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Abstract

Anthropogenic aerosol emissions from North America and Europe have strong effects on the decadal variability of the West

African monsoon. Anthropogenic aerosol effective radiative forcing is model dependent, but the impact of such uncertainty on

the simulation of long-term West African monsoon variability is unknown. We use an ensemble of simulations with HadGEM3-

GC3.1 that span the most recent estimates in simulated anthropogenic aerosol effective radiative forcing. We show that

uncertainty in anthropogenic aerosol radiative forcing leads to significant uncertainty at simulating multi-decadal trends in

West African precipitation. At the large scale, larger forcing leads to a larger decrease in the interhemispheric temperature

gradients, in temperature over both the North Atlantic Ocean and northern Sahara. There are also differences in dynamic

changes specific to the West African monsoon (locations of the Saharan heat low and African Easterly Jet, of the strength

of the west African westerly jet, and of African Easterly Waves activity). We also assess effects on monsoon precipitation

characteristics and temperature. We show that larger aerosol forcing results in a decrease of the number of rainy days and

of heavy and extreme precipitation events and warm spells. However, simulated changes in onset and demise dates does not

appear to be sensitive to the magnitude of aerosol forcing. Our results demonstrate the importance of reducing the uncertainty

in anthropogenic aerosol forcing for understanding and predicting multi-decadal variability in the West African monsoon.
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Key points 13 

- Increases in anthropogenic aerosol emissions from North America and Europe can induce a 14 

decrease in West African precipitation 15 

- The sensitivity to anthropogenic aerosol is an important factor in models’ success in 16 

simulating the 1970s and 1980s drought over West Africa 17 

- Uncertainty in anthropogenic aerosol forcing leads to uncertainties in trends in precipitation 18 

and temperature extremes over West Africa 19 

 20 

  21 
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Abstract 22 

Anthropogenic aerosol emissions from North America and Europe have strong effects on the 23 

decadal variability of the West African monsoon. Anthropogenic aerosol effective radiative 24 

forcing is model dependent, but the impact of such uncertainty on the simulation of long-term 25 

West African monsoon variability is unknown. We use an ensemble of simulations with 26 

HadGEM3-GC3.1 that span the most recent estimates in simulated anthropogenic aerosol 27 

effective radiative forcing. We show that uncertainty in anthropogenic aerosol radiative 28 

forcing leads to significant uncertainty at simulating multi-decadal trends in West African 29 

precipitation. At the large scale, larger forcing leads to a larger decrease in the 30 

interhemispheric temperature gradients, in temperature over both the North Atlantic Ocean 31 

and northern Sahara. There are also differences in dynamic changes specific to the West 32 

African monsoon (locations of the Saharan heat low and African Easterly Jet, of the strength 33 

of the west African westerly jet, and of African Easterly Waves activity). We also assess 34 

effects on monsoon precipitation characteristics and temperature. We show that larger aerosol 35 

forcing results in a decrease of the number of rainy days and of heavy and extreme 36 

precipitation events and warm spells. However, simulated changes in onset and demise dates 37 

does not appear to be sensitive to the magnitude of aerosol forcing. Our results demonstrate 38 

the importance of reducing the uncertainty in anthropogenic aerosol forcing for 39 

understanding and predicting multi-decadal variability in the West African monsoon.  40 

 41 

  42 
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Plain language summary 43 

The Sahelian drought of the 1970s and 1980s had consequences on agriculture, economy, and 44 

population migration, among others. The Sahelian drought is known to be partly caused by 45 

emissions of aerosol pollution from North America and Europe, leading to a reduction in 46 

rainfall for West Africa. However, the effect of aerosol pollution on atmospheric radiation – 47 

the light and heat that passes through the atmosphere – is uncertain, and the models we use to 48 

examine past and future climate change show a wide range of responses to these effects. We 49 

use a novel collection of simulations to assess the range of different outcomes for the West 50 

Africa monsoon based on this uncertainty in the effects of aerosol pollution. We show that 51 

simulations in which the atmosphere has a weak response to aerosol pollution do not 52 

reproduce the observed drying trend over West Africa, while simulations with a stronger 53 

atmospheric response to pollution feature a larger drought. This uncertainty in the effects of 54 

aerosol pollution leads to uncertain changes in the West African monsoon winds and rainfall 55 

and in extremes of rainfall and temperature.  56 

 57 

 58 

 59 

  60 
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1. Introduction. 61 

The economies of West African countries strongly rely on the West African Monsoon 62 

(WAM) (Stige et al., 2006), which brings most of the total annual precipitation during the 63 

rainy season (Nicholson, 2013). The inter annual and multi decadal variability of the West 64 

African precipitation hence has strong societal impacts. For instance, a large drought hit the 65 

