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Abstract
Purpose – Three Coupled Model Intercomparison Project Phase 5 models involved in the G4 experiment of
the Geoengineering Model Inter-comparison Project (GeoMIP) project were used to investigate the impact of
stratospheric aerosol injection (SAI) on themean surface air temperature and precipitation extremes in Africa.
Design/methodology/approach – This impact was examined under G4 and Representative
Concentration Pathway (RCP) 4.5 scenarios on the total precipitation, the number of rainy days (RR1) and of
days with heavy rainfall (R20 mm), the rainfall intensity (SDII), the maximum length of consecutive wet
(CWD) and dry (CDD) days and on the maximum rainfall in five consecutive days (Rx5day) across four
regions: Western Africa (WAF), Eastern Africa (EAF), Northern Africa and Southern Africa (SAF).
Findings – During the 50 years (2020–2069) of SAI, mean continental warming is�0.40°C lower in G4 than
under RCP4.5. During the post-injection period (2070–2090), the temperature continues to increase, but at a
lower rate (�0.19°C) than in RCP4.5. During SAI, annual rainfall in G4 is significantly greater than in RCP4.5
over the high latitudes (especially over SAF) and lower over the tropics. The termination of SAI leads to a
significant increase of rainfall over Sahel and EAF and a decrease over SAF and Guinea Coast (WAF).
Practical implications – Compared to RCP4.5, SAI will contribute to reducing significantly regional
warming but with a significant decrease of rainfall in the tropics where rainfed agriculture account for a large
part of the economies. After the SAI period, the risk of drought over the extratropical regions (especially in
SAF) will be mitigated, while the risk of floods will be exacerbated in the Central Sahel.
Originality/value – To meet the Paris Agreement, African countries will implement mitigation measures
to contribute to keep the surface air temperature below 2°C. Geoengineering with SAI is suggested as an
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option to meet this challenge, but its implication on the African climate system needs a deep investigation in
the aim to understand the impacts on temperature and precipitation extremes. To the best of the authors’
knowledge, this study is the first to investigate the potential impact of SAI using the G4 experiment of
GeoMIP on temperature and precipitation extremes of the African continent.

Keywords Stratospheric aerosol injection, GeoMIP, Africa, Temperature, Precipitation,
Climate extremes

Paper type Research paper

1. Introduction
Climate extremes especially related to temperature and precipitation variables are becoming
common these past decades over the globe. The cold nights and days have decreased
associated with increasing warm nights and days over the globe. The increasing heavy
precipitation days are noted due to the increase in the number of very wet days, daily
precipitation intensity as well as reduction of the number of consecutive dry days (Sillmann
and Roeckner, 2008; Zhang et al., 2011). These extremes are attributed to the changes in
weather and climate events inputted by either human-induced climate change (Sillmann and
Roeckner, 2008) or natural variability or else (Trenberth et al., 2015). However, the
occurrence, as well as the intensity and magnitude of these extremes, may vary from a
region to another.

The African continent is already experiencing the adverse impacts of climate extremes
events (Paeth et al., 2011; Donat et al., 2020), namely, precipitation extremes responsible for
floods and droughts and temperature extremes causing heatwaves. They are disastrous for
African populations and infrastructures (Di Baldassarre et al., 2010) causing health issues
(Du et al., 2010) and economic loss.

Droughts have become frequent in the Guinea Coast of Western Africa (WAF) (Sylla
et al., 2016), in the Greater Horn of Eastern African (EAF) region (Somalia, Ethiopia, Kenya,
Sudan and Tanzania) (Gebremeskel et al., 2019; Gebremeskel Haile et al., 2020) and Southern
Africa (SAF) (Orimoloye et al., 2019). These dry spells have caused water and electricity
supply disruption (Gannon et al., 2018) affecting all the activities sectors depending on water
and energy and have led to crops failure as the agriculture practice is largely rainfed and
thus increases food security challenges (Kogan et al., 2019).

Likewise, flooding event has become common in the continent especially in Central Sahel of
WAF region and is also associated with health issues (Kogan et al., 2019) leading to human
fatalities. Aside from droughts and floods extremes associated with civil conflicts in the
continent (Von Uexkull, 2014), the temperature extremes have also impacted the African
population these past decades. A significant rise in temperature extremes has been observed
between 1979 and 2010 (Collins, 2011) impacting the health sector and energy sector from
demand to distribution through production (Mideksa andKallbekken, 2010; Ndiaye et al., 2017).

