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Abstract 28 

Three Coupled Model Intercomparison Project 5 (CMIP5) models that simulated the G4 29 

experiment of the Geoengineering Model Intercomparison Project (GeoMIP) were used to 30 

investigate the impact of stratospheric aerosol injection (SAI) on combined temperature and 31 

precipitation extremes in Africa that can have greater negative impacts on human and the 32 

environment than individual rainfall or temperature extremes. The examined compound 33 

extremes included the dry (Rwarm׀dry and Rcold׀dry) and wet (Rwarm׀wet and Rcold׀wet) modes 34 

assessed during the injection (SAI, 2050-2069) and post-injection (postSAI, 2070-2089) 35 

periods compared with the historical period (1986-2005). We found a significant projected 36 

change in the occurrence of both wet and dry modes during SAI and postSAI related to the 37 

historical period. The magnitude and sign of this change depend on the season and the 38 

geographical location. During the SAI and postSAI, the wet (Rwarm׀wet and Rcold׀wet) modes are 39 

projected to be significantly lower while the dry modes are noted to increase in a large part of 40 

African continent depending on the season and the geographical location and may 41 

consequently leads to an increase of the droughts prone areas. The termination effect is noted 42 

to reduce the occurrence of dry modes, which may reduce the potential negative effects of the 43 

injection after halting. As the effect may vary from one region to another and according to the 44 

season, it suggested assessing the key sector impacts of SAI. Thus, this change in dry modes 45 

due to SAI could affect all activities which depend on water resources such as water supply, 46 

agriculture and food production, energy demand, and production with adverse effects on 47 

health, security, and sustainable development, but this needs to be assessed and quantified at 48 

regional scales. 49 

Keywords: GeoMIP, Compound extremes, Stratospheric aerosol injection, Injection effect, 50 

Termination effect 51 

 52 
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 53 

1. Introduction 54 

To meet the Paris Agreement goal of keeping mean global rises below 1.5°C, mitigation 55 

measures to reduce greenhouse gases have been agreed upon at the state level in association 56 

with adaptation measures. Additionally, solar radiation management (SRM) technologies 57 

may play a potential future role in meeting the Paris Agreement (Nicholson et al 2018), 58 

although their impacts and the effects of terminating SRM are not yet well understood 59 

(Rabitz 2018). Much further research on SRM global-scale environmental, and social is 60 

required, while ethical and governance issues have been clearly stated. Continental- and 61 

local-scale studies on the implications of SRM are rare, especially in African subregions. 62 

Stratospheric aerosol injection (SAI) is an untested geoengineering technique that creates an 63 

aerosol layer of aerosols, commonly assumed to be sulfuric acid and precursors in the 64 

stratosphere to scatter incoming solar radiation in the atmosphere. Indeed, SAI has recently 65 

received increased scientific attention (NASEM, 2021). The aim is to imitate the effects of 66 

explosive volcanic eruptions that are known to cool the planet (Budyko 1977, Crutzen 2006). 67 

The eruption of Mt. Pinatubo in 1991, which injected approximately 20 megatons of sulphur 68 

dioxide into the atmosphere cooled the planet and produced other climate impacts (Robock 69 

2000; Rahm 2018). Although this idea seems to be a prominent domain, scientific knowledge 70 

of the probable impacts of the process on developing countries is rare. The effectiveness of 71 

SAI as well as its implications on temperature and precipitation extremes in African regions 72 

are nascent (Obahoundje et al 2022). Several existing studies are based on the 73 

Geoengineering Large Ensembles (GLENS) simulations, an extreme example of offsetting all 74 

climate change from Representative Concentration Pathway 8.5 (RCP8.5) from 2020 through 75 

2100 (Tilmes et al., 2018). Under GLENS, over the African continent, SAI could 76 

significantly reduce temperature means and extremes (Pinto et al 2020). Over West Africa, 77 
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the surface temperatures across a range of indices including cold days, cold nights, and cold 78 

spell duration during 2070-2090 would be effectively maintained to the current-day level 79 

(when compared to the control period, 2010–2030, RCP8.5) under the GLENS simulation 80 

(Alamou et al 2022). The effect on precipitation, however, is not as linear (Pinto et al 2020).  81 

Precipitation is projected to increase by 45%, 20%, and 5% during the monsoon period in the 82 

Northern Sahel, Southern Sahel, and Western Africa regions, respectively, under RCP8.5. 83 

Under GLENS simulations, by comparing 2050–2069 relative to the current climate (2010–84 

2029 with RCP8.5), West African summer monsoon (during July August September-85 

October) rainfall is virtually unchanged in the Northern Sahel region but declines by 4% 86 

