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Abstract

Stratospheric aerosol injection (SAI) is a proposed climate intervention method aimed at
mitigating some of the impacts of anthropogenic global warming by enhancing the atmosphere’s
reflectivity, thus reducing solar radiation reaching the Earth’s surface. While SAT’s extreme
temperature-reducing effects are well-established, its impact on precipitation extremes remains
uncertain, especially in Africa, a region highly vulnerable to climate change. Understanding SAI’s
potential effects on precipitation extremes is crucial, as it could increase or decrease variability in
precipitation patterns, thereby affecting food security and ecosystems. Our findings indicate that
areas projected under SSP2-4.5 to experience intense precipitation, such as parts of West and
Central Africa, are projected to experience a reduction in both the frequency and intensity of
precipitation, whereas drier areas are expected to receive increased precipitation under the
SSP2-4.5 scenario with SAIL Also, the response to this SAI scenario varies considerably across
different regions, displaying a high degree of heterogeneity across multiple precipitation extreme
indices. These findings underscore the need to explore other scenarios of SAI and for further
regional studies to understand SAI’s implications better and to inform climate-policy decisions.

1. Introduction

Stratospheric aerosol injection (SAI), a form of solar geoengineering, has emerged as a potential strategy to
mitigate some effects of global warming by reflecting a portion of incoming solar radiation back into space
(Crutzen 2006, Robock et al 2009). By injecting aerosols, such as sulfate particles or their precursors, into the
stratosphere, SAI aims to reduce surface temperatures and, in effect, general circulation patterns that induce
more projected extremes under the Shared Socio-economic Pathway, SSP2-4.5 (Robock et al 2008, Tilmes
et al 2018). However, the implementation of SAI remains highly contentious, with major uncertainties
persisting regarding its regional climate impacts, particularly on precipitation patterns and extremes (Burns
et al 2016, Carlson and Trisos 2018, Irvine et al 2020, Usha et al 2024).

Africa is particularly vulnerable to changes in precipitation due to its reliance on rain-fed agriculture,
hydropower, variable climate, and socio-economic challenges (Serdeczny et al 2017). The continent
experiences both prolonged droughts and intense rainfall extremes, each of which is expected to worsen
under climate change (Niang et al 2014, Sylla et al 2016, Klutse et al 2018, Donat et al 2020, Haile et al 2020,
IPCC 2021, Blunden et al 2024). The erratic onset, cessation, and duration of the rainy season (Akinsanola

© 2025 The Author(s). Published by IOP Publishing Ltd
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et al 2020, Kumi et al 2018) cause serious repercussions on health, agriculture, and the economy, leading to
crop failures and loss of life (Di Baldassarre et al 2010, Vogel et al 2019, Simanjuntak et al 2023).
Consequently, food security, water resources, and overall regional stability are at significant risk.
Understanding how SAI might alter these precipitation extremes in the presence of continued greenhouse
gas-driven warming is crucial for a region whose climate is closely tied to agricultural productivity and water
resources. Assessing the combined effects of SAI and elevated greenhouse gases relative to a warming
scenario without SAI can provide critical insight into the potential shifts in extreme weather that could
severely impact food and water security, disrupt ecosystems, and affect livelihoods.

While SAT’s cooling effects are well-documented, its impact on precipitation patterns remains uncertain
(Jiet al 2018, Irvine and Keith 2020, Liu ef al 2022). This paper examines the potential near-and mid-century
changes in Africa’s precipitation extremes under the SSP2-4.5 scenario with SAI deployment while
quantifying the relative differences between SSP2-4.5 and SAI scenarios compared to the control period.
Specifically, it investigates whether SAI can mitigate changes in the intensity and frequency of precipitation
extremes across Africa, assuming global mean temperature is controlled to 1.5 °C above pre-industrial levels,
compared to ongoing anthropogenic greenhouse gas emissions alone. This scenario aligns with the target of
the Paris Agreement and represents a climate future that prioritizes some mitigation efforts.

