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Abstract stratospheric aerosol geoengineering (SAG) is suggested as a potential way to reduce the
climate impacts of global warming. Using simulations from the Geoengineering Large Ensemble project
that employed stratospheric sulfate aerosols injection to keep global mean surface temperature and also the
interhemispheric and equator-to-pole temperature gradients at their 2020 values (present-day climate)
under Representative Concentration Pathway 8.5 scenario, we investigate the potential impact of SAG on
the West African Summer Monsoon (WASM) precipitation and the involved physical processes. Results
indicate that under Representative Concentration Pathway 8.5, during the monsoon period, precipitation
increases by 44.76%, 19.74%, and 5.14% compared to the present-day climate in the Northern Sahel, Southern
Sahel, and Western Africa region, respectively. Under SAG, relative to the present-day climate, the WASM
rainfall is practically unchanged in the Northern Sahel region but in Southern Sahel and Western Africa
regions, rainfall is reduced by 4.06% (0.19 + 0.22 mm) and 10.87% (0.72 + 0.27 mm), respectively. This
suggests that SAG deployed to offset all warming would be effective at offsetting the effects of climate change
on rainfall in the Sahel regions but that it would be overeffective in Western Africa, turning a modest
positive trend into a negative trend twice as large. By applying the decomposition method, we quantified the
relative contribution of different physical mechanisms responsible for precipitation changes under SAG.
Results reveal that changes in the WASM precipitation are mainly driven by the reduction of the low-level
land-sea thermal contrast that leads to weakened monsoon circulation and a northward shift of the
monsoon precipitation.

Plain Language Summary Stratospheric aerosol geoengineering is one of methods that could
artificially reduce the amount of sunlight that reaches the Earth's surface in order to cool the planet. This
method is identified as a possible means to reduce the climate impacts of global warming. One of the key
variables affected by climate change is precipitation which is of great importance in monsoon regions such
as West Africa. Here the potential impact of the stratospheric aerosol geoengineering on the West African
Summer Monsoon precipitation and the associated mechanisms are investigated, using climate model
simulations from the Geoengineering Large Ensemble project that used stratospheric sulfate aerosols
injection to stabilize global mean surface temperature and, also, the interhemispheric and equator-to-pole
temperature gradients at their 2020 values under RCP8.5 scenario. Results reveal that using stratospheric
aerosol geoengineering, summer monsoon precipitation is nearly unchanged in the northern and southern
Sahel regions compared to present day, whereas significantly decrease in monsoonal precipitation is
noted in the Western Africa region. The relative contribution of the different mechanisms controlling
changes in precipitation under stratospheric aerosol geoengineering is examined using the method of
decomposition and results show that changes in precipitation are largely related to changes in the dynamic
processes (monsoon circulation).

1. Introduction

West African summer monsoon (WASM) precipitation plays a key role in agriculture productivity,
water supply, and energy generation and, therefore, is important to national economies of the region
(Adarsh & Reddy, 2015; Odoulami & Akinsanola, 2017). WASM precipitation, which ranges from June
to September/October on average (Akinsanola & Zhou, 2018; Haywood et al., 2013; Odoulami
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& Akinsanola, 2017), is responsible for most precipitation over West Africa. Projections of future changes to
the WASM suggest less rainfall over the western Sahel region and more rainfall over the central-eastern
Sahel with the deficits driven by increasing air subsidence and the surplus by a more intense monsoon cir-
culation (e.g., Akinsanola & Zhou, 2018; Monerie et al., 2012). Recently, studies of future projections also
indicate a decrease of rainfall in the Sahel and increase of rainfall in the western Africa during the boreal
summer (e.g., Soares et al., 2019). These projected changes in the WASM precipitation due to climate change
could lead to major societal impacts such as increased vulnerability of water resources, health, catastrophic
crop failures, and famine, among others (Akinsanola & Zhou, 2018; Giannini et al., 2018; Monerie et al.,
2012; Soares et al., 2019).

