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Abstract. Reduction of surface temperatures of the planet by injecting sulfate aerosols in the stratosphere has
been suggested as an option to reduce the amount of human-induced climate warming. Several previous studies
have shown that for a specified amount of injection, aerosols injected at a higher altitude in the stratosphere would
produce more cooling because aerosol sedimentation would take longer. In this study, we isolate and assess the
sensitivity of stratospheric aerosol radiative forcing and the resulting climate change to the altitude of the aerosol
layer. We study this by prescribing a specified amount of sulfate aerosols, of a size typical of what is produced by
volcanoes, distributed uniformly at different levels in the stratosphere. We find that stratospheric sulfate aerosols
are more effective in cooling climate when they reside higher in the stratosphere. We explain this sensitivity in
terms of effective radiative forcing: volcanic aerosols heat the stratospheric layers where they reside, altering
stratospheric water vapor content, tropospheric stability, and clouds, and consequently the effective radiative
forcing. We show that the magnitude of the effective radiative forcing is larger when aerosols are prescribed
at higher altitudes and the differences in radiative forcing due to fast adjustment processes can account for a
substantial part of the dependence of the amount of cooling on aerosol altitude. These altitude effects would be
additional to dependences on aerosol microphysics, transport, and sedimentation, which are outside the scope
of this study. The cooling effectiveness of stratospheric sulfate aerosols likely increases with the altitude of the
aerosol layer both because aerosols higher in the stratosphere have larger effective radiative forcing and because
they have higher stratospheric residence time; these two effects are likely to be of comparable importance.

1 Introduction

Anthropogenic emissions of greenhouse gases alter the ra-
diative balance of the planet, leading to long-term climate
changes (IPCC, 2013). Of particular interest is the warm-
ing from an increasing concentration of atmospheric carbon
dioxide (CO2), which is the primary warming agent in the
industrial era. Solar radiation management (also known as
solar geoengineering) through albedo enhancement methods
such as deliberate injection of sulfate aerosols into the strato-
sphere has been suggested as an option to counteract human-
induced climate change (Budyko, 1977; Crutzen, 2006). In

some such-envisioned geoengineering implementations, the
positive radiative forcing from greenhouse gases would be
partially or fully offset by negative radiative forcing from in-
creased shortwave (SW) scattering by aerosols.

Major volcanic eruptions have been considered as a natu-
ral analogue to stratospheric sulfate aerosol geoengineering.
Major volcanic eruptions inject the sulfate aerosol precur-
sor SO2 into the stratosphere where it is converted to sulfate
aerosols. These sulfate aerosol concentrations decay with
an e-folding time of approximately 1 year (Robock, 2000).
The increased scattering of SW radiation by the aerosols
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has a cooling effect on the climate system (Hansen et al.,
1992; Robock, 2000; Soden et al., 2002). Volcanic erup-
tions are episodic, but for stratospheric aerosol geoengineer-
ing, the aerosol layer would need to be maintained with
quasi-continuous injection of additional aerosols. The quasi-
continuous injection can lead to particle growth where the
newly injected particles coagulate with background particles,
which can potentially lead to decreased scattering efficiency
(Heckendorn et al., 2009; Niemeier et al., 2011; Niemeier
and Timmreck, 2015; Tilmes et al., 2017).

The time evolution of radiative forcing and surface cool-
ing per unit mass of injection of aerosols depends on sev-
eral factors such as type of aerosol used (Pope et al., 2012;
Weisenstein et al., 2015), particle size (Rasch et al., 2008;
Heckendorn et al., 2009), amount of aerosols injected (Heck-
endorn et al., 2009; Niemeier and Timmreck, 2015; Klein-
schmitt et al., 2018), and the geographical location and alti-
tude of injection (Tilmes et al., 2017; Dai et al., 2018). One
of the primary factors affecting the amount of cooling in geo-
engineering scenarios is aerosol particle size. For a specified
mass, smaller particles are more efficient at scattering (Rasch
et al., 2008; Heckendorn et al., 2009). As particles with radii
in the range of 0.1 µm have the largest backscattering cross
section per unit mass, they have been suggested to be the
most suitable for geoengineering (Heckendorn et al., 2009).

The amount of injection, evolution of the size of the par-
ticles, and removal processes influence the radiative forc-
ing and resulting climate change in state-of-the-art climate
models that simulate the evolution and transport of sulfate
aerosols. The rate of injection, location, and altitude of in-
jection control processes such as particle growth (by nu-
cleation, condensation, coagulation or evaporation), trans-
port, and gravitational settling and removal processes (Heck-
endorn et al., 2009; Niemeier and Timmreck, 2015; Tilmes
et al., 2017; Kleinschmitt et al., 2018), and strongly in-
fluence the efficiency of the stratospheric geoengineering
schemes. The amount of cooling produced by continuous sul-
fate aerosol injection initially increases as the rate of injec-
tion increases but then decreases as the rate increases further
(Niemeier et al., 2011; Niemeier and Timmreck, 2015; Klein-
schmitt et al., 2018). This is because as the rate of injection
increases beyond a threshold, coagulation increases, forming
larger particles. Larger particles are less efficient at scattering
sunlight and are more susceptible to removal through sedi-
mentation (Tilmes et al., 2017; Kleinschmitt et al., 2018).

The altitude of injection affects the microphysics and
transport of the aerosols in the stratosphere and thereby af-
fects the amount of cooling produced. High-altitude injec-
tion of the aerosols extends the sedimentation time and con-
tributes to a longer aerosol lifetime in the stratosphere (Heck-
endorn et al., 2009: Niemeier et al., 2011; Niemeier and
Timmreck, 2015). Niemeier et al. (2013) found that the alti-
tude of the of aerosol layer could affect the radiative transfer
through the atmosphere: a reflecting layer in the lower al-
titude causes a smaller magnitude of top-of-the-atmosphere

(TOA) SW forcing due to absorption and downward reflec-
tion of the upward beam. In the stratosphere, circulation pat-
terns associated with the Brewer–Dobson circulation (BDC)
are important as they influence aerosol transport and burden.
Tilmes et al. (2017) show that, for equatorial high-altitude
injections, total aerosol burden in the tropics increases more
than for the low-altitude injections because aerosols are car-
ried upward by the deep branch of the BDC in the tropics.
For high-altitude injections outside the Equator, they find that
the aerosols are transported more effectively toward middle
and high latitudes by the deep branch of BDC. For the low-
altitude injections, the aerosols remain in the shallow branch
of the BDC and are removed rapidly from the stratosphere
(Tilmes et al., 2017). The longer lifetime also leads to parti-
cles with larger effective radii that reduce the scattering effect
and that sediment faster from the stratosphere. Kleinschmitt
et al. (2018) find that for tropical injections the net radiative
forcing is nearly independent of the altitude of injection de-
spite an increase in the sedimentation time with the altitude
of injection, due to the counteracting effects of the particle
growth (and hence shorter lifetime) and the resulting reduced
scattering properties.