Recent studies (e.g. Pinto et al 2020, Tye et al 2022) have analyzed the impact of SAI on precipitation
extremes over Africa and globally under the high-emission representative concentration pathway (RCP) 8.5
scenario. Their findings indicate that extreme precipitation generally decreases in currently wet regions and
increases in drier areas, following a ‘wet-gets-drier, dry-gets-wetter’ pattern. Additionally, under RCP8.5, SAI
reduces the intensity of extreme precipitation events, increases the frequency of light rain days, and shortens
the duration of long wet and dry spells.

Our study uses a geoengineering dataset based on the SSP2-4.5 scenario instead of RCP8.5 to provide a
more policy-relevant assessment of climate extremes under SAI. SSP2-4.5 represents a moderate emissions
pathway, reflecting current global climate policies and socioeconomic trends, making it a more realistic
baseline for future climate projections. In contrast, RCP8.5, originally designed as a high-end, worst-case
scenario, assumes unrestricted fossil fuel use and extreme warming, which is now considered unlikely given
ongoing mitigation efforts and the global transition to renewable energy. By using SSP2-4.5, our analysis
better aligns with contemporary climate governance, providing insights that are more applicable to policy
decisions and risk assessments. This approach allows us to explore plausible trade-offs and benefits of climate
intervention strategies while avoiding the overestimation of risks associated with unrealistic emissions
trajectories. However, we acknowledge key differences between our results and studies using RCP8.5. The
following sections detail the data and methods used, discuss the results, and present our conclusions.

2. Data and methods

2.1. Data

This study uses the output from the ‘Assessing responses and impacts of solar climate intervention on the
earth with SAT’ (ARISE-SAI-1.5, hereafter SAI1.5) experiment (Richter et al 2022), which was carried out
with the NSF NCAR’s community earth system model version 2 (CESM2; Danabasoglu et al 2020) and the
high-top atmospheric model component, whole atmosphere community climate model version 6
(WACCMS6; Gettelman et al 2019), to investigate the impacts of SAI. WACCMS6 (hereafter WACCM) can
accurately capture the microphysical and chemical processes associated with stratospheric aerosols, as well as
their interactions with the climate system in the context of large volcanic eruptions, which are somewhat
analogous to SAI (Mills et al 2017). We use four historical members of WACCM that were then branched
into four SSP2-4.5 members in 2015.

The SAI1.5 experiment consists of 10 members, with the first five members (members 001-005) based on
the corresponding SSP2-4.5 simulations done with CESM2 (WACCMS6) and starting in 2035, of those
SSP2-4.5 simulations when the aerosol injections began. Each of these members had different starting points
for the ocean, sea ice, land, and atmosphere as of 1 January 2035, i.e. the ‘macro’ method of initialization
(Hawkins et al 2016). Just like the SSP2-4.5 simulations, the next set of members (006—-010) was initialized
using the same starting points as the first five but with a small temperature perturbation added to the
atmosphere to create some variation among the ensemble members i.e. the ‘micro’ method of initialization
(Hawkins et al 2016).

It is, however, important to acknowledge potential biases related to the model’s resolution and the
representation of sub-grid scale processes through parameterization and the inherent limitations in
capturing localized extreme events. The reader is referred to Richter ef al (2022) for a detailed description of
the SAIL.5 experimental setup and MacMartin et al (2022) for the rationale behind the scenarios chosen.
Using SSP2-4.5 (O’Neill et al 2016) as a baseline scenario, a simulation covering the years 2015-2069 was
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Table 1. Expert team on climate change detection and indices (ETCCDI) based definitions of selected extreme indices (Zhang et al 2011;
https://etccdi.pacificclimate.org/list_27_indices.shtml).

Index Descriptive name Definition Units
PRCPTOT Total rainfall Annual sum of precipitation (PR) mm yr~!
RX1D Wettest day Annual maximum 1 d precipitation mmd~!
RX5D Wettest pentad Annual maximum consecutive 5 d mm5d~!
precipitation
SDII Simple daily intensity The ratio of annual total precipitation to mmd~!
the number of wet days (>1 mm)
R20mm Very heavy Number of days per year when days yr~!
precipitation days precipitation >20 mm
CDD Consecutive dry days Maximum number of consecutive days days yr~!
per year when precipitation <1 mm
CWD Consecutive wet days Maximum number of consecutive days days yr!
per year when precipitation >1 mm
N95 Frequency of very wet Number of days per year when days yr=!
days precipitation exceeds the 2015-2030
mean 95th percentile
R95p Very wet days of Annual total precipitation from daily mm yr~!
precipitation precipitation >95th percentile

conducted. This SSP2-4.5 scenario is relatively close to the emissions trajectory of recent years and close to
projected emission trajectories (Hausfather and Peters 2020a).

