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[1] A coupled chemistry climate model, the Whole Atmosphere Community Climate
Model was used to perform a transient climate simulation to quantify the impact of
geoengineered aerosols on atmospheric processes. In contrast to previous model studies,
the impact on stratospheric chemistry, including heterogeneous chemistry in the polar
regions, is considered in this simulation. In the geoengineering simulation, a constant
stratospheric distribution of volcanic-sized, liquid sulfate aerosols is imposed in the period
2020-2050, corresponding to an injection of 2 Tg S/a. The aerosol cools the troposphere
compared to a baseline simulation. Assuming an Intergovernmental Panel on Climate
Change A1B emission scenario, global warming is delayed by about 40 years in the
troposphere with respect to the baseline scenario. Large local changes of precipitation and
temperatures may occur as a result of geoengineering. Comparison with simulations
carried out with the Community Atmosphere Model indicates the importance of
stratospheric processes for estimating the impact of stratospheric aerosols on the Earth’s
climate. Changes in stratospheric dynamics and chemistry, especially faster heterogeneous
reactions, reduce the recovery of the ozone layer in middle and high latitudes for the
Southern Hemisphere. In the geoengineering case, the recovery of the Antarctic ozone
hole is delayed by about 30 years on the basis of this model simulation. For the Northern
Hemisphere, a onefold to twofold increase of the chemical ozone depletion occurs owing
to a simulated stronger polar vortex and colder temperatures compared to the baseline
simulation, in agreement with observational estimates.
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1. Introduction

[2] The impact of increasing greenhouse gases on the
atmosphere was assessed by the Intergovernmental Panel
on Climate Change (IPCC) [2007]. This report discussed
the extent of possible climate change depending on different
CO, emission scenarios, and the impact of these changes on
the environment. Thus far, there is no general agreement
whether the response by the world’s nations to reduce
greenhouse gas emissions will be sufficient to restrict global
warming to tolerable levels. Rapidly increasing surface
temperatures, especially in the polar regions may result, in
addition to many other possible consequences, in faster-
than-expected melting of the Greenland ice sheet and,
therefore, a drastic increase of sea level, a serious danger
for coastal regions.

[3] Recent studies have advocated the search for “novel
options” that could cool the troposphere and counteract
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global warming. In particular, Crutzen [2006] and Cicerone
[2006] have encouraged scientists to study such options and
to quantify their effects, including undesirable side effects,
and to critically question the suggested approaches. One
approach to cool the atmosphere and therefore delay drastic
impacts of global warming is the injection of sulfur into the
stratosphere [e.g., Budyko, 1977; Crutzen, 2006]. The
resulting enhanced layer of sulfate aerosols in the strato-
sphere is expected to increase the albedo of the planet.
Examples of a natural injection of large amounts of sulfur
into the stratosphere have been provided by recent large
volcanic eruptions, such as those of El Chichon and Mount
Pinatubo. These provide observational evidence of the
impact of enhanced sulfate aerosols on climate [Robock,
2000; Stenchikov et al., 2002]. Model simulations have also
been performed to quantify the effect of geoengineered
aerosols on the climate system [Wigley, 2006; Rasch et
al., 2008b; Robock et al., 2008]. Depending on how much
sulfur is injected, tropospheric temperatures could be re-
duced effectively under present and future CO, conditions.

[4] Previous atmospheric model simulations did not in-
clude stratospheric dynamics and chemical processes in any
detail to analyze the impact of geoengineering. Solomon et
al. [1996] have shown that enhanced stratospheric aerosol
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levels after a volcanic eruption, would disturb ozone pho-
tochemistry in midlatitudes, because of the suppression of
stratospheric NO,, leading to enhanced halogen catalyzed
ozone depletion. A study by Tilmes et al. [2008], based on
an empirical projection of past ozone loss in the polar vortex
to future conditions, estimated a significant increase of
stratospheric ozone depletion in high polar latitudes. A
substantial decrease of the ozone layer significantly
increases dangerous UV radiation at the Earth’s surface
and harmful impacts on the biosphere [e.g., United Nations
Environment Programme and Environmental Effects As-
sessment Panel, 2005]. However, the results of Tilmes et
al. [2008] do not take into account possible changes in
stratospheric dynamics as a result of the application of
geoengineered aerosols. Changes in stratospheric ozone
produce changes in temperature and dynamics, which can
in turn influence the tropospheric climate [Sassi et al., 2005;
Thompson et al., 2005; Perlwitz et al., 2008].

[5] Here, we use the Whole Atmosphere Community
Climate Model, Version 3 (WACCM3), to explore the
impact of geoengineered aerosols on tropospheric climate,
as well as on stratospheric chemistry and dynamics. The
model, and its ability to produce reliable results under
enhanced stratospheric aerosol conditions, is discussed in
section 2.1. In section 2.2, we describe in detail the setup of
our near future model simulation, between 2010 and 2050.
In general, a baseline simulation with background aerosols
is compared to a “geoengineering” simulation in which a
fixed amount of sulfur aerosols is added into the strato-
sphere. Both simulations include projected greenhouse gas
and halogen species changes. The assumed amount of sulfur
added to form volcanic-sized aerosols was estimated in an
ecarlier study by Rasch et al. [2008b] to approximately
counteract surface temperature changes around 2050 due
to greenhouse gas increases.

[6] The climate impact of geoengineered aerosols is
discussed for different regions of the atmosphere. Global
changes of temperatures between present and future, and
between the two simulations performed, are discussed in
section 3. Section 4 describes the impact of this specific
geoengineering approach at the Earth’s surface, with a focus
on temperatures, sea-ice content and precipitation. We
further compare WACCM3 surface temperature changes to
results from a previously performed geoengineering simu-
lation that used the Community Atmosphere Model (CAM)
[Rasch et al., 2008b]. In section 5, we discuss the impact of
geoengineering on stratospheric chemistry and dynamics,
and the importance of ozone production, loss rates, and
advection on the ozone column, under the influence of
geoengineered acrosols in the future climate (between 2040
and 2050). In section 6, we examine the impact of sulfate
aerosols on polar vortex dynamics and resulting changes in
heterogeneous chemistry on polar chemical ozone deple-
tion. Finally, in section 7, we summarize the impact of
sulfate aerosols on the climate system.

2. Model and Simulation
2.1. Model Description

[7] WACCM3 is a fully interactive chemistry-climate
model with 66 vertical levels from the ground to 4.5 x
107° hPa (=150 km geometric altitude). The vertical
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resolution of WACCM3 in the lower stratosphere below
30 km is 1.1—1.4 km. The horizontal resolution used in this
study is 1.9° latitude x2.5° longitude. The initialization and
parameterization of the model is summarized by Garcia et
al. [2007], on the basis of earlier WACCM3 model simu-
lations. These earlier simulations were carried out as part of
the CCM Validation (CCMVal) activity of SPARC (Strato-
spheric Processes and their Role in Climate) [Eyring et al.,
2005, 2006] and were used for model intercomparison
[Eyring et al., 2006]. An ensemble simulation of three
realizations of the period 1950—2003 denoted as reference
simulation one (REF1) was performed, as well as three
realizations of the period between 2000 and 2050 denoted
as reference simulation two, or REF2.

[8] The chemical module of WACCM3 is based upon the
3-D chemical transport Model of OZone and Related
Tracers, Version 3 (MOZART3). A detailed description of
MOZARTS3, i.e., the gas-phase and heterogeneous process-
es, is given by Kinnison et al. [2007]. In this model,
heterogeneous processes take place on liquid sulfate aero-
sols and solid aerosols [Considine et al., 2000]. The aerosol
distribution is derived using a prescribed surface area
density (SAD) field [Thomason et al., 1997; Thomason
and Peter, 2006]. Further details about the representation of
stratospheric aerosols are given by Kinnison et al. [2007,
auxiliary material A1.4]. An evaluation of polar stratospher-
ic processes in the WACCM3 REF1 simulation using the
same chemical scheme is given by Tilmes et al. [2007].