(0.19± 0.22 mm) and 11% (0.72 ±0.27 mm) in the Southern Sahel and Western Africa 87 

regions, respectively (Da‐Allada et al 2020). In the far future (2070–2090), GLENS reveals a 88 

significant increase in the total annual and extremes precipitation but the magnitude of 89 

change may vary according to the geographical location of each sub region of the West 90 

Africa (Alamou et al 2022). These changes in extreme precipitation indices are associated 91 

with changes in the Atlantic Multidecadal Oscillation, NINO3.4 (average SST anomalies in 92 

the NINO3.4 region over 5°N to 5°S, from 170°W to 120°W), and the Indian Ocean Dipole, 93 

and driven by changes in near-surface specific humidity and atmospheric circulation (Alamou 94 

et al 2022). Overall, the GLENS simulations may affect all processes involved in 95 

precipitation mechanism (Karami et al 2020).  Geoengineering could offset the projected 96 

end-of-century risk of 'Day Zero' level droughts by approximately 90%, keeping the risk of 97 

such drought similar to the risk in Cape Town, South Africa today (Odoulami et al 2020). 98 

Most the studies of the Stratospheric Aerosol Geoengineering impacts over Africa made the 99 

use of GLENS, but few s focuses on the implication of Geoengineering Model 100 

Intercomparison Project (GeoMIP) especially its forth standardized simulation G4 involving 101 

increased amounts of stratospheric sulfate aerosols or SAI. Specifically, the implications of 102 

SAI on climate extreme events and compound extremes in African subregions are not known. 103 
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Moreover, the difference between SAI-based climate simulations performed with the 104 

GeoMIP and Phase 5 of the Coupled Model Intercomparison Project (CMIP5) is not well 105 

known in Africa. 106 

Availability and accessibility of daily meteorological data are limited, hence assessing the 107 

occurrence of and variability in extreme events at continental, regional, national, and local 108 

scales is complex. To overcome this obstacle, the evolution of extreme climate events over 109 

the regions is characterized using models or reanalysis products. Climate extreme events such 110 

as floods and droughts have become common in Africa (Leonard et al 2014) and are 111 

responsible for many of the most severe weather-related and climate-related impacts 112 

experienced on the continent (Zscheischler et al 2020). For instance, the observed climate 113 

extreme events including flooding and drought in West Africa during the last 30 years can be 114 

explained by the fact that the rainfall events have become less frequent but more intense 115 

along the coast of the Gulf of Guinea while the Sahel part has become wetter associated with 116 

shorter and frequent dry spells (Bichet and Diedhiou 2018a, 2018b). An increase in the co-117 

occurrence of extreme weather events can have many negative effects on society in African 118 

countries wherein the populations are largely dependent on rainfed agriculture (over 95% of 119 

African food production is rainfed, according to Abrams (2018)) and hydroelectricity 120 

(Falchetta et al 2019). 121 

Compound precipitation and temperature extremes, which are also known as simultaneous or 122 

coincident extremes, contribute to societal and environmental risks. These concomitant 123 

events can have greater negative effects on human health and the environment than individual 124 

rainfall or temperature extremes (Leonard et al 2014). Compound extremes are categorized 125 

into four groups depending on the characteristics of their occurrence, namely, preconditioned, 126 

multivariate, temporally compounding, and spatially compounding events (Zscheischler et al 127 

2020). In the past, the occurrence of compound warm spells and droughts in the 128 



6 

 

Mediterranean Basin, including northern Africa, has been noted to have increased 129 

significantly (Vogel et al 2021), while compound drought and extreme heat events have 130 

increased in large areas of Europe, namely, in parts of Western Europe, Italy, the Balkan 131 

Peninsula, and Northern and Eastern Europe (Bezak and Mikoš 2020) as well as in China (Yu 132 

and Zhai 2020) and the USA (Alizadeh et al 2020). These trends have attracted scientific 133 

interest. Thus, studies on projected compound climate extremes are increasing worldwide 134 

(Aghakouchak et al., 2020; Leonard et al., 2014; Seneviratne et al., 2012), especially in 135 

China (Zhan et al 2020, Zhou and Liu 2018, Lu et al 2018, Chen et al 2019, Zhang et al 136 

2018, Hao et al 2018b), the USA (Tavakol et al 2020) and Africa (Weber et al 2020, Diba et 137 

al 2021), due to the large impacts these extreme events have on humans and ecosystems. 138 

Changes in the severity of compound drought and hot extreme events have been projected for 139 

global land areas (Hao et al., 2018; Sedlmeier et al., 2018; Wu et al., 2021). For instance, 140 

climate model projections under RCP8.5 scenario show that the global land (Hao et al 2018a) 141 

and cropland areas affected by compound dry and hot events will increase by 1.7-1.8 times 142 

by the end of the twenty-first century (Wu et al 2020). In 2050-2099, the spatial extent of 143 

global land areas affected by dry and hot compounds during the June-July-August 144 