The results section compares the SSP2-4.5 simulation with the SAI1.5 perturbation experiment. To
achieve this, sulfur dioxide is strategically injected at four latitudinal positions (15° S, 15° N, 30° S, 30° N)
within a single grid box situated at 180°longitude enclosed by two pressure interfaces (47.1 hPa and
39.3 hPa), which is approximately comparable to a geometric altitude of 21.6 km at the midpoint of the grid
box. This choice of injection sites allows for autonomous management of the desired climate targets using
feedback control systems. The key climate targets include limiting the global mean surface temperature
(GMST) near 1.5 K above pre-industrial levels and maintaining the inter-hemispheric temperature gradient
balance (Kravitz et al 2017, Richter et al 2022). While the technology does not currently exist to reach an
injection altitude of 21.6 km, it is possible to use existing aircraft technologies, which could be modified to
operate as climate intervention aircraft (Bingaman et al 2020).

The model’s ability to capture the rainfall patterns over the region is assessed by comparing model
outputs with observed data from the Climate Hazards Group Infrared Precipitation with Stations (CHIRPS)
dataset from 1981 to 2025 at 0.05° (~5 km) spatial resolution (Funk et al 2015). CHIRPS is particularly
valuable for regions like Africa with sparse observational coverage and accurately captures precipitation
variability across the continent (Quagraine et al 2020, Gbode et al 2023). This comparison is crucial for
assessing the model’s ability to reproduce the present-day climate, a key step in building confidence in its
future projections.

2.2. Methods

WACCM’s ability to simulate precipitation over Africa is evaluated against the CHIRPS dataset over a
common period of 1981-2015. As part of this evaluation, we evaluated WACCM within the context of the
uncertainty due to internal variability by identifying grid points where the observed precipitation lies outside
the spread of the climatologies of the four WACCM historical ensemble members. Additionally, the seasonal
cycles of WACCM and CHIRPS were compared, and uncertainties on the WACCM climatology were
quantified by calculating the standard error on the ensemble mean as o /v/4 where ¢ is the standard
deviation across the four ensemble members.

We assessed projected changes in precipitation extremes over Africa with SAI1.5 and the SSP2-4.5
scenarios using 9 climate indices (table 1) based on the definitions of the World Meteorological Organization
Expert team on climate change detection and indices (ETCCDI; Zhang et al 2011). The climate indices have
been calculated on an annual scale.

As our present-day climate (hereafter control period; CTL), we used the moderate emission scenario,
SSP2-4.5 from 2015-2035. Future changes are assessed under the moderate emission scenario (SSP2-4.5) by
comparing the mean future period (2035-2069) for that scenario with the CTL period. The future is divided
into near-future (2035-2054), marking the SAI1.5 deployment phase, and mid-future (2050-2069),
representing the stabilization of SO, injection rates as per MacMartin et al (2019). The year 2035 marks the
start of SAI1.5 intervention and the decade when simulations crossed the GMST of 1.5 K, while 2050 is
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crucial for evaluating long-term impacts post-stabilization. The intentional overlap between these two
periods reflects the gradual transition from deployment ramp-up to stabilization, enabling a more
continuous assessment of SAD’s evolving climate impacts. This study aims to capture key changes under
SSP2-4.5 with and without SAI1.5, focusing on these two periods to evaluate the potential of SAI1.5 to
mitigate or exacerbate the projected impacts of SSP2-4.5 on future climate extremes. The significance of the
difference between SAI1.5 and SSP2-4.5 is determined using a one-sided Student’s ¢-test (Snedecor 1989) on
the difference between the two ensemble member sets of 20 year climatologies, treating each member’s

20 year climatology as an independent sample. Lydersen (2014) explains the advantages of a Student’s ¢-test
for such applications.