[9] In contrast to earlier simulations, the atmospheric
general circulation model is coupled to a slab ocean model
with a simple sea ice model controlled only by heat and
moisture fluxes. In this way, the heat exchange between
ocean and atmosphere is considered. The prescribed ocean
heat fluxes were derived for the simulation period using the
Community Climate System Model Version 3 (CCSM3)
[Collins et al., 2006], based on the IPCC A1B greenhouse
gas scenario. A slab ocean model does not respond to
possible circulation changes as a result of environmental
changes, in contrast to a full deep-ocean model. Therefore,
our simulation might underestimate the influence of the
ocean temperature response.

[10] In addition to a slab ocean model, we introduced a
stratospheric aerosol heating term in the simulation. The
aerosol heating is a function of a prescribed aerosol distri-
bution varying in space and time that has a size distribution
similar to that seen after a volcanic eruption. The mass
distribution is calculated from the prescribed surface area
density (SAD) assuming a log-normal size distribution. It is
then passed (along with all the other radiatively active gases
and aerosols) to the radiative transfer code, which in turn
calculates heating and cooling rates used in the integration.

[11] To calibrate the model response we have made one
simulation for the years between 1984 and 2003 (labeled
REF1.3v) in which the aerosol distribution is prescribed
using the time and space distribution retrieved from SAGE
II as described by Thomason et al. [1997]. This simulation
is identical to one of the REF1 realizations (REF1.3) using
the same horizontal and vertical resolution, but additionally
including the aerosol heating.

[12] The temperature difference between REF1.3v, in-
cluding the aerosol heating and REF1.3, without the aerosol
heating, can be directly ascribed as the impact of volcanic
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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.

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
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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 [/PCC,
2007], are included in this simulation, as well as changes in
anthropogenic halogen emissions. Initialized SAD and the
resulting H,SO,4 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 SO, 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
CO, 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 CO, environment. “Volcanic like” aero-
sols are assumed to have a dry mode radius of 0.37 ym and
a standard deviation of 1.25 pum, which corresponds to an
effective radius of about 0.43 pm.

[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 2¢ 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 um 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 pm, 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
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Figure 2. Surface area density from SAGE II observations for (a) March 1992 and (b) September 1992
in pm*/cm’® [Thomason et al., 1997]. Surface area density from (c and d) WACCM3 baseline run and
(e and f) WACCM3 geoengineering run for (left) March and (right) September.

aerosols, a microphysical aerosol model would need to be
included into WACCM, which is beyond the scope of this
paper.

[17] The monthly mean SAD in both model simulations is
repeated identically for each year from 2020 onward. The
purpose of this simulation is to study the impact of a fixed
amount of sulfur loading for atmospheric conditions be-
tween 2020 and 2050 in the stratosphere in an effort to
evaluate the consequences of geoengineering. Once the
impact of sulfate aerosols on the climate including strato-
spheric processes is understood in more detail, further
simulations can be set up, for example, a slow ramp-up of

sulfate aerosols, including mitigation scenarios [Wigley,
2006].

[18] Figure 2 illustrates the amount of SAD for the
baseline run and the geoengineering run in comparison to
the SAD amount observed in the year 1992 after the
eruption of Mount Pinatubo, for March and September
1992. At that time, SAD values above 50 pm?/cm® in the
tropics and around 20-30 pm?*/cm’ in high latitudes
between 16 and 20 km in the Southern Hemisphere (SH)
and between 13 and 20 km in the Northern Hemisphere
(NH) were observed. For the baseline run, SAD peaks in
high latitudes below 15 km with a value of 2 ym?/cm®. The
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geoengineering case, on the other hand, has a similar
distribution as in 1992. However, maximum values are less
than half compared to 1992, and reach 15 ym?/cm’ in the
tropics at 22—25 km and in high latitudes below 20 km. In
general, SAD in the geoengineering model simulation
shows a distribution of larger values toward lower altitudes
in polar regions in spring compared to observations during
the year after the eruption of Mount Pinatubo.

3. Impact of Climate Change and Geoengineered
Aerosols on Global Temperatures and Climate

[19] Temperature changes in the future atmosphere are the
result of interactions between different factors. Increasing
greenhouse gases directly affect atmospheric temperatures
and were shown to result in an acceleration of the strato-
spheric circulation in WACCM, as discussed in detail by
Garcia and Randel [2008]. Further, the decreasing halogen
content in the stratosphere influences chemical processes
and results in changes of trace gases such as ozone. In the
case of geoengineered aerosols, additional processes affect
atmospheric conditions. Strongly enhanced sulfate aerosols
impact temperatures and heterogeneous processes in the
lower stratosphere. In this section, we discuss the main
changes of annual mean zonally averaged global and
tropical temperatures in the period between 2010-2020
and 2040-2050 for both baseline and geoengineering runs
(Figure 3). Differences between the geoengineering run and
the baseline run in 2040—-2050 are also discussed.

3.1. Global Temperature Changes

[20] For the baseline run, increasing greenhouse gases
between 2010 and 2050 in the atmosphere result in a
significant decrease of stratospheric temperatures with max-
imum decrease of 2.5 K around 40 km. A corresponding
warming occurs in the troposphere with a maximum of
about 1 K around 11 km in the tropics (Figure 3a). On the
other hand, annually averaged temperatures in the Antarctic
lower stratosphere increase significantly by up to 4 K. This
is a result of increasing ozone, which follows from the
decreasing halogen content in the stratosphere (see
section 5). The increasing ozone absorbs radiation in the
infrared and thus acts as a source of heat.

[21] For the geoengineering run, the strongly enhanced
loading of volcanic-sized aerosol particles impacts directly
and indirectly the dynamics and chemistry in the entire
atmosphere (section 5). Volcanic-sized aerosols, as used in
this simulation, absorb terrestrial longwave and solar near-
infrared radiation. Besides the tropospheric cooling, aero-
sols cause a heating of the stratosphere, especially in the
layer with enhanced acrosols (Figure 3b). Figure 3c illus-
trates the difference of the annual and global, zonal mean
temperatures between the baseline and volcanic run in
2040-2050. The temperature signal is clearly apparent.
Indeed, the constant loading of geoengineered aerosols
specified here results in a cooling of the troposphere in
2040—-2050 slightly below 2010—2020 conditions. On the
other hand, the heating of the stratosphere, especially
between about 20—30 km in middle and low latitudes,
counteracts the cooling of the stratosphere due to increasing
greenhouse gases (Figure 3b). In the upper stratosphere, the
influence of the geoengineered aerosol layer becomes small
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and temperature changes between 2010—-2020 and 2040—
2050 are similar in both simulations.

[22] In the polar lower stratosphere, decreasing halogen
concentration between 2010 and 2050 result in increasing
ozone and temperatures in that region. The signal is weaker
for the geoengineering run than for the baseline run owing
to changing dynamics and the effect of enhanced chlorine
activation on ozone (see sections 5 and 6 for more details).

3.2. Tropical Temperature Changes

[23] The temperature response of fixed geoengineered
aerosols between 2020 and 2050 in comparison to the
baseline model run is most pronounced and statistically
significant in the tropics, on the basis of Student’s 7 test. The
influence of volcanic aerosols on tropical temperatures
changes with altitude.