(December-January-February) season will increase by 12.38-17.20 % (7.83-11.19 %) 145 

compared to 1950-1999, while the spatial extent of global cropland areas affected by the 146 

same events will increase by 14.69-19.63 % (9.60-14.48 %) (Wu et al 2020). Combinations 147 

of temperature (cold or warm) and precipitation (wet or dry) extremes have indicated that the 148 

frequency of cold modes (cold׀dry and cold׀wet) will significantly decrease (Beniston 2009) 149 

while warm modes (warm׀dry and warm׀wet) mode will sharply increase in the 21st century 150 

in Europe (Sedlmeier et al 2018). Climate extremes co-occurrence expose increasingly large 151 

populations to the devastating effects of repeat, chronic, and sequential natural disasters 152 

(Drakes and Tate 2022). 153 
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Generally, there is little literature addressing the climate extremes compound in Africa. The 154 

existing studies have mainly focused on extremes based on a single variable, such as 155 

intense/low precipitation, maximum/minimum temperatures (Diba et al 2021), or the 156 

exposure risk of continents to the occurrence of heatwaves, droughts, and intense rainfall 157 

events (Diedhiou et al 2018); however, less attention has been given to the co‐occurrence of 158 

these extremes (Weber et al 2020). There is a lack of understanding of the compound impacts 159 

resulting from concomitant temperature and precipitation stress in Africa (Niang et al 2014). 160 

Therefore, a better understanding of compound events could help policymakers, local 161 

populations, and scientists develop strategies and adaptation measures (Zscheischler et al 162 

2018). Weber et al. (2020) found that all addressed compound climate extremes are projected 163 

to increase in frequency, and the changes will be greater under scenarios with more warming. 164 

Weber et al. (2020) also highlighted that the population exposure will be greater under 165 

RCP8.5 than under RCP2.6 and that West Africa, Central‐East Africa, and Northeast and 166 

Southeast Africa are most at risk. Changes in the occurrence of climate compound extremes 167 

have been found to impact hydrological systems (Hao et al., 2018) increased wildfire risks, 168 

water availability, human mortality, energy demand and supplies, crop production, food 169 

security, and flash flooding (Weber et al 2020). Diba et al. (2021) predicted the strong 170 

occurrence of the extreme wet/warm mode over West-central and southern Senegal and an 171 

increase in the dry/warm mode over northwest, central-west, and southwest Senegal in the 172 

future. The wet/warm mode will decrease over north-western, central, and southern Senegal 173 

in the near future and over the whole country of Senegal in the far future. Compound 174 

extremes exhibit large spatial variability in Africa motivating investigation in each African 175 

subregion based on the CMIP5 experiments as well as GeoMIP simulations of SAI. We 176 

explore the projected implication of SRM technology on the occurrence of the four 177 

compound extreme modes. Specifically differences between the GeoMIP G4 SAI experiment 178 

and the modest greenhouse gas emission RCP4.5 scenario experiments in the occurrence of 179 
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climate (temperature and precipitation) compound extremes. Additionally, we consider the 180 

termination effects of SAI on climate compound extremes in Africa. This study aims (i) to 181 

evaluate the changes in extreme compounds of precipitation and temperature-induced by SAI 182 

under G4 and RCP4.5 simulations during the deployment of SAI, (ii) to determine the effects 183 

of SAI cessation, and (iii) to assess the regional implications of SAI during the different 184 

seasons.  185 

 186 

2. Data and Methodology 187 

The extreme compounds of temperature and precipitation were computed from three Earth 188 

System Models (ESM) that simulated the GeoMIP experiment G4 (Kravitz et al 2011). This 189 

experiment involves daily injections of SO2 at a rate of 5 Tg yr−1 into the equatorial lower 190 

stratosphere (∼16–25 km in altitude) from 2020 to 2069 while the representative 191 

concentration pathway (RCP) 4.5 scenario defines greenhouse gas (GHG) emissions (Fig 1). 192 

The SAI stops in 2069, but the experiment continues for an additional 20 years to 2089 with 193 

only GHG forcing, as specified by RCP4.5 (Kravitz et al 2011). We used MIROC-ESM 194 

(Watanabe et al 2011), MIROC-ESM-CHEM (Watanabe et al 2011), and CanESM2 (Arora 195 

et al 2011) ESM all with an atmospheric resolution of 2.81°. These models were chosen 196 

based on the completeness of the data for all considered variables and chosen periods. 197 

