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WACCM Additions to CAM
• Extends from surface to 5.1x10-6 hPa (~150 km), with 66 vertical levels
• Detailed neutral chemistry model for the middle atmosphere, 

• catalytic cycles affecting ozone 
• heterogeneous chemistry on PSCs and sulfate aerosol 
• heating due to chemical reactions

• Model of ion chemistry in the mesosphere/lower thermosphere (MLT), ion drag, 
auroral processes, and solar proton events

• EUV and non-LTE longwave radiation parameterizations
• Imposed QBO, based on cyclic, fixed-phase, or observed winds
• Volcanic aerosol heating calculated explicitly
• Gravity wave drag deposition from vertically propagating GWs generated by 

orography, fronts, and convection
• Molecular diffusion and constituent separation
• Thermosphere extension (WACCM-X) to ~500 km



WACCM Motivation 
Roble, Geophysical Monograph, v. 123, p. 53, 2000

• Coupling between atmospheric layers:
• Waves transport energy and momentum from the lower 

atmosphere to drive the QBO, SAO, sudden warmings, 
mean meridional circulation

• Solar inputs, e.g. auroral production of NO in the mesosphere and 
downward transport to the stratosphere

• Stratosphere-troposphere exchange
• Climate Variability and Climate Change:

• What is the impact of the stratosphere on tropospheric variability?
• How important is coupling among radiation, chemistry, and circulation? 

(e.g., in the response to O3 depletion or CO2 increase)
• Response to solar variability: impacts mediated by chemistry?

• Interpretation of Satellite Observations
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Maria: 
14°N, 
91°W,
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1902

Krakatau: 
6°S, 105°E,
27-28 Aug 1883

• Observations 
used: SAGE I, 
SAGE II, SAM II, 
and SME 
instruments. 

• Non-volcanic 
periods filled 
with monthly 
mean of 
1998-2002 
values.

• Used Pinatubo 
aerosol for 
Krakatau and 
Santa Maria.



Surface Temperature Anomalies
normalized to 1961-90
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Volcanic heating in WACCM

Surface Area (cm2 cm-3)

Effective Radius (cm)Sulfate Mass (µg m-3)

Multiple aerosol independent 
parameters derived from 

observations used as inputs.
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Volcanic heating in WACCM

aerosols. In Figure 1, temperature differences between the
two model runs, using monthly and zonal averages in the
tropics (between 30! and 30!S), are compared to radiosonde
temperature anomalies for the period 1984–2000 [Randel et
al., 2009]. The monthly averaged anomalies of observations
are based on 14 tropical radiosonde stations.
[13] The eruption of Mount Pinatubo in 1991 injected

large amounts of sulfur into the stratosphere. Significant
temperature increases of about 1–3 K between 70 and

30 hPa occurred after 1991 for both the differences in the
simulations (black line) and radiosonde anomalies (grey
line) (Figure 1). For all three pressure levels, temperature
anomalies agree well between model and observations.
Therefore, we expect a reliable response of the aerosol
heating in the model run when using geoengineered volcanic-
sized aerosols.

2.2. Setup of the Future Control and Geoengineering
Model Runs

[14] We performed two simulations to analyze the impact
of geoengineered aerosols on the tropospheric and strato-
spheric dynamics, and stratospheric chemistry. The control,
or ‘‘baseline’’ model run, is initialized as a REF2 model run,
following the CCMVal definition [Eyring et al., 2006], and
covers the period between 2010 and 2050. Increasing
greenhouse gases, based on the IPCC A1B scenario [IPCC,
2007], are included in this simulation, as well as changes in
anthropogenic halogen emissions. Initialized SAD and the
resulting H2SO4 mass in the model are prescribed using a
climatology for a nonvolcanic period from SAGE II
[Thomason et al., 1997].
[15] The geoengineering model run is set up identically to

the baseline run between 2010 and 2020. However, starting
in the year 2020, the SAD is increased from background to
an enhanced, fixed SAD distribution. This SAD is calcu-
lated from the SO4 distribution derived in the study of
Rasch et al. [2008b]. Rasch et al. [2008b] used the NCAR
CAM model to derive aerosol distributions for different
scenarios, with varying amounts of sulfur injection in the
tropics, two different-sized aerosol types, and two different
CO2 conditions. Here, we use the ‘‘volc2’’ case of Rasch et
al. [2008b], where 2 Tg S/a of volcanic aerosols are injected
into a present-day CO2 environment. ‘‘Volcanic like’’ aero-
sols are assumed to have a dry mode radius of 0.37 mm and
a standard deviation of 1.25 mm, which corresponds to an
effective radius of about 0.43 mm.
[16] The monodisperse particle distribution assumed here