To quantify changes in precipitation extremes, we use barplots and violin plots, which incorporate Kernel
density estimation (KDE). KDE provides qualitative and quantitative distribution, skewness, and probability
density of the data, including the likelihood of extreme events. These extremes are inferred from the tails of
the distribution; longer and thinner tails indicate a higher probability of extreme events (i.e. values
approximately two standard deviations beyond the mean).

We reiterate that these results provide an assessment of projected changes in extreme precipitation over
Africa under the SAI1.5 scenario and should be interpreted with caution, as this represents just one
perspective of the potential response to SAI in general.

3. Results

3.1. Evaluation of model performance in simulating rainfall

To build confidence in WACCM’s ability to accurately project future climate change, we first evaluated its
ability to capture precipitation patterns over Africa for the present day. The analysis is summarized across
five sub-regions: North Africa (NAF), West Africa (WAF), East Africa (EAF), Central Africa (CAF), and
Southern Africa (SAF).

In figure 1, we examine the spatial climatology, model bias, and the 95th percentile bias of daily
precipitation for each year averaged across all the years over Africa (a)—(c) and the seasonal cycle over the five
sub-regions (d)—(h). The stippling on figure 1(b) indicates areas where CHIRPS observations lie outside the
distribution of the ensemble members from WACCM, signifying regions where the model bias is statistically
significant. Notably, positive precipitation bias (up to 60 mm month™!) is typically concentrated over the
equatorial regions; WAF, CAF, and EAF, and the southern parts of the continent; SAF, while NAF shows drier
conditions (up to 10 mm month™!). A high degree of agreement between WACCM and CHIRPS
observations (pattern correlation of 0.96) suggests that, despite localized biases, the model qualitatively
captures the spatial variations in precipitation.

We examine the bias of the 95th percentile of wet-day precipitation in the model for an indication of how
it accurately captures extreme precipitation as compared to the CHIRPS observations. The model
significantly overestimates the magnitude of extreme precipitation events in the relatively dry NAF and SAF
regions. Also, there is moderate to weak overprediction in other regions compared to NAF and SAF. This has
been attributed in part to the influence of complex topography on precipitation patterns and is not exclusive
to WACCM but to most models in general (e.g. Nikulin et al 2012, Sylla et al 2013).

WACCM reasonably captures the seasonal progression of precipitation across Africa as represented by
CHIRPS, particularly the timing of the wet and dry seasons (figures 1(d)—(h)). However, systematic biases
are evident. The model overestimates precipitation in certain months across NAF (e.g. April-June) and SAF
(e.g. February to September), while it underestimates rainfall over WAF (e.g. July—September), EAF (e.g.
March—November), and CAF throughout most of the year (figures 1(d)—(h)). These biases are reflected in
root mean square error values from ~3 mm d~! in NAF to 21 mm d~! in CAF (table S1). Despite these
discrepancies in magnitude, WACCM captures the broad seasonal structure of rainfall well enough to
support the analyses we pursue.

3.2. Implications of SAIL.5 for extreme precipitation indices
3.2.1. Annual totals and heavy rainfall extremes
Figure 2 presents changes in total annual precipitation (PRCPTOT), extreme daily (RX1D), 5 day (RX5D)
rainfall, very wet day totals (R95p), and the frequency of very wet days (N95).