A significant increase worldwide is projected for all the temperature-related extremes
indices, namely, minimum and maximum, and the frequency of tropical nights as well as for
specific extreme precipitation-based indices, namely, the maximum five-day precipitation
and the 95th percentile of precipitation (Sillmann and Roeckner, 2008) which could affect all
livelihood of the community. Specifically, Climate change due to global warming will likely
affect all human life sectors in Africa, from water resources, agriculture (Roudier et al., 2011)
and food security (Thomas-Hope, 2018), to energy, peace and security (Brown and Crawford,
2008a, 2008b; Burke et al., 2009). To mitigate these climate impacts, some measures have
been set into place by African governments. All African nations have signed the 2015 Paris
Climate Agreement intending to hold global temperature increases to “well below 2°C” and
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to pursue efforts to limit warming to “1.5°C above preindustrial levels”(Chin-Yee, 2016) and
have accepted the nationally Determined Contributions to emissions reductions.
Nevertheless, at regional scales, temperature increases in the African continent are projected
to be higher than the global mean temperature increase under the Representative
Concentration Pathway (RCP) 8.5 scenario (Nikulin et al., 2018; Weber et al., 2018). Weber
et al. (2018) and Nikulin et al. (2018) demonstrated that even if the global temperature is kept
below 2°C, African regions are projected to experience an increase in extreme temperature,
longer and more frequent heatwaves as well as an increase in daily precipitation intensity of
wet days. Longer dry spells are projected at 1.5°C in the Western Sahel subregion of West
Africa (Diedhiou et al., 2018) and 2°C of global warming. Diedhiou et al. (2018) also show that
over the Central Sahel subregion of West Africa, despite a large ensemble spread, most
models project an increase of total precipitation and heavy rainfall with risks of floods above
2°C. Therefore, Sub-Saharan African regions could meet serious food security issues (Parkes
et al., 2018) above 2°C.

The primary means of limiting temperature rise is reducing greenhouse gas emissions.
However, if this does not do enough to address climate change, two additional measures have
been proposed as ideas to further prevent risks from climate change, namely, carbon dioxide
removal (CDR) and solar radiation management (SRM) (Rahm, 2018). Commercial CDR
solutions already exist but not at large enough scale to deal with the enormity of the problem of
climate change, and serious questions remain regarding its cost. Stratospheric Aerosol Albedo
Modification by injection of sulphur in the stratosphere also called stratospheric aerosol
injection (SAI) is a type of SRM, has recently received increased attention as a way to reduce
global temperatures. Indeed, SAI is a proposed method for reducing human-induced climate
change by spraying large quantities of tiny reflective particles into the stratosphere, an upper
layer of the Earth’s atmosphere, to cool the planet by reflecting sunlight into space. This idea,
which falls under the broader umbrella of geoengineering, aims to imitate volcanic eruptions
which are known to cool the atmosphere (Budyko, 1977; Crutzen, 2006). A recent example is the
eruption of Mt. Pinatubo in 1991, which injected approximately 20 megatons of sulphur dioxide
into the atmosphere, leading to the cooling of the planet and with it, associated climate impacts
(Robock, 2000; Rahm, 2018).

Atmospheric models have shown a wide range of climate sensitivity and differences in
the response to stratospheric volcanic aerosols, with large uncertainties regarding its
estimated climate effects (Visioni et al., 2017). This wide range is partly because the forcing
efficiency is sensitive to the injected amount of SO2, the injection height and the
spatiotemporal pattern of the injection (Kleinschmitt et al., 2018). However, regardless of
how SAI might be deployed, it will likely produce unequal regional impacts (Ferraro et al.,
2014). Although SAI is effective at reducing global mean precipitation increases from
greenhouse gases (Ferraro et al., 2014; Ferraro and Griffiths, 2016), the effectiveness of SAI
in compensating for greenhouse gas-induced temperature change is considerably higher
than for precipitation (Yu et al., 2015). Thus, far there have been few studies investigating
how SAI may affect characteristics and variability of precipitation and temperature over
African regions (Pinto et al., 2020). Especially, there is a lack of scientific information on
what are the implications of SAI on mean temperature and how the SAI will affect the total
precipitation and extremes during and after injection over African regions. Finally, how
these effects may affect the livelihood of the communities remain a crucial question for
efficiency of adaptation andmitigation policies and for sustainable development.

This study aims to explore the effects of SAI on the African continent under experiment G4
(described below) of the Geoengineering Model Inter-comparison Project (GeoMIP; Kravitz et al.,
2011). The phase 1 GeoMIP SAI experiments are G3 and G4 and specify injection of SO2 from
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2020 to 2069. In contrast, the G1 experiment is designed to explore more extreme SRM
responses, by reducing incoming solar insolation, to greenhouse gas forcing of an instantaneous
quadrupling of CO2 concentration relative to pre-industrial levels, while under the G2
experiment, the positive radiative forcing of a 1% annual increase in CO2 concentration is
balanced by a decrease in the solar constant to year 50. The G3 experiment is designed to
approximately balance the positive radiative forcing of the RCP4.5 scenario by a gradual
injection of SO2 or sulphate aerosols into the tropical lower stratosphere, while the G4
experiment, is also based on the RCP4.5 scenario, where an immediate negative radiative forcing
is produced by an injection of SO2 into the tropical lower stratosphere at a rate of 5 Tg per year.
It is worth noting that the RCP 4.5 is a scenario that stabilises radiative forcing at 4.5W m�2 in
the year 2100 without ever exceeding that value, and that this scenario is rather close to the
emissions specified under the 2015 Paris National Determined Contributions (NDCs) (Kitous and
Keramidas, 2015). The G4 experiment is used for this study as it has been simulated by wide
range of climate models, and its impacts discussed in many publications, for example, in the
special collection (https://acp.copernicus.org/articles/special_issue376.html). In particular, it aims
to answer the specific questions hereafter: What are the implications of SAI under the G4
experiment on mean temperature and precipitation in Africa and each subregion? What are the
impacts of SAI on precipitation extreme indices? What is the effect of the termination of SAI on
the mean and extreme climate indices? Finally, what are the implications of geoengineering in
the G4 experiment compared to RCP4.5? The present study aims to investigate the influence of
stratospheric aerosol geoengineering on temperature mean and precipitation extremes indices in
Africa. This paper is structured as follows: Section 2 presents the data and the methods used in
this study. Section 3 shows the results, starting with the implications of SAI on the warming of
surface temperature and then, on the impact on the precipitation mean and extreme indices in
Africa and its different subregions. Section 4 presents the discussion and the conclusion.