[24] For the baseline run, temperatures increase steadily
in the tropical troposphere and decrease in the tropical
stratosphere (Figure 4). The temperature near the Earth’s
surface increases by 0.2 K/decade. Around 11 km, the
temperature trend reaches its maximum of 0.38 K/decade.
In the stratosphere, a significant negative trend around
—0.5 K/decade occurs between 20 and 30 km and an even
larger trend of —0.8 K/decade is seen in the upper strato-
sphere (around 40 km). Temperatures at the tropopause do
not change in this simulation; however, the thermal tropo-
pause location in the tropics shifts upward by about 1 km.

[25] In contrast, the geoengineering simulation does not
show a monotonic temperature evolution. With the start of
geoengineering in 2020, following the abrupt change of
incoming solar radiation at the Earth’s surface, tropospheric
temperatures decrease for 5 years until they stabilize at
about —0.8 K near the surface and —2 K near 10 km
compared to the baseline run. The stabilization of tropo-
spheric temperatures after 5 years is the result of the
influence of the ocean. It reflects the time scale of the
response of the surface layers of the ocean to the aerosol-
induced change in incoming radiation. A slow ramp-up of
the amount of aerosols in the atmosphere would modify the
details of the response. However, the main point is that, in a
model with a coupled ocean, the response of the troposphere
is not instantaneous but follows the evolution of the ocean
temperature perturbation.

[26] For the next 25 years, tropospheric temperatures for
the geoengineering experiment remain smaller than in the
baseline run by a constant value, and follow the same trend
as in the baseline run from 2025 on. In the stratosphere
(around 30 km), an abrupt warming of 1.2 K occurs as a
result of the enhanced SAD values in 2020. The change is
almost instantaneous since the radiative budget at these
altitudes is not influenced by ocean temperatures. After this
initial change, the stratospheric temperatures follow a de-
creasing trend, since the effect of increasing greenhouse
gases cool the stratosphere. In the upper stratosphere
(around 40 km) geoengineered aerosols have little impact
owing to their negligible abundance in this layer.

[27] In summary, the injection of a fixed amount of
acrosols cools the troposphere by a certain amount, which
is realized after about 5 years owing to the thermal inertia of
the coupled slab ocean model. However, steadily increasing
greenhouse gases in both the baseline and the geoengi-
neered aerosol runs impact temperatures in the same way,
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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 7 test.

since the abundance of geoengineered aerosols is constant.  aerosols is shown to counteract global warming through
The cooling achieved in the case of geoengineering would about 2050 with respect to the situation in 2010.
eventually be overwhelmed by increasing greenhouse gases
of the IP_CC A1B emission scenario, qnless the content of 4. Tmpact of Geoengineered Aerosols on Surface
acrosols in the stratosphere were adjusted. In our case, K

S . . Temperatures and Climate
geoengineering delays global warming by approximately
40 years, as can be appreciated from Figure 4. Therefore, [28] Increasing greenhouse gases result in increasing
the constant injection of 2 Tg S per year of volcanic-sized tropospheric and decreasing stratospheric temperatures.
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Figure 4. Temperature anomalies (between 2010 and 2050) for the geoengineering run (red) starting in
2020, and the baseline run (black) in the tropics (between 22°N and 22°S) for different altitudes. The
reference state is the mean temperature of the baseline model simulation between 2010 and 2050.

The additional impact of the scattering of short-wave
radiation due to enhanced volcanic-sized geoengineered
aerosols in the stratosphere results in a cooling of the
troposphere and the surface. In this section, differences
between the baseline and the volcanic aerosol run in surface
temperatures, precipitation and sea ice are described. Tem-
perature changes are also compared to results using the
Community Atmosphere Model (CAM).

4.1. Surface Temperature Changes Between
2010-2020 and 2040-2050

[29] Climate models predict surface temperatures to in-
crease from present day conditions by about 1-3 K by 2050
as a result of increasing greenhouse gases, with consider-

ably larger warming in the polar regions [/PCC, 2007]. For
the WACCM3 baseline model simulation (Figure 5, top),
temperatures increase globally by about 1 K between 2010—
2020 and 2040—-2050 and, consistent with IPCC results, the
largest warming of the surface occurs in high latitudes,
especially in winter for each hemisphere. The ice-albedo
feedback is regarded as important in accelerating the warm-
ing in the Arctic. In addition, a recent study by Cai [2005]
used a four-box set of radiative-convective models coupled
by parameterized transport across the boxes to show that
heat transport by the atmospheric circulation also plays a
significant role in the enhancing polar warming.

[30] The geoengineered aerosol implemented in the model
run cools the surface by about 0.5 K between 2010—2020
and 2040-2050 (Figure 5, bottom). Changes in higher
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Figure 5. Difference of surface temperatures between future (2040—2050) and present-day (2010—
2020) conditions for (top) the baseline run and (bottom) the geoengineering run. (left) Winter results
(December, February, and March averages) and (right) summer results (June, July, and August averages).
Zero line is indicated in white. Hatched areas are not significant at 95% level based on Student’s ¢ test.

latitudes, especially in the Northern Hemisphere, are not
statistically significant. In general, the climate in 2040—
2050 including geoengineering is much more similar to
2010-2020 than the climate without geoengineering accord-
ing to Student’s ¢ test. However, temperatures do not change
uniformly between present and future in the case of geo-
engineering but local changes up to 3 K occur, as also
simulated by Robock et al. [2008].

4.2. Comparison Between WACCM and CAM

[31] In Figure 6 (top), surface temperature differences
between geoengineering and the baseline runs in WACCM3
for the period 2040—2050 are shown for the NH winter
season (Figure 6, top left) and for the NH summer season
(Figure 6, top right). Geoengineered aerosols result in a
cooling of the Earth’s surface of 1.2 K globally on an annual

average, with around 1 K cooling in the tropics (see
Figure 4), and increasing cooling toward higher latitudes
in WACCM3.

[32] A similar cooling was found in a geoengineering
model study by Robock et al. [2008], who used a compre-
hensive atmosphere-ocean general circulation model to
consider the impact of the injection of 5 Tg S/a on Earth’s
surface temperatures. This aerosol size distribution was
similar to that used here; however, only limited stratospheric
chemistry was included in that model simulation. Even
though the amount of aerosol injected was much larger in
the work by Robock et al. [2008] than in our simulation, a
similar cooling at the Earth’s surface was found. Since
Robock et al. [2008] assumed an A1B future scenario,
changes in stratospheric circulation and the resulting faster
removal of stratospheric aerosols might require a larger
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Figure 6. Difference of surface temperatures between geoengineering and baseline runs. (top)
WACCMS3 results for the period 2040—2050 are shown. (bottom) CAM model result for the same aerosol
distribution and for present-day CO, conditions are shown. (left) Winter results (December, February, and
March averages) and (right) summer results (June, July, and August averages). Zero values are indicated
in white. Hatched areas are not significant at 95% level based on Student’s 7 test.

annual injection amount to maintain the same aerosol layer
in the stratosphere. Here, we use a fixed SAD distribution
that is based on the present-day stratospheric circulation.

[33] Further, Robock et al. [2008] simulated a weaker
cooling in the winter polar regions, especially in the SH.
Enhanced heterogeneous chemistry in our simulation and
therefore a deeper ozone hole in case of geoengineering (as
shown below), might be responsible for the stronger cooling
in high polar latitudes found here.