Under SSP2-4.5, PRCPTOT is projected to increase substantially in EAF and CAF by 460 to
+120 mm yr~!, while decreases of —20 to —140 mm yr~! dominate WAF and NAF (figure 2(a)). For SAI1.5
over the control period (figure 2(b)), the signal is reversed across many regions, especially over CAF,
southern WAF, and SAF, where projected reductions reach —40 to —90 mm yr~'. The intervention of SAI1.5
significantly impacts the projected change in the mid-future by significantly reducing PRCPTOT over the
EAF, CAF, and northern SAF (figure 2(c)) and increasing PRCPTOT over western WAF A similar spatial
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Figure 1. Annual (ANN) climatology of precipitation for the period 1981-2015 from CHIRPS (a), model bias during 1981-2015
relative to CHIRPS climatology with stippling indicating grid points where observation lies outside the distribution of the
ensemble members of the model (b), and 95th percentile bias expressed as relative difference (R. Diff.) from CHIRPS with
stippling indicating grid points where changes are significant at 5% level using the one-sided Student’s ¢-test (c). Pattern
correlation between WACCM and CHIRPS is shown in the bottom left of (b). The seasonal cycle of Precipitation (d)—(h) for each
African region is denoted by: WAF—West Africa, EAF—East Africa, NAF—North Africa, CAF—Central Africa, and
SAF—Southern Africa, as shown in (a). Note the different y-axis range on panel (d) compared to the others.

pattern of the impact of SAI1.5 is noted for the near-future period, albeit with lower intensities of PRCPTOT,
change across all regions (figures S1(a)—(c)). These projected decreases in PRCPTOT have been attributed to
a shift towards days with less intense rain and fewer very intense rain days (Camilloni et al 2022, Tye et al
2022).

For RX1D and RX5D (figures 2(d)—(i)), which represent daily and 5 d heavy precipitation extremes,
SSP2-4.5 induces increases of +6 mm d ™! to +15 mm 5 d ! respectively in EAF and SAF respectively. In
contrast, SAI1.5 substantially weakens these extremes, especially over SAF and central regions, leading to
reductions of ~5 mm d~!'-30 mm 5 d~! in both RX1D and RX5D (figures 2(f) and (i)). For the near-future
period, areas show similar responses for both RX1D (figures S1(d)—(f)) and RX5D (figures S1(g)—(i)),
although their magnitudes are much smaller in comparison with the mid-future period.

The R95p, the total precipitation from very wet days of precipitation index (figures 2(j)—(1)), reveals the
largest SSP2-4.5-driven increases (+80 mm yr—!) in EAF and CAF, alongside decreases in western WAF
(=25 mm yr—1). These increases are mitigated under SAI1.5, with large reductions across southern WAF
(=30 mm yr—!), CAF and EAF (-00 mm yr—!) (figure 2(1)).

The N95 index, representing the number of very wet days per year (figures 2(m)—(0)), increases under
SSP2-4.5 by 1 to days yr ! in EAF and CAF, while under SAI1.5 with respect to control period, these
increases are either diminished or reversed across SAF and WAF (—0.5 to —1.5 d yr—!). Under SAI1.5
(figure 2(0)) there are significant reductions in very wet days compared to SSP2-4.5. The response is
consistent across sub-regions in the near future (figures S1(j)—(1)). We also note that increases and decreases
in the N95 index generally coincide with areas of significant changes in the R95p index.

3.2.2. Dry spells, persistent rainfall, and rainfall intensity
The projected changes in dry and wet spell behavior, along with rainfall frequency and intensity, are shown
in figure 3. Consecutive dry days (CDD) under SSP2-4.5 (figure 3(a)) are projected to increase markedly over
western NAF and southeastern SAF (+6 to +12 d yr—!), while reductions occur in EAF and central to
eastern NAF (—6 to —18 d yr—1). SAIL.5 relative to control period (figure 3(b)) shows an amplification of
CDD across SAF and CAF (~14 d yr~!) and reduces dry spell durations in NAF and WAF. The response
under SSP2-4.5 is largely offset in parts of WAF although an increase is western CAF persists (figure 3(c)).

In contrast, consecutive wet days (CWD) is projected to decrease under SSP2-4.5 by —4 to —16 d yr™!
along the Gulf of Guinea and CAF (figure 3(d)). Under SAIL.5 relative to the control period (figure 3(e)),
CWD is projected to decrease in the magnitude of this pattern, yielding —2 to —4 d yr™!, particularly over
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Figure 2. Projected changes in total rainfall, wettest day, wettest pentad, very wet days precipitation, and very wet days
(PRCPTOT, RX1D, RX5D, R95p, N95) for the mid-future period (2050-2069) relative to the control period (CTL; 2015-2034).
Panels (a), (d), (g), (j) and (m) show changes under SSP2-4.5, panels (b), (e), (h), (k) and (n) under SAI1.5, and panels (c), (f),
(1), (1) and (o) show the difference between SAIL.5 and SSP2-4.5. The five African sub-regions used in the analysis are shown in
(a). Stippling indicates grid points where changes are significant at the 5% level using the one-sided Student’s ¢-test.