2. Data and methods
The temperature and precipitation results from three models that simulated GeoMIP
experiment G4 (Kravitz et al., 2011) were evaluated. This experiment involves daily
injections of a constant amount of SO2 at a rate of 5 Tg yr�1 of SO2 into the lower
stratosphere (approximately 16–25 km in altitude) at one point on the Equator from the year
2020 to 2069 against a background scenario of RCP4.5 (Figure 1). The injected sulphur
dioxide gas (SO2) reacts with water in the atmosphere (stratosphere) and the hydroxide (OH)
from its oxidation produces the supercooled H2O-H2SO4 particles which in turn form a
persistent haze of liquid droplets, reflecting away sunlight and cooling the earth for a year or
two. Then, the continuous injection may help to keep the Earth cool for a probably long
period. This justifies the choice of 50 years (2020–2069) for the SAI experimentations. SAI
stops in 2069, but the experiment continues for a further 20 years to 2089 with only GHG
forcing as specified by RCP4.5 (Kravitz et al., 2011).

Precipitation and temperature changes were first assessed at annual time scales. The
future change is computed as the difference between the mean over the future (two
separate periods: near and far) and the historical period. The near future is defined as the
average over 2030–2050, and the far future is defined as the average over 2070–2090. The
near future is aimed at capturing the dominant effects of SAI as compared to RCP4.5, and
the far future is aimed at capturing the effects after SAI is abruptly terminated.

Then, the difference between G4 and RCP4.5 is computed for near and far future periods.
A Student’s t-test is used to evaluate the significance of the mean differences between the
two simulations (G4 and RCP4.5) and periods. The advantages of a Student’s t-test for such
applications are described by Lydersen (2015). Details for its computation are given by
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Janssen (2005). For analyses presented here over two periods of 21 years (2030–2050 for
changes during the SAI period and 2070–2090 for changes after the injection period)
statistically, significant values are computed at the 95% confidence level. The degrees of
freedom are 40 for changes between simulations and 20 when computing future changes
relative to the historical period (1976–2005).

The models used in this study are presented in Table 1. The basic description of each
model can be seen under the reference column of Table 1 as well as on the IPCC fifth
assessment report (Kattsov et al., 2013).

The different African subregions evaluated in this study are presented in Figure 2, and
their geographical boundaries are summarised in Table 2. These subregions are those
identified in the IPCC Special Report on Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation (SREX) regions (Giorgi and Francisco,
2000; Seneviratne et al., 2012).

To capture the distribution of precipitation spells, six climate extremes indices proposed
and presented in theWorld Meteorological Organisation (WMO) guideline (Klein Tank et al.,
2009) were computed. Those indices are the maximum length of consecutive wet days
(CWD), highest precipitation amount in five consecutive days (RX5day) the maximum
length of consecutive dry days (CDD), the number of days per year with rainfall (RR)�1mm
(RR1), the simple daily intensity index (SDII) and the number of days per year with
RR�20mm (R20mm). The definitions of those indices are presented in Table 3. The selected
indices were computed as recommended by the WMO guideline (World Meteorological

Table 1.
Climate models used

in this study

Models Reference Horizontal resolution

CanESM2 Arora et al. (2011) 2.81°
MIROC-ESM Watanabe et al. (2011) 2.81°
MIROC-ESM-CHEM Watanabe et al. (2011) 2.81°

Figure 1.
Schematic of

experiment G4,
reproduced from

Kravitz et al. (2011)
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Figure 2.
Map of African
countries with
subregions

Table 2.
Definitions of
African subregions
for this study

Regions Longitude Latitude

East Africa (EAF) 30 – 52E 10S – 20N
North Africa (NAF) 18W – 40E 20 – 38N
South Africa (SAF) 10 – 52E 10 – 36 S
West Africa (WAF) 18W – 30E 10S – 20N

Table 3.
Precipitation extreme
indices

Index Unit Description Definition

CWD days Consecutive wet days The maximum length of wet spell (RR�1mm)
RX5day mm Highest precipitation

amount in 5 consecutive
days

Annual maximum precipitation sums on five-day
intervals

CDD days Consecutive dry days Maximum length of dry spell (RR<1mm)
RR1 Days Wet days Number of days per year with rainfall (RR)�1mm
SDII mm/day Simple daily intensity

index
Annual total precipitation divided by number of
wet days (�1mm). If W represents the number of
wet days in j then the simple precipitation intensity
index SDIIj = sum (RRwj)/W

R20mm days Very heavy precipitation
days

The number of days per year with RR�20mm
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Organization, 2018) established by the Task Team on the Definition of Extreme Weather
and Climate Events. These indices were widely used for the investigation of climate
extremes at a regional scale (Lima et al., 2014; Peterson et al., 2001) and global scale
(Hartmann et al., 2013; Herring et al., 2014; Seneviratne et al., 2012; Sönke et al., 2015).

