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We use a chemistry-climate model and new estimates of smoke
produced by fires in contemporary cities to calculate the impact on
stratospheric ozone of a regional nuclear war between developing
nuclear states involving 100 Hiroshima-size bombs exploded in
cities in the northern subtropics. We find column ozone losses in
excess of 20% globally, 25-45% at midlatitudes, and 50-70% at
northern high latitudes persisting for 5 years, with substantial
losses continuing for 5 additional years. Column ozone amounts
remain near or <220 Dobson units at all latitudes even after three
years, constituting an extratropical “ozone hole.” The resulting
increases in UV radiation could impact the biota significantly,
including serious consequences for human health. The primary
cause for the dramatic and persistent ozone depletion is heating of
the stratosphere by smoke, which strongly absorbs solar radiation.
The smoke-laden air rises to the upper stratosphere, where re-
moval mechanisms are slow, so that much of the stratosphere is
ultimately heated by the localized smoke injections. Higher strato-
spheric temperatures accelerate catalytic reaction cycles, particu-
larly those of odd-nitrogen, which destroy ozone. In addition, the
strong convection created by rising smoke plumes alters the
stratospheric circulation, redistributing ozone and the sources of
ozone-depleting gases, including N,O and chlorofluorocarbons.
The ozone losses predicted here are significantly greater than
previous “nuclear winter/UV spring” calculations, which did not
adequately represent stratospheric plume rise. Our results point to
previously unrecognized mechanisms for stratospheric ozone
depletion.
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In the early 1980s, quantitative studies of the catastrophic
climactic impacts of a global nuclear war [a scenario that came
to be known as “nuclear winter” (1-4)] prompted intense public
debate about previous assumptions that nuclear war could be
winnable, and preceded the first significant reductions in nuclear
weapons stockpiles in the history of the cold war. Ensuing
numerical studies of perturbations in stratospheric ozone chem-
istry focused on oxides of nitrogen (NOy) produced by the shock
waves and fireballs of the atomic blasts and lofted into the
stratosphere by the rising atomic fireballs (5, 6). Based on
calculations with a one-dimensional eddy diffusion and chemical
reaction model, a 1985 National Research Council report pre-
dicted that the slow upward transport of NOy generated by a
global nuclear exchange of 6500 Mt would deplete a maximum
of 17% of the ozone column averaged over the Northern
Hemisphere after one year, with half recovery (to 8.5% loss) by
year 3. Later studies showed that solar heating of smoke
produced by massive fires after such a nuclear exchange would
alter stratospheric circulation and chemistry, inducing rapid
ozone depletion—termed “UV spring”—by both direct dis-
placement of ozone and enhancement of catalytic ozone de-
struction cycles (7, 8).

Although the risk of global nuclear war has diminished since
the 1980s, the proliferation of nuclear weapons has produced
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greater risks of a regional nuclear conflict. At the same time,
global climate models have improved considerably. Toon et al.
(9) recently assessed the damage that might result from the
arsenals of the world’s newest nuclear powers, and showed that
the direct effects of even a small number of relatively low-yield
nuclear weapon explosions in modern megacities could produce
unexpectedly large numbers of fatalities. Their analysis shows
that a nuclear attack on a single country involving 50 Hiroshima-
size (15 kt) bombs could generate 1-5 Tg of black carbon aerosol
particles in the upper troposphere, after an initial 20% removal
in “black rains” induced by firestorms. A regional nuclear
conflict between India and Pakistan, for example, in which each
used 50 such weapons is estimated to produce ~6.6 Tg of black
carbon. Robock et al. (10) used these smoke estimates in a
state-of-the-art general circulation model to produce the first
predictions of the climatic effects of a regional nuclear exchange.
Their calculations suggest aerosols would be lofted within days
to the upper stratosphere. The absorption of sunlight by the
stratospheric soot produces a global average surface cooling of
1.25°C persisting for several years and large reductions in
precipitation associated with the Asian summer monsoon and
other disruptions to the global climate system.

Here, we examine the impact on stratospheric chemistry of
smoke from fires after such a regional nuclear war. Our
calculations employ the Whole Atmosphere Community Cli-
mate Model 3 (WACCM3), an advanced chemistry-climate
model with a well resolved stratosphere and mesosphere. We
have coupled WACCM3 with the Community Aerosol and
Radiation Model for Atmospheres (CARMA), a flexible
three-dimensional microphysics package, that we have adapted
for the treatment of black carbon aerosol. We conducted three
10-year simulations initialized with 1995 tracer-mixing ratios.
Two model scenarios were run with 1 and 5 Tg of soot,
respectively, initially located in the upper troposphere over
Pakistan on May 15, with radiative feedback between soot
absorption and dynamics. A control run was carried out under
the same conditions, but without soot radiative feedback. In
contrast to older simulations of ozone loss after full-scale
nuclear conflicts, we did not inject any additional NOj,
because we expect such injections to be relatively small for the
cases considered (9). Additional model runs have shown that
the calculated response does not vary significantly with the
season of the initial soot injection.

