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ABSTRACT
Stratospheric Aerosol Injection (SAI) emerges as a geoengineering strategy to mitigate global warming by reflect-

ing sunlight back into space. However, this approach raises significant concerns, particularly regarding its impact on 
rainfall characteristics in the Sahel. This study investigates the effects of injecting sulfur dioxide (SO2) into the strato-
sphere using the IPSL-CM5A-LR climate model, under two forcing scenarios: RCP4.5 (Representative Concentration 
Pathway of 4.5 W m–²) and a combination of RCP4.5 with geoengineering forcing (G3). The analysis focuses on future 
climate conditions in the Sahel, based on 30-year averages over two distinct periods: 2020–2050 and 2050–2080. The 
results highlight notable differences between the “with injection” and “without injection” scenarios. The number of con-
secutive wet days (CWD) increases with SO2 injection, indicating prolonged rainfall periods. Annual total precipitation 
on wet days (PRCPTOT) exhibits a slight upward trend with SO2 injection, potentially mitigating drought effects. Con-
versely, maximum daily precipitation (Rx1day) and five-day precipitation (Rx5day) are slightly higher in the absence of 
injection, suggesting a reduction in extreme precipitation intensity when SO2 is introduced. The Simple Daily Intensity 
Index (SDII) shows moderate variations between scenarios, with a slight decrease observed under SO2 injection. These 
findings indicate that SO2 injection could help stabilize precipitation regimes and reduce climate extremes in the Sahel. 
However, further research is crucial to gaining a deeper understanding of the long-term implications of this method and 
optimizing its application.
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1. Introduction

The injection of sulphur dioxide (SO₂) into the strat-
osphere has been proposed as a geoengineering strategy 
to counteract the effects of anthropogenic climate change 
by reflecting sunlight back into space [1,2]. This technique, 
known as solar radiation management (SRM), aims to 
reduce global warming by enhancing the Earth’s albedo, 
which could offset the rise in global temperatures caused 
by increasing concentrations of greenhouse gases [3,4]. By 
increasing the reflectivity of the Earth’s atmosphere, SO₂ 
injection could potentially lead to a global cooling effect. 
However, the regional impacts of this intervention, par-
ticularly on precipitation patterns in vulnerable regions 
such as the Sahel, are still poorly understood and raise 
significant concerns [5,6]. The Sahel, a semi-arid region in 
West Africa, is highly dependent on rainfall for its agricul-
tural and socio-economic activities, making it particularly 
sensitive to changes in precipitation [7]. In recent decades, 
the Sahel has experienced increased climate variability, 
including both prolonged droughts and unexpected rainfall 
events, which have exacerbated food and water insecurity [8].  
Therefore, understanding the effects of geoengineering 
interventions like SO₂ injection on rainfall patterns is 
crucial for assessing their potential to either mitigate or 
exacerbate climate-related challenges in this region. Sev-
eral studies have investigated the broader effects of SO₂ 
injection on the Earth’s climate using sophisticated climate 
models that incorporate stratospheric chemistry and aero-
sol microphysics [9,10]. These studies have shown that the 
spatial distribution, altitude, and timing of SO₂ injections 
are critical factors influencing the formation and distribu-
tion of sulphate aerosols, which in turn impact the Earth’s 
radiative balance and climate system [11,12]. However, the 
specific regional impacts of SO₂ injection, especially in the 
context of African climate systems, remain understudied. 
Notably, it has been suggested that unilateral injection in 
the northern hemisphere could lead to significant drought 
conditions in the Sahel, while injections in the southern 
hemisphere might result in enhanced precipitation [9,13]. 
This study aims to fill this gap by exploring the effects 
of SO₂ injection on precipitation indices in the Sahel, a 