is an approximation that does not cover the entire particle
size spectrum in the atmosphere. Further, the initial coag-
ulation time of sulfate aerosols depends on the injection
scheme (initial aerosol size) and the number density of
aerosols already in the stratosphere. As discussed in detail
by Rasch et al. [2008b, section 2c and references therein], a
distribution dominated by background-sized particles, as
considered in earlier studies [e.g., Rasch et al., 2008b;
Tilmes et al., 2008], is not likely to be maintained given
the amount of aerosols needed to cool the Earth’s climate.
Microphysical studies have shown that, under background
conditions, newly injected aerosol particles reach stabilized
sizes larger than 0.3 mm in !50 days after a volcanic
eruption [Zhao et al., 1995], and also in the case of
geoengineering (M. Mills, personal communication,
2008). Effective radii under stabilized conditions were
calculated between 0.3 and 0.5 mm, which is consistent
with our assumption and with observations taken after the
eruption of Mount Pinatubo [Russell et al., 1996]. In the
case of an enhanced aerosol burden, newly injected aerosol
particles coagulate and grow toward volcanic-sized particles
in a much shorter time [e.g., Seinfeld and Pandis, 1998;
Mills, 1996; Turco et al., 1979]. To evaluate the impact of
the entire size spectrum of geoengineered stratospheric

Figure 1. Temperature difference between the REF1.3v
and REF1.3 simulations (see text for details) for different
pressure levels (black lines). Temperature anomalies from
radiosonde observations [Randel et al., 2009] are shown as
grey lines.
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aerosols. In Figure 1, temperature differences between the
two model runs, using monthly and zonal averages in the
tropics (between 30! and 30!S), are compared to radiosonde
temperature anomalies for the period 1984–2000 [Randel et
al., 2009]. The monthly averaged anomalies of observations
are based on 14 tropical radiosonde stations.
[13] The eruption of Mount Pinatubo in 1991 injected

large amounts of sulfur into the stratosphere. Significant
temperature increases of about 1–3 K between 70 and

30 hPa occurred after 1991 for both the differences in the
simulations (black line) and radiosonde anomalies (grey
line) (Figure 1). For all three pressure levels, temperature
anomalies agree well between model and observations.
Therefore, we expect a reliable response of the aerosol
heating in the model run when using geoengineered volcanic-
sized aerosols.

2.2. Setup of the Future Control and Geoengineering
Model Runs

[14] We performed two simulations to analyze the impact
of geoengineered aerosols on the tropospheric and strato-
spheric dynamics, and stratospheric chemistry. The control,
or ‘‘baseline’’ model run, is initialized as a REF2 model run,
following the CCMVal definition [Eyring et al., 2006], and
covers the period between 2010 and 2050. Increasing
greenhouse gases, based on the IPCC A1B scenario [IPCC,
2007], are included in this simulation, as well as changes in
anthropogenic halogen emissions. Initialized SAD and the
resulting H2SO4 mass in the model are prescribed using a
climatology for a nonvolcanic period from SAGE II
[Thomason et al., 1997].
[15] The geoengineering model run is set up identically to

the baseline run between 2010 and 2020. However, starting
in the year 2020, the SAD is increased from background to
an enhanced, fixed SAD distribution. This SAD is calcu-
lated from the SO4 distribution derived in the study of
Rasch et al. [2008b]. Rasch et al. [2008b] used the NCAR
CAM model to derive aerosol distributions for different
scenarios, with varying amounts of sulfur injection in the
tropics, two different-sized aerosol types, and two different
CO2 conditions. Here, we use the ‘‘volc2’’ case of Rasch et
al. [2008b], where 2 Tg S/a of volcanic aerosols are injected
into a present-day CO2 environment. ‘‘Volcanic like’’ aero-
sols are assumed to have a dry mode radius of 0.37 mm and
a standard deviation of 1.25 mm, which corresponds to an
effective radius of about 0.43 mm.
[16] The monodisperse particle distribution assumed here