CAF and southern WAF. SAI1.5 flips the drying in these regions with increased wet days (+3 to +6 d yr—!)
(figure 3(f)).

For R20mm (figures 3(g)—(i)), SSP2-4.5 projects slight increases in EAF and CAF (+1to +6 d yr™!),
with decreases of —1to —6d yr_1 across western WAF. SAI1.5, relative to control period, moderates these
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Figure 3. Projected changes in consecutive dry days (CDD), consecutive wet days (CWD), very heavy precipitation days
(R20 mm), and the simple daily intensity index (SDII) for the mid-future period (2050-2069) relative to the control period (CTL;
2015-2034). Panels (a), (d), (g) and (j) show changes under SSP2-4.5, panels (b), (e), (h) and (k) under SAI1.5, and panels (c),
(f), (i) and (1) show the difference between SAI1.5 and SSP2-4.5. The five African sub-regions used in the analysis are shown in
(a). Stippling indicates grid points where changes are significant at 5% level using the one-sided Student’s t-test.

shifts (figure 3(h)), resulting in mostly neutral responses (—2 to +2 d yr!). The responses in the SSP2-4.5
are offset under SAI1.5 with CAF and EAF projected to experience widespread reductions (—2 to —6 d yr™!)
in very heavy rainfall days (figure 3(i)).

The simple daily intensity index (SDII), which reflects average rainfall intensity on wet days, increases by
+0.3 to +1 mm d~! in EAF and CAF under SSP2-4.5 (figure 3(j)), while SAI1.5 with respect to control
shows moderate responses across most regions to —0.3 to +0.6 mm dayr—! (figure 3(k)). SAI1.5 largely
mitigates the impacts of climate change, reducing the increase in SDII produced by SSP2-4.5 (figure 3(1))
leaving relatively muted changes (figure 3(k)). A similar pattern is observed in the near-future period with
lower magnitudes (figures S2(j)—(1)). These changes are consistent with the near-future period albeit at lower
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Figure 4. Projected mean regional differences between SAI and SSP2-4.5 scenario for precipitation extreme indices for the
mid-future period (2050-2069). Shown are consecutive dry days (CDD; d yr—!), consecutive wet days (CWDj; d yr—1), very heavy
precipitation days (R20mm; d yr—!), simple daily intensity index (SDII; mm d~!), annual wet-day precipitation total
(PRCPTOT; mm yr~—!), annual maximum 1-day precipitation (RX1D; mm d~!), annual maximum 5 d precipitation (RX5D;
mm 5 d~!), annual precipitation from wettest days (R95p; mm yr—!), and frequency of wettest days (N95; days yr—!). Regions
are North (NAF), West (WAF), East (EAF), Central (CAF), and Southern (SAF) Africa. Positive values indicate higher index
values under SAI relative to SSP2-4.5; negative values indicate reductions.

magnitudes. It is also worth noting that different SAI strategies may yield different outcomes for these
responses.

3.2.3. Quantifying changes in precipitation extreme indices

We quantify the changes in precipitation extremes by examining the mean differences between SAI and
SSP2-4.5 scenario for the five African subregions (figure 4). The analysis highlights considerable regional
heterogeneity in SAI impacts relative to SSP2-4.5.

For CDD, we find reductions of about 4 d yr_1 over NAF and WAF, whereas CAF and SAF experience
notable increases (~2-3 d yr—!) suggesting SAI may enhance dryness in the southern regions while
alleviating it in parts of the north and west. In contrast, CWD show modest increases in WAF and CAF
(~0.5-1 d yr!) but decrease in SAF (—0.5 d yr—!) indicating potential reduction in wet spells. The R20 mm
index exhibits widespread declines, with CAF and SAF showing the most pronounced reductions
(approaching —1 d yr™!). The SDII also consistently decreases across all regions, with strongest signal in SAF
(~—0.2 d yr7!), implying lower daily rainfall intensity under SAI relative to SSP2-4.5.