Solar geoengineering (also known as solar radiation management), a set of proposals to artificially reduce
the amount of solar radiation reaching the surface of the Earth, has been suggested as complementary
approach to reducing the risks of global warming alongside more conventional approaches (e.g., Crutzen,
2006; Irvine et al., 2019; Jiang et al., 2019; Jones et al., 2018; Keith, 2000; Kravitz et al., 2017). It is shown that
the use of stratospheric aerosol geoengineering (SAG), which consists of sulfur injection into the strato-
sphere, offers a unique potential to rapidly lower global temperatures (e.g., Crutzen, 2006; Jones et al.,
2018; MacMartin et al., 2018; Tilmes et al., 2018). However, in most studies where SAG is deployed to offset
all warming with regard to a certain baseline, it would more-than-offset the intensification of the hydrolo-
gical cycle projected under global warming, which might increase climate risks for some regions (Bala
et al., 2008; Irvine et al., 2019; Robock et al., 2008; Tilmes et al., 2013).

Most studies of SAG impacts on rainfall, using climate model simulations, have concluded that, if SAG is
designed to offset all warming, global mean precipitation caused by global warming is reduced under SAG
(Bala et al., 2008; Govindasamy & Caldeira, 2000; Jones et al., 2018; Robock et al., 2008; Tjiputra et al.,
2016; Xu et al., 2020). There is also the weakening of rainfall over the monsoon land regions such as the
WASM region under SAG (e.g., Cheng et al., 2019; Dagon & Schrag, 2016, 2017; Haywood et al., 2013;
Niemeier et al., 2013; Robock et al., 2008; Tilmes et al., 2013). In addition, it has been argued that use of stra-
tospheric sulfate aerosol injection into the northern hemisphere only could induce drought in the Sahel,
whereas stratospheric sulfate aerosol injection in only the Southern Hemisphere may lead to a significant
increase in the Sahel vegetation productivity (Haywood et al., 2013). These authors found that SAG in only
one hemisphere could impact the position of the Inter tropical Convergence Zone (ITCZ). Recently, studies
indicate that the control of temperature gradient through multiple aerosol injection at several latitudes, as in
the Geoengineering Large Ensembles (GLENS) simulations (Tilmes et al., 2018), leads to reduce shifts in the
latitude of the ITCZ and related rainfall (Cheng et al., 2019; Kravitz et al., 2017, 2019; MacMartin et al., 2019;
Tilmes et al., 2018; Xu et al., 2020).

To interpret changes in the global mean precipitation, Kravitz et al. (2013) characterized changes in the
surface and atmospheric energy budgets using the Geoengineering Model Intercomparison Project
(Kravitz & Robock, 2011) and they found that precipitation changes can be related to a reduction in mean
evaporative moisture flux and increased moisture convergence, particularly over land regions. In addition,
based on the same Geoengineering Model Intercomparison Project models (used by Kravitz et al., 2013),
Tilmes et al. (2013) showed that although the large decrease in evaporation over land for most regions is
consistent with the global precipitation reduction, this is not the case in the summer monsoon rainfall
regions, such as the West Africa region, as summer monsoon rainfall is influenced by both local and
large-scale processes. Therefore, the mechanisms responsible for changes in WASM precipitation remain
to be clarified.

It has been demonstrated that changes to tropical precipitation can be usefully decomposed into the contri-
butions from both thermodynamic and dynamic processes (e.g., Weller et al., 2019), and the decomposition
methodology of Chadwick et al. (2013, 2016) can be used to quantify the relative contribution of these two
terms (Chadwick et al., 2016; Kent et al., 2015; Lazenby & Todd, 2018; Monerie et al., 2019). Using this
method, changes in tropical precipitation, under climate change, have been largely related to changes in
the dynamical component which indicate shifts in the position of convection (e.g., Chadwick et al., 2016;
Kent et al., 2015). Due to the great importance of WASM rainfall on agriculture productivity, hydroelectric
power generation, and the water availability (e.g., Adarsh & Reddy, 2015), we decide to investigate changes
in rainfall over the West Africa under SAG.
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The objective of this paper is to use GLENS simulations (described in detail by Tilmes et al., 2018) to (1)
improve our understanding on the potential impact of SAG on WASM precipitation and to (2) identify
causes of WASM precipitation changes under SAG by applying the decomposition method of Chadwick
et al. (2013, 2016) for precipitation changes with GLENS simulations.

The structure of the manuscript is as follows: The methods used in the study is explained in section 2, the
main results are shown in section 3, and a discussion and conclusion are provided in section 4.