Results

Here, we first discuss the results for a 5-Tg soot injection, and
later compare that with the 1-Tg case. The subtropical insolation
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heats the injected black carbon particles, which in turn heat the
ambient air, causing it to rise rapidly, even as a strong subtropical
jet and eddies begin mixing the soot zonally and meridionally
through the upper troposphere. In the 5-Tg soot case, 20% of the
soot rains out in the troposphere within the first 10 days. We
assume, perhaps conservatively, that this calculated rainout
occurs after the initial “black rain” removal calculated by Toon
et al. (9). The remaining 4 Tg rises to the stratosphere, where
removal processes are slow (10). Within 10 days of injection, the
soot reaches a maximum altitude near 80 km in the mesosphere.
Gravitational settling restricts the particles from reaching higher
altitudes, where low ambient air pressures fail to suspend the
0.1-um particles. These calculations confirm the response cal-
culated by Robock et al. (10) with an independent model.

We predict severe perturbations to stratospheric tempera-
tures, comparable to those reported by Robock et al. (10). The
extreme heating has an immediate effect on chemical reaction
rates, perturbing several mechanisms that regulate odd-oxygen
(O3 + O). We have examined the rates for 20 reactions con-
trolling the major production and catalytic loss cycles that
produce and destroy odd oxygen, involving the catalysts from the
odd oxygen, odd nitrogen, odd hydrogen, odd chlorine, and odd
bromine chemical families.

Two cycles dominate the changes in chemistry after the soot
injection. The control of odd-oxygen by the Chapman mecha-
nism is highly sensitive to temperature through the following
reaction, which requires significant activation energy and be-
comes faster as temperature increases:

In addition, odd-nitrogen (NOy) catalyzes the following
temperature-sensitive odd-oxygen loss cycle:

NO, + O - NO + O, [3]
Net: O+ 03— 20,

In the stratosphere, temperatures remain 30—60°C above normal
throughout the first year after the introduction of the soot
aerosol. In the 20- to 30-km altitude range, where ozone
concentrations peak, the rate constant for reaction 1 increases by
a factor of 3 to 6, and that for reaction 2 increases by a factor of
2 to 4. As we will demonstrate, changes in the concentrations of
reactants affect the rate of these loss processes as well.

As the smoke-laden air passes through the tropopause, raising
upper troposphere/lower stratosphere (UT/LS) temperatures
significantly, it produces a major perturbation to stratospheric
water vapor, which in turn affects odd hydrogen (HOy) and
associated catalytic cycles depleting ozone. Under normal con-
ditions, cold tropopause temperatures limit mixing ratios of
water vapor entering the lower stratosphere to 3.0 to 4.5 ppmv.
The 5 Tg of soot allows a pulse of additional water into the
tropical UT/LS region, with typical increases of 4-5 ppmv and a
short-lived local maximum of 10 ppmv additional H>O. H,O-
mixing ratios at <25 km increase by factors typically ranging
between 0% and 200%, with transitory local increases of up to
450% in the UT/LS region. Above 25 km, a maximum increase
of 4 ppmv occurs in the tropics, with increases of 0.5 to 2.5 ppmv
more typical. Above 40 km, H,O-mixing ratios increase by
0-50%. Of the HOx-catalyzed ozone loss cycles, one is important
at <40 km:
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Fig. 1. Time evolution of the total ozone column after a 5-Tg soot injection
in the upper troposphere at 30°N latitude. Changes in ozone are given as a
percent deviation of the integrated column from the control run, or baseline
value, as a function of time since soot injection. The global-mean total ozone
variation is shown along with zonal-average changes at four specific latitudes
(aslabeled). Note that the seasonal signal is amplified during periods of strong
smoke perturbation, especially at midlatitudes.

HO, + O; — OH + 20, [5]
Net: 203—30,

The global-mean column-integrated rate for reaction 5 nearly
doubles immediately after the smoke perturbation, because of
increased HOy abundance, but remains more than an order of
magnitude lower than that for either reaction 1 or reaction 2
throughout all model runs. All other HOx-catalyzed ozone loss
cycles are significant only at >40 km, and remain relatively
unperturbed by the smoke perturbation. Similarly, other ozone-
destroying catalytic cycles involving odd nitrogen, chlorine, and
bromine were not significantly perturbed compared with reac-
tions 1 and 2.

We calculate large losses in total (column) ozone that persist
for years after the soot input. The global mean ozone column
remains depleted by 20-25% for 5 years after the injection (Fig.
1). Catalytic destruction during the transport of air poleward
compounds ozone loss at high latitudes. Throughout the first 5
years, total ozone depletions are 25-45% at midlatitudes and
50-70% at northern high latitudes.

Significant ozone reductions occur at all latitudes with two
minor exceptions (Fig. 2). Initially, the strong convection gen-
erated by the rising plume at 30°N disrupts the stratospheric
circulation, transporting ozone to the Southern Hemisphere,
where column increases occur. Within 6—8 weeks, these small
increases (<10%) shift to depletions, which then grow in mag-
nitude at all latitudes. Over Antarctica, however, the formation
of the austral springtime ozone “hole” is suppressed in the first
2 years after soot injection, leading to a net ozone enhancement
during those periods. Analysis shows that increased stratospheric
temperatures inhibit heterogeneous activation of chlorine on
polar stratospheric clouds, a requirement for producing the
ozone hole. Nevertheless, by the third, fourth, and fifth years,
ozone columns over Antarctica fall well below even those typical
of current ozone hole conditions because of the transport of very
low ozone-mixing ratios from lower latitudes.

Fig. 3 presents the annual mean, zonally averaged total ozone
amounts for the control and soot cases during the second
calendar year after injection. The Antarctic ozone hole is
commonly defined by columns of <220 Dobson units (DU) (11).
By this definition, our calculations indicate an extratropical
ozone hole lasting up to 5 years (cf. Fig. 1).
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