The climates generated by stratospheric sulfate injections
can be modulated by varying the timing, latitude, and alti-
tude of aerosol injection. A set of studies using the Whole
Atmosphere Community Climate Model (CESM1-WACCM)
showed that multiple simultaneous climate objectives could
be met by strategically injecting aerosols at multiple loca-
tions in the stratosphere (Tilmes et al., 2017, 2018a; Kravitz
et al., 2017; MacMartin et al., 2017). These studies have
shown that the spatial pattern of aerosol optical depth (AOD)
can be partially controlled by optimizing the locations of in-
jection (MacMartin et al., 2017; Kravitz et al., 2017). Non-
equatorial high-altitude injections are more efficient at con-
trolling the surface climate because the transport of aerosols
into middle and high latitudes results in particles of a smaller
effective radius and larger aerosol burden in these latitudes
(Tilmes et al., 2017; MacMartin et al., 2017).

The studies discussed above have studied the climate re-
sponses mainly focused on the changes in aerosol burden
with particle microphysics, transport, and removal processes.
But there are several other fast-adjustment processes in the
climate system which can impact effective radiative forc-
ing and climate responses. Aerosols prescribed in the strato-
sphere can cause local warming in the stratosphere by ab-
sorbing near-IR and terrestrial radiation (Stenchikov et al.,
1998; Ferraro et al., 2011). This warming can lead to changes
in the amount of water vapor in the stratosphere (Dessler et
al., 2013) and the amount of high clouds by changing the
tropospheric stability (Kuebbeler et al., 2012; Visioni et al.,
2018). Boucher et al. (2017) has shown that these fast adjust-
ment processes can influence the effective radiative forcing
of the climate system for sulfate aerosol injections. The al-
titude of the prescribed aerosol layer can thus affect the cli-
mate depending on the proximity of the heated layer to the
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tropopause as heat and mass exchange between the strato-
sphere and troposphere can lead to changes in clouds and
stratospheric water vapor. Although most cited studies in-
clude the fast adjustment processes, and radiative forcing and
response, there is a lack of clear and systematic understand-
ing of the dependence of radiative forcing and climate re-
sponse on the altitude of sulfate aerosols in the stratosphere.

In this study, we use idealized climate model experiments
to systematically study the sensitivity of the effective radia-
tive forcing and the simulated surface climate to the height at
which aerosols are prescribed in the stratosphere. The mod-
els used in several previous studies include the effects of sev-
eral processes that affect the aerosol microphysics, transport,
and removal processes, and hence the altitude sensitivity es-
timated in these studies is the net effect of all these processes.
The idealized prescribed aerosol model used in this study has
the advantage of isolating and analyzing the individual ef-
fects, which will be challenging in complex models. In all
our stratospheric aerosol experiments, we use the same total
amount of aerosols but alter their altitude. Thus, our idealized
simulations are intended to highlight the radiative influences
of aerosol layer height and isolate these effects from effects
associated with aerosol particle evolution and transport.

2 Methods

2.1 Model details

To study the dependence of the surface climate on the height
of the sulfate aerosols in the stratosphere, we use the NCAR
Community Earth System Model version 1.0.4 (CESM; Gent
et al., 2011). The CESM consists of five components: atmo-
sphere (Community Atmosphere Model version 4 – CAM4),
sea ice (Community Ice Code version 4 – CICE4), land
(Community Land Model version 4 – CLM4), ocean (Par-
allel Ocean Program – POP), and land ice (Community Ice
Sheet Model), which are coupled through a coupler. For this
study, we use a configuration where CAM4 is coupled with
the Community Land Model and a slab ocean model (SOM)
for simulating the climate change. We also use the prescribed
sea surface temperature (pSST) configuration of CAM4 for
estimating the radiative forcings. The configuration used here
has a horizontal resolution of 1.9◦ in latitude and 2.5◦ in lon-
gitude, and a vertical resolution of 26 layers with 8 model
layers in the stratosphere. The top of the atmosphere (TOA)
in the model is approximately at 3 hPa. The land model used
here, (CLM4) has an integrated representation of water, car-
bon, and nitrogen cycles (Oleson et al., 2010).

2.2 Experimental design

The reference climate of our study is based on a 100-year
pre-industrial control simulation (called “1XCO2” hereafter)
with the atmospheric CO2 concentration fixed at 284.7 ppm.
We also perform a “2XCO2” experiment where the atmo-

spheric CO2 concentration is doubled to 569.4 ppm. To as-
sess the sensitivity to the altitude of the prescribed aerosols,
a set of three stratospheric aerosol experiments are designed
by altering the altitude of the additional aerosol layer but
keeping the total mass of aerosols constant at 20 Tg and CO2
concentration at 569.4 ppm. The mass of aerosol was chosen
based on Nalam et al. (2017), where they prescribed 20 Tg of
background sulfate aerosols in five layers centered at 37 hPa
to offset the global mean surface temperature change caused
by a doubling of CO2. In CAM4, the sulfate aerosols are
log-normally distributed with fixed size distributions (Neale
et al., 2010). For our stratospheric aerosol experiments, we
use volcanic aerosols which have an effective mean radius
of 0.426 µm and a geometric standard deviation of 1.25. The
mass of the aerosols consists of 75 % H2SO4 and 25 % H2O
(Neale et al., 2010). The zonal variations as well as inter-
annual variations (for this study) in mixing ratio of the vol-
canic aerosols are omitted (Ammann et al., 2003; Neale et
al., 2010). The volcanic aerosol size used here corresponds
to the large aerosols formed 6 to 12 months after a volcanic
eruption (Stenchikov et al., 1998; Bauman et al., 2003; Rasch
et al., 2008). The aerosols are prescribed as a globally uni-
form layer in the stratosphere as shown in Fig. 1. Processes
such as aerosol microphysics, chemistry, transport, and sed-
imentation are not included, and the aerosol layer remains
fixed throughout the simulations. The aerosols are distributed
in single model layers centered at pressure levels 100, 70,
and 37 hPa altitudes with layer thicknesses in the range of
15.5± 1.0 hPa in each case. Corresponding standard atmo-
spheric heights are approximately 16, 19, and 22 km. These
experiments are referred to as Volc_100hPa, Volc_70hPa,
and Volc_37hPa.

In CAM4, the solar radiation is divided into 19 discrete
spectral and pseudo-spectral intervals in the radiation mod-
ule (Briegleb, 1992; Collins, 1998; Neale et al., 2010). The
near IR absorption by volcanic aerosols is calculated in the
model along with the long-wave (LW) absorption which is a
function of the seven LW bands specified in the model. The
concentration distributions of all other types of aerosols in
the model such as dust, organic carbon, black carbon, and
sea salt are unchanged in the 2XCO2 and in the three strato-
spheric aerosol experiments. All the slab ocean model simu-
lations are performed for 100 years. Climate change analysis
is performed on the last 60 years of model-generated data
(from year 41 to 100), as the simulated climate closely ap-
proaches equilibrium within the first 20–30 years. The cor-
responding prescribed SST model configuration is used to
simulate 60 years and the last 30 years of data are used for
estimating radiative forcing and related fast adjustments.