2. Methods

To assess the impact of SAG on WASM precipitation, we use simulations provided by GLENS project (Tilmes
et al., 2018). The GLENS simulations are conducted with the Community Earth System Model version 1
(CESM1), which integrate the Whole Atmosphere Community Climate Model as the atmospheric compo-
nent and fully coupled to ocean, land, and sea ice models (Mills et al., 2017). The horizontal resolution of
the atmospheric component is 0.9° in latitude by 1.25° in longitude. These simulations are based on green-
house gas (GHG) concentrations that follow the Representative Concentration Pathway 8.5 (RCP8.5; i.e., a
high anthropogenic emission scenario). For the simulations of RCP8.5, a 20-member ensemble was carried
out over the period 2010-2030, with three ensemble members expanded until 2097. The SAG simulations
in which sulfur dioxide (SO,) is injected into the stratosphere at four different latitudes simultaneously
(15°N and 15°S at 25 km, 30°N and 30°S at 22.8 km, all at longitude of 180°; Kravitz et al., 2017; Tilmes
et al., 2018) were derived from each of the 20 RCP8.5 simulations in 2020 and expanded until 2099. As in
Pinto et al. (2020), the GLENS data set used in this study are composed of three members available at the
moment of this analysis. The SO, injection is used to keep the global mean temperature, the interhemispheric
temperature gradient, and the equator-to-pole temperature gradient at 2020 levels (Kravitz et al., 2017;
Tilmes et al., 2018).

It has been demonstrated that the processes involved in the conversion of SO, into sulfate aerosols are well
represented in the model (Mills et al., 2017). Also, it has been shown that the model correctly reproduces the
observed aerosol optical depth after explosive volcanic eruptions, which gives us confidence for the
model-simulated climate response to SAG (see Mills et al. (2016, 2017) for further details on the model
description and validation procedure). A more detailed description about the data and simulations used in
this study is available in Kravitz et al. (2017) and Tilmes et al. (2018).

To evaluate the capacity of the model to reproduce the WASM precipitation, we also use in this study, over
1990-2009, the precipitation from historical simulation (HIST) of GLENS (Tilmes et al., 2018) and two pre-
cipitation data sets which combine measurements from rain gauges and from satellite infrared and micro-
wave sensors, the Global Precipitation Climatology Project (GPCP; Adler et al., 2003) and the Climate
Prediction Center's Merged Analysis of Precipitation (CMAP; Xie & Arkin, 1997). The monthly mean mon-
soon precipitation simulated by the model is compared with those obtained with GPCP and CMAP data over
the study region. The monsoon period is defined as the period from July to October (JASO). After the model
evaluation, second, we examine changes in monsoon precipitation. To that end, we consider the ensemble
mean monthly monsoon precipitation of RCP8.5 during 2010-2029 as the baseline (present-day climate).
Then, for the climate changes under RCP8.5, we use the ensemble mean monthly monsoon precipitation
of RCP8.5 simulations during 2050-2069 relative to the baseline and for the climate changes under SAG
(our primary focus); we consider the ensemble mean monthly monsoon precipitation of the geoengineering
simulations over 2050-2069, relative to the baseline. It has been shown that the relative distribution of SO,
injection rates converges around 2050 (MacMartin et al., 2019). As the baseline period is 20 years
(2010-2029), we also considered the 20 years following 2050 (i.e., 2050-2069) for geoengineering simula-
tions. The statistical significance of precipitation changes obtained is determined using a two-sided ¢ test,
and the standard error is used to provide an error estimate of rainfall changes.

To investigate causes of changes in WASM precipitation, we use the framework developed in Chadwick
et al. (2013, 2016). This method considers that precipitation, in the tropics, is dominated by convection
(Chadwick et al., 2013, 2016). It shows that precipitation (P) at each grid point could be equivalent to a
proxy for convective mass flux from the boundary layer to the free troposphere M* multiplied by the near
surface specific humidity in the boundary layer q (Held & Soden, 2006; Kent et al., 2015; Lazenby & Todd,
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Figure 1. Spatial pattern of mean monthly JASO (July to October) precipitation computed for 1990-2009 in the West
Africa from (a) model, (b) GPCP, and (c) CMAP. The units are mm. day -1