For PRCPTOT is projected to increase over WAF (+30 mm yr~!), but decline sharply in EAF, CAF and
SAF (up to —40 mm yr~!). This spatial contrast underscores the differentiated hydrological response to SAI
across Africa. Extreme precipitation metrics; RX1D, RX5D, and R95p follow similar patterns, with marked
reductions in SAF and CAF (up to —4 mm d~! for RX1D and —6 mm 5 d~! for RX5D in SAF), highlighting
a substantial weakening of extreme rainfall events. Lastly, the N95 index suggests a consistent reduction in
extreme wet days across CAF, SAF, and EAF (up to —0.8 d yr_l), whereas changes in NAF remain minimal.

In the near-future period (figures S6 and S7), reductions in extreme wet-day indices, such as RX1D,
RX5D, R95p, and N95, are evident but generally smaller in magnitude compared to the mid-future period,
particularly over CAF and SAF, where mid-future declines are nearly twice as large. Similarly, decreases in
SDII and PRCPTOT are more modest in the near future but intensify by mid-century, with SAF showing the
most pronounced reductions. Changes in CDD and CWD exhibit consistent spatial patterns across both
periods, though with stronger responses in the mid future, notably the larger increases in CDD over SAF and
CAF. These results highlight that the dampening effect of SAI on extreme rainfall and wet-day totals
strengthens over time, underscoring the growing hydrological divergence from SSP2-4.5 as the century
progresses. These findings are consistent with previous studies (e.g. Camilloni et al 2022, Tye et al 2022),
which report that SAI generally reduces the intensity and frequency of extreme rainfall, particularly in
regions where SSP2-4.5 would otherwise lead to intensification.
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Figure 5. Violin plots showing the Kernel density estimation (KDE) for indices during the mid-future period (2050-2069). Plots
show the difference in distributions calculated as SAI—SSP. The colors blue, orange, green, red, and purple represent North
(NAF), West (WAF), East (EAF), Central (CAF), and Southern (SAF) Africa, respectively.

The KDE plots (figure 5) illustrate the probability distribution of the temporal average anomalies in the
ensemble members relative to the mean value of the control. Longer tails represent more extreme cases,
indicating a higher likelihood of occurrence. In figure 5, values on the positive side indicate increases in the
index under SAI1.5 relative to SSP2-4.5, while negative values reflect the opposite. Generally, figure 5 shows
longer and thinner tails for most indices and regions. For example, in figure 5(a), CDD shows a higher
probability of reduction under SAI-1.5 relative to SSP2-4.5 in most regions, with a mean shift of
approximately —2 d. This suggests that under SAI-1.5, CDD is projected to decrease by about 2 d in most
areas, particularly pronounced over NAF, WAF, and EAFE.

For CWD, the average change across most regions is ~0 (as shown by the white dashed lines within the
KDE plots), although the distributions exhibit longer tails on both sides, indicating varied responses under
SAI-1.5. These results align with the spatial patterns shown in figure 3 (row 2).

The KDE plots for R20 mm and SDII suggest average decreases of ~2 d yr~! and ~0 d yr—!, respectively.
Notably, PRCPTOT is generally projected to decrease by ~25-50 mm in EAF, CAF, and SAF, while WAF
emerges as the most sensitive region, with a marked increase and a more dispersed distribution.

Declines are also projected for RX1D, RX5D, R95p, and N95 in EAF, CAF, SAF, and WAFE. We should
mention that NAF shows smaller distributions centered around 0 for most indices, suggesting minimal
changes under SAI-1.5 relative to SSP2-4.5. These findings are consistent with the smaller changes presented
over NAF in earlier figures. Our results for the mid-future period (figure 5) are generally in tandem with
results for the near-future period (figure S8), however, the intensities of observed changes are smaller
compared to the mid-future results (see supplementary figures S8—512).

