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Abstract
Stratospheric aerosol injection (SAI) is considered as a backup approach to mitigate global warming, and understanding its
climate impact is of great societal concern. It remains unclear how differently global monsoon (GM) precipitation would
change in response to tropical and Arctic SAI. Using the Community Earth System Model, a control experiment and a suite
 O2) are conducted, including ten tropical SAI and ten
of 140-year experiments with C
 O2 increasing by 1% per year (1% C
Arctic SAI experiments with different injecting intensity ranging from 10 to 100 Tg yr−1. For the same amount of injection,
a larger reduction in global temperature occurs under tropical SAI compared with Arctic SAI. The simulated result in the
last 40 years shows that, for a 10 Tg yr−1 injection, GM precipitation decreases by 1.1% (relative to the 1% CO2 experiment)
under Arctic SAI, which is weaker than under tropical SAI (1.9%). Further, tropical SAI suppresses precipitation globally,
but Arctic SAI reduces the Northern Hemisphere monsoon (NHM) precipitation by 2.3% and increases the Southern Hemisphere monsoon (SHM) precipitation by 0.7%. Under the effect of tropical SAI, the reduced GM precipitation is mainly
due to the thermodynamic term associated with the tropical cooling-induced decreased moisture content. The hemispheric
antisymmetric impact of Arctic SAI arises from the dynamic term related to anomalous moisture convergence influenced
by the anomalous meridional temperature gradient.
Keywords Global monsoon precipitation · Tropical and arctic SAI · CESM · Thermodynamic term · Dynamic term
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1 Introduction
Global monsoon (GM) precipitation has been viewed as the
dominant mode of annual variation in the tropical region,
which imposes substantial impacts on the society and living
environment of two-thirds of the world’s people (Wang and
Ding 2008; Wang et al. 2012). Understanding the dynamics of GM is essentially crucial to agriculture, food security, ecosystem, and social development (Wang et al. 2018).
Trenberth et al. (2000) depicted the global monsoon as a
global-scale seasonal reversal of atmospheric overturning
throughout the tropics. Some previous studies suggest an
increase of global monsoon precipitation under the anthropogenic forcings using the results in the Coupled Model
Intercomparison Project (CMIP5) (Hsu et al. 2012; Lee and
Wang 2014).
Although some studies suggest that global warming
will increase the global monsoon precipitation (Hsu et al.
2012; Lee and Wang 2014), this could also have adverse
effects, such as more climate extremes events (i.e., Zhang
et al. 2018; Li et al. 2018). Meanwhile, the Arctic warming
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will be largely amplified, named the Arctic amplification
(Chapman and Walsh 1993; Holland and Bitz 2003), causing
the loss of Arctic sea ice and melting of Greenland, which
is a potential threat to the local ecosystem. Geoengineering is considered to be a backup approach to slow down
or mitigate global and Arctic warming (National Research
Council 2015). Many methods have been proposed in the
geoengineering schemes, such as stratospheric aerosol injections (SAI), marine stratocumulus clouds, and increasing the
surface albedo (Kravitz et al. 2011; Early 1989; Seitz 2011;
Cao et al. 2017). Among these approaches, the injection of
stratospheric aerosols seems to be an effective way to slow
down future warming (Lenton and Vaughan, 2009), which
is partly based on the knowledge of the volcanic impact on
global climate (Crutzen 2006; Plazzotta et al. 2018). However, it is still uncertain to what extent the implementation
of SAI will affect GM precipitation.
Previous modeling studies typically injected aerosols into
the tropics (i.e., Kravitz et al. 2015), which may cool the
tropical region and cause the reduction of global and tropical precipitation (Boucher et al. 2013; Ferraro and Griffiths
2016). Recently, the Stratospheric Aerosol Geoengineering
Large Ensemble (GLENS) was conducted (Tilmes et al.
2018), where SO2 was injected at 30°N, 15°N, 15°S, and
30°S, and a feedback-control algorithm was used to annually adjusted the amount of injection. Using the results from
GLENS, some studies also found the tropical precipitation is
suppressed, especially over the Indian, South/North American, and South African monsoon region (i.e., Cheng et al.
2019; Kravitz et al. 2019). Arctic injection might be thought
to mitigate Arctic amplification and have a relatively small
impact on the tropical climate because the lifetime of Arctic injecting stratospheric sulfate aerosols is shorter and the
aerosols cover a relatively small area. Robock et al. (2008)
simulated the impacts of tropical and Arctic aerosol injection on climate using an atmosphere–ocean general circulation model. They found both tropical and Arctic injections
would decrease the precipitation over the Asian and African monsoon regions. Similarly, Nalam et al. (2018) found
that Arctic geoengineering shifts the ITCZ southward and
causes the precipitation decrease (increase) over the Northern (Southern) Hemisphere monsoon regions using the
Community Atmosphere Model version 4 (CAM4) coupled
to a slab ocean model. However, these studies use the different injection intensities for the tropical/global and Arctic
SAI experiments, which is hard to reflect the contribution of
tropical and Arctic SAI to the climate changes.
The relative contribution of physical processes responsible for the GM precipitation will change due to the
anthropogenic warming. Using three atmospheric general
circulation models, Hus et al. (2012) found that the thermodynamic effect due to the increased moisture substantially
increases global monsoon precipitation, while the dynamic
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effect associated with the atmospheric circulation change
is much weaker. Huang et al. (2013) further found that the
wet-get-wetter pattern over the tropical region is dominant
by the thermodynamic component using 18 CMIP5 models, which is associated with the climatological ascending
motion pumping up the moisture near the surface. Additionally, the global monsoon precipitation is also influenced
by other external forcings, such as volcanic eruptions (Liu
et al. 2009; Wang et al. 2017). Liu et al. (2016) discovered
that the monsoon precipitation in one hemisphere is substantially increased by the other hemispheric volcanic eruptions
using the Community Earth System Model (CESM), and
this volcano-induced remote enhancement is mainly through
circulation changes. Similarly, recent studies using the
CESM1-CAM5 and proxy data found a weakened (strengthened) Northern (Southern) Hemisphere monsoon following
northern eruptions (Fasullo et al. 2019; Meng et al. 2019).
They suggested that the dynamic process associated with
atmospheric circulation change plays an essential role in
precipitation response. Nevertheless, the changes in thermodynamic and dynamic processes related to GM under the
CO2-induced warming with SAI have not been explained.
In this study, we use CESM to analyze the impacts of
tropical and Arctic SAI on GM precipitation changes compared to a 140-yr experiment with C
 O2 increasing by 1%
every year (1% CO2). The strength of SAI is larger than
previous geoengineering researches because the stronger
injection can induce a lager signal of the climate effect. That
provides a useful insight for stratospheric geoengineering.
Following questions will be aimed to address: (1) What are
the different impacts of tropical and Arctic SAI on the global
temperature and monsoon precipitation changes? (2) What is
the dominant physical process behind the monsoon precipitation response under tropical and Arctic SAI? The following is the paper organization. The experimental design, definition of global monsoon, and method are shown in Sect. 2.
Section 3 describes the global temperature changes under
tropical and Arctic SAI. Section 4 shows the GM precipitation changes under the SAI. Section 5 analyzes the physical
mechanisms behind the GM precipitation changes. Section 6
shows the conclusion and discussion.