is an approximation that does not cover the entire particle
size spectrum in the atmosphere. Further, the initial coag-
ulation time of sulfate aerosols depends on the injection
scheme (initial aerosol size) and the number density of
aerosols already in the stratosphere. As discussed in detail
by Rasch et al. [2008b, section 2c and references therein], a
distribution dominated by background-sized particles, as
considered in earlier studies [e.g., Rasch et al., 2008b;
Tilmes et al., 2008], is not likely to be maintained given
the amount of aerosols needed to cool the Earth’s climate.
Microphysical studies have shown that, under background
conditions, newly injected aerosol particles reach stabilized
sizes larger than 0.3 mm in !50 days after a volcanic
eruption [Zhao et al., 1995], and also in the case of
geoengineering (M. Mills, personal communication,
2008). Effective radii under stabilized conditions were
calculated between 0.3 and 0.5 mm, which is consistent
with our assumption and with observations taken after the
eruption of Mount Pinatubo [Russell et al., 1996]. In the
case of an enhanced aerosol burden, newly injected aerosol
particles coagulate and grow toward volcanic-sized particles
in a much shorter time [e.g., Seinfeld and Pandis, 1998;
Mills, 1996; Turco et al., 1979]. To evaluate the impact of
the entire size spectrum of geoengineered stratospheric

Figure 1. Temperature difference between the REF1.3v
and REF1.3 simulations (see text for details) for different
pressure levels (black lines). Temperature anomalies from
radiosonde observations [Randel et al., 2009] are shown as
grey lines.
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aerosols. In Figure 1, temperature differences between the
two model runs, using monthly and zonal averages in the
tropics (between 30! and 30!S), are compared to radiosonde
temperature anomalies for the period 1984–2000 [Randel et
al., 2009]. The monthly averaged anomalies of observations
are based on 14 tropical radiosonde stations.
[13] The eruption of Mount Pinatubo in 1991 injected

large amounts of sulfur into the stratosphere. Significant
temperature increases of about 1–3 K between 70 and

30 hPa occurred after 1991 for both the differences in the
simulations (black line) and radiosonde anomalies (grey
line) (Figure 1). For all three pressure levels, temperature
anomalies agree well between model and observations.
Therefore, we expect a reliable response of the aerosol
heating in the model run when using geoengineered volcanic-
sized aerosols.

2.2. Setup of the Future Control and Geoengineering
Model Runs

[14] We performed two simulations to analyze the impact
of geoengineered aerosols on the tropospheric and strato-
spheric dynamics, and stratospheric chemistry. The control,
or ‘‘baseline’’ model run, is initialized as a REF2 model run,
following the CCMVal definition [Eyring et al., 2006], and
covers the period between 2010 and 2050. Increasing
greenhouse gases, based on the IPCC A1B scenario [IPCC,
2007], are included in this simulation, as well as changes in
anthropogenic halogen emissions. Initialized SAD and the
resulting H2SO4 mass in the model are prescribed using a
climatology for a nonvolcanic period from SAGE II
[Thomason et al., 1997].
[15] The geoengineering model run is set up identically to

the baseline run between 2010 and 2020. However, starting
in the year 2020, the SAD is increased from background to
an enhanced, fixed SAD distribution. This SAD is calcu-
lated from the SO4 distribution derived in the study of
Rasch et al. [2008b]. Rasch et al. [2008b] used the NCAR
CAM model to derive aerosol distributions for different
scenarios, with varying amounts of sulfur injection in the
tropics, two different-sized aerosol types, and two different
CO2 conditions. Here, we use the ‘‘volc2’’ case of Rasch et
al. [2008b], where 2 Tg S/a of volcanic aerosols are injected
into a present-day CO2 environment. ‘‘Volcanic like’’ aero-
sols are assumed to have a dry mode radius of 0.37 mm and
a standard deviation of 1.25 mm, which corresponds to an
effective radius of about 0.43 mm.
[16] The monodisperse particle distribution assumed here

is an approximation that does not cover the entire particle
size spectrum in the atmosphere. Further, the initial coag-
ulation time of sulfate aerosols depends on the injection
scheme (initial aerosol size) and the number density of
aerosols already in the stratosphere. As discussed in detail
by Rasch et al. [2008b, section 2c and references therein], a
distribution dominated by background-sized particles, as
considered in earlier studies [e.g., Rasch et al., 2008b;
Tilmes et al., 2008], is not likely to be maintained given
the amount of aerosols needed to cool the Earth’s climate.
Microphysical studies have shown that, under background
conditions, newly injected aerosol particles reach stabilized
sizes larger than 0.3 mm in !50 days after a volcanic
eruption [Zhao et al., 1995], and also in the case of
geoengineering (M. Mills, personal communication,
2008). Effective radii under stabilized conditions were
calculated between 0.3 and 0.5 mm, which is consistent
with our assumption and with observations taken after the
eruption of Mount Pinatubo [Russell et al., 1996]. In the
case of an enhanced aerosol burden, newly injected aerosol
particles coagulate and grow toward volcanic-sized particles
in a much shorter time [e.g., Seinfeld and Pandis, 1998;
Mills, 1996; Turco et al., 1979]. To evaluate the impact of
the entire size spectrum of geoengineered stratospheric