[34] We also compare our results with the results of a
CAM model simulation performed earlier [Rasch et al.,
2008b]. In Figure 6 (bottom), the surface temperature
changes are shown for a CAM simulation that used the
same geoengineered aerosol distribution, called “volc2” by
Rasch et al. [2008b]. CAM is a climate model related to
WACCM but there are several important differences. Unlike

WACCM3, CAM does not simulate changes in stratospheric
chemistry and, therefore, it does not simulate changes in the
ozone distribution that affect the heating rates in the
atmosphere. The ozone distributions are prescribed and
invariant to the changing climate. This may have a signif-
icant impact on the tropospheric dynamical response [e.g.,
Kiehl et al., 1988; Thompson and Solomon, 2002; Perlwitz
et al., 2008; Son et al., 2008]. The CAM model also uses a
different approach to calculate the slab ocean meridional
and deep ocean heat transport (the “Q fluxes”) than
WACCM, which may explain some of the differences
highlighted below.

[35] Different than here, the differences between the
geoengineering and baseline model runs in CAM are
calculated for present-day CO, conditions. We have shown
earlier (Figure 4) that the temperature offset between the
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Figure 7. Difference of NH summer (June, July, and
August averages) sea ice concentration between future
(2040-2050) and present-day (2010—2020) conditions for
(top) the baseline run and (bottom) the geoengineering run.

geoengineering and baseline model runs is independent of
the period considered for a constant amount of SAD in the
stratosphere. Therefore, a comparison of temperature
anomalies (geoengineering run minus baseline run) between
WACCM3 for 2040-2050 and CAM for present-day con-
ditions is reasonable.

[36] In CAM, a SAD distribution identical to the one used
in the WACCM3 simulation results in an annual mean
global cooling of 2.0 K averaged over the Earth’s surface,
compared to baseline conditions. As in WACCM3, the
cooling is smallest at lower latitudes and increases toward
high latitudes. However, the cooling in CAM as a result of
enhanced geoengineered aerosols is much stronger and
more broadly statistically significant at high latitudes in
winter than in WACCM3. This highlights the different
behavior of the stratosphere in polar regions in high-top
versus conventional models. A detailed investigation about
the different temperature response in the two models will be
the subject of future studies.
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4.3. Sea Ice and Precipitation Changes Between
2010-2020 and 2040-2050

[37] In WACCM3, increasing temperatures in the baseline
run result in a 15% decrease of the sea ice fraction between
2010-2020 and 2040—-2050, especially in the summer NH
(Figure 7). In contrast, the impact of geoengineered aerosols
produces a cooling of the surface between 2010—2020 and
2040-2050, so that the change in sea ice fraction between
2010 and 2050 is much smaller and of variable sign (£5%).
On average, the cooling of the troposphere due to the
specified geoengineered acrosol loading would result in a
slightly greater sea ice fraction in both hemispheres in
2040-2050 compared to 2010—-2020.

[38] Another important climate variable is precipitation.
The precipitation rate is strongly influenced by the incom-
ing radiation and the water vapor content of the troposphere.
Increasing surface temperatures as a result of changing
greenhouse gases in the atmosphere result in a larger water
vapor content in the troposphere [/PCC, 2007]. The result-
ing stronger Hadley circulation and the changing hydrolog-
ical cycle tend to increase the annual precipitation at the
equator and decrease it in the subtropics. For the baseline
run, a very minor increase of global precipitation occurs
between 2010—-2020 and 2040-2050 with less than 0.1
mm/d increase over land and ocean (see Figure 8, top).

[39] For the geoengineering model run decreasing tropo-
spheric temperatures and, therefore, a weaker radiative
forcing compared to the baseline run results in a weaker
Hadley cell and a reduction of precipitation near the equator
(Figure 8, bottom). Compared to 2010—2020, the global
averaged precipitation is reduced by less than 0.1 mm per
day. However, precipitation decreases in the tropics by 0.5—
0.8 mm per day over land and ocean, and increases in the
subtropics. Therefore, geoengineering in this simulation
does not result in a precipitation pattern similar to present-
day conditions, but instead leads to a slightly dryer climate,
especially around the equator. We note, that as for the
baseline run, small changes are not significant in the
period considered owing to the large interannual variabil-
ity. In the geoengineering run, the statistically significant
precipitation decreases in the tropics come mainly from the
NH winter season (DJF), and are dominated by changes in
the Pacific and Indian oceans, and over the maritime
continent (not shown).

5. Stratospheric Dynamics and Chemistry

[40] Increasing tropospheric temperatures and decreasing
stratospheric temperatures between 2010 and 2050, which
are a result of increasing greenhouse gases, produce chem-
ical and dynamical changes in the stratosphere that are
strongly coupled. The addition of geoengineered aerosols
to the climate system has an additional impact on temper-
atures, chemistry and the wind field, and therefore on the
global ozone column. In this section, we discuss in detail
the contribution of chemical and dynamical changes on
ozone as a result of increasing greenhouse gases and
additional geoengineered aerosols in the stratosphere. At
the end of the section, we discuss changes in the depth of
the ozone column, important for the amount of UV radiation
reaching the Earth’s surface.
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Figure 8. Difference of annual cumulative precipitation in mm/d between future (2040—2050) and
present-day (2010—2020) conditions for (top) the baseline run and (bottom) the geoengineering run.
Annual mean zonal averages (thick black curves) are shown (left) over ocean and land and (right) over
the land only. Significant changes between future and present-day fields are denoted by grey dots
superimposed on the precipitation difference curves. The standard deviation as a result of the annual
variability at each latitude is shown as dotted lines. Global mean changes are shown as grey lines with

their standard deviation indicted by the error bar.

5.1. Global Annual Mean Changes of Stratospheric
Ozone

[41] The global changes of zonally averaged ozone mix-
ing ratios between 2010—-2020 and 2040—-2050 for both the
baseline and the geoengineering model runs are shown in
Figures 9a and 9b. Further, differences between the geo-
engineering and the baseline runs in 2040—2050 are shown
in Figure 9c.

[42] Decreasing temperatures in the stratosphere as a
result of increasing greenhouse gases slow down ozone
destroying cycles and therefore result in increasing ozone
mixing ratios in the upper stratosphere (35—45 km) and
larger ozone values in 2040—2050 compared to 2010—-2020
(see Figure 9, top). At high latitudes, decreasing abundances
of halogen compounds result in reduced chemical ozone
depletion by 2040—2050, especially in high polar latitudes
of the SH. In the tropical lower stratosphere below about
28 km, ozone production rates decrease owing to increases

in ozone at higher altitudes, which reduce UV radiation
reaching the lower stratosphere. In addition, there are
changes in tropical upwelling which lead to an increase in
the vertical advection of ozone-poor air.

[43] Strongly enhanced aerosols in the geoengineering
run result in a significant increase of ozone mixing ratios in
the upper part of the aerosol layer at all latitudes compared
to the baseline simulation (Figure 9, bottom). On the other
hand, in the geoengineering run ozone mixing ratios are
significantly smaller around 25 km in the tropics and below
20 km in high southern latitudes compared to the baseline
run. A detailed discussion of these differences is given in
section 5.2.

5.2. Impact of Geoengineered Aerosols on Chemistry
and Dynamics

[44] The reduction of tropospheric warming in the geo-
engineering run is expected to lead to a weaker Brewer-
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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 7 test.