3 Results

Before discussing the main results, it is instructive to briefly
review the concepts of effective radiative forcing, fast ad-
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Figure 1. Vertical distribution of the volcanic aerosols used in our
stratospheric sulfate aerosol simulations. The aerosol layers are cen-
tered at (a) 37 hPa (b) 70 hPa, and (c) 100 hPa with a thickness of
approximately 16 hPa.

justments, efficacy of different forcing agents, and the effi-
ciency of aerosols. These concepts are discussed briefly in
the Supplement Sect. S1, where the various methods of es-
timating the effective radiative forcing are also discussed:
the prescribed SST method (Hansen et al., 2005; Bala et al.,
2010), the regression method (Gregory et al., 2004; Gregory
and Webb, 2008), and the two-point method (Modak et al.,
2018; Duan et al., 2018). The results on effective radiative
forcing are presented in Sect. 3.1, and results for the climate
feedback parameter and efficacy (Sect. S1) are presented in
Sect. 3.2. Throughout Sect. 3, the uncertainties in the global
mean values of the variables of any simulation are repre-
sented by 1 standard deviation to show the internal variability
and the uncertainties for the changes are represented by stan-
dard error.

3.1 Global mean temperature and net
top-of-atmosphere fluxes

Because our sulfate simulations produce cooling from a
2XCO2 background state, in the interest of consistency we
report all results relative to the 2XCO2 simulation. The re-
sults for global mean temperature change and TOA fluxes
are shown in Fig. 2 and Table 1. A halving of CO2 con-
centrations from the 2XCO2 state in the prescribed SST

configuration causes a TOA net radiative flux (1NSST) of
−3.52± 0.09 W m−2 at TOA (Fig. 2a), as found in previ-
ous studies that used the CAM4 model (Nalam et al., 2017).
Due to land surface cooling, the global mean surface temper-
ature change (1TSST) is −0.24± 0.01 K in this case. Quasi-
steady-state results for halving of CO2 concentrations from
the 2XCO2 state in the slab ocean model configuration show
global mean temperature change (1TSOM) of−3.13±0.03 K
and TOA flux change (1NSOM) of −0.01± 0.12 W m−2 in
this case.

There is more negative TOA radiative imbalance when
the volcanic aerosols are prescribed at a higher alti-
tude (Fig. 2a): 1NSST is −2.79± 0.11, −3.44± 0.09, and
−3.91±0.11 W m−2, for the Volc_100hPa, Volc_70hPa, and
Volc_37hPa prescribed SST simulations, respectively, rela-
tive to the 2XCO2 control case. The corresponding global
mean surface temperature changes (1TSST) in these pre-
scribed SST simulations are −0.13± 0.01, −0.13± 0.01,
and −0.14± 0.01, respectively. The TOA radiative imbal-
ance discussed here are actually the prescribed SST radia-
tive forcing as discussed in several previous studies (Bala et
al., 2010; Modak et al., 2014; Nalam et al., 2017). This im-
balance is corrected for the land surface temperature change
in the prescribed SST simulations, to obtain the TOA ra-
diative forcing (Sect. 3.2) in the two-point method as dis-
cussed in Modak et al. (2018) and Duan et al. (2018) and
in Sect. S1. Residual TOA net fluxes in the steady state
for the sulfate aerosol slab ocean simulations (1NSOM) are
0.02±0.13, 0.01±0.13, and 0.0±0.12, for the Volc_100hPa,
Volc_70hPa, and Volc_37hPa simulations respectively. The
corresponding1TSOM values are−2.18±0.03,−2.57±0.03,
and −2.91± 0.03 K, respectively.

3.2 Radiative forcing and climate feedback parameters

With the values presented above, using Eqs. (1) and (2)
in Sect. S1, we can calculate the effective radiative forc-
ing (F ) and climate feedback parameters (λ) for each of
our experimental simulations (Fig. 2 and Table 1) using
the two-point method (Sect. S1). A halving of CO2 con-
centration from 2XCO2 to 1XCO2 results in an estimate
for F of −3.82± 0.09 W m−2, and an estimate for λ of
1.22±0.05 W m−2 K−1. Introduction of stratospheric aerosol
layers at 100, 70, and 37 hPa results in estimates for F of
−2.97± 0.11, −3.62± 0.09, and −4.12± 0.11 W m−2, re-
spectively. Corresponding estimates of λ are 1.37± 0.09,
1.41± 0.07, and 1.42± 0.06 W m−2 K−1. Thus, there is a
substantial increase in the magnitude of radiative forcing
from sulfate aerosols when they are higher in the strato-
sphere (Fig. 2b); this effect appears to be slightly offset by
a small (i.e., not statistically significant) increase in the cli-
mate feedback parameter. For example, for the 37 hPa case
relative to the 100 hPa case, the radiative forcing is 38 %
larger in magnitude, but the climate feedback parameter is
3 % larger, resulting in a temperature change that is 34 %
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Table 1. Radiative forcing estimates and global annual mean temperature changes relative to the 2XCO2 case, and climate sensitivity and
efficacy. Uncertainties for changes are estimated as 2 standard errors. Uncertainties are calculated from 60 annual mean differences for slab
ocean and 30 annual means for prescribed SST experiments. The two-point method of estimating the radiative forcing, and climate sensitivity
and efficacy are discussed in Sect. S1.

1XCO2 Volc_100hPa Volc_70hPa Volc_37hPa

Radiative forcing (prescribed SST method; W m−2) −3.52± 0.09 −2.79± 0.11 −3.44± 0.09 −3.91± 0.11
Global mean temperature change (K) −3.13± 0.03 −2.18± 0.03 −2.57± 0.03 −2.91± 0.03
Radiative forcing (two-point method; W m−2) −3.82± 0.09 −2.97± 0.11 −3.62± 0.26 −4.2± 0.11
Climate feedback parameter (two-point method; W m−2 K−1) 1.22± 0.05 1.37± 0.09 1.41± 0.07 1.42± 0.06
Efficacy relative to CO2 forcing (two-point method) 1 0.89± 0.07 0.87± 0.05 0.86± 0.05

Figure 2. (a) The two-point method for estimating radiative forcing and feedback parameter (Sect. S1). Change in global and annual mean
surface temperature and TOA radiative imbalance from the slab ocean (points on the left) and prescribed SST (points on the right) simulations
relative to the 2XCO2 simulation. The climate feedback parameter (slope of the lines) and the effective radiative forcing (intercept on the
y axis on the right) for CO2 change (1XCO2–2XCO2) and all stratospheric sulfate experiments can be inferred from the linear regression
relationships shown in the figure legends. Horizontal and vertical bars show 2 standard errors of the annual mean differences in surface
temperature and radiative forcing relative to 2XCO2 experiment, respectively. The standard errors are estimated using 30 annual means for
prescribed SST simulations and 60 annual means for slab ocean simulations. (b) The global annual mean TOA radiative forcing at top of the
atmosphere relative to the 2XCO2 experiment, estimated using the two-point method as illustrated in panel (a). The error bars represent 2
standard errors calculated from 30 annual means of the difference from the 2XCO2 experiment.