Figure 1. Temperature difference between the REF1.3v
and REF1.3 simulations (see text for details) for different
pressure levels (black lines). Temperature anomalies from
radiosonde observations [Randel et al., 2009] are shown as
grey lines.
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Temperature anomalies 
calculated with WACCM (black 

lines) and observed (grey lines) at 
pressures in the lower 

stratosphere (Tilmes et al., 2009)
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Grading of Chemistry in CCMs: Chapter 6 of the 
SPaRC CCMVal  

• CCMs were evaluated on 
their ability to represent long-
lived constituents 
(precursors) and short-lived 
substances (radicals).

• WACCM graded out high in 
all categories (i.e., grade of 1 
is the highest possible).

•  This is a reflection of the: 
1) completeness of the 

chemical processes 
included

2) accuracy of photolysis 
rates (J’s)

3) and accuracy of the 
numerical solution 
approach. 

SPARC CCMVal, Report on the Evaluation of Chemistry-Climate Models, V.Eyring, T. G. Shepherd, D. W. Waugh 
(EDs.), SPARC Reprot No.4, WCRP-X, WMO/TD-No. X, http://www.atmosp.physics.utoronto.ca/SPARC, 2010. 

http://www.atmosp.physics.utoronto.ca/SPARC
http://www.atmosp.physics.utoronto.ca/SPARC


WACCM Heterogeneous Chemistry Module

>200 K
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Nitric Acid Hydrate (H2O, HNO3) – NAT

RNAT = ƒ {Log Normal Size; # particles cc; 
width distribution; condensed phase HNO3}
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WACCM Ozone Trend: CCMVal and WMO

Redrawn from: Austin, J., et al., J. Geophys. Res., in press., 2010. 

Antarctic Spring WACCM 
does better 
than most 
models at 
calculating 

the evolution 
of the ozone 

hole.



Antarctic sea-ice extent

The more realistic ozone loss in WACCM drives changes in winds that enhance 
sea-ice loss, producing sea-ice extent closer to modern observations.

CCSM4 (CAM)

dashed lines:
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solid lines:
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lution of !1.25 km in the troposphere and lower strato-
sphere, decreasing to 1.75 km in the upper stratosphere
and about 3.5 km in the upper mesosphere and ther-
mosphere. All of the runs presented here were made at
horizontal resolution of 4° latitude by 5° longitude. The
simulations were part of the CCM validation activity of
the Stratospheric Processes and their Role in Climate
(SPARC) project and have been described in detail
by Eyring et al. (2006, 2007) and (specifically for
WACCM3) Garcia et al. (2007).

Three simulations, each consisting of three ensemble
members, were carried out. The first, or reference
simulation 1 (REF1), is a “retrospective” simulation of
the twentieth century (1950–2003), with sea surface
temperatures (SST) and loadings of GHG and halogen
species specified from observations. The second simu-
lation, reference simulation 2 (REF2), is a prognostic
run spanning the years 1980–2050 and is designed to
study ozone recovery in the twenty-first century. REF2
was carried out with GHG [carbon dioxide (CO2),
methane (CH4), and nitrous oxide (N2O)] and halogen
abundances recommended by the Intergovernmental
Panel for Climate Change (IPCC scenario A1b; Hough-
ton et al. 2001) and the World Meteorological Organi-
zation (Table 4B-2 of WMO 2003), respectively. SST
were specified from a run made with NCAR’s Commu-
nity Atmosphere Model (CAM3), upon which
WACCM3 is based, coupled to a full ocean and with
the abundances of GHG also specified according to
scenario A1b of IPCC. The last simulation is similar to
REF2 except that the concentrations of CO2, CH4, and
N2O were held at 1995 values from 1995 to 2050 for the
purpose of assessing the impact of GHG-induced cli-
mate change on ozone recovery by comparison with
REF2. This run, the “no climate change” (NCC) simu-
lation, used SST specified from a coupled CAM3 run in
which GHG were also held constant after 1995.