 198 
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 199 

Figure 1. Schematic of the G4 experiments adapted from Kravitz et al. (2011). This 200 

experiment was based on the RCP4.5 scenario, wherein immediate negative radiative forcing 201 

is produced by an injection of SO2 into the tropical lower stratosphere at a rate of 5 Tg per 202 

year. 203 

The changes in compound extremes during the injection (2050-2069) and post-injection 204 

(2070-2089) periods relative to the historical period (1986-2005) were assessed on the 3-205 

monthly (seasonal) scale. The future change was computed as the difference between the 206 

mean over the future period (two separate periods: the injection and post-injection periods) 207 

and the historical period. The defined seasons are December-January-February (DJF), March-208 

April-May (MAM), June-July-August (JJA), and September-October-November (SON). To 209 

capture the dominant effects of SAI, the G4 simulations were compared to RCP4.5 during the 210 

injection period as well as the post-injection period. The termination effect was computed by 211 
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comparing the mean values over the injection period to the post-injection effects when SAI 212 

was abruptly terminated. 213 

A Student's t test was used to evaluate the significance of the mean differences between the 214 

two simulations (G4 and RCP4.5) and periods. The advantages of Student’s t test compared 215 

to non-parametric tests for such applications are described by Lydersen (2015). The details of 216 

its computation can be found in Janssen (2005). For the analyses presented here over 20 years 217 

(2050-2069 for changes during the SAI period) and 20 years (2070-2089 for changes during 218 

the post-injection period), statistically significant values are defined at the 95% confidence 219 

level.  220 

The different African subregions that we evaluated in this study are presented in Fig 2, and 221 

their geographical boundaries are summarized in Table 2. These subregions are consistent 222 

with those identified in the IPCC SREX  (e.g., Giorgi and Francisco 2000; Seneviratne et al. 223 

2012). 224 

 225 

Figure 2. Map of African countries in different subregions. 226 

Table 2: Definitions of the African subregions used for this study. 227 
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Region Longitude Latitude 

East Africa (EAF) 30° – 52°E 10°S – 20°N 

North Africa (NAF) 18°W – 40°E 20° – 38°N 

South Africa (SAF) 10° – 52°E 10° – 36°S 

West Africa (WAF) 18°W – 30°E 10°S – 20°N 

We computed the extreme indices of precipitation (dry and wet) and temperature (warm and 228 

cold) according to the World Meteorological Organization (WMO) guidelines (Klein Tank et 229 

al 2009). A compound extreme event may be defined as two or more extreme events 230 

occurring simultaneously or sequentially or a combination of events that are not themselves 231 

extremes but lead to an extreme event or impact when combined (Seneviratne et al 2012).  232 

A wet day is with precipitation above the 90th percentile of seasonally averaged daily 233 

precipitation, while a dry day is with precipitation below the 10th percentile. A cold day refers 234 

to a day with a temperature below the 10th percentile of seasonally averaged minimum daily 235 

temperatures, while a warm day corresponds to a day with a temperature above the 90th 236 

percentile of maximum seasonally averaged daily temperatures. When an extreme 237 

precipitation condition (wet/dry) occurs simultaneously with a temperature extreme 238 

(warm/cold), it results in a compound extreme. Here, we give particular attention to four 239 

compound extremes modes: the Rwarm׀dry, Rwarm׀wet, Rcold׀dry, and Rcold׀wet modes that have been 240 

widely used to investigate climate extremes at the regional scale (Diba et al 2021), 241 

continental-scale (Weber et al 2020), and global scale(Leonard et al., 2014; Seneviratne et 242 

al., 2012). The number of days of the occurrence of these defined extremes was computed for 243 

each season and experiment. Then, they were averaged over each season and each experiment 244 

before the assessment of the implication of injection and termination.  245 
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We use four compound extremes namely warm׀dry(Rwarm׀dry), cold׀dry (Rcold׀dry), warm׀wet 246 

(Rwarm׀wet), and cold׀wet (Rcold׀wet). The Rwarm׀dry refers to the total number of days with daily 247 

precipitation below the 10th percentile of average daily precipitation and days with daily 248 

temperatures above the 90th percentile of maximum daily temperatures. The Rcold׀dry stands for 249 

the total number of days with daily precipitation below the 10th percentile of average daily 250 

precipitation and days with daily temperatures below the 10th percentile of minimum daily 251 

temperatures. Rwarm׀wet is defined as the total number of days with daily precipitation above the 252 

90th percentile of average daily precipitation and days with daily temperatures above the 90th 253 

percentile of maximum daily temperatures. Lastly, Rcold׀wet refers to the total number of days 254 

with daily precipitation above the 90th percentile of average daily precipitation and days with 255 

daily temperatures below the 10th percentile of minimum daily temperatures. To enable the 256 

extraction of a relatively large number of compound events for this study, we define dry 257 

conditions using the below 50th percentile of daily precipitation and wet conditions using the 258 

above 50th percentile of daily precipitation as a threshold base on a previous study (Feng et al 259 