larger in magnitude. The climate feedback parameters for
sulfate aerosols differs substantially from the climate feed-
back parameter for CO2, resulting in efficacy values (eSAI) of
0.89±0.07, 0.87±0.05, and 0.86±0.05 for the Volc_100hPa,
Volc_70hPa, and Volc_37hPa cases, respectively, indicat-
ing that effective radiative forcing from stratospheric sulfate
aerosols would generate 11 % to 14 % less global mean tem-
perature change than would an equivalent amount of effec-
tive radiative forcing from CO2. Hence, the efficacy of sul-
fates is less than 1 as also found in recent studies (e.g., Duan
et al., 2018), and for an equivalent amount of effective ra-
diative forcing, CO2 reduction would be more effective in
cooling the climate. The magnitude of climate feedback pa-
rameter differs slightly between the stratospheric sulfate ex-
periments, which is mainly associated with the changes in the
cloudy-sky feedback parameters (Fig. S1 in the Supplement).

The reasons for these changes are not analyzed here but will
be investigated in detail in a future study. The larger magni-
tude of the climate feedback parameter obtained for sulfate
aerosols relative to the CO2 forcing is qualitatively similar
to the difference between the feedback parameters for solar
irradiance and CO2 forcing found in a recent study (Modak
et al., 2016). Our calculated efficacy values for stratospheric
sulfate aerosols are somewhat larger than the value of 0.83
for solar irradiance estimated by Modak et al. (2016). This
is likely due to differing climate sensitivity of the version of
the atmospheric model used (CAM5 in Modak et al., 2016
and CAM4 for our experiments) and the differing heating
structures in the stratosphere for changes in solar irradiance
versus sulfate aerosols. The efficacy value estimated for sul-
fates in our study is broadly consistent with that reported by
Duan et al. (2018) where it is found that the efficacy of sul-
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Figure 3. TOA SW and LW radiative forcing for all-sky (a, b) clear-
sky (c, d) and cloudy-sky (e, f) conditions relative to the 2XCO2 ex-
periment, estimated using the two-point method (Sect. S1). The er-
ror bars represent 2 standard errors calculated from 30 annual means
of the difference from the 2XCO2 experiment.

fate aerosols at the top of the atmosphere relative to CO2 is
0.85.

We have also applied the two-point method (Sect. S1) to
the individual radiative forcing components. The radiative
forcing and corresponding feedback parameters are shown
in Fig. S1 and Table S1, which indicate that the LW forc-
ing from volcanic aerosols are not negligible (Fig. 3b) – the
magnitude is about 13 % of the SW forcing. The total LW
radiative forcing is positive in the stratospheric aerosol ex-
periments relative to the 2XCO2 case (i.e., increased down-
ward LW radiation; Fig. 3b) but the negative SW forcing
dominates (i.e., increased upward SW radiation; Fig. 3a), and
hence the net TOA radiative forcing is negative relative (in-
creased upward) to the 2XCO2 case (Fig. 2b). A detailed
analysis of the radiative forcing components and fast adjust-
ments in clouds, water vapor, and temperature are given be-
low.

The clear-sky SW radiative forcing is negative in all cases
(Fig. 3c) due to the SW backscattering by the prescribed
aerosols. The sensitivity to the altitude of aerosols can be ex-
plained by the changes in water vapor content in the strato-
sphere. When aerosols are prescribed at lower levels close
to the tropopause, radiative heating by aerosols leads to an
increase in cold-point tropopause temperature and an in-
crease in stratospheric water vapor (Fig. S2). The increase in
water vapor leads to increased absorption of SW radiation,
which can provide strong positive water vapor feedback. As
the changes in water vapor amount decreases rapidly in the
stratosphere with height of the prescribed aerosols, the water
vapor feedback-related SW absorption decreases, and hence
we find a larger negative SW clear-sky radiative forcing when
aerosols are prescribed at higher altitudes (Fig. 3c).

The clear-sky LW forcing is positive for all cases (Fig. 3d)
due to LW absorption by volcanic aerosols and their dif-
ferences are associated with different changes in water va-
por. As discussed earlier, there is an increase in water va-
por (Fig. S2) which is larger when aerosols are prescribed at
lower levels. As water vapor absorbs LW radiation, we find
that the LW clear-sky forcing increases when aerosols are
prescribed at lower stratospheric levels.

The SW cloud radiative forcing is positive in all cases
(Fig. 3e) because of a reduction in clouds in the stratospheric
aerosol experiments relative to the 2XCO2 case (Fig. S3a).
The upper troposphere warms in the stratospheric aerosol ex-
periments (Figs. S4 and S5) because of mixing between the
tropospheric and radiatively heated stratospheric air. As the
upper troposphere warms, the stability of the troposphere in-
creases which causes a reduction in water vapor transport to
the upper troposphere, the probability of ice supersaturation
and a reduction of high clouds (Kuebbeler et al., 2012; Vi-
sioni et al., 2018). Similar to these studies, a reduction in
high cloud cover is simulated in our stratospheric aerosol ex-
periments relative to the 2XCO2 (Figs. S3b, S6). Further, the
increase in stability and decrease in water vapor transport
to the upper troposphere leads to a smaller decrease in the
low cloud fraction for the Volc_100hPa case compared to the
Vol_70hPa and Volc_35hPa cases (Fig. S3c). The increase in
tropospheric stability is less when aerosols are prescribed at
higher stratospheric levels as the upper tropospheric warm-
ing decreases. As low clouds are optically thicker than high
clouds and their increase is larger for the Volc_100hPa case
(Fig. S3c), a corresponding less positive SW cloud radiative
forcing is simulated in the Volc_100hPa case (Fig. 3c).

A sensitivity of cloudy-sky LW forcing to the height of the
aerosols is also simulated (Fig. 3f) which can be attributed to
the changes in high cloud cover in the stratospheric aerosol
experiments (Figs. S3b and S6). The decrease in high clouds
results in a cirrus cloud thinning effect (Storelvmo et al.,
2013) and allows more LW radiation to pass through the
atmosphere resulting in negative LW forcing. The magni-
tude of this effect decreases as the aerosols are prescribed at
higher altitudes (Fig. 3f). In the Vol_100hPa case, the mag-
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Figure 4. Changes in global and annual mean (a) surface temper-
ature and (b) precipitation relative to the 2XCO2 experiment (slab
ocean simulations). The error bars represent 2 standard errors cal-
culated from 60 annual means of the difference from the 2XCO2
experiment.

nitude of the cloud-induced LW forcing is about one-third of
the net SW forcing which shows that the indirect high cloud
effect is large.