Sahel in the 1970s and 1980s (Lebel & Ali, 2009; Nicholson, 2013; Sanogo et al., 2015) and 66 

was associated with population migrations and economic loss. Since the 1990s, Sahel 67 

precipitation has increased (Lebel & Ali, 2009; Sanogo et al., 2015). This recovery coincides 68 

with a tripling of extreme storms (Taylor et al., 2012) and an increased flood risk (Elagib et 69 

al., 2021). Moreover, the economies of West African countries strongly rely on agriculture, 70 

which is strongly impacted by the timing of the monsoon (i.e., onset and withdrawal dates) 71 

and by precipitation characteristics, such as the number of wet and dry spells. Therefore, 72 

predicting the multi-decadal evolution of Sahel precipitation is of paramount importance for 73 

populations across West Africa.  74 

Pioneering studies have shown that there is a strong relationship between changes in sea 75 

surface temperature (SST) and precipitation across West Africa (Folland et al., 1984; Palmer, 76 

1986; Rowell et al., 1992). SSTs in the Pacific, Indian, and Atlantic Oceans, and the 77 

Mediterranean Sea all influence West African climate, on a range of time scales (Fontaine et 78 

al., 2011). One of the main identified drivers of the Sahel drought is the shift to a negative 79 

phase of the Atlantic Multidecadal Variability (AMV) (Giannini et al., 2003; Mohino et al., 80 

2011; Martin & Thorncroft, 2014; Monerie et al., 2019). Warming of Mediterranean SSTs is 81 

one of the main drivers of the Sahel precipitation recovery (Park et al., 2016). The Pacific 82 

Ocean also exercises control on decadal trends in precipitation, with a positive phase of the 83 

Interdecadal Pacific Oscillation leading to anomalously low Sahel precipitation in climate 84 

models (Villamayor & Mohino, 2015). 85 
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Simulated trends in West African monsoon precipitation have large biases, with models 86 

underestimating precipitation over West Africa (Monerie et al., 2020), as well as the decadal 87 

variability in Sahel precipitation (Biasutti, 2013). Nevertheless, models of the sixth phase of 88 

the Climate Model Intercomparison Project (CMIP6; (Eyring et al., 2016)) are generally 89 

successful in reproducing the sign of decadal trends of Sahel precipitation (Monerie et al., 90 

2022). The ability of climate models to capture the sign of the decadal trends in Sahel 91 

precipitation, despite uncertainties in the magnitude, implies that these trends are influenced 92 

by external forcings, whose evolutions are shared by all climate models. Simulations have 93 

shown that the global increase in well-mixed Greenhouse gas (GHG) concentrations is 94 

associated with an increase in precipitation over the Sahel (Dong & Sutton, 2015; Herman et 95 

al., 2020; Marvel et al., 2020), while increasing European and North American anthropogenic 96 

aerosol emissions (AA) were a driver of the Sahel drought (Bonfils et al., 2020; Herman et 97 

al., 2020; Marvel et al., 2020; Hirasawa et al., 2020; Monerie et al., 2022). AA perturbs the 98 

heat budget, scattering shortwave radiation back to space, and changing cloud albedo and 99 

lifetime (Collins et al., 2017). Hence, the past increase in European and North American AA 100 

emissions was associated with a decrease in surface air temperature over the Northern 101 

Hemisphere, with a weakening of the interhemispheric temperature contrast (Friedman et al., 102 

2013) and a southward shift of the West African monsoon circulation (Ackerley et al., 2011). 103 

Therefore, changes in AA emissions affect climate by changing SSTs (SST mediated) and 104 

land temperature (non-SST mediated). We still do not fully understand the main mechanism 105 

that allows AA to affect West African precipitation and we do not know how these 106 

mechanisms are sensitive to the magnitude of the AA forcing. 107 

Since the 1980s, AA emissions have decreased over Europe and North America, contributing 108 

to a strengthening of the inter-hemispheric temperature contrast in favour of the Northern 109 

Hemisphere (Friedman et al., 2013) and a northward shift of the ITCZ and increase in Sahel 110 
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precipitation (Herman et al., 2020; Marvel et al., 2020; Hirasawa et al., 2020; Monerie et al., 111 

2022). 112 

  113 
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2. Open questions 114 

We expect the effects of AA emissions on the West African precipitation to be uncertain 115 

(Shonk et al., 2020; Monerie et al., 2022). However, multi-model ensembles, where the 116 

effects of different aerosol forcings are difficult to untangle from the effects of other 117 

structural uncertainties, are typically used in attribution studies. Differences between climate 118 

models can for instance be due to either differences in AA radiative forcing (Myhre et al., 119 