Garcia et al. (2007) showed that the stratospheric
AOA in REF1 decreased by about 2% (10 yr)"1 from
1960 to 2003, consistent with the mean AOA decrease
found by Butchart et al. (2006) in their intercomparison
of the response of the BD circulation to increases in
CO2 in several CCM. Figure 1 shows the ensemble-
mean evolution of tropical-mean AOA at 10 hPa in the
REF1 simulation, as well as in REF2 and NCC. It is
apparent that AOA decreases steadily in the two simu-
lations with increasing GHG, but it undergoes no sig-
nificant change in NCC, wherein GHG are held con-
stant. The rate of decrease of AOA is similar in REF1
and REF2, notwithstanding the fact that REF1 spanned
the period of formation of the stratospheric “ozone
hole,” whereas REF2 covered the period of ozone re-
covery in the twenty-first century, suggesting that the

behavior of polar ozone is not crucial to the changes in
the BD circulation. The total decrease of AOA over
the nine decades spanned by these two simulations is
approximately 20%. In the remainder of the paper, we
focus on the behavior of AOA and other relevant at-
mospheric fields in simulations REF1 and REF2.

3. Analysis

Figure 2 shows the distribution of the ensemble-
mean trend in AOA for simulations REF1 and REF2.
This and other trends shown in this paper are obtained
by regression of deseasonalized monthly- and zonal-
mean model output smoothed with a 3-month boxcar
average, and the resulting regression coefficients are
shown as functions of latitude and altitude. Superim-
posed upon the AOA trend [months (10 yr)"1] is the
ensemble-mean trend in the vector transformed Eule-
rian mean (TEM) meridional circulation (#*, w*) (An-
drews et al. 1987). Note that the BD circulation is en-
visaged as the Lagrangian-mean motion of air parcels in
the stratosphere and therefore cannot be calculated
with an Eulerian numerical model; however, as dis-
cussed by Andrews et al., the TEM circulation is a good
approximation thereof.

The striking feature of Fig. 2 is the very sharp gradi-
ent in AOA trend in the tropical lower stratosphere,
which is accompanied by the largest trends in (#*, w*)
in both REF1 and REF2. There are large trends in (#*,
w*) elsewhere, including the tropics in the upper strato-

FIG. 1. Evolution of the age of air near 10 hPa averaged over
$22° [months (10 yr)"1] for three-member ensemble simulations
of the climate of the twentieth century (REF1; black curve); the
climate of the twenty-first century under increasing loading of
GHG (REF2; red); and the climate of the twenty-first century
with GHG held constant at 1995 values (NCC; blue). See text for
details.

2732 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 65

Fig 1 live 4/C

Acceleration of the Brewer–Dobson Circulation due to Increases in Greenhouse Gases
Garcia and Randel, J. Atmos. Sci., vol. 65 (8), pp. 2731-2739, 2008.

• faster circulation in 
greenhouse world due 
to enhanced 
propagation of wave 
activity into the lower 
stratosphere and its 
dissipation in the 
subtropics

• changes in meridional 
temperature gradient 
affect zonal winds, 
which change the 
regions where waves 
dissipate, increasing 
momentum deposition

Future, 
increasing GHGs

Future, 
fixed GHGs

Age of Air (y), 
~10 hPa, tropics

20th 
Century



since the abundance of geoengineered aerosols is constant.
The cooling achieved in the case of geoengineering would
eventually be overwhelmed by increasing greenhouse gases
of the IPCC A1B emission scenario, unless the content of
aerosols in the stratosphere were adjusted. In our case,
geoengineering delays global warming by approximately
40 years, as can be appreciated from Figure 4. Therefore,
the constant injection of 2 Tg S per year of volcanic-sized

aerosols is shown to counteract global warming through
about 2050 with respect to the situation in 2010.

4. Impact of Geoengineered Aerosols on Surface
Temperatures and Climate

[28] Increasing greenhouse gases result in increasing
tropospheric and decreasing stratospheric temperatures.

Figure 3. Annual mean, zonally averaged global temperature difference between present day (2010–
2020) and future (2040–2050) for (a) the baseline run and (b) the geoengineering run. (c) Annual mean,
zonally averaged global temperature difference between geoengineering and baseline runs for future
(2040–2050) conditions. Hatched areas are not significant at 95% level based on Student’s t test.
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Impact of geoengineered aerosols on the troposphere and stratosphere
Tilmes et al., J. Geophys. Res., vol. 114, pp. 12305, 2009.

