for a typical heavy dust storm.  
[Image courtesy NASA and The Planetary Society.]



6 The Sinai Peninsula at the boundary of Israel and Egypt, just after a nuclear war begins. Cities 
and petroleum facilities are in flames. The resulting black, sooty clouds are blown in a common 
direction by the prevailing winds. At other targets, larger smoke plumes are carried to higher 
altitudes. The smoke merging from many such plumes is predicted to generate nuclear winter.  
[Painting copyright © 1983 by Jon Lomberg. Courtesy of the artist.]



7 A nuclear war begins. We are 
looking down on the North Pole. The 
boundary between day and night cuts 
across the Arctic ice cap. Each bright 
flash of light represents a fireball 
from a nuclear explosion. Only 
about 100 of the many thousands of 
explosions in such a war are being 
detonated at the moment depicted. 
North America, mainly in daylight, 
is at the bottom. The Eurasian 
landmass, in darkness, is at left. 
Europe is at top right. Enormous 
clouds of smoke can be seen, carried 
eastward by the prevailing westerlies. 
From this distant view it is difficult to 
determine who started the war.  
[Painting copyright © 1983 by Jon 
Lomberg. Courtesy of the artist.]

8 The same view of the Earth about 
a week later. Again the Arctic ice cap 
is below us, and again the ribbon 
of twilight cuts across it. Smoke 
from the fires set by thousands of 
nuclear explosions has now risen to 
high altitude, spread, and merged, 
covering much of the Northern 
Hemisphere. Light levels and 
temperatures have plummeted. In 
some places the smoke is still patchy; 
it continues to spread north toward 
the Pole, and south toward and 
across the Equator. Even now there 
are a few fresh nuclear explosions—
perhaps ordered by the commanders 
of ballistic missile submarines, 
unaware that the war is “over.”  
[Painting copyright © 1983 by Jon 
Lomberg. Courtesy of the artist.]



9 Ten days after the war. Another 
view of the world after nuclear war—
this one from an observing station 
high above the Equator. The smoke 
has covered most of the Northern 
Hemisphere. Outriders of smoke 
reach as far south as Patagonia. But 
Central and South America have, so 
far, escaped the worst of the smoke. 
Note, at northern midlatitudes, 
the patches of very-high-altitude, 
brighter smoke: This is dust from 
high-yield groundbursts that works 
to cool the Earth through a different 
mechanism—by reflecting more 
sunlight back to space, before it 
reaches the dark smoke.  
[Painting copyright © 1983 by Jon 
Lomberg. Courtesy of the artist.]

10 Equatorial view of the Western 
Hemisphere some weeks after a 
nuclear war. The main smoke pall, 
although still patchy, has reached 
Argentina and Chile. This and the 
last three figures depict one of many 
nuclear war scenarios. In many 
models the main smoke pall would 
by this time be much less patchy, 
although not as much smoke would 
have reached so far into the Southern 
Hemisphere (unless nuclear weapons 
were exploded there).  
[Painting copyright © 1983 by Jon 
Lomberg. Courtesy of the artist.]



11 Smoke produced in a hypothetical nuclear war, with fires and smoke emission arbitrarily 
confined to the continental U.S., Europe (excluding the U.K.), and European U.S.S.R. Each 
colored dot represents a certain fixed mass of smoke. All the dots together show the extent of 
smoke injection two hours after the war. It is assumed that the war takes less than an hour; i.e. 
that all the weapons are detonated essentially simultaneously. Blue dots indicate smoke below 
10 kilometers altitude (6 miles). Yellow dots indicate smoke, including stratospheric smoke, 
above 10 kilometers altitude. The accumulating smoke, still mainly in the lower atmosphere, 
will when spread over a hemisphere be enough to generate a Class III (“nominal”) nuclear 
winter. The subsequent movement of this smoke, both vertically and horizontally, as calculated 
by a state-of-the-art three-dimensional general circulation model, is shown in Plates 12-15.



12 Spread of nuclear war-generated smoke of Plate 11, five days after the war is over. For 
computational convenience each dot, representing a blob of smoke driven by solar heating and 
the circulation of the atmosphere, is allowed to move, but, in order that we can follow the net 
effect, is not allowed to spread and become a larger but more diffuse cloud. As before, yellow 
dots indicate smoke at more than 10 kilometers altitude, mainly in the stratosphere. By five 
days, the smoke covers nearly all Northern midlatitudes, and a Class III nuclear winter is well 
under way.

13 Spread of smoke ten days after the nuclear war assumed in Plate 11. Much of the Northern 
Hemisphere is now covered, and outriders of smoke have arrived in the Southern Hemisphere. 
Significant temperature declines and obscuration of the Sun are widespread.