2014; Wilcox et al., 2015), to model formulation (Wilcox et al., 2015) and to mean state 120 

biases (Giannini et al., 2008; Biasutti, 2019; Monerie et al., 2020), which may in turn affect 121 

the ability of a model to simulate the response of the system to forcing. Thus, the role of 122 

uncertainty in AA radiative forcing on the simulation of the West African precipitation multi-123 

decadal trend has not yet been quantified. The SMURPHS ensemble helps to overcome this 124 

issue by allowing an assessment of the effects of uncertainty in AA effective radiative forcing 125 

within a single model, isolating the role of forcing uncertainty. We use simulations that were 126 

designed to sample a plausible range of aerosol forcing, spanning most of the 95% 127 

confidence interval shown in IPCC AR5 (Boucher et al., 2013), for which the SMURPHS 128 

ensemble (Dittus et al., 2020) was designed. The SMURPHS ensemble was performed with 129 

HadGEM3-GC3.1, a CMIP6-generation climate model, with experiments forced by different 130 

levels of AA emissions (Figure 1). We then describe the simulation forced with the lowest 131 

AA emissions to be representative of a climate model that has a low AA forcing, and the 132 

simulation forced with the highest AA emissions to be representative of a model that has a 133 

high AA forcing.  134 

Mechanisms that allow changes in AA emissions to affect the West African monsoon are still 135 

not well known. Studies focusing on the mechanisms mostly highlight large-scale changes in 136 

temperature (Ackerley et al., 2011). The direct atmospheric effect over land is the main driver 137 

of the changes in West Africa precipitation after an increase in AA emission in (Hirasawa et 138 
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al., 2020), while it is the changes in North Atlantic SSTs in (Zhang et al., 2022). Therefore, 139 

we can question the mechanisms allowing changes in AA emissions to affect West African 140 

precipitation. Here we assess effects of different forcing in AA on both large scale and 141 

regional scale drivers of the West African monsoon.  142 

Beyond seasonal means, effects of AA emissions can lead to changes in precipitation 143 

characteristics. The focus of previous studies has been the mean change in West African 144 

precipitation (Giannini & Kaplan, 2019; Herman et al., 2020; Marvel et al., 2020), while 145 

effects on Sahel precipitation characteristics could have strong societal repercussions for the 146 

region’s population, through changes in climate extremes and agricultural yield. AA 147 

emissions have a strong effect on temperature over the Sahara desert and West Africa 148 

(Ackerley et al., 2011) and could therefore also lead to changes in extreme precipitation 149 

events over the region, as shown for the recovery period (Taylor et al., 2017). Increases in 150 

AA emissions are associated with a drying over the tropics (Bonfils et al., 2020) and we can 151 

expect substantial impacts on the frequency of dry spell. AA emissions can also delay 152 

monsoon onset (Scannell et al., 2019; Song et al., 2021) and hence have further impacts on 153 

agriculture.  154 

  155 
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3. Data and methods 156 

3.1 Data 157 

3.1.1 Observations 158 

We use observations to assess bias in precipitation and to compare simulated historical 159 

changes in precipitation to observed precipitation changes. We use several observations to 160 

ensure that results are not observation dependent. GPCP version-2.2 provides precipitation 161 

estimates over land and oceans, with 2.5° resolution in longitude and latitude, from January 162 

1979 to present. GPCP incorporates precipitation estimates from satellite data and surface 163 

rain gauge observations (Adler et al., 2003). Precipitation data of the Global Precipitation 164 

Climatology Center (GPCC) version 7 (Schneider et al., 2014b) is available over global land 165 

from 1901 to Present, on a 0.5° x 0.5° horizontal resolution grid. We also use data from the 166 

Climate Research Unit (Harris et al., 2014) (CRU) version 4.03, which spans 1901-present 167 

and the data from the University of Delaware (UDEL; version 4.01) that is on a 0.5° 168 

horizontal resolution grid, available from 1901 to present (Willmott et al., 2001). 169 

3.1.2 The SMURPHS ensemble 170 

The simulations are performed with the coupled ocean-atmosphere general circulation model 171 

HadGEM3-GC3.1, hereafter referred to as HadGEM3. The atmosphere is at a N96 resolution 172 

(~135 km at mid-latitudes) and the ocean at the ORCA1 resolution (1° horizontal resolution) 173 

(Williams et al., 2018; Kuhlbrodt et al., 2018). HadGEM3 uses the GLOMAP two-moment 174 

aerosol scheme, which includes representation of aerosol effects on cloud albedo and lifetime 175 