3.3 Global climate change

The radiative forcing of −3.82 W m−2 from a halving of
CO2 in the 1XCO2 experiment leads to a decrease in global
mean surface temperature by 3.13 K (Figs. 4a and 5a). In the
stratospheric aerosol experiments, the aerosol-induced neg-
ative radiative forcing induces a surface cooling (Fig. 4a).
As the TOA radiative forcing varies with the altitude of
the aerosols in the stratospheric aerosol experiments, cor-
responding changes are simulated in surface temperature.
Global cooling is greater when volcanic aerosols are pre-
scribed at the higher levels of the stratosphere (Fig. 4a). The
spatial changes in the global mean surface temperature for
the stratospheric aerosol experiments relative to the 2XCO2
experiment are shown in Fig. 5. In all stratospheric sul-
fate experiments larger surface cooling is simulated in the
higher latitudes compared with the tropics which is consis-
tent with the polar amplification simulated for an increase
in CO2 (Fig. S7a). Compared to other stratospheric sul-
fate experiments, the lower net negative radiative forcing in
the Volc_100hPa case contributes to a global mean surface
cooling of 2.18 K with respect to the 2XCO2 experiment,
which attains only 70 % of the cooling in 1XCO2 relative
to 2XCO2. For the Volc_70hPa case, the surface cooling in-
creases to 2.57 K relative to the 2XCO2 case reaching 82 %
of cooling due to halving of CO2. Larger negative forcing in
the Volc_37hPa case compared to other cases leads to more
surface cooling in Volc_37hPa and thereby attaining ∼ 93 %
of the cooling simulated in the 1XCO2 case.

The residual surface temperature patterns in the strato-
spheric aerosol simulations relative to 1XCO2 experiment
(Fig. S7) shows a large warming at the higher latitudes. This

is in agreement with several previous studies (Govindasamy
et al., 2003; Kravitz et al., 2016; Nalam et al., 2017). The net
surface cooling in the Volc_37hPa is less than the 1XCO2 ex-
periment even-though the net negative radiative forcing sur-
passes the 1XCO2 radiative forcing (Figs. 2b and 4a). This
is partly attributed to the lower efficacy of sulfate aerosol
forcing (0.86–0.89; Sect. 3.2) and partly to the CO2 phys-
iological effect. For counteracting the global mean surface
warming, the magnitude of sulfate forcing should be larger
than CO2 radiative forcing as its efficacy is less than 1. The
lower efficacy of sulfate aerosols is similar to the case of so-
lar forcing, which has an efficacy of about 0.8 (Schmidt et
al., 2012; Modak et al., 2016; Duan et al., 2018). The CO2
physiological forcing is caused by elevated CO2 concentra-
tion, where the plant stoma opens less widely, leading to less
canopy transpiration and reduced evapotranspiration which
leads to an increase in mean surface air temperature over land
(Cao et al., 2010).

Kravitz et al. (2013a) have shown that for an abrupt in-
crease in CO2 concentration, the precipitation initially re-
duces due to the fast adjustment to CO2 forcing, and later
increases in response to the temperature increase. Fast adjust-
ments to CO2 radiative forcing results in precipitation sup-
pression (Bala et al., 2010; Ferraro et al., 2014), associated
with an increase in stability in the lower troposphere (Bala et
al., 2010; Cao et al., 2012). The fast precipitation change is
related to atmospheric radiative imbalance (Liepert and Pre-
vidi, 2009) and is also associated with reduced evaporation
(Kravitz et al., 2013a). Thus, the fast response to a reduction
in CO2 radiative forcing involves an increase in precipitation.
In contrast, the fast response to the negative forcing from the
introduction of a stratospheric aerosol layer does not involve
an increase in global mean precipitation. The surface cool-
ing caused by a halving of CO2 in the 1XCO2 experiment is
associated with a decrease in global mean precipitation and
the net change is −5.8 % relative to the 2XCO2 experiment
(Figs. 4b and 6a). In the stratospheric aerosol experiments,
even though the global mean surface cooling is less than
in the 1XCO2 experiment, a larger net reduction in global
mean precipitation is simulated because the introduction of
a stratospheric aerosol layer does not lead to an increase in
fast global mean precipitation. For all types of forcing con-
sidered here, a decrease in global mean temperatures is as-
sociated with decreases in global mean precipitation. For our
volcanic aerosol simulations, both equilibrium global mean
surface temperatures and equilibrium global mean precipi-
tation decrease with increasing altitude of the stratospheric
aerosol layer (Fig. 4b). The spatial patterns (Fig. 6) show that
the reduction in precipitation is larger over the tropics which
is consistent with earlier studies (Govindasamy et al., 2003;
Kravitz et al., 2013b; Tilmes et al., 2013).
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Figure 5. The spatial pattern of changes in the surface temperature relative to the 2XCO2 experiment (slab ocean simulations). The hatched
areas show the regions where the changes are significant at the 5 % significance level, and the changes are significant over the globe at this
significance level in all experiments. The significance level is estimated using Student t test from 60 annual means of the experiments. Global
mean value of the changes in each experiment is shown at the top right of each panel.

Figure 6. The spatial pattern of changes in precipitation relative to the 2XCO2 experiment (slab ocean simulations). The hatched areas show
the regions where the changes are significant at the 5 % significance level. The significance level is estimated using Student t test from 60
annual means of the experiments. Global mean value of the changes in each experiment is shown at the top right of each panel.
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3.4 Stratospheric dynamics

An increase in the atmospheric CO2 concentration causes a
warming of the surface and the troposphere but a cooling in
the stratosphere and mesosphere (Goessling and Bathiany,
2016, and references therein). Additionally, the local warm-
ing by aerosols can affect the dynamics of the stratosphere
(Aquila et al., 2014; Niemeier and Schmidt, 2017). The verti-
cal resolution of the model is likely to be inadequate for sim-
ulating the complex stratospheric dynamics and features such
as quasi-biennial oscillation (QBO), which require “high-
top” versions of CAM such as Whole Atmosphere Commu-
nity Climate Model (WACCM; Marsh et al., 2013; Tilmes
et al., 2017; Mills et al., 2017) that has high vertical resolu-
tion in the stratosphere. However, some recent studies have
shown that even with limited vertical resolution, the CAM4
model is capable of simulating stratospheric circulation pat-
terns such as the BDC (e.g., Smith et al., 2015; Tilmes et al.,
2015), which is important for vertical and meridional water
vapor transport in the stratosphere.

We have performed a set of additional, 12-member ensem-
ble simulations lasting 1 d to evaluate the effects of aerosols
on the radiative heating. These 1 d runs provide an esti-
mate of the instantaneous radiative effects of the prescribed
aerosols. Monthly restarts from the 60th year of the pre-
scribed SST control run are used to initialize these 1 d runs.
Each member of the ensemble starts from the first day of each
calendar month (1 January, 1 February, . . . ) and the simula-
tion is performed with hourly outputs from the model. By
averaging the 12 ensemble runs, the effects of seasonal cycle
on the radiative forcing estimates are excluded.