• ~5 years for adjustment of temperatures
• Constant temperature offset
• The fixed amount of sulfur cools the Earth’s 

surface by ~0.9 K (Tropics), ~1.2 K (Global)
• Delay of global warming by ~ 40 years
• Dependence on continuous injection of sulfur
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Impact of geoengineered aerosols on the troposphere and stratosphere
Tilmes et al., J. Geophys. Res., vol. 114, pp. 12305, 2009.

Impacts of geoengineering on ozone

Baseline –Geoengineering

Impact of geoengineering

tropics to middle and high latitudes. On a global annual
average, the ozone column (Figure 12a, top plot) shows
maximum values in middle and high latitudes of the NH.
Significantly smaller column ozone values occur in high
latitudes of the SH in winter and spring, where ozone
depletion is most important owing to halogen activation in
winter and spring (as discussed above). For high northern
latitudes, WACCM3 underestimates polar ozone depletion
compared to observations in the 1990s [Tilmes et al., 2007]
and results have to be considered with caution.
[57] In Figure 12a, annual mean zonally averaged column

ozone for the periods 2010–2020 and 2040–2050 is

compared. Further, ozone column values from the geo-
engineering model run are compared to values derived
from the baseline run for 2040–2050. The difference
between the geoengineering run and the baseline run is
shown in Figure 12a (bottom).
[58] Between 2010–2020 and 2040–2050, column ozone

in middle and high latitudes increases up to 10% in the
geoengineering case and up to 25% in the baseline simula-
tion. With increasing greenhouse gases, colder temperatures
result in a slowdown of the ozone destroying cycles in the
upper stratosphere, and therefore a higher equilibrium mix-
ing ratio in the ozone source region and a concomitant

Figure 12. (a) (top) Decadal averages (dashed line, 2010–2020; solid line, 2040–2050) of column
ozone (DU) as functions of latitude for the baseline (black line) and geoengineering (solid red line,
2040–2050) runs, including the standard deviation (error bars), as well as (bottom) the difference for
2040–2050. (b) (top) Decadal averages (dashed line, 2010–2020; solid line, 2040–2050) of column
ozone (DU) averaged between 70!S and 90!S equivalent latitudes for baseline (black line) and
geoengineering (solid red line, 2040–2050) runs, including the standard deviation (error bars), as well as
(bottom) the differences for 2040–2050. (c) (top) Decadal averages (dashed line, 2010–2020; solid line,
2040–2050) of column ozone (DU) averaged between 70!N and 90!N equivalent latitudes for baseline
(black line) and geoengineering (solid red line, 2040–2050) runs, including the standard deviation (error
bars), as well as (bottom) the differences for 2040–2050.
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Dobson circulation in the lower stratosphere compared to
the baseline run [Garcia and Randel, 2008]. Further, the
strongly enhanced SAD in the stratosphere results in a
significant increase in heterogeneous processing globally
[Tabazadeh et al., 2002] and in enhanced chlorine activation
in the winter polar vortices [e.g., Drdla, 2005; Tilmes et al.,
2008]. The impact of geoengineered aerosols on ozone
production, different ozone destroying cycles, and advec-

tion is discussed below for the tropics, midlatitudes and
polar regions.
5.2.1. Tropics and Midlatitudes
[45] The importance of chemical production, advection

and chemical loss cycles on ozone depends on altitude and
latitude. The main chemical production mechanism for
ozone, the photolysis of molecular oxygen, occurs in
tropical latitudes with a maximum around 40 km [e.g.,
Brasseur and Solomon, 2005]. Ozone loss takes place

Figure 9. Difference of annual mean zonally averaged global ozone values between present day (2010–
2020) and future (2040–2050) for (a) the baseline run and (b) the geoengineering run. (c) Difference of
annual mean zonally averaged global ozone values between geoengineering and baseline runs for future
(2040–2050) conditions. Hatched areas are not significant at 95% level based on Student’s t test.
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Massive global ozone loss predicted following regional nuclear conflict
Mills et al., PNAS, vol. 105, pp. 5307, 2008

• WACCM input: new 
estimates of smoke 
produced by fires in 
contemporary cities 
following a regional 
nuclear war between 
India and Pakistan

• Solar radiation heats 
the soot, lofting it to 
the stratopause, 
heating the the entire 
stratosphere for 10 
years, altering 
reaction rates 
affecting ozone.

• Calculated ozone losses exceed 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 below that which defines the Antarctic ozone hole everywhere outside of the tropics.
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