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
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Figure 10. (left) Fractional difference 603/O;, between the geoengineering run and the baseline run
calculated directly from model output (plus signs) and estimated using equation (5) (solid lines). The
contributions to 6O03/O5 from fractional changes in photochemical lifetime (long-dashed line), production
rate (dash-dotted line), and advection A (short-dashed line) are shown. Values are averaged between 20°S
and 20°N and for the years 2040—2050, except for the production rate, which was available for 2049
only. (right) Fractional change of the O3 chemical lifetime due to the combined effect of all the ozone
catalytic cycles (black), as well as the weighted fractional changes, equation (8), due to individual cycles

(different colors). See text for details.

through several catalytic cycles involving the Oy, NO,
ClO4, BrO, and HO, chemical families [Grooff et al.,
1999; Metz et al., 2005]. The Oy cycle is important in the
middle and upper stratosphere, while the HO, cycle is most
effective in the lower and upper stratosphere. The NO,
cycle dominates ozone loss in the middle stratosphere
and is controlled by the NO,/NOy ratio [e.g., Brasseur
and Solomon, 2005]. The NOy cycle also interacts with
the CIO,, BrO, and HO, cycles and therefore depends on
the amount of halogens in the stratosphere [Fahey et al.,
1993; Solomon et al., 1996; Tabazadeh et al., 2002].
Advection becomes important below about 30 km.

[46] Geoengineered aerosols impact ozone owing to
changes in ozone destruction cycles, ozone production,
and advection. Under certain circumstances, it is possible
to estimate quantitatively the difference in annual average
ozone between the geoengineering and baseline runs. Con-
sider the continuity equation for O,

004
ot

—P+L+4, (1)

where P, L, and 4 denote the production, loss, and advection
rates. Over the annual cycle the time rate of change of O, on
the left-hand side of (1) is negligible compared to the terms
on the right hand side of the equation. Furthermore, in the

range of altitude considered here, the odd oxygen family
(O = O3 + O) is dominated by O3, so we can rewrite (1) as

0;

P+A——r0, 2)
T

where we have expressed the loss term as
L - T ’ (3 )
with 7 being the photochemical lifetime of Os;. From

equation (2), the annual mean equilibrium value of ozone is
then

O;=(P+A4)-T, (4)
and fractional differences in ozone, 60Os/Os, between the
geoengineering run and the baseline model run may be
estimated as
50y S(P+A) 67
[ +—,
O3 (P+4) 7

(5)

where we have retained only terms linear in 603, 6P, and 7.
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[47] In Figure 10 (left) we evaluate (5) in the tropics,
between £20°. Above 28—30 km the behavior of § 05/O5 is
dominated by changes in the chemical lifetime of O;. We
note, in particular, that the increase in 6 O5/O5 centered at
~30 km is attributable mainly to smaller ozone loss rates at
these altitudes in the geoengineering simulation (dashed
line). We show later that the reduction in ozone loss rates is
dominated by a much reduced rate of NO, catalysis.

[48] At lower altitudes, advection cannot be neglected.
We are unable to compute the advection term directly from
existing model output because three-dimensional fields for
ozone and the horizontal and vertical velocity were not
available on a daily basis, a requirement for the accurate
calculation of the eddy flux terms VO, w'Oy}. Instead, we
assume that A is approximately equal to the difference
between production and loss, i.e., 4 ~ Os7 ' — P. The
contribution of advection becomes increasingly important
below 28 km, and dominates the behavior of §03/05 below
20-22 km. At these altitudes, reduced vertical advection of
ozone-poor air from the lowermost stratosphere in the
geoengineering case leads to higher ozone abundances than
in the baseline case. Weaker tropical upwelling is expected
under geoengineering because the troposphere becomes
much cooler and the mechanism for the acceleration of
the Brewer-Dobson circulation, namely an enhanced plan-
etary wave activity, proposed by Garcia and Randel [2008]
is therefore less effective. Note finally that, in the range of
altitude 22-26 km, 605/0O5 is negative as a result of a
reduced rate of Oy production from oxygen photolysis,
which in turn is due to enhanced absorption of UV radiation
in the region of positive 6O5/O3 centered at 30 km.

[49] The effect of geoengineering on the loss rates due to
different catalytic cycles may be calculated by rewriting the
ozone loss term, O5 7'71, as a sum of contributions from the
various cycles,

O3 1
2-0y - (6)

where the 7; denote the lifetimes of Oz with respect to the
catalytic cycles for Oy, NO,, etc. It follows that

—1
1 \?
o1 = 5(2 ;> => (;) 87, (7)
so that the term 67/7 in (5) may be written as
oT T OT;
BV ®)

Figure 10 (right) shows the results for the tropics (+20)°.
Maximum differences in 67/7 (black curve, which is
identical to the dashed curve on Figure 10 (left)) between
the geoengineering and baseline runs occur within the layer
of enhanced aerosol SAD, centered near 2728 km. These
differences are dominated by the NO, cycle (which is most
important in the middle stratosphere). The NO, cycle
becomes less effective in the geoengineering run because
enhanced heterogeneous reactions shift the ratio NO,/NO,
toward NOy [e.g., Fahey et al., 1993] (in particular N,Os +
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H,O — 2 HNOj;), with an increasing effect toward the
upper region of the enhanced aerosol layer. This shift
increases the photochemical lifetime of ozone with respect
to NOy, as indicated by the green curve in Figure 10 (right).
The lifetimes of O3 with respect to all the other loss cycles
are somewhat shorter in the geoengineering run, and
therefore tend to reduce the total photochemical lifetime
rate [Solomon, 1999], but the increase in the lifetime with
respect to NO, is dominant for 2040-2050 halogen
conditions.

[s0] In midlatitudes, production and loss cycles are sim-
ilarly influenced as in the tropics. As for the tropics, the
increase in the photochemical lifetime of O; with respect to
NOy in the geoengineering case dominates changes in the
total O3 lifetime at these latitudes (not shown).

5.2.2. High Latitudes

[51] At higher latitudes (poleward of ~70°), O loss
varies strongly with season, being largest during local late
winter and spring, when cold temperatures activate chlorine
and greatly increase the loss rate due to halogens. Therefore,
as opposed to the tropics and midlatitudes, we consider two
seasons: January, February and March (JFM), a time when
the impact of polar ozone depletion is expected to be
strongest in the NH, and September, October and November
(SON), when the largest impact of polar ozone depletion in
the SH can be expected. It should be noted that, considering
the regions north and south of 70°, we do not quantify
changes in the polar vortex alone, but we average over an
area inside and outside the vortex edge. Dynamical changes
of the polar vortex and ozone depletion in the polar vortex
are discussed in section 5.3.

[52] Over the seasonal time scales considered here (JFM
and SON), ozone in the lower polar stratosphere is not in
quasi steady state and the time derivative of O (=O3)
cannot be neglected in equation (1). Therefore, we cannot
quantify the impact of chemical loss, production and ad-
vection on the changes in ozone as a result of geoengineer-
ing in the same way as done for the tropics via equation (5).
Instead, we discuss here the changes of the different rates
that impact seasonal changes of ozone and therefore con-
tribute to changes in ozone values as a result of geoengin-
eering.

[s3] Changes of the total loss rates between geoengineer-
ing and baseline runs are shown in Figure 11 (left). As for
the tropics and midlatitudes, differences in the ozone loss
rates between the geoengineering and baseline runs are
mainly the result of enhanced heterogeneous reactions in
the region of enhanced SAD in the geoengineering run.
Thus, NO, catalysis becomes less effective at high latitudes
in the range of altitude 20—25 km. This is reflected in
Figure 11 by a positive anomaly in the geoengineering
minus baseline loss rate centered around 22—-24 km (green
curves). Above 25 km in the SH, there are also large
changes in the NO, cycle, which are not statistically
significant and result from large natural variability due to
downward transport of NOy likely produced by energetic
particle precipitation in the mesosphere [Marsh et al.,
2007]. In addition, enhanced aerosols accelerate ozone loss
due to halogen (ClO, and BrO,) catalysis in the range of
altitude 12—-22 km, seen as a negative difference in the
halogen loss rates (cyan curves), between the geoengineer-
ing and baseline cases.
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Figure 11. (left) Difference between geoengineering and baseline in the ozone destruction rate due to

individual catalytic cycles (colors) and in the total destruction rate (black line). (right) Difference between
geoengineering and baseline in ozone loss rate, production rate, advection rate, and time rate of change,
005/0t. The results show 2040-2050 averages for high latitudes poleward of 70°, for different seasons.
The standard deviation of the 10-year average is indicated by the error bars. Ozone production rates were
available for 2049 only, so error bars are not shown.