2018; Monerie et al., 2019): P = M*q. Therefore, changes in precipitation (AP) can be written as follows:
AP = M'AQ+GAM +AqAM’ = APyjyop + AP gy + AP,

where APerm is the thermodynamic change due to changes in specific humidity (q), AP4yn represents the
dynamic change term due to tropical circulation changes (M*), and AP, is the nonlinear cross term due
to changes in both specific humidity and circulation. This method used here offers the possibility to separate
changes in the dynamic term into the term associated with spatial shifts in the pattern of tropical circulation
APghire = qAM*ghige and a term related to the tropical weakening circulation APyeax = qAM*yeqak. Here
AM*yeax = — oM* and represents the tropical Atlantic-wide weakening circulation with o« = — (tropical
Atlantic mean AM*)/(tropical Atlantic mean M¥*) is defined to be constant throughout the tropical Atlantic
(30°N-30°S, 60°W-20°E). The quantity AM*;¢ is deduced as the residual between AM* and AM*y.eax
(i.e., AM*shift = AM* - AM*Weak)-

3. Results
3.1. Evaluation of Model Performance in Simulating WASM Precipitation

The spatial distribution of the mean rainfall in the boreal summer monsoon season (JASO) is presented in
Figure 1. In general, model and the observation products show similar spatial precipitation patterns with
maximum values within the vicinity of the Fouta Djallon highlands (5°-12 N, 5°-15°W), and the
Cameroonian highlands and Jos Plateau in Nigeria at about 4°~10°N, 5°-14°E. However, although the loca-
lizations of these maxima are relatively well simulated, they differ in their intensity (Figure S1 in the sup-
porting information). For example, the maximum precipitation over the Cameroonian highlands and Jos
Plateau in Nigeria is underestimated by the model while precipitation simulated is overestimated in the
region of Sierra Leone (6°-10°N, 10°-12°W). These model biases over the mountainous areas may be asso-
ciated with the poor simulation of orographic forced ascent (e.g., Akinsanola et al., 2015; Akinsanola &
Zhou, 2018) or the large uncertainty in the model precipitation estimates over this region (Akinsanola &
Zhou, 2018; Diallo et al., 2016).

The monsoon system over West Africa is strongly related to the northward migration of the ITCZ during bor-
eal spring and summer (Akinsanola & Zhou, 2018; Janicot et al., 2010; Sultan & Janicot, 2000). This migra-
tion is characterized by an abrupt latitudinal shift of the ITCZ from 5°N in June to 10°N in August, also
known as the monsoon jump (Akinsanola et al., 2016; Akinsanola & Zhou, 2018; Berthou et al., 2019;
Janicot et al., 2010; Sultan & Janicot, 2000). As such, behavior of the ITCZ is best characterized by a cross
section of time latitude (Hovmoller diagram), the mean seasonal cycles of rainfall of the West African
Monsoon, averaged between longitude 10°W and 10°E, are presented in Figure 2 through a Hovmoller dia-
gram for the model and the two observation products (GPCP and CMAP). These figures indicate that while
the observed monsoon jump is reproduced by the model, the model shows a greater intensity of precipitation
than seen in observations (as already explained above). This monsoon jump is associated, both in model and
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Figure 2. Hovmoller diagram of mean monthly rainfall averaged over longitude 10°W-10°E for the period 1990-2009

for (a) model, (b) GPCP, and (c) CMAP. In the Figures, the horizontal black line at 5°N is used to approximate the

Guinean coast and the one at 10°N is used to indicate the arrival of monsoon rainfall in the Sahel region. The units are
-1

mm. day .

observations, with strong precipitation in the Sahel region with maximum rainfall around 11°N in August
while there is an abrupt cessation of rainfall intensities along the Guinean coast located at approximately
5°N (Figure 2). Then, from September to October, the monsoon rains weaken and gradually retreat to the
south, toward the Guinea coast. Together these findings indicate the model is able to reproduce the basic cli-
matological features of WASM precipitation.