3. Results
3.1 Implication of stratospheric aerosol injection on surface air temperature
Figure 3 shows the average air temperature change as compared to a historical period (Hist;
1976–2005 average) of each model for the near (2030–2050) and far (2070–2090) futures. Over both
future periods under the G4 experiment, the temperature is projected to increase significantly but
at a lower rate during the near future [during the injection period, Figure 3(a)–(d)] than during the
far future after the injection has stopped [Figure 3(e)–(h)]. It is important to highlight that the
changes are not significant over coastal countries from Senegal to Benin and south-western of
Nigeria for both futures periods considering themodel ensemblemean [Figure 3(d) and (h)].

Figure 4 (a)–(h) displays the difference between experiments (G4 minus RCP4.5) for all
the models (plus the ensemble mean) over the near (a–d) and far (e–h) futures. The analysis
reveals that all models project a cooling effect of the G4 experiment over the entire continent,

Figure 3.
Changes (G4minus
historical) of surface
air temperature for

eachmodel (from left
to right column:

CanESM2,MIROC-
ESM,MIROC-ESM-

CHEMand the
ensemblemean,

respectively) for the
near future 2030–2050
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mean



but the cooling is stronger during the near future (the period of injection) than in the far
future (after the injection has ceased). The magnitude of the cooling varies according to the
models and the subregions. During the near future period (injection period), all the models,
as well as their ensemble mean present significant cooling (compared to RCP4.5) over the
entire continent except with the an atmospheric chemistry coupled version of MIROC-ESM
model which shows weak warming over the tropics in some parts of sub-Saharan regions
[north-eastern of Nigeria, South of Tchad, South Sudan and south-eastern part of the
continent, see Figure 4(c)]. The ensemble mean [Figure 4(d)] shows that cooling due to SAI in
the near future varies up to 0.75°C depending on the subregions with a mean cooling of 0.37°
C for the whole continent.

During the far future (after the injection period), the area of a statistically significant
cooling is reduced to a major part of the sub-Saharan region and the western side of the
Northern African (NAF) subregion. The ensemble mean [Figure 4(h)] shows that the
warming in the G4 simulation will be weaker than in RCP4.5 and the difference between
both simulations could vary up to 0.5°C depending on the subregion (over WAF and
EAF and in the central part of SAF) with a mean cooling of 0.19°C for the whole
continent.

The average temperature differences (G4-RCP4.5) for each of these periods per region are
presented in Figure 5. Over Eastern Africa (EAF), the air temperature change ranges from

Figure 4.
Changes in surface
air temperature
between G4 and
RCP4.5 (G4minus
RCP4.5) for each
model (from left to
right column:
CanESM2,MIROC-
ESM, MIROC-ESM-
CHEM and Ensemble
mean, respectively)
for the near future
2030–2050
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0.13°C to �0.59°C during the injection period (near future) and from �0.17°C to �0.23°C
during the far future. Over NAF, the cooling ranges from �0.41°C to �0.63°C during the
injection period and from 0 to �0.17°C after the SAI period. Over SAF, the cooling ranges
from�0.14°C to�0.63°C during the SAI period and from�0.15°C to�0.34°C during the far
future. Over WAF region, the air temperature cooling ranges from �0.08°C to �0.58°C
during the injection period and from �0.17°C to �0.35°C during the far future. Overall,
compared to RCP4.5, the SAI reduces air temperature warming in all African regions and
the magnitude of this cooling is generally greater during the injection phase than after the
termination of the SAI experiment.

In summary, during the 50 years (2020–2069) of injection period, mean continental
warming is �0.40°C lower in G4 than under RCP4.5. During the 20 years post-injection
period (2070–2090), surface air temperature continues to increase at a higher rate (þ1,2°C)
than during the SAI period in G4 (2030–2050), but at a lower rate (�0.19°C) than in RCP4.5
(2070–2090).

3.2 Impact of stratospheric aerosol injection on mean precipitation
Figure 6 displays from left to right, annual precipitation change between G4 and RCP4.5
during the injection period [Figure 6(a)], between far future (after the injection period) and
the injection period in G4 simulations [Figure 6(b)], between G4 and RCP4.5 in the far future
[Figure 6(c), after the injection period] and between far future and the injection period in
RCP4.5 simulations [Figure 6(d)].

During the injection period (2030–2050), when comparing G4 and RCP4.5 [Figure 6(a)], a
significant increase is noted in the total annual precipitation over the high latitudes (NAF
and SAF) while a decrease is simulated in the tropical band especially over EAF region.
Indeed, as the SAI experiment consists of cooling air temperature through aerosol injection
in the stratosphere, it is suggested that this could affect convective activity in the
Intertropical Convergence Zone (ITCZ) and the intensity of Hadley Circulation, leading to a

Figure 5.
Changes in surface

air temperature
between G4 and

RCP4.5 (G4minus
RCP4.5) for each

model-averaged per
region for near future
(top row, in the SAI

period) and far future
(bottom row, in the
Post-SAI period).
From left to right:
EAF, NAF, SAF,

WAF

Temperature
mean



decline in total precipitation in the tropical band (WAF and especially in EAF) and an
increase in total precipitation over extratropical regions (NAF and SAF), greater over SAF
than NAF.