[54] In Figure 11 (right), we compare differences in ozone
production and loss rates, advection, and time rate of
change, 005/0t, between the geoengineering and baseline
runs for the same seasons as in Figure 11 (left) (JFM in the
NH and SON in the SH). The loss rates shown are the total
of all the catalytic cycles and thus correspond to the black
lines in the left hand panels. For the SH in SON, the
difference between geoengineering and baseline in 9O5/0t
(gray lines) is dominated by the effect of enhanced ozone
destruction in the geoengineering case (which itself is due
mainly to faster halogen catalysis, as discussed above). In
the NH during JFM, on the other hand, the difference
between geoengineering and baseline in 9O5/0¢ has impor-
tant contributions from both differences in ozone loss rates
and differences in advection. However, differences in ad-

vection are for the most part not statistically significant
(large red error bars, Figure 11, right).

[55] In summary, in the period considered (2040—2050),
significant changes in the rate of ozone loss occur as a result
of geoengineering in the polar regions of the SH, centered
around 16—17 km, owing to faster halogen catalysis.
Changes in advection are negligible in the SH in SON;
they are larger but not statistically significant in the NH
during JFM. The differences in ozone loss rates between the
geoengineering and baseline cases impact the behavior of
column ozone, as shown next.

5.3. Changes in Column Ozone

[s6] The depth of the ozone column in the atmosphere is
controlled by chemistry and transport. The stratospheric
mean meridional circulation transports ozone from the
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(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.

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 [7Zilmes 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
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increase in ozone transport to middle and high latitudes, as
discussed above. Furthermore, the decreasing halogen con-
tent in 2040—2050 compared to 2010—2020 in the strato-
sphere contributes to increasing ozone values in the upper
stratosphere and results in significantly less ozone depletion
in 2040—-2050 compared to earlier periods in high latitudes
in the SH. In high latitudes in the NH, changes between
2010-2020 and 2040—-2050 are small compared to the
interannual variability during the 10 years considered.

[59] In the geoengineering case, the combination of
increasing heterogeneous reaction rates and changes in
dynamics influence the ozone mixing ratios compared to
the baseline run (as discussed in section 5.2). On average
near the equator (between 10°N and 10°S), the depth of the
ozone column shows little change. In the region between
about 10°-30° north and south, the impact of different
processes on ozone at different altitudes results on average
in slightly (up to 2%) larger column ozone values in the
geoengineering case compared to the baseline run. In high
southern latitudes, the annually averaged column ozone for
the geoengineering run is up to 10% smaller and in high
northern latitudes about 2% smaller compared to the base-
line run for the period between 2040 and 2050.

[60] Zonal and annual column ozone values do not allow
the quantification of seasonal polar ozone depletion. In
summer, the stratospheric circulation is weak and little
ozone is transported to high latitudes. In addition, as in
middle and low latitudes, ozone destroying cycles, mainly
the NOy cycle, result in decreasing ozone mixing ratios in
the middle stratosphere. During fall and winter, meridional
transport intensifies, with stronger downwelling in high
latitudes, more pronounced in the NH. The ozone column
increases until it reaches its maximum in spring, March/
April in the Arctic and August/September in the Antarctic.
Further, with decreasing sunlight ozone depleting cycles
slow down. During late winter and spring, polar ozone
chemistry is strongly disturbed owing to significant halogen
activation and the resulting ozone depletion.

[61] To understand the influence of geoengineering in
high polar latitudes, the annual evolution of monthly
averaged column ozone values poleward of 70°S and
70°N equivalent latitudes is discussed (Figures 12b and
12¢). Increasing heterogeneous reactions in the geoengin-
eering run and changes in the stratospheric circulation and
temperatures impact the column ozone in high latitudes,
depending on season and hemisphere. For Antarctica, a
significant difference between the geoengineering and base-
line runs occurs between October and December, reaching
15%. Over the rest of the year, 5—10% smaller column
ozone values were simulated in the geoengineering case.
Column ozone values for the baseline run in 2040—-2050 are
above 250 DU and therefore indicate a recovery to 1980
values, which is ~20 years earlier than estimated by
Newman et al. [2006], who based their results on the
evolution of the effective equivalent stratospheric chlorine.
WACCM underestimates the stratospheric Age of Air
(AOA) owing to a too strong mean meridional circulation
[see Eyring et al., 2006]. The resulting overestimation of
ozone transported in spring toward high latitudes is likely
one reason for the underestimation of the recovery of polar
ozone. In the geoengineering case, column ozone values are
lower in October (222 DU + 20 DU) compared to the
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baseline run. Therefore, geoengineering would significantly
delay the recovery of ozone in high latitudes. This is
analyzed further in section 6.

[62] In the Arctic, column ozone values increase signif-
icantly between 2010-2020 and 2040—-2050 during winter
and spring. In the geoengineering case, column ozone
values in 2040—-2050 between January and March are up
to 4% smaller in the baseline run. However, as shown
below, changes for the NH are underestimated by
WACCM3 and could be significantly larger. The impact
of geoengineering in the polar vortex is discussed below in
section 6.

6. Changes in Polar Vortex Dynamics and
Chemistry

6.1. Temperatures and Strength of the Polar Vortex

[63] The strength and location of the polar vortex can be
quantified by using the gradient of modified potential
vorticity (PV) times wind velocity with respect to equiva-
lent latitude [e.g., Bodeker et al., 2002; Tilmes et al.,
2006b]. The maximum of this quantity describes the loca-
tion of the polar vortex edge. The value is a measure of the
strength of the transport barrier.

[64] In Figure 13, we compare the strength and location
of the polar vortex in the Arctic and Antarctica, as derived
in Tilmes et al. [2006b], for the two simulations (averaged
for all years between 2020 and 2050) with U.K. Meteoro-
logical Office analyses for 1992—-2002. Tilmes et al. [2007]
have shown that if running WACCM3 with a horizontal
resolution of 4° x 5° the sharp polar vortex edge and a
homogeneous vortex core (as seen in meteorological anal-
yses) cannot be simulated in either the Arctic or Antarctica.
However, these vortex characteristics improve significantly
in a simulation run at 1.9° x 2.5° horizontal resolution for
present-day conditions (the same as used in this study).

[65] Nevertheless, shortcomings are still present. The
edge of the Antarctic polar vortex, defined as the location
of the maximum PV gradient times the wind velocity, is 2—
3° wider in both simulations than in the observations. The
size of the homogeneous center of the vortex (between 90°S
and 70°S), where the PV gradient times wind velocity is
small, agrees very well with observations. The vortex in
both model simulations is stronger before October and
weaker during October compared to observations. Both
simulations show a very similar vortex shape. In November,
when the vortex becomes weaker, the transport barrier in the
geoengineering run is stronger, because of the larger tem-
perature gradient between middle and high latitudes [e.g.,
Stenchikov et al., 2002].