3.2. Changes in the WASM Precipitation and Associated Causes

Figure 3 shows the response of monsoon season precipitation under RCP8.5 over the period 2050-2069 rela-
tive to baseline (RCP8.5 2010-2029) and decomposes this precipitation response into the various compo-
nents as described in section 2. Relative to the baseline, the spatial patterns of the RCP8.5 simulations
indicate a general increase in summer monsoon rainfall over West Africa with a significant increase in pre-
cipitation above 10°N in the Sahel regions (Figure 3a). However, below 10°N, toward the Guinean coast,
changes in WASM precipitation are not significant. To understand the processes driving these WASM pre-
cipitation changes under RCP8.5, the precipitation changes (AP) are decomposed into their thermodynamic
(APgherms driven by changes in specific humidity), dynamic (APgyy,, driven by changes in the tropical

DA-ALLADA ET AL.

50f13



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth's Future 10.1029/2020EF001595

RCP8.5 minus Baseline

- 20°N
10°N
|
00
|
10°S
(c)AP |

cross

-16 -14 12 -1 -08 -06 -04 -02 O

20°N — 20°N
10°N ==
00
10°S
0°S - 20°S - 20°S
20°W 10°W  0° 10°E 20°E 20°W 10°W 0° 10°E 20°E 20°W 10°W 0° 10°E 20°E
mm.day’1
[T T
-16 -14 -12 -1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
20°N 20°N
10°N 10°N [
0° 0° [
10°S 10°S

(g)APtherm+ APweak (I) AP - APsum
20°S 20°S - 20°S
20°W 10°W  0° 10°E 20°E 20°W 10°W 0° 10°E 20°E 20°W 10°W 0° 10°E 20°E
mm.day" 107" mm.day"
BT T T 7T T T e BT T TTTT T
-16 -12 -08 -04 0 0.4 0.8 1.2 1.6 -0.02 -0.01 0 0.01 0.02

Figure 3. Decomposition of the (a) changes in WASM precipitation (AP) under RCP8.5 into its components,

(b) thermodynamic (APtherm), () nonlinear cross term (APcross), and (d) dynamic (APgyy). The dynamic component
(APgyy) is divided into (e) a term associated with the weakened tropical circulation (APyeax) and (f) a term associated
with spatial shifts in the pattern of tropical circulation (APgp;s). Figure (g) shows the sum of APyherm + APyeaks

(h) presents the sum of APgperm + APcross + APgyn (components of precipitation change based on the decomposition
method, i.e., terms b + ¢ + d), and (i) the difference between (a) (the model precipitation change) and (h) (the sum of all
the components of precipitation change). July to October (JASO) is used for the monsoon period. Changes in
precipitation are obtained using the RCP8.5 ensemble mean over the period 2050-2069 minus the baseline RCP8.5
2010-2029 ensemble mean. The marked points in (a) indicate regions where changes in rainfall are statistically
significant at the 95% level using the Student's ¢ test. Boxes shown in (a) indicate the three specific regions used in this
study. All units are mm. day -,

circulation), and nonlinear cross (AP...ss, driven by both changes in specific humidity and circulation)
components (Figures 3b-3d). The contribution of AP to rainfall changes is negligible (Figure 3c).
APyerm increases precipitation everywhere, though with the largest increases between 5°N and 15°N
(Figure 3b). This contribution of APy,erm is due to the increase of near surface specific humidity relative
to the baseline (Figures 4a and 4b), which contributes to intensify the climatological precipitation pattern
(Figure 1). APgyy, on the other hand leads to a large decrease in rainfall around 10°N up to the Guinean
coast whereas it tends to slightly increase rainfall above 10°N. The dynamic term is strongly related to
changes in the low-level monsoon winds relative to the baseline (Figures 4a and 4b) which results from
changes in the sea-land thermal contrast (e.g., Li et al., 2019).
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Figure 4. (a) Spatial pattern of JASO (July to October) surface specific humidity (color shading) and 957 hPa wind field (vectors) for the baseline RCP8.5 2010-
2029 ensemble mean, (b) changes (relative to the baseline) in mean JASO surface specific humidity (color shading) and 957 hPa wind field (vectors) under RCP8.5
2050-2069 and (c) same as in (b) but under GLENS 2050-2069. The units are kg. kg L s for specific humidity and m. s ~L for the low-level wind field.