After the termination of SAI [Figure 6(b), in G4 simulations], the precipitation will
increase significantly over the Sahelian band of WAF, over EAF and Southern part of NAF,
while a significant decrease is noted over SAF and Guinea Coast of WAF. No significant
changes are found in the northern part of NAF. However, [Figure 6(c)] shows that after the
injection period, the annual precipitation will remain greater in G4 than in RCP4.5
simulations almost everywhere, except over Guinea Coast of WAF and in EAF (over Great
Lakes region and the Horn of Africa).

When comparing the 2070–2090 period to the 2030–2050 period in each experiment
[Figure 6(b) for G4 and Figure 6(d) for RCP4.5], precipitation will significantly increase in
WAF, EAF and in large part of NAF, while SAF will experience a significant shift of annual
rainfall relatively more intense in G4 than in RCP4.5. However, analyses of changes inside
each set of simulations relative to the historical period (Appendix Figure A1) show that the
increase of precipitation will be greater in G4 than in RCP4.5 over WAF, EAF and NAF, but
the decrease of rainfall over SAFwill be lower in G4 than in RCP4.5.

Nevertheless, it is important to highlight that the projected precipitation deficit in the far
future over SAF in RCP4.5 [Figure 6(d)] and in RCP8.5 over NAF (Waha et al., 2017) and in the
western area of WAF (Diedhiou et al., 2018) will be mitigated during the SAI and in large part
after the termination [G4 simulations, Figure 6(c)] as well as the risk of floods and landslides
projected in RCP4.5 [Figure 6(d)] and RCP8.5 (Diedhiou et al., 2018) over Guinea Highlands (in
WAF) and in EAF (Great Lake regions and Horn of Africa; Osima et al., 2018). The termination
of SAI may increase the risk of floods projected over Central Sahel of WAF in RCP4.5 [Figure 6
(d)] and RCP8.5 (Diedhiou et al., 2018) due to a significant increase of total annual precipitation
[Figure 6(b), 6(c)]. NAF projected to be prone to drought in RCP8.5 (Waha et al., 2017) will be
wetter in RCP4.5 [Figure 6(d)] and will experience at its central and southern part more rainy
events during the injection andmainly after the SAI period [Figure 6(a), 6(c) and 6(d)].

3.3 Impacts of stratospheric aerosol injection on precipitation intensity and number of rainy days
Figure 7 presents the changes in the number of days per year with rainfall RR�1mm [RR1;
Figure 7(a)–7(d)], SDII[Figure 7(e)–7(h)] and in the number of days per year with RR �
20mm [R20mm; Figure 7(i)–7(l)].

Figure 6.
Change in
precipitation in the
ensemble mean of
three models (from
left to right column:
G4_sai minus
RCP4.5_sai, G4_ff
minus G4_sai, G4_ff
minus RCP4.5_ff and
RCP4.5_ff minus
G4_sai) for the near
future 2030–2050
(SAI) and for the far
future 2070–2090 (ff)
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During the injection period, the number of wet days is significantly greater in G4 than in
RCP4.5 over the WAF region, along the western side of SAF and along the northern side of
NAF [Figure 7(a)] compared to RCP4.5 in the same period. In contrast, the EAF region has a
weaker number of wet days under G4 compared to RCP4.5 except in northern parts of Sudan
and Ethiopia [Figure 7(a)]. The termination of SAI will lead in 2070–2090 (compared to 2030–
2050 period in G4) to a significant increase of rainy days in WAF with maxima in Central
Sahel and over EAF and to a significant decrease of wet days over the Guinea Gulf of WAF,
Central Africa, SAF and northern part of NAF [Figure 7(b)]. However, the number of rainy
days due to the termination effect in G4 will be greater than that of the projected number of
wet days in RCP4.5 in the whole Africa (with significant maxima over Central Sahel and the
Sahara Desert) except over EAF and the Guinea Highlands in WAF [Figure 7(c)], meaning
that over SAF and northern NAF, the projected deficit of wet days in RCP4.5 during 2070–
2090 period will bemitigatedwith the termination effect [Figure 7(c), (d)].

During the injection period, the intensity of rainfall (SDII) does not show any significant
changes in the whole of Africa [Figure 7(e)] compared to RCP4.5 in the same period.
However, a slight decrease can be noted in the tropical band (WAF and EAF) and a weak
increase of SDII in the high latitudes (NAF and SAF). The termination of SAI will lead in
2070–2090 (compared to the 2030–2050 period in G4) to a significant increase of SDII in
WAF with maxima in Central Sahel and over EAF and NAF and a slight decrease of the
intensity over SAF [Figure 7(f)]. The intensity of rainfall due to the termination effect in G4
will not change significantly compared to that of the projected SDII in RCP4.5, except over
NAF where a significant increase is noted [Figure 7(g)]. This suggests over NAF, the
mitigation of rainfall deficit projected in RCP4.5 during the 2070–2090 period due to the
termination effect is associated with an increase of rainfall intensity [Figure 7(g), 7(h)].