[66] The polar transport barrier in both model simulations
in the Arctic is located 2—5° farther poleward than in the
observations. The wider maximum of the PV gradient times
wind velocity results in a smaller homogeneous center of
the vortex. The strength of the simulated Arctic transport
barrier is in good agreement with observations in March. In
February, the simulated transport barrier is weaker and in
April it is stronger than observed. These results agree with
the temperature evolution in the period of the vortex, which
are warmer in the beginning of the Arctic winter and colder
in spring compared to observations (not shown).
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Figure 13. Gradient of modified potential vorticity (PV) times wind velocity with respect to equivalent
latitude in different months at 475 K potential temperature. The baseline simulation (averaged between
2020 and 2050) is denoted by dashed lines; the geoengineered acrosol simulation (averaged between
2020 and 2050) is shown as solid lines; and the U.K. Meteorological Office analysis for 1992-2005 is
indicated by dotted lines. (left) Southern Hemisphere and (right) Northern Hemisphere.

[67] For the Arctic, the location and width of the polar
transport barrier cannot be reproduced in the WACCM3
model for present-day conditions (not shown), which are
similar to the baseline run in 2020-2050. Nevertheless,
between February and April, the geoengineering model run
shows a stronger transport barrier compared to the baseline
model run, especially in April. For both hemispheres, the

polar vortex is stronger at the end of the winter in the
geoengineered aerosol run and persists for a longer time.
The stronger transport barrier of the polar vortex correlates
with colder vortex temperatures for the geoengineering run
(see Figure 14).

[68] In addition to the halogen abundance in the strato-
sphere, the evolution of chemical ozone depletion in the
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Figure 14. Averaged vortex temperatures between mid-
December and the end of March for the Arctic and between
mid-June and September for Antarctica in the baseline run
(black line), the geoengineering run (red line), U.K.
Meteorological Office analyses (grey and solid symbols)
and European Center reanalyses (ERA40) (grey and open
symbols) adopted from Tilmes et al. [2007].

polar region depends on the temperature evolution in the
polar vortex. An analysis of observations in the past has
been used to estimate the increase of chemical ozone
depletion with changing climate, based on the assumption
that polar vortex temperatures for cold Arctic winters
decrease with changing climate conditions [Knudsen et
al., 2004; Rex et al., 2006]. Here, a significant decrease
of the temperatures in cold Arctic winters with changing
climate conditions was not simulated, see below.

[60] In Figure 14, we compare vortex average temper-
atures between 400 and 550 K potential temperature for the
Arctic and Antarctica for the two model simulations. In the
Arctic vortex, even though temperatures in both model
simulations are not significantly different, the geoengineer-
ing run (Figure 14, red lines) indicates a decrease in
temperature of 1 K between 2020 and 2050, whereas vortex
temperatures in the baseline run increase by 1 K between
2010 and 2050, with a rather low significance. Accordingly,
in 2050, the vortex of the geoengineering simulation is 2 K
colder compared to the baseline run. Baseline results show a
similar annual temperature variability as derived from
meteorological analysis between 1980 and 2005 (grey
lines). Coldest winters in the geoengineering model run
show up to 2 K lower temperatures compared to the
baseline model run and meteorological analyses in the NH
polar vortex. In contrast, similar temperature changes due to
geoengineering in high northern latitudes could not be
found considering annual mean zonally averaged values,
as shown in Figure 3, because of the frequent displacement
of the NH vortex in lower latitudes.

[70] Lower temperatures and a stronger polar vortex in
the geoengineering run, which results in a longer period
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with cold temperatures, favor chemical ozone depletion
compared to the baseline run. Further, strongly enhanced
SAD reduce the threshold temperature for chlorine activa-
tion and ozone catalytic cycles can be much more effective
for the geoengineering run.

[71] For Antarctica, temperatures in the baseline and
geoengineering runs are the same on average and have no
significant temperature trend. Increasing temperatures be-
low 30 km in the annual average in Figure 3 occur therefore
mainly in summer and fall in both hemispheres. The
stronger simulated Antarctic vortex in November and cooler
temperatures in the vortex between October and January in
the geoengineering case compared to the baseline run are
not included in the vortex average in Figure 14. As for the
Arctic, enhanced SAD values change in the activation
temperature and result in a larger potential for ozone
depletion, as discussed below.

6.2. Impact of Geoengineered Aerosol on Chemical
Ozone Depletion

[72] Chemical ozone depletion in WACCM3 is calculated
using the tracer-tracer correlation technique. A detailed
description of the technique and its application to the
WACCM3 REF1 model simulation was performed by
Tilmes et al. [2007]. Tilmes et al. [2007] showed that
WACCM3 underestimates Arctic chemical ozone depletion
for present-day conditions using a coarser (4° x 5°)
horizontal model resolution than in the present runs. For
Antarctica, on the other hand, chemical ozone depletion
comparable to that observed could be reproduced for the
polar vortex core. Using a higher horizontal resolution, the
simulation of Arctic chemical ozone loss has improved, and
losses up to 50 DU were simulated for the coldest winter in
the past (Figure 15, top, open diamonds). However, the
improvements are not sufficient to simulate reliably the
ozone depletion in the Arctic polar stratosphere, and chem-
ical ozone depletion is on average less than half as large as
derived from observations (Figure 15, top). Even though
vortex average temperatures for the baseline run are com-
parable to results derived using meteorological analyses, the
Arctic polar vortex is too small and the width of the
transport barrier is too wide, as discussed above. An
underestimation of chemical ozone depletion is therefore
expected because (1) the homogeneous area of the vortex is
too small and is not illuminated early enough, so the start of
chemical ozone depletion is delayed; (2) temperatures are
too warm at the beginning of the winter to build up
sufficient amounts of the active chlorine; and (3) there is
possibly not enough total bromine in the simulation to
produce sufficient ozone depletion in the Arctic.

[73] For the baseline model run, chemical ozone deple-
tion in the Arctic reaches only 50 DU for the coldest winter,
in 2018. In the period 2040—2050, even with decreasing
halogen amounts, chemical ozone depletion still reaches
nearly 40 DU. For the geoengineering run, depletion rea-
ches 94 DU for the coldest winter, 2021, and more than 70
DU in the last decade of the simulation. These results agree
well with observational estimates for comparable tempera-
ture conditions, namely moderately cold winters, discussed
by Tilmes et al. [2008]. The 1-2 times increase in chemical
ozone depletion results from the combination of colder
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Figure 15. Accumulated chemical ozone loss between the
early winter reference function and (top) in the beginning of
April for the Arctic vortex core and (bottom) in mid-
October for the Antarctic vortex core, between 350 and
550 K. Between 1970 and 2003, WACCM3 results of the
REF1 simulation are shown; between 1992 and 2004,
HALOE accumulated chemical ozone are shown as black
triangles [7Zilmes et al., 2006a]; between 2010 and 2050,
WACCM3 baseline results are shown as black diamonds
and geoengineering results are shown as red diamonds.
Future results are also shown by Rasch et al. [2008a].

Arctic winters, strong polar transport barrier, and the en-
hanced heterogeneous reaction in the geoengineering run.
[74] For Antarctica, chemical ozone depletion in the polar
vortex shows less variability and was saturated between
1992 and 2004 on the basis of observations [7ilmes et al.,
2006a]. Most of the ozone in the lower stratosphere was
depleted and increasing chlorine activation does not signif-
icantly impact the amount of ozone depletion after 1990, as
derived earlier using the WACCM3 REF1 simulation. The
baseline model simulation shows slowly decreasing ozone
loss between 2010 and 2050, due to the decreasing halogen
content in the stratosphere. By 2050, ozone depletion of
60—80 DU still occurs each year in the model. For the
geoengineered aerosol run, Antarctic ozone depletion is in
general 40—50 DU larger than in the baseline run and does
not begin to decrease before 2030. In the geoengineering
case, ozone depletion in 2040—2050 reaches values com-
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parable to 2015—-2025 in the baseline case. Therefore, the
recovery of ozone depletion is delayed by about 30 years in
this model study. By 2050, chemical ozone depletion still
shows values above 100 DU for some Antarctic winters in
the geoengineering run. In comparison to other studies
[Tilmes et al., 2008; Newman et al., 2007], ozone depletion
in the baseline and the geoengineering run is saturated for
~20 years before it starts decreasing. Therefore, the delay of
the ozone hole recovery is possibly underestimated.