The SW heating rate increases with the prescribed altitude,
with a maximum warming of 0.24 K d−1 for Volc_100hPa to
0.39 K d−1 for Volc_70hPa, and 0.43 K d−1 for Volc_37hPa
(Fig. S8a). This is because the amount of solar radiation de-
creases downward due to attenuation and hence more SW
radiation is available at higher altitudes. For LW heating,
a maximum of 0.32 K d−1 is simulated for the Volc_70hPa
case, while the maximum is 0.13 K d−1 for the Volc_100hPa
case, and 0.16 K d−1 for the Volc_37hPa (Fig. S8b). We are
not aware of the reason for the maximum LW heating in
the Volc_70hPa. Due to the differing SW and LW radiative
heating rates in the three cases, the maximum heating rate
and temperature change are simulated for the Volc_70hPa
case (0.68 K d−1), followed by Volc_37hPa (0.58 K d−1) and
Volc_100hPa (0.34 K d−1; Fig. S8c).

To illustrate the effects of aerosol-induced warming on the
dynamics of the stratosphere, changes in zonal mean tem-
perature and wind for the stratospheric aerosol experiments
with respect to the 2XCO2 simulation are analyzed (Fig. 7).
Although the aerosols are prescribed uniformly around the
globe, for the same altitude more warming is simulated in
the tropics than in the poles (Fig. 7a) because the annual
mean incoming solar radiation is larger in the tropics, and
hence the aerosol-induced warming is larger in the trop-

ics. A maximum warming of approximately 6 K is simu-
lated for the Volc_100hPa case relative to the 2XCO2 ex-
periment. The maximum warming increases to almost 15 K
for the Volc_70hPa case and it is approximately 10 K for the
Volc_37hPa case. The uneven meridional distribution of ra-
diative heating (Fig. 7) alters the thermal wind balance in the
stratosphere, resulting in high-latitude westerly wind anoma-
lies (Ferraro et al., 2015) and low-latitude easterly anoma-
lies. Large westerly wind anomalies are simulated for the
Volc_70hPa and Volc_37hPa cases (Fig. 7b, d) as the radia-
tive heating is larger in these two cases (Fig. S8). In mod-
els which simulate QBO, sulfate injection could lead to pro-
longed westerly phase of QBO in the tropical lower strato-
sphere (Aquila et al., 2014). Since the model used in this
study does not simulate QBO, in the tropics, easterly wind
anomalies are simulated in all cases with maximum magni-
tude in the Volc_100hPa case (Fig. 7).

The radiative heating by sulfate aerosols, especially in
the lower stratosphere leads to an increase in temperature
of the tropical tropopause layer and an associated increase
in water vapor transport from the troposphere to the strato-
sphere (Dessler et al., 2013). When the volcanic aerosols
are prescribed at 100 hPa, the warming is near the tropical
tropopause and it causes a significant increase in water vapor
in the stratosphere (Fig. 8). An increase in specific humidity
of 60 % is simulated in the stratosphere for the Volc_100hPa
case relative to the 2XCO2 experiment (Fig. 8). Though the
radiative heating is largest for the Volc_70hPa experiment,
the altitude of the layer is much above the tropopause and
thus only a 25 % increase in specific humidity is simulated.
No significant changes in specific humidity are simulated for
Volc_37hPa case.

3.5 Effects on terrestrial vegetation productivity

The vegetation primary productivity on land is proportional
to the available photosynthetically active radiation at the sur-
face (Pinker and Laszlo, 1992), which is the sum of direct
and diffuse solar radiation (Alados and Alados-Arboledas,
1999). In our stratospheric aerosol experiments, a reduction
in direct solar radiation reaching the surface is simulated due
to the increased SW scattering by the aerosols (Fig. S9, Ta-
ble 2). However, the diffuse solar radiation reaching the sur-
face increases (Fig. S9b; Kalidindi et al., 2015). This causes
a diffuse fertilization effect, where the increase in diffuse ra-
diation leads to increased productivity by increasing the light
availability to a larger fraction of the canopy which otherwise
remains shaded (Mercado et al., 2009; Kanniah et al., 2012).
Thus, diffuse radiation can cause an increase in productiv-
ity and can enhance the terrestrial carbon uptake (Alton et
al., 2007; Mercado et al., 2009). Increased diffuse radiation
availability and suppressed plant and soil respiration due to
cooling can enhance the terrestrial carbon sink in a sulfate
geoengineering scenario (Xia et al., 2016).
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Figure 7. The changes in zonal average temperature (a, c, e) and winds (b, d, f) in the three stratospheric sulfate simulations (slab ocean
simulations) relative to the 2XCO2 simulation. Position of the tropopause in each case is marked as a red line. The hatched areas in the plot
show the regions where the changes are significant at the 5 % significance level. The significance level is estimated using Student t test from
60 annual means of the experiments.

Table 2. Global and annual mean values of key land model variables from the 1XCO2 and 2XCO2 simulations and the change in these
variables in the stratospheric sulfate experiments relative to the 2XCO2 experiment. Uncertainties for changes are estimated as 2 standard
errors calculated from 60 annual mean differences. Uncertainties for 1XCO2 and 2XCO2 cases are estimated as the standard deviation from
the 60 annual means. Percentage changes from the 2XCO2 simulation is given in parenthesis.

1XCO2 2XCO2 Volc_100hPa minus 2XCO2 Volc_70hPa minus 2XCO2 Volc_37hPa minus 2XCO2

Diffuse radiation (W m−2) 44.63± 0.13 43.23± 0.17 8.09± 0.09 (18.7 %) 9.91± 0.06(22.9 %) 11.22± 0.05 (26 %)
Direct radiation (W m−2) 142.73± 0.51 142.23± 0.18 −9.45± 0.22 (−6.6 %) −11.37± 0.21 (−8 %) −12.50± 0.23 (−8.8 %)
Shaded GPP (Gt C yr−1) 56.66± 0.58 63.62± 0.53 0.28± 0.20 (0.4 %) 0.61± 0.22 (1 %) 0.50± 0.28 (0.8 %)
Sunlit GPP (Gt C yr−1) 62.17± 0.48 81.93± 0.67 −7.52± 0.29 (−9.2 %) −10.09± 0.25 (−12.3 %) −11.63± 0.28 (−14.2 %)
GPP (Gt C yr−1) 118.83± 0.96 145.55± 1.15 −7.23± 0.45 (−5 %) −9.48± 0.45 (−6.5 %) −11.13± 0.53 (−7.6 %)
NPP (Gt C yr−1) 41.36± 0.44 47.90± 0.55 −0.96± 0.19 (−2 %) −1.33± 0.19 (−2.8 %) −1.69± 0.22 (−3.5 %)
Autotrophic resp. (Gt C yr−1) 77.47± 0.74 97.65± 0.92 −6.27± 0.35 (−6.43 %) −8.16± 0.33 (−8.36 %) −9.44± 0.41 (−9.67 %)
Heterotrophic resp. (Gt C yr−1) 39.01± 0.25 44.54± 0.38 −1.14± 0.13 (−2.56 %) −1.48± 0.12 (−3.31 %) −1.76± 0.14 (−3.96 %)
Vegetation carbon (Gt C yr−1) 596.64± 2.87 706.88± 7.05 −3.54± 1.40 (−0.50 %) −5.57± 1.47 (−0.79 %) −7.68± 1.34 (−1.09 %)
Soil carbon (Gt C) 471.81± 0.19 470.91± 1.34 12.65± 0.65 (2.69 %) 15.01± 0.79 (3.19 %) 16.44± 0.85 (3.49 %)
Total ecosystem carbon (Gt C) 1068.45± 2.93 1177.79± 8.31 9.11± 2.02 (0.77 %) 9.43± 2.25 (0.80 %) 8.76± 2.12 (0.74 %)
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Figure 8. Vertical profiles of changes in global and annual mean of
stratospheric (a) temperature and (b) specific humidity in percent-
age for the stratospheric sulfate simulations relative to the 2XCO2
experiment (slab ocean simulations). Lines are linear interpolations
between layer midpoint values.