14 Spread of smoke nearly three weeks after the nuclear war assumed in Plate 11. Smoke has 
now reached most parts of the globe. Semitropical, tropical, and Southern Hemisphere latitudes 
are covered by stratospheric smoke (represented by yellow dots), although the density of smoke 
(represented by the abundance of dots) is less as we go south. There is less lower atmospheric 
smoke (blue dots) than in previous figures because of rainout and fallout.

15 Worldwide distribution of (almost entirely stratospheric) smoke five months after the nuclear 
war of Plate 11. Depending on targeting, more widely distributed and/or larger nuclear wars 
could generate more smoke and more severe cold and dark than in this nominal nuclear winter. 
[Diagrams Plates 11-15 courtesy Robert C. Malone and Gary A. Glatzmaier, Los Alamos 
National Laboratory.]



16 Average nuclear winter temperature changes around a week (average of days 5 through 10) after 
a July nuclear war. Enough smoke is assumed to be generated by nuclear explosions to produce a 
Class II (“marginal”) nuclear winter. Additional cooling by dust is ignored. Temperature changes 
(in degrees Centigrade and Celsius) are color-coded at top: “<” means “less than” and “>” means 
“more than.” The largest temperature declines shown (more than a 20°C or 36°F drop) occur in 
the American Midwest and Soviet Central Asia. These are rough weekly averages; maximum 
daily temperature drops would be larger (generally a further cooling of 10°C or more: see Figure 
1). Note the sudden chill in Venezuela.



17 Average temperature changes about a week into a Class III (“nominal”) nuclear winter 
produced by a July war between the superpowers. Additional cooling by dust is ignored. The 
largest temperature declines shown are over 25°C (or 45°F). These are average temperatures over 
about a week; maximum daily temperature drops would be larger. Note nuclear winter effects 
beginning to propagate into East Asia and sub-Saharan Africa. Temperature declines are already 
serious enough to wipe out grain production in the Soviet Ukraine and in the American and 
Canadian Midwest.



18 Average temperature changes about a week into a Class IV (“substantial”) nuclear winter, 
produced by a July war between the superpowers. The smoke emissions in this case are greater 
than in the previous two cases, but are just as likely to occur for the same weapons detonated at 
the same targets. Additional cooling by dust is ignored. Major temperature drops have gripped 
most of North America and the Eurasian landmass. Temperature declines of over 25°C (45°F) 
prevail over an area that extends roughly from Kiev to Moscow to the Urals. These are rough 
weekly averages; maximum daily temperature drops would be larger (generally a further cooling 
of 10°C or more). Extensive areas, in both the Eastern and Western Hemispheres, would be—
at least intermittently—below freezing in midsummer. No comparable studies have ever been 
performed for the more severe Class V or Class VI nuclear winters. 
[Data for Plates 16-18 courtesy Robert C. Malone and Gary A. Glatzmaier, Los Alamos National 
Laboratory. Map prepared for this book by Bell Production Services, Toronto.]



19-21 Nuclear winter three-
dimensional general circulation 
models, circa 1985, performed at the 
National Center for Atmospheric 
Research (NCAR) in Boulder, 
Colorado. Plate 19 shows the 
assumed smoke emission zones in 
the Northern Hemisphere, which are 
restricted to NATO and TWO states. 
Plate 20 shows—for day 15 after a 
July war—the distribution of smoke 
in terms of absorption optical 
depth, Ta, for a “baseline” nuclear 
exchange. Large portions of the 
Soviet Union show Ta between 
2.5 and 10, and tendrils of smoke 
with Ta between 0.4 and 1 reach 
to South Africa. Place 21 shows, 
averaged over days 5 through 
20, the resulting temperature 
changes—between a 15° and a 
50°C drop in the target zone. 
More modern three-dimensional 
general circulation models show 
declines in the same zone about 
half as large for comparable optical 
depths (cf. Los Alamos National 
Laboratory estimates in Plates 16-
18). All recent models, including 
those at NCAR, are in rough 
agreement. The largest remaining 
uncertainty is the choice of Ta: How 
much smoke will be distributed 
where for a given nuclear war? 
 
[Figures courtesy NCAR and 
the Center on the Long-Term 
Consequences of Nuclear War, 
Natural Resources Defense Council, 
Washington, D.C.]



22 Representations of the sky with obscuration of different optical depths, as if photographed 
by an all-sky camera. The zenith is at the center of each circle, the horizon at the periphery. 
Upper left: Normal sky. Upper right: Cloudy sky. Lower left: Sky with twenty times the normal 
concentration of aerosols. Lower right: The sky in nuclear winter, TTAPS baseline case. 
[Courtesy, T. Nakajima and H. Ogawa, Upper Atmosphere Research Laboratory, Tohoku 
University, Sendai, Japan. Bulletin, Tohoku University Computing Center, 19 (1986), 78-83.]