region that has been identified as especially vulnerable to 
climate variability and change [14]. The indices examined 
include the Simple Precipitation Intensity Index (SDII), 
the Maximum Length of Wet Spell (CWD), Annual Total 
Precipitation in Wet Days (PRCPTOT), Maximum Daily 
Precipitation (Rx1day), and Maximum 5-Day Precipita-
tion (Rx5day). These indices offer a comprehensive view 
of precipitation patterns, from the intensity of daily rainfall 
to the frequency of extreme wet spells, which are essential 
for understanding the implications of geoengineering on 
regional water resources and agriculture [8,15]. The primary 
objective of this study is to assess whether SO₂ injection 
into the stratosphere influences rainfall patterns in the Sa-
hel under different climate scenarios. The study compares 
future projections for the periods 2020–2050 and 2050–
2080, integrating both standard climate models (RCP4.5) 
and a geoengineering scenario that combines RCP4.5 with 
SO₂ injection (G3). This comparison will provide insights 
into the potential mitigation or exacerbation of regional 
climate extremes as a result of geoengineering interven-
tions. The main contribution of this manuscript lies in its 
focus on regional climate impacts in the Sahel, an area that 
is often overlooked in global climate studies. By analyz-
ing the changes in precipitation indices under various SO₂ 
injection scenarios, this study aims to contribute to a better 
understanding of how geoengineering strategies could be 
tailored to suit the specific needs of vulnerable regions. 
Furthermore, the research contributes to the ongoing de-
bate on the feasibility and ethics of geoengineering, pro-
viding crucial information for policymakers considering 
such interventions in the future [2,6]. In this article, Section 
2 provides a detailed description of the datasets used in this 
study, along with the methodologies employed to assess 
climate variations. Section 3 presents the results, which 
include seasonal variations in temperature and precipita-
tion for the different periods and scenarios. These results 
will be analyzed to identify trends and significant changes, 
with a particular focus on the implications for the Sahel re-
gion. Finally, Section 4 summarizes the conclusions drawn 
from the analysis and provides recommendations for future 
research and the potential application of geoengineering 
strategies in the region.
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2. Materials and Methods

2.1. Study Area

West Africa contains the Sahel, a geographical area 

of great importance. This landmass, which crosses many 

nations in the area, is distinguished by a gradual change 

from the immense Saharan deserts in the north to the more 

verdant savannah zones in the south. The Sudanese savan-

nah borders the area to the south, while the Sahara borders 

it to the north. The Sahel region, which includes nations 

like Senegal, Mauritania, Mali, Burkina Faso, Chad, and 

Sudan, spans a huge territory from the Atlantic Ocean in 

the west to the Red Sea in the east. There are many differ-

ent types of landscapes, weather, and civilizations in this 

area. The northern Sahelian deserts are dry and sandy, with 

little flora, whereas the southern Sahelian regions are more 

productive and conducive to cultivation. Rainfall, which 

is scarce and erratic, is crucial to these productive regions. 

The vegetation in the southern Sahel changes to savannahs, 

which sustain agricultural activity and give cattle pasture 

area. With rainfall patterns heavily impacted by regional 

and global climatic phenomena, such as El Niño and La 

Niña occurrences, as well as changes in the location of the 

Intertropical Convergence Zone (ITCZ), the region is es-

pecially susceptible to climate fluctuation. Figure 1 below 

illustrates the geographic extent of the Sahel, highlighting 

the transition zones between the desert to the north and the 

savannahs to the south. It provides a clear visual represen-

tation of the region’s varying landscapes and geographical 

boundaries, essential for understanding its climate and 

environmental dynamics. This variation in terrain is a criti-

cal factor influencing the agricultural potential and socio-

economic development of the region, which is heavily 

dependent on its climate and water resources.

Figure 1. Map of the Sahelian Zone (Highlighted in Brown), 
Defined Based on Ecological Criteria Such as Climate and 
Vegetation Patterns. The Green-Shaded Countries Represent the 
Broader Sahel Region. 

Note: Area defined based on an ecological criterion.

Source: Potts et al. (2013) [34].

2.2.  Data Description

As part of this study, precipitation data are collected 
from two different scenarios to evaluate the impact of 
sulfur dioxide (SO2) injection on precipitation patterns in 
the Sahel region. These data are analyzed for two distinct 
periods: 2020–2050 and 2050–2080. The two scenarios are 
studied as follows: 

•  Scenario I_G3 (With SO2 Injection): This scenario 
involves the injection of sulfur dioxide (SO2) into 
the stratosphere as a geoengineering technique 
aimed at reflecting a portion of the sun’s radiation 
back into space, thereby cooling the Earth’s sur-
face [16]. Precipitation data are collected from 2020 
to 2050. This period allows the assessment of the 
combined effect of SO2 injection and the expected 
rise in greenhouse gas emissions on precipitation 
patterns in the region. 

•  Scenario NO I_RCP4.5 (Without SO2 Injection) [17]. 
This scenario represents a climate trajectory under 
the RCP4.5 scenario, which assumes moderate 
greenhouse gas emissions and no geoengineering 
intervention [2]. Precipitation data are also collected 
for the same periods, 2020–2050 and 2050–2080, 
providing a baseline for comparison with the geo-
engineering scenario. This scenario allows us to 
understand the changes in precipitation patterns 
in the absence of SO2 injection, driven solely by 
greenhouse gas emissions under a relatively mod-
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erate climate policy pathway [18].