During the injection period, the number of days with heavy rainfall (R20mm) does not
show any significant changes in the whole of Africa [Figure 7(i)] compared to RCP4.5 in the
same period. However, a slight decrease can be noted in the tropical band (WAF and EAF)
and an increase of R20mm is simulated over SAF. The termination of SAI will lead in 2070–
2090 (compared to the 2030–2050 period in G4) to a significant increase of days with heavy
rainfall in WAF with maxima in Central Sahel and over EAF and a significant decrease of
R20mm over SAF [Figure 7(j)]. The number of days with heavy rainfall due to the
termination effect in G4 will be greater over WAF, EAF and SAF compared to that of the
projected R20mm in RCP4.5, except over Guinea Coast of WAF and in the Greater Horn of
EAF, where a significant a decrease is noted [Figure 7(g)]. This suggests that over SAF, the
mitigation of rainfall deficit projected in RCP4.5 during the 2070–2090 period due to the
termination effect is associated with an increase in the number of days with heavy rainfall
[Figure 7(g), 7(h)].

In summary, compared to RCP4.5, Figure 7 shows that the SAI will lead to a decrease in
rainfall in the tropics and an increase in rainfall in the African high latitudes. The
termination effect will increase the risk of floods in the Central Sahel in G4 due to an increase
in the number of wet days and of very heavy precipitation days, while the risk of drought
will be mitigated over the extratropical regions (especially in SAF) due to an increase of the
number of rainy days (Western part of SAF), the rainfall intensity (over NAF) and the
number of days with very heavy precipitation (over SAF).

3.4 Impacts of stratospheric aerosol injection on wet and dry spells
As for Figures 7 and 8 presents changes in the maximum length of consecutive wet days
[CWD; Figure 8(a)–8(d)], the highest precipitation amount in 5 consecutive days [RX5day;
Figure 8(r)–8(h)] and in the maximum length of consecutive dry days [CDD; Figure 8(i)–8(l)].
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Generally, during the injection period, there is no significant change between G4 and RCP4.5
in the number of CWDs in a large part of the continent [Figure 8(a)]. The wet spells tend to
last longer in the WAF region and along the Western side of SAF [Figure 8(a)] in G4 than in
RCP4.5 simulations and to shorten in EAF over the Great Lakes region and Eastern part of
SAF. The termination effect will lead to a significant increase of CWD in the whole tropical
band except the Guinea Coast of WAF and a decrease of CWD over SAF [Figure 8(b)].
Generally, compared to CWD projected in RCP4.5 [Figure 8(c)], CWD due to the termination
effect will last longer over WAF and in several parts of SAF, suggesting that the shortening
of wet spells projected under RCP4.5 over SAF will be mitigated by the termination effect
[Figure 8(d)].

Figure 8(e) shows that during the injection period, there is no significant change between
G4 and RCP4.5 in the maximum precipitation in five consecutive days (Rx5day) in the whole
continent. Rx5day tends to be weaker over the tropics (WAF and EAF) in G4 than in RCP4.5
simulations and to be slightly greater in the Eastern side of SAF. The termination effect will
lead to an increase of Rx5day in the tropical band with significant values in Central Africa
except for the Guinea Highlands of WAF and over the Eastern side of SAF [Figure 8(f)].
Generally, compared to Rx5day projected in RCP4.5 [Figure 8(g)], Rx5day due to the
termination effect will be greater in Central Africa and weaker over EAF, suggesting that
the termination effect will decrease the maximum of precipitation in 5 consecutive days,
contributing to mitigating the risk of the flood ([Figure 8(g), 8(h)].

SAI might contribute to mitigating drought spots projected in RCP4.5 and RCP8.5
(Diedhiou et al., 2018) over SAF and theWestern side of WAF. Rx5day [Figure 7(e)] does not
significantly change in G4 compared to RCP4.5, except over the tropics where a significant
decrease is noted during the injection period, in agreement with a decrease of convective
activity in the ITCZ. Dry spells last significantly longer over NAF [Figure 7(i)] in G4 than in
RCP4.5 and decrease significantly over EAF. As Figure 6(a) showed previously that total
annual rainfall will increase in NAF due to SAI and Figure 7(i) reveals that dry spells will
last longer in the same region, the increase of precipitation in NAF may be caused either by
an increase in the number of rainy days or of the intensity of rainfall or the occurrence of
heavy rainfall.

Figure 8(i) shows that during the injection period, there is no significant change between
G4 and RCP4.5 in the maximum length of consecutive dry days (CDD) in the whole continent
except over NAF where a significant increase in CCD is noted. The length of dry spells tends
to be slightly weaker over the tropics (WAF and EAF) in G4 than in RCP4.5 simulations and
to be slightly greater in the Western side of WAF and over the Western and Northern sides
of SAF. The termination effect will lead to a decrease of CDD in large parts of the continent
except for Central Africa in WAF and Sothern part of NAF [Figure 8(j)]. Generally,
compared to CDD projected in RCP4.5 [Figure 8(k)], CDD due to the termination effect will
last longer in large parts of extratropical regions but the changes are not significant
[Figure 8(k), 8(l)].