2 Model and method
2.1 Experimental design
In this study, the model we used is the CESM, with the
CAM4 (Neale et al. 2013) and the Parallel Ocean Program
version 2 (POP2). In CAM4, the horizontal resolution of the
atmosphere is T31_g37, which is about 3.75° × 3.75°, given
the limited computing resources. Many previous studies
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have validated the performance of CESM (i.e., Otto-Bliesner
et al. 2016; Sun et al. 2019b).
First, we conducted a 2400-year pre-industrial control
experiment (Ctrl) (Wang et al. 2015; Sun et al. 2017) in
which the external forcing conditions were fixed at 1850 AD.
The first 400-years in the Ctrl was a spin–up run, and then
the Ctrl was run for 2000 years. Since we focus on the equilibrium responses, the last 2000 years are analyzed. We use
the observational data to evaluate the model performance in
simulating the climatological precipitation. These data are
made by averaging two monthly mean precipitation datasets
from 1979–2008: (a) the Climate Prediction Center Merged
Analysis Precipitation (CMAP) (Xie and Arkin 1997) and
(b) the Global Precipitation Climatology Project (GPCP)
version 2 (Adler et al. 2003). The simulated major distribution of the climatological annual mean and local summer
precipitation is consistent with that in observations (Fig. 1).
The pattern correlation coefficient of the annual mean (local
summer) precipitation between the Ctrl and the CMAPGPCP ensemble mean is 0.87 (0.85). It should be noted that
the Ctrl focuses on the 1850 AD climate conditions with a
lower CO2 compared to the observations, which could cause
some differences between model and observations (Jiang
et al. 2015).
Second, a 140-year 1% CO2 experiment is carried out
based on the last year in the Ctrl, where the atmospheric C
 O2
concentration is increased at a rate of 1% per year beginning
in the 1st year. Third, ten 140-year tropical aerosol injection
experiments and ten Arctic aerosol injection experiments
are conducted, respectively, where the C
 O2 is increasing by
1% every year and sulfate aerosols are injected into lower