7. Summary and Conclusions

[75s] A fully interactive chemistry climate model,
WACCM3, was used to simulate the impact of a hypothet-
ical geoengineering approach to counteract tropospheric
greenhouse warming between 2020-2050. A constant,
enhanced distribution of volcanic-sized aerosols was pre-
scribed in the lower stratosphere, and used in a transient
model run with changing greenhouse gases and stratospher-
ic halogen content. We do not discuss practical implemen-
tations of how to produce a specific acrosol distribution, and
refer to Rasch et al. [2008a] for details. The purpose of this
study is instead to explore the impact and side effects of the
hypothetical injection of a fixed amount of sulfur on the
climate system and on stratospheric processes. For this
reason, and because our simulation does not include a
detailed microphysical model for the aerosols, we have
adopted the most reasonable aerosol size distribution, with
effective radii corresponding to volcanic-sized particles. We
find that the enhancement of the stratospheric aerosol
content resulting from the injection of 2 Tg S per year of
volcanic-sized particles is necessary to counteract global
warming by around 2050.

[76] The injection of a constant amount of sulfur in the
stratosphere, as considered here, results in a constant offset
of temperatures in the tropics at different altitudes after an
adjustment time in the troposphere of approximately 5 years.
The strongest cooling in the tropics of about 2 K occurs at
around 11 km in the geoengineering run compared to the
baseline run. A positive tropospheric temperature trend as a
result of increasing greenhouse gases between 2020 and
2050 is present in both simulations, since the geoengineered
aerosol content does not change with time. The initial
cooling achieved owing to geoengineering is overwhelmed
by increasing greenhouse gases after about four decades.
Therefore, the injection of 2 Tg S/a sulfur into the strato-
sphere would delay global warming by some 40 years,
assuming a volcanic-sized aerosol size distribution.

[77] The surface temperature response to geoengineering
shows the expected cooling. Enhanced SAD result in
surface temperatures in 2040—2050 that are ~0.5° below
present-day conditions, and show significant local changes
of between +1 and —3 K. Surface cooling in the polar
regions in the geoengineering case prevents a decrease in
the Arctic sea-ice fraction, which is otherwise calculated to
diminish by 15% in the baseline run owing to increasing,
uncompensated greenhouse warming. Changes in the pre-
cipitation patterns between 2010—2020 and 2040—2050 are
not very significant in either model simulation. However,
the precipitation was found to decrease by 0.5—0.8 mm per
day in the tropics in the geoengineering case.
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[78] The annual averaged decrease in surface temper-
atures produced by geoengineered aerosols was shown to
be about 1 K larger in a run with NCAR’s Community
Atmosphere Model (CAM) than in WACCM3. Even though
the model setup in the simulations with CAM and
WACCM3 was not the same, strong differences at high
latitudes, particularly in winter, indicate the influence of
stratospheric processes in the geoengineering model simu-
lation using WACCM3.

[79] In the case of geoengineering, the strongly enhanced
SAD in the lower stratosphere results in an increase of
heterogeneous reactions. Around 25-27 km, the ozone-
destroying NOy catalytic cycle slows down significantly in
the tropics and midlatitudes. This leads to an increase in
ozone which in turn causes O, production between 22 and
26 km to decrease owing to a decrease in UV radiation
reaching this region. On the other hand, other ozone
destroying cycles increase, especially the HO, cycle in the
tropics and midlatitudes, and the ClOy cycle in high polar
regions of the SH between 15 and 20 km. Below 28 km,
advection influences ozone in the tropics and high latitudes.
In the geoengineering case, changes in advection result in a
significant increase of ozone between 15 and 22 km in the
tropics.

[so] On a global scale, increasing greenhouse gases and a
decreasing halogen content are expected to result in a slight
increase of the ozone column in low latitudes and midlat-
itudes and a significant increase in the SH in 2040-2050
compared to 2010—-2020. The use of geoengineered aero-
sols to cool the troposphere results in a slight increase of
column ozone at latitudes 10°N—30°N and 10°S-30°S
compared to the baseline run. At high latitudes, column
ozone is reduced up to 10% in the geoengineering case,
with seasonal changes being most pronounced during
spring. Compared to the baseline simulation, the use of
geoengineered sulfate aerosols to counteract global warm-
ing would delay the effects of decreasing halogen com-
pounds in the stratosphere following from the Montreal
Protocol and its amendments and adjustments by 20—
30 years, although ozone depletion is not calculated to
become worse compared to present-day baseline conditions.
The impact of geoengineered aerosols on the column ozone
in the NH cannot be precisely quantified, owing to a
significant underestimation of ozone depletion in the Arctic
polar vortex in the model. Even so, we do not anticipate
catastrophic changes in stratospheric chemistry and dynam-
ics under the geoengineering approach considered here,
which effectively cools the troposphere.

[s1] Owing to large interannual temperature variations of
the Arctic polar vortex, the impact of geoengineering in
single years is much more pronounced. A stronger, longer-
lived polar transport barrier results in colder Arctic winters
in the geoengineering run compared to the baseline run. In
addition, enhanced heterogeneous reactions allow for inten-
sified chlorine activation in high polar regions. Even though
WACCM3 underestimates Arctic chemical ozone depletion
in comparison to observations, the simulation shows an
onefold to twofold increase in ozone depletion in the case of
geoengineering in the NH, in agreement with observational
estimates by Tilmes et al. [2008]. For 2040—2050 condi-
tions, Arctic ozone depletion might be larger than seen
hitherto for cold Arctic winters. This may not change the
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dynamics of the stratosphere drastically, but might have an
impact on tropospheric conditions. The up to 10% increase
in UV radiation observed in middle and high latitudes
between the 1980s and 1990s [Lee-Taylor and Madronich,
2007] would probably worsen in the future, with dangerous
effects for the ecosystem. Additional model studies are
desirable to simulate the impact of a more precise calcula-
tion of NH ozone depletion.

[82] Aside from the potential for serious ozone deficits in
high northern latitudes in winter and spring, and possible
large local changes in temperature and precipitation, large
uncertainties remain about how geoengineering would in-
fluence the climate system and the biosphere, as noted by
Rasch et al. [2008a]. Therefore, much more research is
necessary to resolve many outstanding issues. Technical
solutions and costs need to be investigated in greater detail.
It should also be borne in mind that injection of sulfur into
the tropical stratosphere above ~25 km is probably neces-
sary for this approach to achieve the required aerosol
distribution across the entire planet. Issues surrounding
the timing of aerosol deployment, as well as the amount
of desired cooling, and its effectiveness in the context of,
say, incipient rapid disintegration of the Greenland ice
sheets need to be studied. Finally, considering the legal,
political and ethical complications of any possible emer-
gency deployment of this or other geoengineering schemes,
it is clear that such approaches are tools of last resort. The
focus of efforts to avoid undesirable climate impacts must
continue to be the substantial and rapid reduction of
greenhouse gas emissions.
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