The changes in the global mean values over land for
the diffused and direct solar radiation components and cor-
responding changes in primary productivity for the ex-
periments with respect to the 2XCO2 case are shown in
Table 2. In the 2XCO2 experiment, there is an increase
of 26.72 Gt C yr−1 (22.5 %) in gross primary productivity
(GPP) compared to the 1XCO2 experiment although the
amount of radiation available for productivity is approxi-
mately the same in both cases. A doubling of CO2 con-
centration causes an increase in the plant productivity due
to the CO2 fertilization effect (Farquhar, 1997; Owensby et
al., 1999). To exclude the CO2 fertilization effect and as-
sess the changes due to only the prescribed aerosols in the
stratospheric aerosol experiments, changes in radiation and
productivity are discussed relative to the 2XCO2 experiment
below.

For the Volc_100hPa case, a decrease of 9.5 W m−2

(−6.64 %) in direct radiation relative to the 2XCO2 case
is simulated. The reduction in direct radiation increases
with the altitude of aerosols to −11.4 W m−2 (−8 %) and
−12.5 W m−2 (−8.8 %) for the Volc_70hPa, and Volc_37hPa
cases, respectively. An increase in diffuse radiation of
8.1 W m−2 is simulated for the Volc_100hPa case, which is
18.7 % larger than in the 2XCO2 case. As the height of vol-
canic aerosol increases, the increase in diffuse radiation at
the surface becomes larger and the increase reaches 26 %
(11.2 W m−2) of the 2XCO2 case for the Volc_37hPa case.
The changes simulated in the diffuse radiation and direct ra-
diation are of a similar magnitude in all sulfate aerosol exper-
iments. Thus, the decrease in the direct radiation is partially
offset by the increase in availability of diffuse radiation at
the surface. From Table 2, it can be inferred that the net re-

duction in solar radiation at the surface is about 1.3 W m−2

(∼ 0.7 %).
Spatial patterns of direct and diffuse radiation change rel-

ative to the 2XCO2 experiment for the Volc_100hPa case
over the land shows that overall there is a decrease in di-
rect radiation and an increase in diffuse radiation all over the
globe (Fig. S9a, b). We found that these patterns are simi-
lar for the other two stratospheric sulfate experiments. Large
changes in direct and diffuse radiation are simulated in the
dry regions and deserts. Spatial pattern of vertically inte-
grated cloud cover in the 2XCO2 case (Fig. S9c) show that
these large changes in direct and diffuse solar radiation occur
in areas where the total cloudiness is small.

The total GPP is the sum of sunlit GPP (which depends on
direct solar radiation) and shaded GPP (which depends on
diffuse solar radiation). The changes in total GPP in all cases
are dominated by the change in the sunlit GPP (Table 2).
Although the changes in direct and diffuse radiation are of
comparatively similar magnitudes, the decrease in the sun-
lit GPP is significantly more (by an order of magnitude) than
the increase in the shaded GPP (Table 2). Thus, the additional
productivity due to the increased diffused radiation availabil-
ity is overwhelmed by the reduction in the sunlit GPP. Other
studies have also found that the effect from reduced direct
radiation dominates the effect of increased diffuse radiation,
and thus the net effect of sulfate geoengineering is to reduce
plant productivity (e.g., Kalidindi et al., 2015).

The decrease in the sunlit GPP is less when volcanic
aerosols are prescribed at the lower levels of the stratosphere
as the reduction in direct sunlight at the surface is less. The
changes in GPP can also be modulated by the availability
of nitrogen as simulated by the CN (carbon and nitrogen)
module in CLM4. When aerosols are prescribed at lower lev-
els, there is less cooling which causes relatively more min-
eralization reducing the nitrogen limitation effect (Rustad et
al., 2001). The net primary productivity (NPP) shows similar
changes (Table 2): the minimum decrease in NPP is simu-
lated in the Volc_100hPa case (−0.96 Gt C yr−1 relative to
the 2XCO2 case). The percentage decrease in NPP (2.0 % to
3.5 %) is smaller than GPP (5.0 % to 7.6 %) because of a de-
crease in autotrophic respiration in the stratospheric aerosol
experiments (NPP equals GPP minus autotrophic respiration;
Table 2). The decrease in autotrophic and heterotrophic res-
piration is related to a relatively cooler climate in the strato-
spheric aerosol experiments compared to the 2XCO2 case.

4 Discussion and conclusion

Sensitivity of radiative forcing and surface temperature to the
altitude of volcanic size sulfate aerosols in the stratosphere is
analyzed in this study using a climate model with prescribed
aerosol distributions. The model used is less comprehen-
sive than models which simulate the aerosol microphysics,
transport, and removal processes. By excluding these pro-
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cesses, we isolate the dependence of radiative forcing on the
height of the aerosol layer. The sensitivity experiments are
performed by prescribing aerosols of a size characteristic of
volcanoes at three different altitudes in the stratosphere (100,
70, and 37 hPa) but keeping the total mass of the volcanic
aerosols constant at 20 Tg (15 Tg of H2SO4).