stratosphere per year. The intensities of sulfate aerosols
(H2SO4) are from 10 to 100 Tg yr−1, which are chosen based
on the magnitude of the middle and large volcanic eruptions
during the past 1500 years (Gao et al. 2008). Volcanic aerosols are injected at the equator with an altitude of 18–25 km
and at the 63.4°N with a height of 10–16 km in the tropical
and Arctic SAI experiments, respectively.
Figure 2 shows the sulfate aerosol forcings in the first
5 years. According to the parameterization of stratospheric
transport, a 5-years spatiotemporal evolution of sulfate aerosol for one injection is produced (Gao et al. 2008), which is
added to the first five years of the constructed forcing. From
the second year, we superimpose the same 5-years spatiotemporal evolution of aerosol based on the original one
every year (Fig. 2). Then the 140-years sulfate aerosol forcings are constructed and used to force the SAI experiments.
The injecting season is March in the SAI experiments. It is
because injecting in only part of the year (such as March)
can be more efficient than annually-constant injections for
the tropical SAI (Visioni et al. 2019). Sun et al. (2019a) also
found that the spring Arctic volcanic eruptions can induce
more substantial Northern Hemisphere cooling than other
seasons.

Fig. 1  Comparison of climatological precipitation between the
Ctrl experiment (the last 30 years, left panels) and the observations
(1979–2008, right panels). a, b Annual mean precipitation (mm
day−1). c, d Local summer precipitation. Local summer represents

May to Sep in NH and Nov to Mar in SH. The numbers in the lowerleft and lower-right corners in the left panels indicate pattern correlation coefficient (PCC) and normalized root-mean-square-error
(NRMSE)

2.2 Global monsoon definition
The global monsoon domains are delineated by the regions
where the local summer precipitation exceeds 55% of the
annual total and the annual range exceeds 2 mm day−1
(Wang and Ding 2008; Liu et al. 2009). The annual range
denotes the local summer-minus-winter precipitation at each
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Fig. 2  Zonally averaged sulfate aerosol column density (kg k m−2) for the tropical (a) and arctic (b) injection in the first 5 years

location. For the Northern Hemisphere (NH), summer is
May–September and winter is November-March, while for
the Southern Hemisphere (SH), summer is November-March
and winter is May–September. In this study, the global monsoon area is computed using the GPCP. Using the same GM
definition, Liu et al. (2016) checked the simulated GM area
by CESM and found the results are similar to the GPCP’s
results. The GM precipitation is defined by the weightedarea average local summer precipitation over the monsoon
area.

2.3 Moisture budget
To reveal the physical process of the SAI’s impact on GM
precipitation, we investigate a column-integrated moisture
budget over the monsoon region (Hsu et al. 2012). The moisture tendency equation is written as:

𝜕⟨q⟩
+ ⟨∇ ∙ (qV)⟩ = E − P,
𝜕t

(1)

where <  > denotes the vertical integration from 1000 to
100 hPa, P is the precipitation, E is the surface evaporation,
𝜕∕𝜕t is the time tendency, ∇ denotes the gradient operator, V
denotes the wind vectors, q represents the specific humidity.
𝜕⟨q⟩∕𝜕t is the time derivative of vertically integrated moisture, which can be neglected for steady motion. We separate
V = V + V � and q = q + q�, where the overbars represent climatology in the Ctrl, and the primes denote the difference
between Tro/Arc and 1% C
 O2 experiments. Then, the precipitation change can be expressed as
( )
( � )
�
�
P − E = − < ∇ ∙ Vq� > − < ∇ ∙ V q >
(
)
− < ∇ ∙ V � q� > +res,
(2)
where the first term on the right of (2) represents the thermodynamic term, the second term denotes the dynamic
term, and the third term represents the nonlinear term. The
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thermodynamic and dynamic terms can be further divided
into.
( �)
− < ∇ ∙ Vq >= − < u𝜕x q� > − < v𝜕y q� > − < 𝜔𝜕p q� > and

(2)
( � )
− < ∇ ∙ V q >= − < u� 𝜕x q > − < v� 𝜕y q > − < 𝜔� 𝜕p q >
(4)
where u, v, and w are the zonal wind, meridional wind, and
vertical pressure velocity, respectively. The three terms on
the right of (3) and (4) represent the zonal, meridional, and
vertical components. We use Vh to denote the horizontal
wind vectors.