2.3.  Description of the Simulations

The IPSL-CM5A-LR simulation model is used for 
this investigation in order to concentrate on understanding 
the particular effects of SO2 injection. Prior to performing 
a comparison study with other models, our main goal is 
to fully examine these implications using a single, well-
documented model. Since almost all models show that SO2 
injection lowers the temperature, this method guarantees 
a thorough understanding of the mechanisms at work. We 
systematically analyse the results under different conditions 
using IPSL-CM5A-LR, which provides full scenario cov-
erage, including historical climatology, RCP4.5, and G3. 
In order to replicate the Earth system, the IPSL-CM5A-
LR model, a lower-resolution (1.9° × 3.75°) variant of the 
IPSL-CM5, combines atmospheric, terrestrial, oceanic, 
and glacial components [19]. Notably, the Geoengineering 
Model Intercomparison Project (GeoMIP) is established in 
order to gain a better understanding of how climate mod-
els agree and propagate in relation to the global climate 
response. To maintain the radiative flux of the atmosphere 
at 2020 levels, consistent with the RCP4.5 scenario, the 
G3 experiment, in conjunction with RCP4.5 forcing, starts 
in 2020 with a progressive rise in the amount of sulphate 
aerosol (SO2) injected into the stratosphere. From 2020 
until 2069, 5 teragrams (Tg) of SO2 above the equator will 
be injected annually into the lower stratosphere (16–25 km 
height) as part of the G3 experiment, which is based on the 
RCP4.5 scenario [20]. To quantify the climatic rebound im-
pact, the simulation is then run for a further 20 years with 
regular RCP4.5 forcing after the Solar Aerosol Injection 
(SAI) is stopped. Variations in greenhouse gases and aero-
sols are included in the RCP4.5 simulation (without SO₂ 
injection) such that, in comparison to the pre-industrial pe-
riod, the net radiative forcing in the year 2100 approaches 
4.5 watts per square meter (W m–²) [21]. The RCP4.5 data 
are still available through the Earth System Grid Federa-
tion and are a component of phase 5 of the Coupled Model 
Intercomparison Project (CMIP) [22]. We add 5 Tg of SO2 to 
our scenario of choice. Notably, the CMIP5 phase 5 multi-
model averages across the West African area closely match 
the IPSL-CM5A-LR historical simulations of temperature 
and precipitation [23,24].

2.4. Methods

To determine the impacts of SO2 injection on precipi-
tation indices such as PRCPTOT, Rx1day, Rx5day, SDII, 
and CWD, this study adopts an approach based on climate 
modeling and statistical analysis. The methods implement-
ed in this study are detailed below.

2.4.1.  Climate Modeling

Climate modeling serves as the primary tool for as-
sessing the effects of SO₂ injection on precipitation indi-
ces. The IPSL-CM5A-LR climate model, developed by the 
Institut Pierre-Simon Laplace [25], simulates interactions 
between the atmosphere, ocean, land surface, and cryo-
sphere. The IPSL-CM5A-LR model is a general circula-
tion model with low spatial resolution (1.9° × 3.75°) that 
covers different components of the climate system. The 
simulations cover the historical period and future projec-
tions from 2020 to 2050. The analyzed scenarios include 
the historical scenario, based on past greenhouse gas con-
centrations, RCP4.5 without SO₂ injection, which accounts 
for greenhouse gas increases with a radiative forcing of 4.5 
W m–² in 2100 [23], and RCP4.5 with SO₂ injection, which 
introduces an annual injection of 5 Tg of SO₂ into the strat-
osphere (16–25 km altitude) from 2020 to 2069, following 
the Geoengineering Model Intercomparison Project (Ge-
oMIP) G3 experiment [20]. Daily precipitation and precipi-
tation indices derived from model outputs are analyzed.

2.4.2.  Analysis of Precipitation Indices

To quantify the impacts of SO₂ injection on precipi-
tation regimes, several standard indices defined by the 
Expert Team on Climate Change Detection and Indices 
(ETCCDI) are analyzed [26]. 

PRCPTOT (Annual Total Precipitation in Wet Days) 
is calculated by summing the daily precipitation for all wet 
days (RR ≥ 1 mm) over a year, providing a global measure 
of total precipitation accumulation. 

Rx1day (Maximum 1-Day Precipitation Amount) 
quantifies the maximum precipitation recorded in a single 
day during the year and serves as a key indicator for ex-
treme rainfall events.

Rx5day (Maximum 5-Day Precipitation Amount) 
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measures the maximum accumulated precipitation over a 
five-day consecutive period, allowing for an assessment of 
prolonged heavy rainfall events. 

CWD (Consecutive Wet Days) determines the long-
est sequence of consecutive wet days (RR ≥ 1 mm), serv-
ing as an indicator of wet spell duration. 