(Mulcahy et al., 2020).  176 

The simulations cover the historical CMIP6 period (1850-2014), and use the CMIP6 177 

anthropogenic aerosol and precursor emission dataset (sulfur dioxide, black carbon, organic 178 

carbon) (Meinshausen et al., 2017; Hoesly et al., 2018). Five experiments are performed in 179 
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which historical AA emissions are scaled to sample a plausible range of historical aerosol 180 

forcing (Booth et al., 2018; Dittus et al., 2020), with five initial-condition members each. The 181 

resulting AA effective radiative forcing ranges from -0.38 Wm-2 to -1.50 Wm-2 and spans 182 

most of the 95% confidence interval presented in IPCC AR5 (Boucher et al., 2013). Five 183 

scaling factors were selected: x0.2 (-0.38 Wm-2), x0.4 (-0.60 Wm-2), x0.7 (-0.93 Wm-2), x1.0 184 

(-1.17 Wm-2) and x1.5 (-1.50 Wm-2) (Figure 1). The SMURPHS scalings hence spans the 185 

most recent estimates in simulated AA effective radiative forcing (Bellouin et al., 2020; 186 

Forster et al., 2021). The other forcing agents follow historical CMIP6 emissions and 187 

concentrations (Meinshausen et al., 2017; Dittus et al., 2020).  188 

 189 

European and North American AA emissions have strong effects on West African 190 

precipitation (Marvel et al., 2020; Monerie et al., 2022). European and North American AA 191 

have increased from the end of the pre-industrial era to the 1980s and have decreased 192 

afterwards (Figure 1). The different scalings in the SMURPHS ensemble allow us to test the 193 

sensitivity of HadGEM3 to the magnitude of anthropogenic aerosol forcing, without 194 

additional uncertainties for structural differences between models.  195 

 196 

 197 

3.1.3 CMIP6 single-forcing simulations 198 

 199 

We use the aerosol-only (hist-aer) single forcing simulations of the Detection and Attribution 200 

MIP (DAMIP; (Gillett et al., 2016)) to assess effects of AA on a large set of CMIP6 models 201 

(Eyring et al., 2016). Historical aerosol-only simulations are forced by changes in AA forcing 202 

only other external forcings are kept constant (GHG, change in solar activity, volcanism). We 203 

use 3 ensemble members from each of 10 CMIP6 climate models (ACCESS-ESM1-5, BCC-204 
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CSM2-MR, CanESM5, CNRM-CM6-1, FGOALS-G3, GISS-E2-1-G, HADGEM3-GC31-205 

LL, IPSL-CM6A-LR, MIROC6, and MRI-ESM2-0) (See Table 2). For a comparison to the 206 

single-forcing experiments, the simulated historical change in West African precipitation is 207 

assessed using the DAMIP historical simulations. 208 

 209 

3.2  Methods 210 

We have used several metrics to quantify the effects of AA on drivers and characteristics of 211 

the monsoon and uncertainties therein.   212 

3.2.1 West African precipitation 213 

The West African precipitation index is computed as the weighted area average between 214 

20°W and 20° and between 4°N and 12°N (See Figure 2a and Figure 3a). The West African 215 

precipitation index only account for land precipitation that fall from July to September. 216 

3.2.2 Location of the Saharan Heat Low.  217 

Meridional shifts in the location of the Saharan Heat Low (SHL) have substantial impacts on 218 

West African precipitation with a northward shift of the SHL associated with an increase in 219 

precipitation over West Africa (Lavaysse et al., 2009; Shekhar & Boos, 2017). We compute 220 

the low-level atmospheric thickness (LLAT; (Lavaysse et al., 2009)), defined as the 221 

difference between geopotential height at 700 hPa and 925 hPa. The location of the SHL is 222 

identified by selecting the latitude of the maximum of the LLAT zonal mean computed 223 

between 15°W and 30°E and from 0°N to 40°N, after cubic splines interpolation (Shekhar & 224 

Boos, 2017).   225 

 226 

 227 
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3.2.3 The West African Monsoon Index.  228 

The West African Monsoon Index (WAMI) accounts for the strength of the monsoon 229 

circulation, quantifying vertical wind shear. The WAMI index (Fontaine et al., 1995) is 230 

computed as 𝑊𝐴𝑀𝐼 = 𝑀925 − 𝑈200 where M925 is the standardized anomaly (divided by 231 

the standard deviation of the time series) of the wind modulus at 925 hPa and U200 is the 232 

standardized anomaly of the zonal component of the wind at 200 hPa. 233 

3.2.4 Location of the intertropical convergence zone and of the West African 234 

monsoon precipitation rain band.  235 

The location of the intertropical convergence zone (ITCZ) is defined as the barycentre of the 236 

zonal mean of the precipitation, averaged across all longitudes and between 30°S and 30°N 237 