Asunder RCP8.5, the land would warm more rapidly than the ocean, the low-level land-sea thermal contrast
would increase (Christensen et al., 2013) and this suggests that the position of ITCZ will be farther north
than its climatological position. Using the simulations used in this study and following the method applied
in Kravitz et al. (2016), Cheng et al. (2019) have shown that during the boreal summer there is a northward
shift of the ITCZ by around 0.6° under RCPS8.5. Thus, the precipitation band is located farther north com-
pared to the climatological rain band and this explains why we have more precipitation (relative to the base-
line) in the north of 10°N and less precipitation south of 10°N.

To better understand APy, term, we follow Chadwick et al. (2013 and 2016) and split it into a term asso-
ciated with the weakened low-level monsoon winds (APy.,x) and a term associated with the local dynamic
response that shifts monsoon precipitation pattern (APg;s). The spatial patterns of APy, is negative every-
where and acts to offset some of the increase in precipitation due to APyerm, (Figures 3b and 3e). However,
the magnitude of APyerm is slightly larger than that of APy.,k, and therefore, the sum of these two terms
remains slightly positive in some areas in the northern Sahel (Figure 3g). Moreover, the spatial patterns of
APgpir are similar to that of AP (Figures 3a and 3f) and this term largely contributes to explain AP. Note that
the change in WASM precipitation based on the decomposition method is equivalent to the change in pre-
cipitation from the model (Figures 3a and 3h) and the difference between these two terms is null (Figure 3i),
showing that the decomposition method used is consistent to discuss changes in WASM rainfall. Thus, we
conclude that, although the contribution of APy to rainfall changes is not negligible, changes in
WASM precipitation under RCP8.5 are mainly determined by the strong local dynamic response that shift
monsoon precipitation northward by around 0.6 degree (relative to the baseline) due to increase in the
land-sea thermal contrast in the lower troposphere.

Under GLENS, the spatial patterns of the SAG simulations relative to the baseline exhibit decrease in sum-
mer monsoon precipitation over the whole West Africa (Figure 5a). This rainfall decrease is not significant
in the Sahel regions (north of 10°N) where precipitation increase was significant under global warming
whereas south of 10°N below the Guinean coast (located around 5°N), the rainfall decrease is significant
in the regions where the change in precipitation were not significant under the global warming
(Figures 3a and 5a). As for RCP8.5, the contribution of AP, to rainfall changes is negligible for GLENS
(Figure 5c). Contrary to RCP8.5, APy, makes a negligible contribution to rainfall changes under GLENS
due to the small changes in the surface specific humidity relative to the baseline (Figures 4c and 5b). The
sum of APyerm and APy, is relatively small (Figure 5g), and thus, only the contribution of APgy,, due to
APgpir is responsible for changes in rainfall (Figures 5d and 5f). The spatial patterns of APgy;s are similar
to AP, and this term plays a major role in the precipitation changes. The contribution of APy is largely asso-
ciated with the low-level land-sea temperature contrast. As the solar radiation varies with the season and land
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Figure 5. Same as in Figure 3 but for GLENS simulations.

would warm or cool faster than ocean (due to the heat capacity of water which is more important than that of
the land), the low-level land-sea thermal contrast is strongly influenced by solar radiation (Liu et al., 2019).
Therefore, the use of the SAG in the GLENS simulations to attenuate the amount of sunlight that reaches the
Earth's surface will contribute to reduce the low-level land-sea thermal contrast. This reduction of land-sea
thermal contrast leads to weak monsoon winds (Figures 4a and 4c) and a slight southward shift of the
ITCZ (by around 0.18°) relative to the baseline (Cheng et al., 2019). The position of ITCZ is thus slightly
shifted southward in GLENS relative to RCP8.5, but it remains further north relative to the climatological
position of ITCZ. Thus, the decrease of rainfall noticed over the whole West Africa under GLENS is more pro-
nounced in the south of 10°N. Here, also, the change in WASM precipitation under GLENS based on the
decomposition method is equivalent to the change in precipitation from the model (Figures 5a and 5h)
and the difference between these two terms is null (Figure 5i). In conclusion, under GLENS, changes in
the WASM precipitation are largely driven by the reduced land-sea thermal contrast in the lower troposphere
that leads to weakened monsoon circulation and a northward shift of the monsoon precipitation patterns.