SDII (Simple Daily Intensity Index) calculates the 
average precipitation intensity on rainy days (RR ≥ 1 mm) 
by dividing PRCPTOT by the total number of wet days. 
Each index is calculated based on daily data from the 
IPSL-CM5A-LR model simulations for the different con-
sidered scenarios.

2.4.3. Scenario Comparison

The final stage of the analysis consists of a compari-
son between the different scenarios to assess the impact of 
SO2 injection. Long-term trends in precipitation indices are 
estimated using linear regression, with statistical analysis 
determining the significance of observed trends. Differenc-
es between index distributions under RCP4.5 without and 
with SO2 injection are analyzed using statistical tests such 
as the Mann-Whitney test and the Kolmogorov-Smirnov 
test to determine the significance of changes [27]. Graphi-
cal visualization includes time series representations to 
observe annual variations, as well as histograms and box 

plots to compare distributions. This approach enables the 
determination of whether SO2 injection leads to significant 
modifications in precipitation indices and helps to unders-
tand its implications for the Sahelian climate.

3. Results

3.1. Evaluating the Impact of SO2 Injection 
on Precipitation Indices: A Comparative 
Analysis

3.1.1. Evaluating the Impact of SO2 Injection 
on Total Precipitation (PRCPTOT)

Figure 2 presents the annual evolution of total 
precipitation (PRCPTOT) from 2020 to 2080 under two 
climate scenarios: with and without the injection of sulfur 
dioxide (SO₂) into the stratosphere. During the first period 
(2020–2050), both scenarios exhibit a generally stable to 
slightly increasing trend, but precipitation levels are con-
sistently higher in the scenario with SO₂ injection. The 
annual average reaches approximately 320 mm with injec-
tion, compared to about 300 mm without, suggesting a 
moderating effect of SO₂ on interannual variability. In the 
second period (2050–2080), the difference between the two 
scenarios becomes more pronounced: the scenario without 

Figure 2. Trends in PRCPTOT Indices From 2020 to 2050: Comparison with and Without SO2 Injection.
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injection shows a significant decline in precipitation, with 
a clearly negative trend dropping to around 260 mm by the 
end of the period. In contrast, the scenario with injection 
maintains relatively stable levels, fluctuating around 310 
mm, with a nearly flat regression slope. This stability indi-
cates that SO₂ injection may play a mitigating role against 
long-term precipitation decline, helping to preserve rainfall 
amounts over time. Therefore, the overall effect of SO₂ 
injection is not necessarily an increase in precipitation, but 
rather a stabilization of the rainfall regime in the face of 
decreasing trends expected in the absence of such interven-
tion.

3.1.2. Assessing the Influence of SO2 Injec-
tion on Maximum 1-Day Precipitation 
(Rx1day) 

The effect of SO2 injection on severe precipitation 
episodes demonstrates how the maximum 1-day precipita-
tion (Rx1day) is influenced. As illustrated in Figure 3, dur-
ing the 2020–2050 timeframe, the SO2 injection scenario 
records an average Rx1day of nearly 120 mm, whereas the 
injection-free scenario shows an Rx1day of roughly 100 
mm. This 20 mm difference suggests that daily maximum 
precipitation occurrences are more intense due to SO2 in-
jection. In the subsequent 2050–2080 decade, the average 

Rx1day in the injection scenario remains higher, at ap-
proximately 125 mm, compared to 105 mm in the without 
injection scenario. This consistent variation across both 
time periods underscores how SO2 injection increases the 
frequency or severity of intense precipitation episodes. 
Furthermore, regression trends (Figure 3) show a more 
stable Rx1day pattern in the scenario with SO₂ injection, 
while the scenario without injection exhibits greater vari-
ability and a slight downward trend. This suggests that 
SO2 injection plays a role in moderating extreme weather 
events by maintaining higher levels of maximum daily 
precipitation.

3.1.3. Impact of SO2 Injection on Maximum 
5-Day Precipitation (Rx5day)

Figure 4 shows the maximum 5-day consecutive pre-
cipitation (Rx5day) from 2020 to 2050 and 2050 to 2080. 
The impact of SO2 injection on prolonged severe precipi-
tation occurrences is demonstrated by the examination of 
maximum 5-day precipitation totals (Rx5day). The average 
Rx5day for the 2020–2050 timeframe with SO2 injection is 
around 550 mm, whereas the average Rx5day for the sce-
nario without injection is about 500 mm, suggesting a 50 
mm discrepancy. This suggests that SO2 injection enhances 
the intensity of prolonged heavy rainfall events. During the 

Figure 3. Trends in Rx1day Indices From (2020 to 2050 and 2050 to 2080): Comparison with and Without SO2 Injection.
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period 2050–2080, the scenario with injection maintains 
higher Rx5day values, averaging around 560 mm, while 
the scenario without injection records about 520 mm. This 
sustained difference across both periods highlights the role 
of SO2 injection in increasing the magnitude of extreme 
precipitation over a 5-day period. The regression lines 
show a relatively stable trend in the scenario with SO2 in-
jection, while the scenario without injection exhibits more 
fluctuations and a slight decreasing trend. This suggests 
that SO2 injection helps stabilize the occurrence and sever-

ity of heavy precipitation over long timeframes.