3 Surface temperature changes
under tropical and Arctic SAI
Before we discuss the effect of external forcings in the simulation, the internal variability needs to be checked. The result
of power spectrum shows that the significant 2–7-yr and
20-yr peaks are found in global mean temperature in the
Ctrl, and a 2–10-years periodicity is found in NH/SH mean
temperature (Fig. 3a–c). A significant 2–10-years periodicity
dominates the GM, NH monsoon (NHM), and SH monsoon
(SHM) precipitation, while a 16–18-years peak is also found
in NHM/SHM precipitation (Fig. 3d–f). We also conduct
the power spectrum analysis in the 1% CO2, Tro, and Arc
experiments, and the results are similar to that in the Ctrl. It
means that the internal variability has an interannual-decadal
(2–20 years) signal.
The time series of temperature are smoothed via an
11-year running mean, which could largely reduce the
internal variability and better reflect the effect of external
forcings (Fig. 4). We find that an increased global mean
temperature occurs during 101–140 in the tropical SAI
experiments with intensity less than or equal to 40 Tg yr−1,
while a decreased global temperature only occurs in the
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Fig. 3  Power spectrum of annual surface temperature (TS, a–c) and
global monsoon precipitation (PR, d–f) in the Ctrl experiment. a–c
Annual surface temperature over the Global, NH and SH regions. d–f

Local summer precipitation over GM, NHM and SHM regions. The
red points are the results exceeding the 95% confidence level

100 Tg yr−1 Arctic injection experiment and the SH warming is not offset. In the tropical injection experiments, the
101–140 years mean cooling in the NH, is stronger than in
the global and SH (Fig. 4, left). When injecting the same
strength of aerosols in the Arctic region (Fig. 4, right), the
global cooling effect is weaker than under tropical injection, especially for the SH. Using the linear regression
analysis, we find that the contribution of tropical SAI to
global, NH, SH, and Arctic temperatures during 101–140
is about − 0.6, − 0.7, − 0.4, and − 1.1 °C/(10 Tg yr −1),
respectively, while the contribution of Arctic SAI is about
− 0.3, − 0.5, − 0.1, and − 1.2 °C/(10 Tg yr−1), respectively. The reduced shortwave radiation at the top of
atmosphere (TOA) contributes to the temperature change,
which is investigated by previous work (i.e., Robock et al.
2008; Zanchettin et al. 2016). The change in global shortwave radiation at TOA is about − 0.7 W m−2/(10 Tg yr−1)
in Arctic SAI, weaker than the − 1.6 W m−2/(10 Tg yr−1)
in tropical SAI, which explains the lower efficiency in suppressing global warming under Arctic SAI.
The spatial pattern of annual mean anomalous temperature is shown in Fig. 5. The tropical SAI causes a strong
cooling over the tropical and mid-high latitude land region
and a relatively weak cooling over the ocean (Figs. 5b–d).

The Arctic SAI mainly leads to the NH mid-high latitude
cooling, inducing the hemispherical meridional temperature
gradient (Fig. 5e–g). Additionally, the large-scale anomaly
pattern of global surface temperature does not change under
the different injecting intensities.

4 Changes in global monsoon precipitation
Figure 6 shows the time series of monsoon precipitation
changes. Precipitation decreases rapidly and reaches the
minimum within the first 20 years in both tropical and
Arctic injection experiments. Then the precipitation tends
to increase due to the effect of CO2 increase. The spatial
anomalies of precipitation show that the GM precipitation
is increased in the 1% C
 O2 experiment (Fig. 7a), which
is similar to the previous studies (Hsu et al. 2012). Under
the tropical SAI, the decreased precipitation significantly
occurs in the equatorial regions, and the mid-latitude precipitation is also reduced (Fig. 7b–d). The precipitation in
the monsoon region is largely decreased, especially for the
Asian, North American, Australian, and South American
monsoon precipitation. Under Arctic SAI, the NH tropical
monsoon precipitation is substantially suppressed, especially
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Fig. 4  The 11-yr running mean time series of simulated annual surface temperature anomalies (°C) over the global (a, b), NH (c, d),
and SH (e, f) regions, relative to the Ctrl experiment. Left represents results in the tropical injection experiments, while right repre-