2020). The temperature thresholds are kept to 10th percentile of daily minimum temperature 260 

for cold conditions and 90th percentile of the daily maximum temperature for warm 261 

conditions (Feng et al 2020).   262 

 263 

3. Results 264 

3.1. Changes in the occurrence of dry compound modes 265 

The change in the occurrence of compound modes during and after injection related to the 266 

historical period is presented in Appendix A (FigA.1-4) according to the season. By 267 

comparing G4 (SAI and postSAI) to the historical period (1986-2005, See FigA.1 in 268 

appendix), the Rwarm׀dry shows a significant increase in large parts of the continent during all 269 

seasons except the Sahelian band during DJF and SON  and western part of NAF and south-270 
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eastern part of EAF during injection (G4 over 2030–2069 compared to historical run 1986-271 

2005; see FigA.1 b for all seasons). There is no significant change after SAI stoppage (G4 272 

over 2070–2089 compared to historical run 1986-2005; see FigA.1 d for all seasons in 273 

appendix). Rcold׀dry shows a significant decrease in large parts of the continent during DJF, 274 

JJA, and SON  while a significant increase is noted during MAM except over the Sahelian 275 

band during injection (G4 over 2030–2069 compared to historical run 1986-2005; see FigA.2 276 

b for all seasons). There is no significant change after SAI stoppage (G4 over 2070–2089 277 

compared to historical run 1986-2005; see FigA.2 d for all seasons).  278 

Fig 3 presents the changes in the total number of days with daily precipitation below the 50th 279 

percentile of average daily precipitation and days with daily temperatures above the 90th 280 

percentile of maximum daily temperatures (Rwarm׀dry) for DJF (Fig 3a-c), MAM (Fig 3d-f), 281 

JJA (Fig 3g-i) and SON (Fig 3j-l). 282 

During the injection period, the occurrence of the Rwarm׀dry mode compound extreme is 283 

simulated to be lower in G4 than in RCP4.5 over the NAF and Sahelian bands of WAF and 284 

EAF subregions during DJF (Fig 3a) while significantly greater over the tropical band for the 285 

remain seasons MAM, JJA, SON (Fig 3d,g,j).  The spatial distribution depends on the season. 286 

However, the termination of SAI (2070-2089, compared to the 2050-2069 period in G4) is 287 

noted to lead to a significant decrease in the occurrence of the Rwarm׀dry mode over the whole 288 

continent for all seasons (Fig3b,e,h,k) except the Sahelian band during DJF and SON seasons 289 

(Fig 3b,k). The occurrence of the Rwarm׀dry mode due to the termination effect in G4 will be 290 

greater than that in RCP4.5 in large parts of the African continent during all seasons DJF, 291 

MAM, JJA, SON (Fig 3c, f, i, l). 292 

 293 
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 294 

Figure 3. Three model ensemble mean changes in warm-dry compound extreme events in 295 

different seasons: DJF (first column), MAM (second column), JJA (third column) and SON 296 

(fourth column). NB: The black dots on the maps delimit areas with significant changes at the 297 

95% confidence level; the SAI period refers to 2050-2069 and the postSAI period refers to 298 

2070-2089. The first row of figures (3a, 3d, 3g and 3j) compares the G4 to RCP4.5 299 

experiments during the injection period (SAI, 2050-2069). The second row of figures (3b, 3e, 300 

3h and 3k) shows the termination effect by comparing changes between the post-injection 301 

period (postSAI or 2070-2089) and the injection period (SAI or 2050-2069) in the G4 302 

experiment. Last, the third row of figures (3c, 3f, 3i and 3l) compares the changes between 303 

G4 and RCP4.5 during the post-injection (postSAI) period. 304 

Fig 4 presents the changes in the occurrence of the total number of days with daily 305 

precipitation below the 50th percentile of the average daily precipitation and days with daily 306 
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temperatures below the 10th percentile of minimum daily temperatures (the Rcold׀dry mode). 307 

The Rcold׀dry mode is presented according to the season, namely, DJF (Fig 4a-c), MAM (Fig 308 

4d-f), JJA (Fig 4g-i) and SON (Fig 4j-l). 309 

During the injection period, the occurrence of the Rcold׀dry mode compound extreme is 310 

simulated to be greater in G4 than in RCP4.5 over the whole African continent (with 311 

significantly greater occurrences in some subregions during some seasons) except in the 312 

central of SAF during MAM, Sahelian band and Gulf of Guinean during JJA (Fig 4a, d, g, j).  313 