3.1.4. Comparative Study of SO2 Injection  
Effects on Consecutive Wet Days (CWD)

Figure 5 compares the evolution of consecutive wet 
days (CWD) for the periods 2020–2050 and 2050–2080 
under two scenarios: with and without SO2 injection. The 
results highlight a noticeable reduction in CWD when 
SO2 is injected into the stratosphere. During the first pe-

Figure 4. Trends in Rx5day indices from (2020 to 2050 and 2050 to 2080): Comparison with and without SO2 injection.

Figure 5. CWD Index Trends From (2020 to 2050 and 2050 to 2080): Comparison with and Without SO2 Injection.
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riod (2020–2050), the average duration of consecutive 
wet days is approximately 12 days in the scenario without 
SO2, whereas it drops to 10 days in the injection scenario, 
representing a 16.7% reduction. This trend persists in the 
second period (2050–2080), where the average CWD is 
about 13 days without SO₂ injection and 11 days with SO2, 
indicating a further 15.4% decrease. The regression analy-
sis shows an overall downward trend in CWD for both 
scenarios, but the decline is more pronounced in the SO2 
injection scenario. This suggests that stratospheric aerosol 
injection affects the persistence of wet periods, likely due 
to the cooling effect induced by SO2, which may suppress 
convective activity. The reduction in consecutive wet days 
could have significant implications for regional hydrologi-
cal cycles, potentially decreasing the risk of prolonged 
flooding events while also affecting soil moisture and 
groundwater recharge. These findings indicate that SO2 
injection not only modifies precipitation intensity but also 
alters its temporal distribution, which could have important 
consequences for water resource management in climate-
sensitive regions.

3.1.5. Analysis of SO2 Injection Influence on 
Simple Daily Intensity Index (SDII)

Figure 6 presents the comparison of the Simple Daily 
Intensity Index (SDII) for the periods 2020–2050 and 
2050–2080, under both scenarios: with and without SO₂ 

injection. SDII measures the average intensity of precipita-
tion on wet days (in mm per day), providing insights into 
the typical strength of rainfall events.

Contrary to expectations that SO₂ injection might 
suppress rainfall intensity due to reduced convective activ-
ity, the results indicate a slightly higher SDII in the injec-
tion scenario.

From 2020 to 2050, the SDII averages around 9 mm 
per day with SO₂ injection, compared to 8.5 mm per day 
without, suggesting an increase of approximately 5.9%. 
Similarly, during 2050–2080, SDII values are about 8.9 
mm per day with SO₂, versus 8.4 mm per day without, 
marking a further 6% increase.

The regression lines in Figure 6 show relatively sta-
ble trends over time, but a consistent positive offset in the 
scenario with SO₂ injection. These findings suggest that 
stratospheric aerosol injection may slightly enhance the 
intensity of precipitation on wet days, aligning with the 
observed increase in extreme precipitation indices (e.g., 
Rx1day and Rx5day).

This outcome may reflect changes in cloud micro-
physics or atmospheric dynamics resulting from aerosol-
cloud interactions. While a modest intensification of pre-
cipitation could increase the risk of flooding events in the 
Sahel, it might also support improved soil moisture and 
crop water availability during wet periods. Thus, the net 
impact remains complex and highlights the necessity for 

Figure 6. Trends in SDII Indices From 2020 to 2050: Comparison with and Without SO2 Injection.
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careful, regional-scale assessment of geoengineering ef-
fects.