sents results in the Arctic injection experiments. Black lines denote
the results in the 1% CO2 experiment. Lines of other colors represent results in the experiments with injection strength from 10 to
100 Tg yr−1

over the Indian and western North African monsoon regions
(Fig. 7e–g). Instead, increased precipitation occurs over the
SH tropical region, especially over the Australian monsoon
region. There is a southward shift of ITCZ in the Arctic SAI
experiments, which also occurs under the Arctic geoengineering and high latitude volcanic eruptions suggested by
previous researches (Krvitz et al. 2016; Nalam et al. 2018;
Pausata et al. 2015). In this study when the strength of SAI
changes, the large-scale anomaly pattern of global precipitation will not change.
The combined effect of CO2 and SAI on the change in
precipitation during the last 40 years is checked. Comparing with the Ctrl, the last 40-year mean GM precipitation
changes within ± one SD of precipitation in the Ctrl in
the 20, 30 and 40 Tg yr−1 tropical injection experiments
(Fig. 8a). The change in GM precipitation is within ± one
SD in the 30–60 Tg yr−1 Arctic injection experiments, and
the SHM precipitation is enhanced in each Arctic injection
experiment (Fig. 8b). To examine the pure effect of SAI on
GM precipitation, we compare the results between the SAI
and 1% C
 O2 experiments. The contributions of tropical

SAI to GM, NHM, and SHM precipitation are about − 1.9,
− 2.2, and − 1.4%/(10 Tg yr −1), respectively (Fig. 8c),
while the contributions of Arctic SAI are about − 1.1,
− 2.3, and 0.7%/(10 Tg yr−1), respectively (Fig. 8d). These
percentage changes are relative to the last 40 years mean
in the 1% CO2 experiment. It means that when injecting
aerosols with the same magnitude, the effect of tropical
SAI on the suppression of GM precipitation is about 1.7
times that of Arctic injection. Arctic SAI has a relatively
strong influence on decreasing the NHM precipitation
than that under the impact of tropical SAI, and it tends
to enhance the precipitation over the SHM region. Meanwhile, it is found that tropical SAI above 20 Tg yr−1 can
cause a decrease in GM precipitation, which exceeds one
SD (Fig. 8c). When injecting more than 30 (20) Tg yr−1
aerosols in the Arctic region, the GM (NHM) precipitation will be suppressed (exceed one SD), while a one-SD
increase in SHM precipitation occurs when Arctic SAI is
up to 30 Tg yr−1 (Fig. 8d).
Over the NH submonsoon regions, Arctic SAI has a
stronger impact on the suppression of North African and Asian
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Fig. 5  Annual mean surface temperature (°C) changes during 101–
140. a Difference between results in the 1% CO2 experiment and Ctrl
experiment. Results in (b–g) denote the differences between the SAI
and 1% CO2 experiments. b–d Results in the 20, 50, and 80 Tg yr−1
tropical injection experiments, respectively. e–g Results in the 20, 50,

and 80 Tg yr−1 Arctic injection experiments, respectively. The horizontal black line denotes the equator. Only the significant anomalies
with confidence level exceeding the 95% (via a two‐tailed Student’s t
test) are displayed

monsoon precipitation but a weaker impact on the decreased
North American monsoon precipitation, compared with
tropical SAI (Fig. 9a, b). Over the SH submonsoon regions,
South African, South American, and Australian monsoon precipitations are all decreased under the effect of tropical SAI
(Fig. 9c). In contrast, in the Arctic injection experiment, no
significant change in the South African and South American
monsoon precipitation is found, and the Australian monsoon
precipitation tends to be increased (Fig. 9d). However, on
regional scales, the simulated results are with less confidence
due to the coarse resolution of the model (discussed in Sect. 6).