The spatial distribution depends on the season (Fig 4a, d, g, j). However, the termination of 314 

SAI (2070-2089, compared to the 2050-2069 period in G4) is noted to lead to a significant 315 

increase in the occurrence of the Rcold׀dry mode over the whole continent for all seasons except 316 

over NAF and northern of WAF and EAF during MAM, and northern of NAF during JJA 317 

(Fig 4b, e, h,k)). The occurrence of the Rcold׀dry mode due to the termination effect in G4 will 318 

be greater than that in RCP4.5 in large parts of the African continent during DJF, JJA, and 319 

SON (Fig 4c, i, l).  320 
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 321 

Figure 4. Three model ensemble mean changes in Rcold׀dry compound extreme events in 322 

different seasons: DJF (first column), MAM (second column), JJA (third column) and SON 323 

(fourth column). NB: The black dots on the maps delimit areas with significant changes at the 324 

95% confidence level; the SAI period refers to 2050-2069, and the postSAI period refers to 325 

2070-2089. The first row of figures (4a, 4d, 4g and 4j) compares the G4 experiment to 326 

RCP4.5 during the injection period (SAI, 2050-2069). The second row of figures (4b, 4e, 4h 327 

and 4k) shows the termination effect by comparing the changes between the post-injection 328 

period (postSAI or 2070-2089) and the injection period (SAI or 2050-2069) in the G4 329 

experiment. Last, the third row of figures (4c, 4f, 4i, and 4l) compares the changes between 330 

G4 and RCP4.5 during the post-injection period (postSAI). 331 

 332 

3.2. Change in the occurrence of the compound wet modes 333 



17 

 

When comparing G4 (ASI and postSAI) to the historical period (1986-2005, See FigA.3b in 334 

of all seasons in appendix), the Rwarm׀wet is noted to decrease significantly during DJF(over 335 

the Sahelian band and NAF), MAM(Sahelian band and eastern NAF), JJA(SAF) and SON 336 

(SAF associated with a significant increase over NAF) during the injection. The termination 337 

effect may lead to a significant decrease in the occurrence of Rwarm׀wet events in some parts of 338 

the continent depending on the season (See FigA.3 d of all seasons). By comparing G4 (ASI 339 

and postSAI) to the historical period (1986-2005, See FigA.4b in of all seasons in appendix), 340 

the Rcold׀wet is noted to decrease significantly over extratropical bands (SAF and NAF) and 341 

tropical bands (WAF and EAF) during JJA and SON during the injection.  The termination 342 

effect may significantly increase the occurrence of Rcold׀wet events over SAF during DJF and 343 

over WAF and some parts of SAF and NAF during JJA (See FigA.4d of all seasons).  344 

Fig  5 presents the changes in the occurrence of the total number of days with daily 345 

precipitation above the 50th percentile of average daily precipitation and days with daily 346 

temperatures above the 90th percentile of maximum daily temperatures (the Rwarm׀wet mode). 347 

The Rwarm׀wet mode is presented according to the season, namely, DJF (Fig 5a-c), MAM (Fig 348 

5d-f), JJA (Fig 5g-i) and SON (Fig 5j-l). 349 

During the injection period, the occurrence of the Rwarm׀wet mode compound extreme is 350 

simulated to be significantly lessened in G4 than in RCP4.5 over the whole African continent 351 

(except WAF and NAF during DJF and NAF during the rest of the seasons) (Fig 5a, d, g, j). 352 

However, the termination of SAI (2070-2089, compared to the 2050-2069 period in G4) is 353 

noted to lead to a lower (significant over tropical band during DJF) occurrence of the 354 

Rwarm׀wet mode over the tropical band (WAF and SAF during DJF) and extratropical (SAF 355 

during MAM (Fig 5b, e). During the JJA and SON seasons, a significant decrease is noted 356 

over large parts of the continent (Fig 5h,k). The occurrence of the Rwarm׀wet mode due to the 357 
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termination effect in G4 will be lower (not significant) than that in RCP4.5 in large parts of 358 

the African continent during all seasons (Fig 5c, f, i, l).  359 

 360 

Figure 5. Same as Figure 3 but for warm-wet compound extreme events  361 

Fig  6 presents the changes in the occurrence of the total number of days with daily 362 

precipitation above the 50th percentile of average daily precipitation and days with daily 363 

temperatures below the 10th percentile of maximum daily temperatures (the Rcold׀wet mode). 364 

The Rcold׀wet mode is presented according to the season, namely, DJF (Fig 6a-c), MAM (Fig 365 

6d-f), JJA (Fig 6g-i), and SON (Fig 6j-l). 366 

During the injection and after the stoppage of SAI, there is no change in the occurrence of the 367 