(Monerie et al., 2013; Shonk et al., 2020). The location of the West African monsoon 238 

precipitation rain band is defined in the same way as for the ITCZ but from precipitation 239 

between 10°W and 10°E and between 0° and 30°N (Monerie et al., 2013).  240 

3.2.5 Cross-equatorial heat transport.  241 

The meridional heat transport plays a fundamental role in governing the effects of external 242 

forcings on monsoon circulations (Biasutti et al., 2018). We compute the atmospheric heat 243 

transport (AHT) as the difference between the net heat budget at the top of the atmosphere 244 

and the net heat budget at the surface, following Trenberth & Caron (2001). We then 245 

compute the zonally integrated cumulative sum from south to north. The global average 246 

fluxes are subtracted from AHT (Magnusdottir & Saravannan, 1999) for each simulation. The 247 

cross-equatorial heat transport is defined as the average, over the equator, in AHT. We found 248 

negative values of cross-equatorial heat transport of ~2 PW in HadGEM3 in July-August-249 

September, which are consistent with previous studies (Biasutti et al., 2018) (not shown). 250 
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Positive values of cross-equatorial heat transport denote a zonal mean transport from the 251 

southern to the northern hemisphere.  252 

3.2.6 Moist static energy framework.  253 

We describe changes in West African monsoon circulation using a moist static energy (MSE) 254 

framework. MSE allows quantification of the transformation of lower troposphere enthalpy 255 

and latent energy into geopotential energy in the upper levels, which is the main signal of 256 

convection. MSE is therefore directly related to monsoonal precipitation (Fontaine & 257 

Philippon, 2000; Bordoni & Schneider, 2008; Biasutti et al., 2018). MSE is defined as: 258 

𝑀𝑆𝐸 = 𝑔𝑧 + 𝐶𝑝𝑇 + 𝐿𝑞 259 

where gz is the geopotential energy, with g the gravitational acceleration and z the 260 

geopotential height. 𝐶𝑝𝑇 is the enthalpy, with 𝐶𝑝 the specific heat of dry air at constant 261 

pressure, and T the temperature. 𝐿𝑞 is the latent energy associated with evaporation and 262 

condensation of water, with L the latent heat of evaporation and q the specific humidity. MSE 263 

is integrated between the surface and 700 hPa. 264 

The dry static energy is also defined, and does not account for changes in latent energy: 265 

𝐷𝑆𝐸 = 𝑔𝑧 +  𝐶𝑝𝑇 266 

3.2.7 African Easterly Waves. 267 

Over West Africa, precipitation variability is related to the synoptic activity of African 268 

Easterly Waves (AEWs) that are associated with mesoscale convective systems and sub-269 

seasonal precipitation variability (Mekonnen et al., 2006). We use a proxy of the AEW 270 

activity, defined as the variance of the daily meridional wind at 850 hPa (Mekonnen et al., 271 

2006; Skinner et al., 2012), filtering daily data with a 3-5 day band-pass filter (Diedhiou et 272 

al., 1999). We found that in HadGEM3 the 850 hPa meridional wind variance has a 273 
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maximum over the eastern tropical Atlantic and over West Africa, between 5°N and 25°N, 274 

and west of the Greenwich meridian as in reanalysis (Mekonnen et al., 2006).  275 

3.2.8 Extreme indices.  276 

We compute a set of extreme indices using the Expert Team on Climate Change Detection 277 

and Indices (ETCCDI) (Sillmann et al., 2013). First, we defined a wet day as a day on which 278 

precipitation exceeds 1 mm.day-1. The simple daily intensity (SDII) is defined as the daily 279 

precipitation mean on wet days. R1mm is the number of wet days. R10mm and R20mm are 280 

the number of days for which precipitation amount exceeds 10 and 20 mm respectively. 281 

R10mm then documents heavy precipitation days and R20mm very heavy precipitation days. 282 

R95p documents the very wet days and is the daily mean precipitation of wet days that 283 

exceed the 95th percentile of precipitation on wet days. r95ptot is the percentage of total 284 

precipitation that is contributed by precipitation extremes (by R95p events), a high value 285 

indicating that total precipitation is controlled by heavy events on only a few days.   286 

Dry spells (CDD) are defined as periods of at least 5 consecutive dry days (precipitation 287 

below 1 mm.day-1). Warm spells are defined when daily mean temperature is higher than the 288 

90th percentile in daily temperature, over at least 6 consecutive days. The warm spell index 289 

(WSDI) is the number of warm spells in a season. 290 

Extreme indices are computed here over the 1950-1980 period, using daily values.  291 

3.3 Statistical significance.  292 

The statistical significance of the difference between two experiments is defined using a 293 