experiments. The uncertainty would be large for the weak
terms (i.e., nonlinear and −⟨Vh � 𝜕q⟩ terms) under the different
SAI intensities, but the dominant term in the budget analysis is not changed. In the tropical injection experiment, the
negative thermodynamic term (− 0.44 mm day−1) largely
suppresses the global monsoon precipitation, while the positive dynamic term tends to increase the precipitation but its
intensity is relatively weak (Fig. 10a), which is opposite to
the results in the 1% C
 O2 experiment. The surface evaporation term and nonlinear term slightly decrease the GM
�
precipitation. The mean convergence term (−⟨𝜔𝜕p q ⟩) plays
a critical role in the negative thermodynamic component
(Fig. 10b). Under the effect of Arctic SAI, the thermodynamic and nonlinear terms contribute to the suppression of
GM precipitation, while dynamic term tends to increase the
GM precipitation.
For the tropical SAI case, the anomalous negative thermodynamic term contributes to the decreased precipitation
over both the NHM and SHM regions, which is associated
with the moisture change (Fig. 10c, e). The mean convergence term contributes most in this negative thermodynamic
term (Fig. 10d, f). In the Arctic SAI experiment, the negative
dynamic and thermodynamic terms play an important role

5 Physical mechanisms behind the global
monsoon precipitation response
We use a method of moisture budget analysis to understand
the physical processes of the monsoon precipitation change.
Similar to previous studies (Hsu et al. 2012; Huang et al.
2013), the thermodynamic term (0.62 mm day−1) plays an
important role in enhancing the global monsoon precipitation in the 1% CO2 experiment (during 101–140). For
simplicity, we only show the results in the 30 Tg yr−1 SAI
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Fig. 6  Same as Fig. 4, but for the monsoon precipitation anomalies (mm d ay−1)

Fig. 7  Local summer precipitation (mm d ay-1) changes during 101–
140. a Difference between results in the 1% CO2 experiment and Ctrl
experiment. Results in (b–g) denote the differences between the SAI
and 1% CO2 experiments. b– d Results in the 20, 50, and 80 Tg yr−1
tropical injection experiments, respectively. e– g Results in the 20,

13

50, and 80 Tg yr−1 Arctic injection experiments, respectively. The
horizontal black line denotes the equator. The blue thick lines represent the global monsoon region. Only the significant anomalies with
confidence level exceeding the 95% (via a two‐tailed Student’s t test)
are displayed
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Fig. 8  Change rates (%) in last 40 years mean local summer precipitation over global monsoon region in the tropical (left) and Arctic (right) SAI experiments. a, b Anomalies are relative to the Ctrl
experiment. c, d Anomalies are relative to the 1% C
 O2 experiment.

In each monsoon region, bars from left to right represents the 10, 20,
30, …, 100 Tg yr−1 injection experiments, respectively. The horizontal dashed lines denote the one standard deviation of local summer
precipitation in the Ctrl

Fig. 9  Change rates (%) in last 40 years mean local summer precipitation over submonsoon region in the tropical (left) and Arctic (right)
SAI experiments, relative to the 1% CO2 experiment. a, b North African monsoon (NAF), Asian monsoon (ASIA), and North American
monsoon (NAM) regions. c, d South African monsoon (SAF), Aus-

tralian monsoon (AUS), and South American monsoon (SAM). In
each monsoon region, bars from left to right represents the 10, 20,
30, …, 100 Tg yr−1 injection experiments, respectively. The horizontal dashed lines denote the one standard deviation of local summer
precipitation in the Ctrl

13

W. Sun et al.

Fig. 10  Changes in local summer precipitation, evaporation (E),
dynamic term (Dyn), thermodynamic term (Therm), and nonlinear
term (NL) (mm day−1) during 101–140 in the tropical (yellow) and
Arctic (red) 30 Tg yr−1 injection experiments, relative to the 1% C
 O2

experiment. a, b GM region. c, d NHM region. e, f SHM region. Blue
dots denote the differences exceeding one standard deviation in the
Ctrl.

in suppressing the NHM precipitation (Fig. 10c), while the
positive dynamic term leads to the enhanced SHM precipitation (Fig. 10e), which is related to the circulation change.
The anomalous convergence (−⟨w� ∙ 𝜕p q⟩) and mean con�
vergence terms (−⟨𝜔𝜕p q ⟩) are important in the NHM, while
the anomalous convergence term (−⟨𝜔� 𝜕p q⟩) is dominant
in the SHM (Fig. 10d, f). Besides, the thermodynamic and
nonlinear terms tend to decrease the SHM precipitation, but
their amplitudes are weak.
To understand how SAI affects the important terms, we
show the anomalous temperature and atmospheric circulation in the SAI experiments, relative to the 1% CO2 experiment (Fig. 11 and 12). Since the sulfate aerosol is injected
into the equatorial stratosphere in the tropical SAI experiment (Fig. 2a), the tropospheric temperature decreases the
most at the equator (Fig. 11, left), inducing the anomalous