4. General discussion
Three Coupled Model Intercomparison Project Phase 5 models involved in the G4
experiment of the GeoMIP project were used to investigate the impact of SAI and its
termination effect on the mean surface air temperature and precipitation extremes in four
regions of Africa. During SAI, the air temperature continues warming but at a lower rate
compared to RCP4.5 in agreement with previous studies (Yu et al., 2015; Pinto et al., 2020).
Indeed, Pinto et al. (2020) found using Stratospheric Aerosol Geoengineering Large
Ensemble (GLENS) compared to the RCP8.5 scenario that SRM significantly reduces
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temperature means in the African continent. The analysis of G4-experiment simulations
over Africa as performed in our study reveals that the expected temperature will be lower
than in RCP4.5 (known to be cooler than RCP8.5), confirming that SAI can indeed offset
some of the effects of climate change.

However, temperature changes associated with the termination effect are not only
explained by the amount of SAI in force, but also by land and ocean carbon uptake potential.
Indeed, it was reported that only 45% of total carbon emitted from anthropogenic activities
stayed in the atmosphere for a few decades and the remainder is up taken in carbon
reservoirs in the ocean and land (Le Quéré 2010). It has been proved that 20 years after
stopping SRM, there is a release in average 86 11 GtC of the carbon previously removed out
of the atmosphere attributed to the land biosphere (Plazzotta et al., 2019) which could affect
the climate variables. There is a long-lasting response after termination that is somewhat
unexpected because it is not due to radiative forcing but feedbacks such as land surface
albedo and carbon storage. The authors suppose that the albedo change is more important
than the carbon storage over land as found by Cheng et al. (2017). Hence, after the SAI
period, the G4-experiment temperature will sharply rise to resemble the non-geo-engineering
scenario (RCP4.5) (Kashimura et al., 2017; Lee et al., 2019). This explains why during the
injection period the continental temperature will continue to rise but at a lower rate in G4
than under RCP4.5 simulation. After the injection period, the surface air temperature will
continue to increase in G4 over the period 2070–2090 but at a higher rate than during the
injection.

The G4-experiment shows that SAI and its termination will substantially affect
precipitation over the entire continent, but the impact varies according to the region. During
SAI, the model ensemble mean exhibits a significant increase in total precipitation over
extratropical zones (NAF and SAF) with a greater increase in SAF (20–80 mm/year and
above over the Western side) while a reduction is promised over the tropical band with the
greatest value in EAF (20–80 mm/year shift over the Great Lake subregions). This result is
in agreement with the study of Wei et al. (2018) using the G4 experiment and highlighting
that over the tropics, especially over Africa and South Asia, there is a large reduction in
precipitation up to 37.1 and 52.3mm per year while an increase is noted over the
extratropical band (over NAF and significant over SAF) over 2030–2069 relative to 1960–
1999. Haywood et al. (2013) found in G3 and G4 experiments using uniform SAI that there is
a small increase in precipitation ranging from 0–50mm/year over Western and Southern
subregions of NAF. Trisos et al. (2018) found that either overland or over the ocean, the G4
scenario predicted lower temperature and precipitation than the RCP4.5 scenario during SAI
deployment.

The authors suggest that the decrease of precipitation in the tropical band (WAF and
EAF) could be due to a change in Hadley cell circulation intensity, mainly in the weakening
of the upward motion over the tropical band caused by cooling in surface air temperature
associated with a decrease of downward solar radiation due to SAI. Indeed, Schmidt et al.
(2012) and Smyth et al. (2017) attributed the decrease of precipitation under the G1
experiment to a shift of latitudinal seasonal amplitude of ITCZ, and Guo et al. (2018) related
it to a reduction in the intensity of the Hadley circulation.

After the injection, the termination effect leads to a significant decrease of the total
precipitation over SAF, over the Guinea Coast of WAF and coastal NAF, while a
significant increase of precipitation is noted over the tropical band (WAF and EAF) and
the Eastern SAF. Pinto et al. (2020) also found out that under SRM forcing using the
GLENS ensemble, total precipitation is projected to decrease in many parts of SAF,
CAF and WAF relative to the historical period. Indeed, after the injection period, most
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regions are projected to recover from the decline of precipitation especially tropical
regions (WAF and EAF).

When comparing G4 runs to the RCP4.5 (no SAI), the termination effect of SAI is
projected to significantly increase the total precipitation in large parts of Africa, especially
over Central Sahel, except in EAF (over the Great Lake and Horn of Africa subregions) and
the Guinean Highlands in WAF. The Sahara Desert will become significantly wetter and
this may open new opportunities in the development of the region, but this needs to be
investigated further. The rainfall deficit over SAF projected under RCP4.5 (without SAI) will
be mitigated by the termination effect of SAI, while the significant strong increase of rainfall
over Central Sahel will enhance the risk of floods in the Sahel.