Monte Carlo approach. Synthetic ensembles are constructed through randomly resampling 294 

the 10 simulations (5 ensemble members for each of two scaling experiments) and 295 

performing the ensemble mean of each synthetic 5 ensemble members (i.e., providing a total 296 

of 252 synthetic ensemble means). The synthetic ensemble means are used to create a matrix 297 
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of anomalies (252 x 252 size) between two synthetic ensemble means, providing a large 298 

ensemble of synthetic ensemble mean differences. Differences between two scaling 299 

experiments are then judged significant at the 5% level when stronger than 97.5% of the 300 

randomly obtained synthetic ensemble-mean differences (two-sided test). 301 

 302 

  303 
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 304 

4. Results. 305 

4.1 Trends in JAS West African precipitation 306 

We first assess the ability of HadGEM3 to simulate West African precipitation, in July-307 

August-September (JAS), relative to GPCP. We note that HadGEM3 has a dry bias over 308 

West Africa, and a wet bias over the tropical Atlantic Ocean, showing that the West African 309 

monsoon is located too far south in HadGEM3 (Figure 2a). This is a common bias in climate 310 

models (Monerie et al., 2020). Anomalies in West African precipitation between HadGEM3 311 

and GPCP are associated with a systematic cold bias over the Saharan desert and a warm bias 312 

over the tropical Atlantic Ocean in the model (Okumura & Xie, 2004; Richter & Xie, 2008; 313 

Monerie et al., 2016) (Figure S1). We have replicated the analysis with other observations 314 

and show the precipitation bias to be consistent (Figure S2). 315 

The West African precipitation (4°-12°N – 20°W-20°E) decreases throughout the 20th 316 

century in both observations and simulations (Figure 2b). The simulated drying becomes 317 

more severe when the scaling is increased, showing that AA emissions have a substantial 318 

drying effect on West African precipitation. Decadal precipitation variability is high over 319 

West Africa and the influence of aerosol uncertainty might not emerge relative to internal 320 

climate variability. Therefore, we quantify effects of the scalings and of internal climate 321 

variability to verify robustness of the effects of AA emissions on West African precipitation. 322 

To do so we used two methods. (a) The effect of scalings, i.e., uncertainty in the forced 323 

response, is obtained by computing the standard deviation across the SMURPHS ensemble, 324 

using the 5-member ensemble-means to represent the forced response for each scaling (i.e., 325 

inter-scaling standard deviation). (b) Internal climate variability is defined as the differences 326 

between ensemble-members of the same scaling, which arise due to a perturbation of the 327 
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initial conditions. The intra-scaling standard deviation is computed for each scaling 328 

experiment and subsequently averaged to provide an estimate of the role of internal 329 

variability. The effect of scalings is likely to exceed internal climate variability after the first 330 

decade of the 1900s (Figure 2c), when differences of forcing between scalings increase 331 

(Figure 1). Therefore, we analyse trends in precipitation over the period 1900-1980 (Figure 332 

2d).  333 

The negative trend in West African precipitation from 1900-1980 monotonically increases 334 

when increasing scaling (Fig. 2d), evidencing a substantial effect of the AA forcing. We 335 

resampled data to test the statistical significance of the differences of the 1900-1980 trends 336 

between each scaling (see Sect. 3.3). We show robust differences between the lowest and the 337 

highest scalings, which are not due to internal climate variability. Similarly, we note that the 338 

x1.5 scaling is significantly different to all other scalings, but we do not find significant 339 

differences between the x1.0 and the x0.7 scalings, and between the x0.2 and x0.4 scalings 340 

(Table 1). The finding of substantial impact of AA emissions on the Sahel drought is 341 

consistent with the literature (Ackerley et al., 2011; Giannini & Kaplan, 2019; Marvel et al., 342 

2020; Hirasawa et al., 2020). The drying trend of the x0.2 scaling does not emerge from 343 

internal variability (Figure 1d). All other scalings show robust drying trends, with the x1.5 344 

scaling producing a drying trend that is around three times stronger than for the x0.2 scaling 345 

(Figue 2d). Therefore, the ability of a climate model to simulate the historical drought over 346 

the Sahel is likely to depend strongly on the magnitude of its AA forcing. This also confirms 347 

that the past increase in AA emissions from Europe and North America is a driver of the 348 

Sahel drought of the 1970s and 1980s (Herman et al., 2020; Hirasawa et al., 2020; Monerie et 349 

al., 2022). 350 

 351 
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We compare uncertainty across the SMURPHS ensemble to uncertainty across the CMIP6 352 

DAMIP aerosol-only ensemble. The ensemble-mean trend in 1900-1980 West African 353 

precipitation is comparable between the two ensembles, both showing a negative trend of 354 

similar intensity over West Africa due to AA emissions (Figure 2d). HadGEM3 is not an 355 

outlier at simulating effects of AA emissions on West African precipitation. In addition, we 356 

show that the SMURPHS ensemble spread covers a large proportion of the historical CMIP6 357 

ensemble spread (Figure 2d). Although we cannot rule out effects of internal variability on 358 