descending motion there, weakening the equatorial precipitation (Fig. 12, left). Tropical SAI also contributes to the
strong cooling over the tropical troposphere, substantially
reducing the tropical specific humidity, which decreases the
�
mean convergence term (−⟨𝜔𝜕p q ⟩) (Fig. 10b). However, the
anomalous ascending motions occur over the NH and SH
tropical monsoon regions (Fig. 11, left), resulting in the relatively weak positive dynamic term (Fig. 10a).
Arctic SAI induces a strong tropospheric cooling over
the NH mid-high latitudes (Fig. 11, right), causing the
NH-SH meridional temperature gradient. This anomalous
temperature gradient leads to the anomalous descending (ascending) motion over the NH (SH) tropical region
and enhances the anomalous cross-equatorial northerlies.
Then the negative (positive) dynamic term occurs in the
NHM (SHM) (Fig. 10c, e), suppressing (enhancing) the
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Fig. 11  Latitude-height cross
section of the anomalous
temperature (°C, shading) and
circulation [vectors denote
meridional wind (m s-1)
and vertical pressure velocity (0.02 Pa s−1)] averaged
over 180°W–180°E during
101–140, relative to the 1%
CO2 experiment. Left column
represents results in the tropical
SAI experiments, while right
column denotes results in Arctic
SAI experiments. a–d Results
in MJJAS in the 50 Tg yr−1
injection and 80 Tg yr−1 injection experiments, respectively.
e–h same as (a–d), but for the
results in NDJFM. The reference magnitude of vectors are
shown in the upper right corner
of each panel. Only the significant anomalies with confidence
level exceeding the 95% (via a
two‐tailed Student’s t test) are
displayed

NHM (SHM) precipitation (Fig. 12, right). The anomalous
NH tropical cooling also decreases the moisture content,
which induces the negative thermodynamic term over
the NHM region (Fig. 10c). Over East Asia, the anomalous meridional land-sea thermal contrast are formed
(Fig. 5e–g), which induces the northwesterly anomalies
(Fig. 12b, d) and weakens the summer monsoon circulation (Fasullo 2012). Meanwhile, the summer temperature is decreased substantially in the Arabian Peninsula
under Arctic SAI, causing a large anomalous anticyclone
there and resulting in the northerly anomalies over the
Indian region, suppressing the Indian summer monsoon
precipitation (Fig. 12b, d). Due to the thermal contrast
between North Africa and tropical North Atlantic Ocean
(Fig. 5e–g), North African monsoon region is dominated

by the northeasterly anomalies, weakening the North African monsoon precipitation (Fig. 12b, d).

6 Conclusion and discussion
In this study, the CESM is used to analyze the impacts of
tropical and Arctic SAI on global monsoon precipitation
changes and understand the mechanism behind that, which
intends to provide useful insight for geoengineering. The
followings are the major findings:
1. Arctic SAI has a lower efficiency in suppressing global
warming compared with tropical SAI. The global temperature reduces by − 0.3 °C/(10 Tg yr−1) during 101–
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Figure 12.  Anomalous precipitation (mm day-1, shading) and 850 hPa
horizontal wind (m s-1, vectors) during 101–140, relative to the 1%
CO2 experiment. Left column represents results in the tropical injection experiments, while right column denotes results in Arctic injection experiments. a–d Results in MJJAS in the 50 Tg yr−1 injection
and 80 Tg yr−1 injection experiments, respectively. e–h same as

(a–d), but for the results in NDJFM. The blue thick lines represent
the global monsoon region. The reference magnitude of vectors are
shown in the upper right corner of each panel. Only the significant
anomalies with confidence level exceeding the 95% (via a two‐tailed
Student’s t test) are displayed

140 in the Arctic SAI experiment, while it reduces by
− 0.6 °C/(10 Tg yr−1) under tropical SAI.
2. GM precipitation decreases by 1.1%/10 Tg yr−1 injection during 101–140 under Arctic SAI, which is
weaker than under tropical SAI (1.9%/10 Tg yr−1).
Tropical SAI tends to suppress precipitation globally, but Arctic SAI reduces the NHM precipitation by
2.3%/10 Tg yr−1, while increases the SHM precipitation by 0.7%/10 Tg yr−1, leading to a significant NH-SH
asymmetry in the precipitation change.
3. Moisture budget analysis suggests that in the tropical
injection experiment, the negative thermodynamic term
plays a dominant role in suppressing the GM precipitation, and the mean convergence term contributes most
to this thermodynamic term. Under the effect of tropical SAI, the tropical tropospheric cooling substantially
reduces the moisture over the tropics, resulting in the
negative thermodynamic term.