We show that for the same additional aerosol mass, vol-
canic aerosols produce more negative radiative forcing when
they are prescribed at higher altitudes in the stratosphere
(Fig. 2b). The aerosol microphysical changes can affect the
optical and radiative properties of the aerosols through nu-
cleation, condensation, coagulation, hygroscopic growth, etc.
(e.g., Heckendorn et al., 2009). The changes in the optical
and radiative properties affect radiative forcing, and thereby
influence surface cooling efficiency in the aerosol geoengi-
neering schemes. Since microphysical or transport processes
are not included in this study, the global mean surface tem-
perature change is solely dependent on the effective radia-
tive forcing, which is sensitive to the prescribed altitude of
aerosols. The radiative heating by volcanic aerosol in the
lower stratosphere leads to increased stability of the upper
troposphere and a reduction in the high cloud cover, and in-
creased water vapor transport to the stratosphere (Kuebbeler
et al., 2012; Figs. S6, S2). However, the resulting negative
LW forcing from cloud cover change is overwhelmed by
the large positive LW forcing due to the absorption of ra-
diation by prescribed aerosols (Fig. 3d, f). The high cloud
changes are sensitive to the proximity of the heated layer
to the tropopause and is thus sensitive to the altitude of
the aerosols. The changes in tropospheric stability also con-
tribute to changes in low cloud cover (Fig. S3). Further,
the changes in tropopause cold-point temperature due to the
radiative warming of the lower stratosphere and increased
stratospheric humidity affect the clear-sky radiative forcing.
The positive LW forcing offsets a part of the negative SW
forcing in the stratospheric aerosol experiments. Thus, as
shown in several previous studies such as Kleinschmitt et
al. (2018), our study also highlights the importance of LW
forcing in the efficiency of the stratospheric aerosol experi-
ments. The LW forcing depends on the model, and several
other factors such as the type of aerosol used, location of in-
jection, stratospheric humidity, etc.

The differences simulated in radiative forcing are reflected
in the surface temperature response and we find that vol-
canic aerosols cause more surface cooling when they are
prescribed at higher levels of the stratosphere. Assuming
a lifetime of 1 year of the aerosols in the stratosphere,
the 20 Tg of aerosol used in this study is equivalent to
9.79 Tg yr−1 SO2 injection (or 4.9 Tg S yr−1). As this amount
at 37 hPa almost completely attains the halving of CO2-
induced cooling, the efficiency in cooling the surface is es-
timated as 0.59 K Tg S−1. The corresponding efficiencies for
the Volc_70hPa and Volc_100hPa simulations are 0.52 and
0.44 K Tg S−1, respectively. The surface temperature differ-
ence between our stratospheric aerosol experiments shows

that even when the processes such as aerosol microphysics,
transport, and sedimentation are excluded, the differences in
effective radiative forcing between the stratospheric aerosol
simulations experiments is substantial.

For 6 Tg SO2 yr−1 injections, Tilmes et al. (2017) es-
timated a cooling of ∼ 0.22 K Tg S−1 for equatorial high-
altitude injections (30 hPa) and ∼ 0.18 K Tg S−1 for equato-
rial low-altitude injections (60 hPa) when aerosols concentra-
tions in the stratosphere had reached a steady state. While our
results agree in sign, it should be noted that while Tilmes et
al. (2017) estimated efficiency from experiments with sulfur
emissions we have made estimates using a prescribed aerosol
burden. Further, the surface cooling discussed in Tilmes et
al. (2017) is from 10-year coupled simulations where the cli-
mate system has not reached a steady state, while our results
are from equilibrium simulations. Further differences can be
attributed to differing model configurations (slab ocean ver-
sus fully coupled) and different versions of the model used
in the two studies.

With the surface cooling in stratosphere aerosol experi-
ments, a reduction in global mean precipitation is simulated
in the stratospheric aerosol experiments as shown in several
previous studies (Bala et al., 2010; Modak and Bala, 2014;
Nalam et al., 2017). The reduction in global annual mean
precipitation increases as the height of the aerosol layer in-
creases. Because of the absorption of radiation by volcanic
aerosols, a significant warming in the stratosphere is sim-
ulated as reported in many previous studies (Ferraro et al.,
2011; Niemeier and Schmidt, 2017; Richter et al., 2017). The
magnitude of radiative warming is also sensitive to the alti-
tude of the aerosols and a maximum warming of 15 K is sim-
ulated relative to the 2XCO2 experiment for the case where
aerosols are prescribed at 70 hPa. The maximum warming
simulated here is comparable to the maximum warming of
10 to 15 K simulated in other studies such as Richter et
al. (2017) and Tilmes et al. (2018b). The aerosol-induced
stratospheric warming and the resulting strong stratospheric
high-latitude westerly and tropical easterly wind anomalies
are sensitive to the altitude of the aerosols. Further, the radia-
tive heating in the lower stratosphere causes the tropical up-
per tropopause layer to warm, which leads to increased wa-
ter vapor transport into the stratosphere. In the stratospheric
aerosol experiments, due to SW scattering by aerosols, there
is an increase in diffused solar radiation and a decrease in
direct solar radiation reaching the surface. Correspondingly,
an increase in the shaded GPP and a decrease in the sunlit
GPP are simulated. The net result is a decrease in GPP in all
cases as the decrease in the sunlit GPP is significantly larger
compared to the increase in the shaded GPP.
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Figure 9. Change in global mean surface temperature per Tg S in
the stratosphere (efficiency) in the volcanic aerosol simulations.

There are several limitations to this study. First, the
aerosols are distributed uniformly at specific heights with
fixed particle size distributions in our simulations, which is
likely not achievable in an actual stratospheric sulfate de-
ployment scenario. Unlike the aerosol injection simulations,
the sedimentation and vertical spread of the aerosols are not
modeled in our study, and thus our idealized aerosol pro-
file differs from the simulations that include sedimentation.
Thus, the vertical spread of the aerosol-induced warming is
not accounted for in our study which will have effects on the
vertical structure of temperature and humidity changes, and
magnitude of the fast adjustment processes mentioned in the
study. A realistic prescribed distribution would be one that is
calculated from an aerosol microphysical model. However,
we believe that the qualitative and fundamental results ob-
tained in this study will not be altered with a more realistic
distribution. We intend to use a more realistic distribution of
aerosols and repeat this sensitivity analysis in a future study.

Our experiments do not include the effects of particle
growth, aerosol chemistry, transport, or its removal pro-
cesses. The volcanic aerosol geometric mean radius used
here (0.423 µm) is very close to the size where significant
sedimentation can occur (Tilmes and Mills, 2014). A lack
of ozone chemistry in the model and the absence of events
such as internally generated QBO limits detailed analysis of
stratospheric responses to the radiative warming by aerosols
(Aquila et al., 2014; Kleinschmitt et al., 2018). For computa-
tional efficiency, we have used slab ocean version of the cou-
pled model instead of fully dynamic ocean component and
hence the transient effects and deep ocean feedback are miss-
ing in our study. Despite these limitations, we believe that
our conclusions on the dependence of the radiative forcing
and hence the surface climate on the altitude of the aerosol
layer are more fundamental, and the robustness of our results
should be assessed using multiple models in a future study.

To summarize, for the same mass, the efficiency (defined
as changes in surface temperature per Tg S) of volcanic
aerosol is less when it is prescribed at lower altitudes in the
stratosphere (Fig. 9). For example, in our simulations, there is
a surface cooling of 0.44 K for each teragram of sulfur placed
in the stratosphere at about 16 km altitude (100 hPa). There
is an additional surface cooling of 0.15 K per Tg S when the
prescribed altitude is increased from about 16 km to about
22 km (37 hPa).
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