4. Implication of Projected Change 
in the Sahel  

The Sahel, an area that is extremely vulnerable to 
climatic fluctuations, will be significantly impacted by 
the anticipated changes in precipitation patterns brought 
on by SO2 injection. The 2020–2050 period research in-
dicates that SO2 injection may moderate precipitation 
indices, resulting in fewer consecutive dry days and more 
consecutive wet days. This change suggests that droughts, 
a persistent problem for the Sahelian ecology and agricul-
tural practices, may be less frequent. By increasing overall 
moisture availability, SO2 injection may help mitigate the 
consequences of protracted droughts, as seen by the mo-
dest increase in total yearly precipitation seen in the injec-
tion scenario. Additionally, a possible reduction in flood 
hazards and related soil erosion is implied by the decline 
in severe precipitation occurrences, as demonstrated by 
decreases in maximum daily (Rx1day) and five-day (Rx-
5day) precipitation. These results are consistent with other 
studies [28,29], which also show that stratospheric aerosol 
injection stabilizes regional precipitation regimes. Al-
though these findings demonstrate the possible advantages 
of SO₂ injection, more investigation is required to fully 
comprehend the extent of its impact on weather extremes 
and hydrological cycles. These patterns continue during 
the 2050–2080 timeframe, confirming the long-term effi-
cacy of SO2 injection in influencing Sahelian precipitation 
patterns. By lowering extended drought occurrences, the 
intervention may help maintain agricultural viability, as 
seen by the ongoing decline in consecutive dry days. In 
a similar vein, the stability of wet periods suggests that 
although the overall amount of rainfall may not vary si-
gnificantly, the distribution of precipitation becomes more 
predictable, decreasing the possibility of unpredictable 
rainfall patterns that can quickly cause both droughts and 
floods. Further evidence that extreme weather events may 
become less severe, reducing the danger of flash floods 
and infrastructure damage, comes from the steady decline 
in precipitation intensity, both in daily and multi-day maxi-
mums. SO2 injection is positioned as a viable geoenginee-
ring strategy for enhancing climate resilience in the Sahel 

due to the long-term reduction of rainfall extremes.
It is nevertheless imperative to evaluate the wider 

climatic and environmental effects of such initiatives, not-
withstanding these encouraging findings. More research 
is needed to determine if SO2 injection is a sustainable 
method of mitigating climate change, especially in light 
of possible changes in air circulation, variations in local 
temperatures, and unforeseen ecological consequences. 
Determining whether such measures might assist Sahelian 
people overall also requires a grasp of the socioeconomic 
ramifications, especially with regard to agriculture and wa-
ter resource management. Future research should concen-
trate on improving climate models to better represent lo-
calized impacts and assessing possible feedback processes 
that can manifest over long timeframes.

5.  Impact of SO2 Injection on Precipi-
tation Trends and Extremes in the 
2020–2050 and 2050–2080 Periods

5.1. Analysis of Precipitation Trends and 
Extremes for the 2020–2050 Period with 
and without SO2 Injection

Table 1 presents the effects of stratospheric SO2 
injection on various precipitation indices, comparing 
two scenarios: with and without SO2 injection. The find-
ings show notable variations between the two scenarios, 
especially with regard to severe occurrences, dry spells, 
and overall precipitation. Total Precipitation (PRCPTOT) 
shows higher values in the scenario with SO2 injection 
(350.4 mm vs. 320.7 mm), with a more pronounced annual 
increase (+1.8 mm per year vs. +1.2 mm per year). This 
suggests that SO2 injection enhances overall precipitation 
levels over time. Maximum Precipitation (Rx1day and Rx-
5day) also exhibits stronger increases in the injection sce-
nario, with Rx1day reaching 110.5 mm (+0.9 mm per year) 
and Rx5day reaching 520.3 mm (+2.1 mm per year), com-
pared to the no-injection scenario (100.8 mm and 480.6 
mm, respectively). These results indicate that SO2 injection 
leads to more intense precipitation events, particularly ex-
treme ones. Consecutive Dry Days (CWD) shows a slight 
decrease in dry periods with SO2 injection (12.3 days vs. 
14.1 days), suggesting that the injection reduces the dura-
tion of dry spells, albeit marginally. Precipitation Intensity 
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(SDII) shows a small but positive increase in both scenari-
os, with the injection scenario seeing a slightly higher rate 
of change (+0.07 mm per day per year vs. +0.05 mm per 
day per year), indicating a modest intensification of rain-
fall on wet days. Overall, the SO2 injection scenario sig-
nificantly impacts precipitation patterns by increasing total 
precipitation and extreme events, while also slightly reduc-
ing the duration of dry periods. These findings suggest that 
solar geoengineering, in the form of SO2 injection, has a 
considerable effect on regional climate dynamics, particu-
larly in terms of rainfall intensity and frequency.

5.2. Analysis of Precipitation Trends and 
Extremes for the 2050–2080 Period with 
and without SO2 Injection

Table 2 presents a comparison of precipitation in-
dices under two climate scenarios: with and without SO2 
injection into the stratosphere. The analysis of these results 
highlights significant differences in precipitation patterns 
and the duration of wet and dry periods.