4. In the Arctic injection experiment, the negative (positive) dynamic term decreases (increases) the NHM
(SHM) precipitation. Under the effect of Arctic SAI,
the NH cooling induces the anomalous cross-equatorial northerlies and anomalous descending (ascending)
motion over the NH (SH) tropical region, which causes
the change in the dynamic term.
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Some previous studies checked the impacts of geoengineering on monsoon precipitation changes. Tilmes et al. (2013)
suggested a 4.5% decrease in global precipitation, especially
over East Asian, Indian, North/South American, and South
African land monsoon regions by reducing the solar radiation
(3.8%–5.0%). Nalam et al. (2018) prescribed 20 Mt sulfate
aerosols uniformly around the globe in an equilibrium experiment and found the decreased local summer precipitation over
each monsoon region except for North America and North
Africa. These studies show a reduction in GM precipitation, but there are some differences in the regional monsoon.
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When prescribing 11 Mt sulfate aerosols over 50°N–90°N,
there is no significant change in DJF (Dec–Feb) precipitation over the SHM region (Nalam et al. 2018), but we find
an increase in SHM precipitation when the Arctic injection
is above 30 Tg yr−1. The experiments in Nalam et al. (2018)
considered the difference between global and Arctic injection,
while this study investigated the impacts of equatorial and
Arctic injection with various injecting intensities. Additionally, this study also provides more details in the mechanism
of monsoon change. The reduced GM precipitation is mainly
due to the thermodynamic term under the effect of tropical
SAI, while the hemispheric antisymmetric impact of Arctic
SAI arises from the dynamic term. However, since each SAI
experiment is only run for one time, internal variability cannot
be removed. Future research needs to use more models and
experiments to investigate that.
There are some limitations in our simulated results. The
coarse resolution in our model may affect the simulated
regional monsoon circulation (Song and Zhou 2014). Some
studies found that a higher resolution can make the topography more accurate, which reduces the bias in simulating
the monsoon (i.e., Li et al. 2015; Mishra et al. 2018). Meanwhile, we are aware that the CAM4 does not consider the
influence of aerosols in the troposphere and include some
processes, for example, aerosol-cloud interaction, nonorographic gravity waves, termed turbulent mountain stress, and
quasi-biennial oscillation (Richter et al. 2010; Marsh et al.
2013), which could influence the rainfall response. Using the
CESM1 (WACCM), the precipitation over the North American, western North African, SH monsoon and mid-latitude
region is suppressed in the equatorial geoengineering (Kravitz et al. 2019), which is similar to the result in tropical SAI
experiments in this study. However, they found the increased
precipitation over Indian monsoon and southern China, while
the suppressed Indian monsoon and East Asian monsoon were
found in our experiments. Although some uncertainties occur
in the regional monsoon changes, our simulations capture
the global monsoon pattern. Previous studies using the same
model found that the simulated volcanic impacts on global
monsoon and ENSO were consistent with the observations
and reconstructions (Liu et al. 2016, 2018; Sun et al. 2019b),
but climate response to volcanic eruption is not a perfect analogue for climate response to SAI.
The bulk aerosol parameters with a log-normal distribution for the sulfate aerosol are used in this model,
which is another physical limitation. The aerosol mass is
assumed to be a volcanic-like distribution with an effective radius of 0.426 μm and a standard deviation of 1.25
(Neely et al. 2016), similar to the setting about an effective
radius of 0.5 μm and a standard deviation of 1.25 in CESM1
(WACCM4) (Marsh et al. 2013). Previous studies found that
the aerosol particle size plays an important role in simulating geoengineering responses, and larger particles are less

effective at counteracting greenhouse warming (Rasch et al.
2008). Using the particle size with a volcanic-like distribution can be idealized and unrealistic in the study of geoengineering. In the real world, the injection methods of SAI
(i.e., high-flying aircraft, stratospheric balloons) are still in
the early stage of development, which is hard to simulate the
specific processes in models (Lawrence et al. 2018; Kravitz
et al. 2015). Since this study mainly focuses on the impacts
of different injection locations (equator and Arctic), their
relative contributions to GM precipitation and the underlying mechanisms may be reasonable.
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