West African precipitation, we suggest that most of the CMIP6 ensemble spread is due to 359 

differences between climate models at simulating AA radiative forcing.  360 

Results of the SMURPHS ensemble show that the simulation of the effects of AA on West 361 

African precipitation determines whether a multi-decadal drought occurs. Uncertainty in the 362 

effects of AA therefore has strong consequences, affecting our ability to simulate and predict 363 

multidecadal variability in West African precipitation. Here, we then build upon the 364 

published literature and show that understanding better ensemble spread in AA effective 365 

radiative forcing is necessary for advancing our ability to project the future of Sahelian 366 

droughts. 367 

In addition, we note that, after the 1980s, the precipitation does not increase in GPCC and 368 

UDEL, while precipitation increases in CRU. All observations show a northward shift in 369 

precipitation and the discrepancy between observations is mostly due to difference in the 370 

pattern of the precipitation recovery among observations (Figure S3). For the recovery 371 

period, the lowest (<=x0.4) and medium-to-highest scalings (>=x0.7) show strong 372 

differences, but recovery trends do not strengthen monotonically with scalings (Figure S4), 373 

with no robust differences between the x0.7, x1.0 and x1.5 scalings. Therefore, we do not 374 

have a strong effect of the scalings here for the recovery, and we only focused our analyses 375 

on the drought period. 376 



20 
 

 377 

4.2 Mechanisms of AA effects on Sahel precipitation trends 378 

We show effects of anthropogenic aerosol forcing uncertainty on West African precipitation 379 

by displaying differences in 1900-1980 trends between the highest and lowest scalings (i.e., 380 

x1.5 – x0.2) (Figure 3a). Differences between scalings are strong, with significant differences 381 

in West African precipitation trends (Figure 3a). We note that trends in precipitation are 382 

almost equally due to trends in evaporation as to trends in moisture flux convergence (P-E), 383 

showing importance of local precipitation recycling (Figure S5). Larger aerosol forcing 384 

results in a stronger weakening of the moisture flux (Figure 3a), and of the westerlies (Figure 385 

S6). Besides, the anomalously strong northerlies advect relatively dry and cold air from the 386 

north, reducing precipitation (Figure 3a) and surface-air temperature (Figure 3b), and 387 

weakening the monsoon circulation, as in (Hill et al., 2017). The strengthening of the 388 

westerlies, north of 20°N, and the weakening of the westerlies, south of 20°N, is consistent 389 

with the decrease of pressure over North Africa (Figure 3b). The southward shift of the 390 

monsoon and the weakening of the westerlies are associated with the decreased surface-air 391 

temperature over northern Africa (Figure 3b), which is a key driver of the monsoon dynamics 392 

(Hall & Peyrillé, 2006; Chadwick et al., 2019). In addition, the increase in AA emission is 393 

associated with a decrease in surface air temperature over the North Atlantic Ocean (Figure 394 

3b), contributing to the decrease in precipitation over West Africa, as in Monerie et al., 395 

(2022). Sea-level pressure increases over western North Africa and decreases over the Sahel 396 

(Figure 3b), highlighting a weakening of the regional meridional pressure gradient, that is 397 

consistent with a southward shift of the monsoon and of the SHL. 398 

Cross-sections show a weakening of the low-level (1000—850 hPa) westerlies, and a 399 

strengthening and southward shift of the African Easterly Jet (AEJ) (Figure 3c), both 400 

associated with a decrease in Sahel precipitation in observations (Grist & Nicholson, 2001; 401 
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Nicholson, 2013). However, feedbacks exist between soil conditions, the ITCZ, the SHL and 402 

the AEJ (Schubert et al., 1991; Cook, 1999; Thorncroft & Blackburn, 1999) and a southward 403 

shift of the AEJ is closely linked to a decrease in Sahel precipitation, but the causality chain 404 

is not directly assessed here. Moreover, the relationship between jets and Sahel precipitation 405 

is not clearly simulated in climate models (Whittleston et al., 2017). For instance, HadGEM3 406 

has a strong bias in 200 hPa zonal wind, not simulating  a clear Tropical Easterly Jet, which is 407 

located between 0° and 10°N and at around 200 hPa in observations (Nicholson, 2013). 408 

However, our results show changes of the monsoon circulation that are physically consistent 409 

with a decrease in Sahel precipitation, that is, a southward shift of the AEJ and a weakening 410 

of the low-level westerlies. In addition to the zonal winds, we show anomalies in omega (the 411 

vertical velocity expressed in pressure coordinates) (Figure 3d). Climatological negative 412 

values of omega indicate ascent and deep convection at 500-300 hPa and between 0°-4°N. 413 