1

4. Conclusion

SAI has been proposed as a potential method to offset some impacts of global warming, serving as a
temporary measure while more comprehensive strategies to reduce anthropogenic carbon emissions are
implemented (Keith and Irvine 2016, MacMartin et al 2018, Tilmes et al 2020). However, it is widely
recognized that SAI broadly could produce both benefits and drawbacks, thus thorough evaluation of the
associated trade-offs and risks (Carlson and Trisos 2018, Usha et al 2024) is crucial. To contribute to this
ongoing discussion, we have provided an assessment of the projected changes in extreme precipitation over
Africa under the SSP2-4.5 medium-range emission scenario with a focus on the mid-future (2050-2069)
relative to the control period (2015-2035).

Our results show that SAI1.5 substantially alters the precipitation response over Africa. SAI1.5
counteracts much of the projected decrease in total precipitation (PRCPTOT) over WAF, confining the
drying signal to its southern portion. At the same time, it reverses the large SSP2-4.5-driven increases over
EAF and CAE resulting in widespread reductions in total precipitation. These shifts suggest that SAI1.5
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introduces a redistribution of hydroclimate responses rather than a uniform dampening. Notably, the
reduction in PRCPTOT seen in this SSP2-4.5 medium emissions scenario agrees with findings under the
high-emissions scenarios, RCP8.5 (Da-Allada et al 2020, Pinto et al 2020, Patel et al 2023).

SAIL.5 significantly dampens increases in extreme precipitation indices such as RX1D, RX5D, R95p, N95,
and SDII, all of which are projected to intensify under SSP2-4.5. For instance, regional mean differences
between SAI1.5 and SSP2-4.5 scenario show a consistent decrease across WAE, EAF, CAF and SAF for these
indices. These effects are consistent across both near-and mid-future periods and align with earlier studies
suggesting that SAI may suppress the frequency and intensity of very wet days by shifting rainfall
distributions toward more moderate events (Camilloni ef al 2022, Tye et al 2022). Such changes may reduce
flood risk in some regions but could also impact water availability in areas that depend on intense rainfall
events to meet seasonal water needs.

The influence of SAI1.5 on dry and wet spell behavior is similarly complex and regionally varied. CDD
increase substantially in southern Africa and parts of CAF, while decreasing across NAF, WAF, and SAE.
These shifts may exacerbate drought risk in already water-stressed southern regions, e.g. NAF. Conversely,
CWD are projected to increase under SAI1.5 in CAF and western WAF, while decreasing over EAF and SAF,
suggesting a potential reduction in flood risk in some areas but a possible increase elsewhere. The R20mm
index, which reflects very heavy rainfall days, consistently declines under SAI1.5, particularly in regions
where such events are projected to increase under SSP2-4.5. Similarly, the SDII index, representing mean
rainfall intensity on wet days, is reduced across large parts of the continent under SAI1.5.

A test of the hydrological sensitivity shows that the sign of the change is robust when scaled using the
GMST change for each scenario (see supplemental information figures S3 and S4). Although the overall
precipitation signal is weaker under SAI1.5, consistent with its reduced warming, the precipitation change
per degree of warming (hydrological sensitivity) is often larger in magnitude under SAI1.5 compared to
SSP2-4.5. For instance, over WAF the change is larger under SAI1.5 in comparison to SSP2-4.5 per °C.

We emphasize that these findings are based on a single model (CESM2) and a single stabilization scenario
(SSP2-4.5) using the ARISE-SAI-1.5 experimental design. As such, the conclusions should be interpreted
within this framing. Different models, SAI deployment strategies, or emission pathways, such as SSP3-7.0
and SSP4-6.0 could yield substantially different results (e.g. Pinto et al 2020, Tye et al 2022). To enhance the
robustness and credibility of future assessments, additional model intercomparison efforts are needed, and
similar analyses are proposed to be applied to existing and upcoming simulations within the Geoengineering
Model Intercomparison Project (Visioni et al 2022). Adding to this, further research is also needed to
understand why these patterns occur. The aforementioned would help constrain uncertainties and better
inform decision-making, especially for climate-sensitive sectors across Africa.
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