In order to better quantify the impact of SAG on WASM precipitation, the West Africa domain considered in
this work is divided into three specific areas indicated in Figures 3a and 5a: the Northern Sahel (NSA;
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Figure 6. Seasonal cycles of precipitation changes and the different components of precipitation changes (see Figure 3)
under RCP8.5 (left column) and GLENS (right column) relative to the baseline for the Northern of Sahel (a and b),
Southern of Sahel (c and d), and the Western Africa region (e and f). Here the nonlinear component of precipitation
(APcross) is added and the shaded areas indicating the standard error on the term of precipitation changes. Changes in
precipitation are obtained as in Figures 3 and 5. All units are mm. day -t

18°N-14°N, 15°W-15°E), the Southern Sahel (SSA; 14°N-10°N, 15°W-15°E), and the Western Africa region
(WAR; 6°N-10°N, 10°W-10°E). These regions are similar to those used in previous studies (e.g., Diaconescu
etal., 2014; Soares et al., 2019). Figure 6 presents the seasonal cycles of precipitation changes for RCP8.5 and
GLENS with its various components for the three different regions (NSA, SSA, and WAR). Under RCP8.5,
large increase in rainfall appears only from July to October (which corresponds to the monsoon period con-
sidered in this study) and there is an increase of 0.56 + 0.12 (44.76%), 0.93 + 0.22 (19.74%), and 0.34 +
0.30 mm (5.14%) compared with baseline in the Northern Sahel (NSA), Southern Sahel (SSA), and
Western Africa region (WAR), respectively. However, under SRM, from July to October, the precipitation
is nearly unchanged (0.00 + 0.10 mm, i.e., 0.21%) in the NSA region but it decreases by 0.19 + 0.22 mm
(4.06%) and 0.72 + 0.27 mm (10.87%) in SSA and WAR, respectively. In these three regions, during the boreal
summer, changes in rainfall relative to the baseline for RCP8.5 and GLENS dominate changes in evapora-
tion (Figure 7). Outside the monsoon season, under RCP8.5, although there is a general increase in precipi-
tation and evaporation during the rest of the year, changes in evaporation dominate changes in precipitation
(Figures 7a, 7c, and 7e). In GLENS, we note also an increase in precipitation during the nonmonsoon season,
particularly in the boreal spring in all the three regions (Figures 7b, 7d, and 7f). However, the changes in
rainfall are larger than those of evaporation in SSA and WAR regions while the change in rainfall is
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Figure 7. Seasonal cycles of precipitation, evaporation, and precipitation-evaporation changes (relative to the
baseline) under RCP8.5 (left column) and GLENS (right column) for the Northern of Sahel (a and b), Southern of
Sahel (c and d), and the Western Africa region (e and f). Changes are for the period 2050-2069 relative to the baseline. All
units are mm. day -1

similar to that of evaporation in NSA region. Regarding the physical processes responsible for rainfall
changes, Figure 6 also reveals that in the three regions, changes in precipitation under RCP8.5 are
associated with the changes in the monsoon circulation that shifts monsoon precipitation northward due
to increase in the low-level land-sea thermal contrast. However, it should be mentioned that in the NSA
region, changes in thermodynamic component caused by increase in atmospheric specific humidity and
the changes in the nonlinear cross term related to both changes in specific humidity and circulation also
play nonnegligible role. Under GLENS, in the three regions, changes in rainfall are mainly determined by
the reduction of the land-sea thermal contrast in the lower troposphere which leads to weakened
monsoon circulation and a northward shift of the monsoon precipitation. All these results obtained here
are consistent with those presented above for the three regions except for the NSA region where the
contributions of the thermodynamic and nonlinear terms to rainfall changes are not negligible.

Following Cheng et al. (2019), the boreal summer (JASO) mean efficacy of geoengineering to counterbalance
the effects of high GHGs emissions (ratio of Geoengineering-High-GHGs and High-GHGs-Baseline) is cal-
culated for precipitation. The efficacy value >—1 indicates under compensation induced by geoengineering
relative to baseline whereas the efficacy value <—1 suggests geoengineering-induced over compensation
relative to baseline. We find that the mean efficacy value of precipitation is —0.99 ~ —1 (compensation),
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—1.2 (slight over compensation), and —3.11 (high over compensation) for the NSA, SSA, and WAR regions,
respectively. So, the use of SAG is effective for rainfall (i.e., SAG compensates changes in rainfall under
RCP8.5) in the northern and southern Sahel and over-effective (i.e., SAG over compensates changes in pre-
cipitation under RCP8.5) in the Western Africa region. This suggests that offsetting all warming would be
going too far if the goal were to restore the Western Africa monsoon precipitation; instead, this would
require limiting SAG deployment to offsetting 1/3 of RCP8.5 warming. As the link between global mean
warming and regional precipitation change is subject to large uncertainties, this model results should be
considered with caution.