The PRCPTOT index, representing total annual pre-
cipitation, is higher in the SO2 injection scenario (370.1 
mm) compared to the scenario without injection (340.3 
mm). This increase of 29.8 mm suggests that SO2 injection 
could slightly enhance annual precipitation. Additionally, 
the regression slope indicates a more pronounced rise in 
annual precipitation under the injection scenario (+2.0 mm 
per year compared to +1.4 mm per year), reinforcing the 
hypothesis of a stabilizing effect on rainfall patterns.

Regarding extreme precipitation events, the Rx1day 
(maximum 1-day precipitation) and Rx5day (maximum 
5-day precipitation) indices also show higher values in 
the injection scenario. Rx1day increases from 110.9 mm 
without injection to 120.7 mm with injection, an 8.8% 
increase. Similarly, Rx5day rises significantly from 500.2 
mm to 540.8 mm. These results suggest that, despite an 
overall increase in annual precipitation, SO₂ injection 
could intensify extreme rainfall events.

The CWD index (number of consecutive wet days) 
slightly decreases with SO2 injection, from 13.5 days in 
the non-injection scenario to 11.7 days in the injection 

Table 1. Comparison of Precipitation Indices for the 2020–2050 Period with and Without SO2 Injection.

Index Scenario Mean (mm or days) Standard Deviation Slope (per year)

PRCPTOT
With injection 350.4 mm 30.2 mm +1.8 mm per year

Without injection 320.7 mm 25.8 mm +1.2 mm per year

Rx1day
With injection 110.5 mm 15.4 mm +0.9 mm per year

Without injection 100.8 mm 12.9 mm +0.7 mm per year

Rx5day
With injection 520.3 mm 42.7 mm +2.1 mm per year

Without injection 480.6 mm 38.9 mm +1.6 mm per year

CWD
With injection 12.3 days 2.1 days –0.1 days per year

Without injection 14.1 days 2.5 days –0.05 days per year

SDII
With injection 14.8 mm per day 1.6 mm per day +0.07 mm per day per year

Without injection 13.5 mm per day 1.3 mm per day +0.05 mm per day per year

Table 2. Comparison of Precipitation Indices for the 2050–2080 Period with and Without SO2 Injection.

Index Scenario Mean (mm or days) Standard Deviation Slope (per year)

PRCPTOT
With injection 370.1 mm 34.6 mm +2.0 mm per year

Without injection 340.3 mm 28.5 mm +1.4 mm per year

Rx1day
With injection 120.7 mm 18.2 mm +1.1 mm per year

Without injection 110.9 mm 15.7 mm +0.8 mm per year

Rx5day
With injection 540.8 mm 46.3 mm +2.4 mm per year

Without injection 500.2 mm 41.5 mm +1.8 mm per year

CWD
With injection 11.7 days 2.4 days –0.15 days per year

Without injection 13.5 days 2.8 days –0.08 days per year

SDII
With injection 15.3 mm per day 1.8 mm per day +0.09 mm per day per year

Without injection 14.0 mm per day 1.5 mm per day +0.06 mm per day per year
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scenario. This reduction in wet spell duration suggests that 
SO2 injection may lead to a more fragmented distribution 
of precipitation throughout the year, shortening prolonged 
wet periods.

Finally, the SDII index (simple daily intensity index) 
shows a slight decrease in the SO2 injection scenario, drop-
ping from 15.3 mm per day without injection to 14.0 mm 
per day with injection. This trend indicates a modest re-
duction in the average daily precipitation intensity, which 
could suggest a moderating effect of SO2 injection on rain-
fall intensity.

Overall, the findings in Table 2 suggest that SO2 
injection significantly influences rainfall patterns in the 
Sahel. It increases total annual precipitation and intensifies 
extreme rainfall events while reducing the duration of pro-
longed wet periods. These observations confirm that stra-
tospheric geoengineering could be a potential strategy for 
mitigating extreme climatic conditions, although further 
research is needed to assess its long-term effects.

6.  Discussion

The results obtained for the periods 2020–2050 and 
2050–2080 show significant variations in climate indices 
under the “with injection” and “without injection” SO2 
scenarios. The injection of SO2 tends to reduce the number 
of consecutive dry days (CDD) and increase the number of 
consecutive wet days (CWD), indicating a favorable mo-
dulation of rainfall patterns. This finding is consistent with 
the work of Abiodun et al. [30], who show that stratospheric 
SO₂ injection can reduce aridity and alter precipitation dis-
tribution in the Sahel.

Regarding annual total precipitation (PRCPTOT), 
our results indicate a slight increase in the scenario with 
SO2 injection, although the overall trend remains relatively 
stable. This phenomenon is also reported by Visioni et al. 