During the injection period, the decrease of total precipitation in the tropics is associated
with an increase of RR1 and a reduction of SDII while the increase of precipitation over the
western side of SAF is associated with an increase of RR1, of R20mm and of CWD. The
slight increase of precipitation over NAF seems to be associated with an increase of RR1.
During SAI, the decrease of precipitation over the tropical band was also associated with a
decrease in evaporation and net evaporation as well as of runoff (which is significant over
EAF) while the contrasting effect was noted over the extratropical band especially over SAF
(Wei et al., 2018). Moreover, the decrease in the highest precipitation amount in 5 consecutive
days and CDD over the tropical band (WAF and EAF) is in agreement with the study of Ji
et al. (2018) during the injection period.

Compared to RCP4.5, the termination of SAI after G4 will lead to a significant
increase of RR1 and CWD in the tropics with maxima over Central Sahel and the Sahara
Desert, of RR1 and R20mm over SAF and of RR1 and SDII over NAF. Over EAF, the
termination effect is projected to induce a deficit of rainfall compared to RCP4.5 over
the Great Lake and Horn of Africa subregions. Thus, after the injection period, the risk
of floods projected under RCP8.5 of CORDEX will be exacerbated under G4 termination
and the projection of a likely increase of dry spells [WAF, Diedhiou et al. (2018), Klutse
et al. (2018) and EAF, Osima et al. (2018)] is noted to be reduced by SAI due to an
increase of the length of wet spells of numbers of rainy and very heavy precipitation
days especially in the Sahelian band. However, (Wei et al., 2018) found that in general,
the G4 return periods of the flood (over 2030–2069) are less changed from the historical
levels than under RCP4.5. Over EAF, a significant decrease in total precipitation is
mainly due to a decrease in the number of rainy days and of days with heavy
precipitation and the rainfall intensity. Then, the SAI could mitigate the risk of flood
due to an increase in the number of wet days and very heavy precipitation days (under
RCP4.5 simulation). The projection of a likely increase of dry spells in Central Africa
under RCP8.5 of the CORDEX by Mba et al. (2018) would be mitigated by the SAI due to
an increase in total precipitation associated with an increase of the number of rainy and
very heavy precipitation days as well as the length of wet spells and the Rx5day.
Likewise, over the extratropical band especially over SAF, the projected increase in a
dry spell by Maure et al. (2018) under the RCP8.5 experiment of the CORDEX will be
mitigated by the increase of the number of rainy and very heavy precipitation days and
rainfall intensity. Therefore, after the injection, the SAI may mitigate the water scarcity
in the SAF region where water availability is a challenge. NAF will experience more
rainfall (total precipitation, number of rainy days and rainfall intensity) with G4
geoengineering, but as dry spells will last longer, there might be a high risk of flooding
in this subregion.

However, the potential impacts on precipitation indices vary from one model to another
and the inter-model variation in both the amplitude and direction of change may be

IJCCSM



attributed to insufficiencies in the ability of global climate models to resolve convective
rainfall (Roehrig et al., 2013; Klutse et al., 2015). This confirms the unequal responses
according to the region and the model to the radiative forcing geoengineering method (Park
et al., 2019).

5. Conclusion
The SAI under G4-experiment simulations over Africa is found to significantly reduce the
expected temperature under RCP4.5 (known to be cooler than RCP8.5) which then confirms
that SAI can indeed offset some of the effects of global warming. It is important to note that
during the injection period, the continental temperature will continue to rise but at a lower
rate in G4 than under RCP4.5 simulation. After the injection period, the surface air
temperature will continue to rise in G4 that means that the warming over the period 2070–
2090 will be higher than during the injection period (2020–2069). However, the continent will
be less warm in G4 than projected under RCP4.5.

The total precipitation was noted to considerably decrease during the injection period in
the tropical band (WAF and EAF, with greatest reduction in EAF) associated with an
increase of RR1 and a reduction of SDII during the SAI. This may be associated with risk of
occurrence of drought that might affect the water availability for all water-consumed
sectors, namely, water demand and supply, agriculture, health, security, economy as well as
energy especially hydroelectricity generation.

A significant increase in total precipitation is noted during injection over extratropical
zones (NAF associated with an increase of RR1 and SAF associated with an increase of RR1,
of R20mm and of CWD) with a greater increase in SAF and with a risk of flooding and
negative socio-economic impacts.

The halting of the injection may leads to a significant decrease of the total precipitation
over SAF, over the Guinea Coast of WAF and coastal NAF associated with a significant
increase over the tropical band (WAF and EAF) and the Eastern SAF due to the termination.

Overall, the change vary according to the region and the phase of the project (SAI or
PostSAI). Therefore, a deep analysis on the implication of G4-experiment with regional
climate models or with advanced statistical methods should be done in each African
subregion by correcting the bias of the data set and their effects on the hydrological cycle,
water resources availability, agriculture and energy production should be assessed. Further
investigation is also needed to understand the implication of SAI on West Africa rainfall
characteristics, namely, monsoon, Africa Easterly Jet and Tropical Easterly Jet as well as on
extremes temperature. Considering that rain-fed agriculture accounts for a large part of
African economies, further investigations are needed to understand the impacts of such SAI
geoengineering on key sectors such as water resources, agriculture and energy in each
African subregion to guide the adaptation andmitigation policies.
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