4. Conclusion and Discussion

Using results from the GLENS project which use the CESM1 (Whole Atmosphere Community Climate
Model) model and stratospheric sulfate aerosols injection (at four different locations) to maintain global
mean surface temperature and also the interhemispheric and equator-to-pole temperature gradients at their
2020 values under RCP8.5 scenario, we investigated the potential impact of SAG on WASM precipitation
(defined over the period from July to October) and the drivers of this response. We found that simulated rain-
fall in GLENS reasonably reproduces the observed spatial patterns of WASM precipitation, including its
characteristic northward jump over the season.

We focused our study on three specific regions which are the NSA, the SSA, and the WAR. Results showed
that, under RCP8.5, during the monsoon period, precipitation increased by 44.76% (0.56 + 0.12 mm), 19.74%
(0.93 + 0.22 mm), and 5.14% (0.34 + 0.30 mm) compared with baseline in the NSA, SSA, and WAR regions,
respectively. However, in GLENS, relative to the baseline, the WASM rainfall is practically unchanged (0.00
+ 0.10 mm) in the NSA region, but in SSA and WAR regions, rainfall is reduced by 4.06% (0.19 + 0.22 mm)
and 10.87% (0.72 + 0.27 mm) during the monsoon period, respectively. Note that under GLENS, the change
in rainfall is only significant in the WAR. Also, in this region, the mean efficacy ratio of SAG (—3.11) in rain-
fall calculated during the monsoon period suggests a high over compensation contrary to the NSA and
SSA where there is a compensation (efficacy ratio is —0.99 =~ —1) and a slight over compensation (efficacy
ratio is —1.2), respectively. Thus, the use of SAG is effective in the Sahel regions (NSA and SSA) whereas it
is overeffective in the WAR. In this latter region, if the objective were to restore the Western African monsoon
precipitation, this work suggests that the deployment of SAG should be limited to offset 1/3 of RCP8.5 warming.

In this study, we identified the physical mechanisms behind changes in WASM precipitation under RCP8.5
and GLENS, by applying the decomposition method developed in Chadwick et al. (2013, 2016). Results
reveal that changes (increase) in WASM precipitation relative to the baseline under RCP8.5 are mainly
caused by changes in the local dynamic response due to increase in the low-level land-sea thermal contrast
that shift monsoon precipitation northward, whereas under GLENS, changes (decrease) in rainfall relative
to the baseline are mainly determined by the reduction of the land-sea thermal contrast in the lower tropo-
sphere that leads to weakened monsoon circulation and a northward shift of the monsoon precipitation. We
noted that under RCP85, the thermodynamic component related to the increase in specific humidity is prac-
tically compensated by the tropics-wide weakening tropical circulation and the response of these two terms
seen under RCP8.5 are fully offset by SAG in GLENS.

In agreement with previous studies (e.g., Cheng et al., 2019), our results showed that WASM precipitation
decrease under GLENS. This study provides light on the physical mechanisms responsible for rainfall
changes in the WAR under GLENS. Our findings indicated that changes in rainfall in this region are largely
driven by the changes in the monsoon circulation which result from the reduction of the thermal gradient
induced by the use of SAG. Understanding the causes of the precipitation decrease will contribute to
improve/initiate new strategies for stratospheric aerosol injection to attenuate rainfall changes in this region
under SAG. Changes in mean precipitation are expected to have an impact on water availability, which is
essential in this region, and has to be investigated in more detail. Here the decomposition method used to
quantify physical processes driving changes in precipitation allowed to reconstruct the change in precipita-
tion given by the model itself. Thus, this method could be usefully applied elsewhere in the tropics to assess
rainfall changes under SAG. In this study, we have investigated monthly mean precipitation and evapora-
tion changes. More work has to be done in order to identify impacts of changes in these changes on society
for example on food production and water availability, which needs to be clarified in future studies.
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