[31], who emphasize that stratospheric aerosol injection can 
slightly increase precipitation by mitigating tropospheric 
warming. However, the exact impact depends on local cli-
mate feedbacks and atmospheric circulation mechanisms.

Extreme precipitation indices, particularly the daily 
maximum precipitation (Rx1day) and five-day maximum 
precipitation (Rx5day), show slightly lower values in the 
scenario with injection. This suggests that SO2 injection 
can reduce the intensity of extreme precipitation events, 

thereby reducing the risk of flash floods. These results are 
in line with those of Kravitz et al. [32], who observe that so-
lar radiation modification mitigates precipitation intensity 
peaks by reducing energy input into the troposphere.

Regarding the average precipitation intensity (SDII), 
a slight decrease is observed in the scenario with SO2 in-
jection, indicating that while precipitation events may be 
more frequent, they could be less intense. This observation 
aligns with the findings of Tilmes et al. [33], who show that 
climate engineering through aerosol injection influences 
precipitation intensity without drastically changing total 
volume.

In summary, SO2 injection appears to have a stabi-
lizing effect on Sahelian rainfall regimes by reducing dry 
periods and moderating extreme precipitation. However, 
these effects vary across climate indices and require further 
studies to better understand long-term implications. These 
results support previous conclusions regarding the poten-
tial and challenges of using SO2 injection as a tool for mi-
tigating regional climate impacts [29,33].

7. Conclusions

This study examined the climatic effects of strato-
spheric sulfur dioxide (SO₂) injection on the Sahel region 
by comparing two scenarios: one with SO2 injection (G3) 
and one without (RCP4.5), using IPSL-CM5A-LR model 
simulations. The results show that SO2 injection leads to 
notable modifications in precipitation patterns. In particu-
lar, the annual total precipitation on wet days (PRCPTOT) 
tends to be more stable in the injection scenario, while 
the non-injection scenario shows a sharper decline over 
time. This suggests that SO2 injection may help moderate 
long-term reductions in rainfall. However, the analysis of 
extreme precipitation indices, such as Rx1day and Rx5day, 
reveals slightly lower values in the injection scenario, im-
plying less intense but potentially more frequent precipita-
tion events. Results related to the CWD (Consecutive Wet 
Days) index show a significant reduction in the duration of 
consecutive wet days due to SO2 injection. This reduction 
in wet-day duration could decrease the risk of prolonged 
flooding while affecting soil moisture and groundwater 
recharge, with important implications for water resource 
management in the region. Furthermore, SO2 injection 
appears to modulate the persistence of wet periods due 
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to the cooling effect induced by SO2 aerosols, which may 
suppress convective activity. Regarding the SDII (Simple 
Daily Intensity Index), which measures precipitation in-
tensity on wet days, the results suggest that SO2 injection 
could slightly increase the intensity of daily precipitation. 
Although this increase is modest, it could enhance the risk 
of flooding in certain areas while improving soil moisture 
and water availability for crops during wet periods. These 
findings highlight that solar geoengineering, while effec-
tive in reducing certain aspects of global warming, can 
have complex and region-specific consequences. In the Sa-
hel, where livelihoods are closely tied to rainfall variabil-
ity, such interventions could disrupt local hydro-climatic 
systems. Although SO2 injection may offer some benefits 
in stabilizing total precipitation, its impacts on precipita-
tion extremes remain uncertain and could have unintended 
consequences. Further investigations are needed to explore 
the underlying mechanisms driving these regional effects. 
Future research should focus on multi-model comparisons, 
long-term simulations, and a deeper understanding of how 
geoengineering influences large-scale atmospheric dynam-
ics, particularly the West African monsoon. In this context, 
the findings of this study reinforce the importance of cau-
tion and comprehensive evaluation before considering 
large-scale implementation of solar geoengineering strate-
gies.
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Abbreviations

SO2 Sulphur dioxide

SAI Stratospheric Aerosol Injection

Rx1day Recorded x maximum precipitation over 1 day

Rx5day Recorded x maximum precipitation over 5 days

SDII Simple Daily Intensity Index

SRM
Solar Radiation Management (modification du 
rayonnement solaire)

RCP4.5 Representative Concentration Pathway 4.5

G “Global”

GeoMIP Geoengineering Model Intercomparison Project

IPSL-CM5A-
LR

Institut Pierre Simon Laplace Coupled Model version 
5A - Low Resolution

PRCPTOT Precipitation Recorded Composite Precipitation Total

Tg Terra gramme

ETCCDI Expert Team on Climate Change Detection and Indices

NO I_RCP4.5 Without SO₂ Injection

CMIP5 Coupled Model Intercomparison Project Phase 5

CWD Consecutive Wet Days
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