Rcold׀wet mode compound extreme between G4 and in RCP4.5 (Fig.6.a, d, g, j, c, f, i, l). 368 

However, the termination of SAI (2070-2089, compared to the 2050-2069 period in G4) is 369 

noted to lead to a significant increase in the occurrence of the Rwarm׀wet model over 370 
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extratropical bands (western Sahel in WAF and western of NAF, SAF during DJF, southern 371 

of SAF, Gulf of Guinean of WAF, southern of EAF during MAM, entire continent during 372 

JJA and Gulf of Guinea, Central Africa and EAF tropical during SON) (Fig 6b, e, h, k).  373 

 374 

Figure 6. Same as Figure 4 but for cold-wet compound extreme events  375 

 376 

4. Discussion 377 

The frequencies of compound climate extremes have increased over the past seven decades 378 

(He and Sheffield 2020), especially warm modes (Alizadeh et al., 2020; Bezak & Mikoš, 379 

2020; Vogel et al., 2021; Yu & Zhai, 2020), and these frequencies may be further amplified 380 

in the future (Wu et al 2020). Tencer et al. (2016) related these increases in compound 381 
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climate extremes to changes in land-ocean-atmosphere processes due to changes in ocean and 382 

land temperatures.  383 

During SAI, Rwarm׀dry shows a significant decrease in large parts of the continent during DJF 384 

and in some parts of the continent for the rest of the seasons. The reduction in Rwarm׀dry in 385 

large parts of Africa shows the effectiveness of SAI because this mode is projected to 386 

increase (Uǧuz et al 2020)(Zhang et al 2022) due to global warming. The Rcold׀dry shows a 387 

significant increase in large parts of the continent during DJF, MAM and SON associated 388 

with a significant decrease during JJA over the western Sahel and western NAF during 389 

injection and after stoppage. The Rwarm׀wet shows a significant reduction in most parts of the 390 

continent during the injection. This suggests the effectiveness of SAI will in return cools 391 

down the continental surface temperature but increases the number of co-occurrence of dry 392 

events.  393 

Some existing global-scale studies (Aghakouchak et al., 2020; Wu et al., 2020) performed in 394 

Europe (Sedlmeier et al., 2018) and Africa (Weber et al 2020) found that all compound 395 

climate extremes related to the warming mode will increase in frequency depending on the 396 

GHG scenario. Under the RCP8.5 scenario global land and crop areas affected by compound 397 

dry and warm events increase by 1.7-1.8 times by the end of the 21st century (Wu et al., 398 

2020). Weber et al. (2020) showed that the projected increase in the occurrence of compound 399 

climate extremes due to the warm mode will increase the vulnerability of the population 400 

compared to the present day, and this exposure may vary according to region. Regions such 401 

as West Africa, Central‐East Africa, and Northeast and Southeast Africa may be most 402 

exposed to the climate extremes compound effect.  403 

The analysis performed in the current study reveals that the dry modes (Rwarm׀dry and Rcold׀dry) 404 

show a significant increase (G4 compared to RCP4.5) in large parts of the continent during 405 

all seasons while the termination effect may lead to the reduction of the frequencies of 406 
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Rwarm׀dry and increase in co-occurrence Rcold׀dry. A significantly reduction in the co-occurrence 407 

of wet modes (Rcold׀wet and Rwarm׀wet) is noted in large part of the continent during SAI and 408 

postSAI (G4 compared to RCP4.5) while the termination effect will likely increase the 409 

Rcold׀wet  and reduce the Rwarm׀we (postSAI compared to SAI). The spatial distribution of the 410 

difference in the occurrence of dry modes according to the seasons suggests that the 411 

movement of the ITCZ controls these. This is consistent with the well-known globally 412 

lowered precipitation and humidity expected under SAI (Bala et al 2008) inducing more dry 413 

events rather than wet events in Africa. These projected changes in the occurrence of 414 

compound climate extremes may increase the vulnerability of the African population to 415 

changing climatic conditions, which are already challenging to adapt to and mitigate.  416 

Some regions of the world where climate extremes compound were found experience some 417 

negative effects. For instance, during the 1999-2002 and 2009-2010 periods, Mongolian 418 

countries experienced two types of compound climate extremes, namely Rwarm׀dry events 419 

during summer and Rcold׀wet events during winter; these extreme events led to increased 420 

poverty and mass migration from rural to urban areas and from remote to central regions 421 

(Field et al 2011). The occurrence of Rwarm׀dry events leads to a lack of pastureland for 422 

livestock, which is the main economic activity in Mongolia. In China, an increase in observed 423 

compound hots events was noted caused by anthropogenic factors (Wang et al 2022). Indeed, 424 

compound dry and hot events are becoming more common as a result of anthropogenic 425 

forcing at the global and continental scales (Zhang et al 2022). In Africa, the projected 426 

increase in dry modes (Rwarm׀dry and Rcold׀dry) associated with a reduction of wet modes 427 

(Rwarm׀wet and Rcold׀wet) may also lead to droughts, disrupt food and water supplies and 428 

consequently provoke health issues, as shown by Hales et al., (2003). Additionally, this may 429 

intensify the drought-prone areas and increase the dry spells which have become more 430 

frequent in the Guinea zone (Bichet and Diedhiou 2018a) and Sahelian band (Bichet and 431 

Diedhiou 2018b) of WAF. Consequently, these may affect economic factors through 432 
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population displacements, housing/urbanization/population density impacts, and public health 433 

infrastructure impacts and become new transboundary conflictual sources (Brown and 434 

Crawford 2008). Moreover, social factors could be affected by human behavior (water 435 

storage practices), land use (irrigation/forest clearance/livestock), herd immunity, and 436 

nutritional status. Furthermore, the abundance and distribution behaviors of ecological 437 

vectors and pathogens will change due to the increase in the co-occurrence of temperature 438 

and precipitation extremes. The occurrence of the climate extremes compound (increase dry 439 

modes associated with decrease in wet modes) could affect the energy demand, production 440 

(especially hydropower) and distribution factors. Nevertheless, the termination effect is noted 441 

to reduce dry modes (Rwarm׀dry and Rcold׀dry)  and Rwarm׀wet during DJF and MAM with increase 442 

during JJA and SON while Rcold׀wet could increase during DJF(Western Sahel and NAF), 443 

MAM (SAF), JJA (NAF and WAF) and SON(SAF, southern of WAF and EAF). This means 444 

that after halting the injection, the risk of drought could be reduced but exposed the WAF and 445 

NAF regions to the risk of flooding during JJA and SON.  446 

 447 

5. Conclusion 448 

Studies on the incidence of compound temperature and precipitation extreme indices in 449 

Africa in the future are few, and knowledge of the implications of solar radiation 450 

management technologies for these compound extremes is scarce. This paper analyses the 451 

changes in the implications of four different compounds based on dry (Rwarm׀dry and Rcold׀dry) 452 

and wet (Rwarm׀wet and Rcold׀wet) modes using two different simulations. The first simulation is 453 

based on the SAI of the G4 experiment GeoMIP, while the second simulation is based on the 454 

RCP4.5 experiment of the CMIP5 simulation. Three ESM and their ensemble mean 455 

simulations of RCP4.5 (CMIP5) and G4 (GeoMIP) experiments were used to investigate the 456 

impact of SAI and its termination on the temperature and precipitation compound extremes in 457 
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four subregions of Africa. The analysis was based on the injection (SAI, 2050-2069) and 458 

termination (post-injection, 2070-2089) periods. We found that the occurrence of dry modes 459 

(Rwarm׀dry and Rcold׀dry) will increase ( G4 compared to the RCP4.5 experiment) while a 460 

decrease is noted for the wet modes (Rcold׀wet and Rwarm׀wet)  during all seasons (DJF, MAM, 461 

JJA, and SON) during SAI and postSAI. But the magnitude of change varies seasonally and 462 

according to the geographical location related to the movement of the ITCZ position. This 463 

change in the occurrence of dry and wet modes could negatively affect all the activities 464 

sectors from agriculture to food, water resources, energy demand and production, health, 465 

security, socioeconomic, and politic. Nevertheless, the termination may reduce the negative 466 

effects. 467 

A deeper analysis of the implications of the G4 experiment concerning other SAI as well as 468 

different SRM schemes using regional climate models or with advanced statistical methods 469 

would elucidate the African subregional responses. Additionally, bias correcting the model 470 

compound extreme incidences outputs with the available observational datasets, proxy, or 471 

remotely sensed products would improve the reliability of SRM impacts on the hydrological 472 

cycle, water resource availability, agriculture, and energy production. Since rain-fed 473 

agriculture makes up a huge fraction of African economies, such investigations would be a 474 

basic requirement to understand the impacts of compound temperature and precipitation 475 

extremes resulting from SAI geoengineering.  476 
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Graphical abstract 

 

 

 

Figure : Mean changes in warm-dry compound extreme events in different seasons: DJF 

(first column), MAM (second column), JJA (third column) and SON (fourth column). NB: 

The black dots on the maps delimit areas with significant changes at the 95% confidence 

level; the SAI period refers to 2050-2069 and the PostSAI period refers to 2070-2089. The 

first row of figures compares the G4 to RCP4.5 experiments during the injection period SAI. 

The second row of figures compares the changes between G4 and RCP4.5 during the post-

injection (PostSAI) period. 

 