Negative values of omega also highlight the shallow circulation, which is located between the 414 

surface and 700 hPa, between 10°N and 20°N (Figure 3d). Increasing AA emissions led to a 415 

strengthening of the deep convection (Figure 3d) and to an increase in precipitation (Figure 416 

3a) over the Gulf of Guinea (0-4°N). Omega decreases, between 8°N and 14°N at 400 hPa, 417 

showing an inhibited deep convection over the Sahel (Figure 3d), which is consistent with the 418 

decrease in precipitation at these latitudes (Figure 3a). In addition, omega increases over the 419 

northern edge of the shallow circulation and decreases over its southern edge, indicating a 420 

southward shift of the monsoon circulation over the northern Sahel.  421 

We show that the increase in US and European AA emissions (Figure 1) affects the West 422 

African precipitation by shifting the atmospheric circulation southward. This is consistent 423 

with previous studies, which have shown that the effect of AA on West African precipitation 424 

is mostly dynamic (Hirasawa et al., 2020), more specifically through shifts of the atmospheric 425 

circulation (Monerie et al., 2022). 426 
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4.3 Global energetics control on local physics  427 

Changes in regional monsoon precipitation are connected to global mean anomalies in cross-428 

equatorial heat transport and to the location and extent of the Hadley Cell (Kang et al., 2008; 429 

Biasutti et al., 2018). In addition, regional mechanisms (e.g., the African easterly jet, the 430 

Saharan heat low) (Hall & Peyrillé, 2006) are well known identified drivers of the West 431 

African Monsoon. Changes in AA emissions can therefore affect the West African monsoon 432 

precipitation through mechanisms of both regional and global scales. We have documented 433 

regional changes in Section 4.2 and assess here how they are connected to changes of global 434 

scales, and we highlight uncertainties (e.g., the SMURPHS ensemble spread).  435 

An increase in AA emissions is associated with a decrease in surface-air temperature over the 436 

northern Hemisphere and hence with a weakening of the interhemispheric temperature 437 

contrast (Figure 4a). The cooling of the northern Hemisphere is in turn associated with a 438 

weakening of the southward cross-equatorial atmospheric heat transport (Figure 4a). The 439 

weakening of the southward cross-equatorial heat flux is associated with a southward shift of 440 

the ITCZ (Figure 4b; Donohoe et al., (2013); McGee et al., (2014); Schneider et al., (2014a); 441 

Biasutti et al., (2018)). Here we show that uncertainty in the strength of the simulated 442 

radiative effects of AA has strong effects on the simulated trends in cross-equatorial heat 443 

transport and in the location of the ITCZ. This leads to strong uncertainties in trends in 444 

precipitation over the tropics, on a spatial scale wider than West Africa (Shonk et al., 2020). 445 

Anomalies in the meridional location of the WAM portion of the ITCZ are linked to global-446 

scale anomalies, including the location of the global zonal mean ITCZ (Figure 4c) and thus to 447 

the change in cross-equatorial atmospheric heat transport and in the interhemispheric 448 

temperature contrast. The location of the WAM is well correlated with the anomalies in 449 

precipitation over West Africa (Figure 4d). For scalings x0.7 and larger, the WAM shifts 450 

southward, and the West African monsoon precipitation decreases. There is therefore a clear 451 



23 
 

link between large-scale mechanisms and regional changes in precipitation, after an increase 452 

in AA emissions. 453 

An increase in AA radiative forcing is associated with a southward shift of the SHL (Figure 454 

4e). The West African precipitation anomalies are also associated with anomalies in the 455 

latitudinal location of the SHL (Lavaysse et al., 2009; Shekhar & Boos, 2017). We show here 456 

that uncertainty in AA radiative forcing also leads to strong differences in trends of the 457 

latitudinal location of the SHL (Figure 4e), suggesting strong impacts of regional changes of 458 

the atmospheric circulation. In some cases, a northward shift of the SHL is associated with a 459 

decrease in West African precipitation (Figure 3e; scalings < 1.0), but we acknowledge that 460 

there is a strong ensemble-spread in the simulated trends in location of the SHL and anomaly 461 

in precipitation, for each scaling. Effects of internal variability stand out on regional scales. 462 

The shift in the location of the SHL is consistent with the changes in interhemispheric 463 

temperature gradient (Figure 4a) but shows a slightly different behaviour than global-scale 464 

changes because of the regional patterns in temperature anomalies. The southward shift of the 465 

SHL is also in line with a decrease in surface-air temperature over northern Africa, and with a 466 

southward shift of the monsoon (Figure 3b and Figure 4e). 467 

The WAM circulation weakens with increasing emissions in AA (Figure 4f), through a 468 

decrease in zonal vertical wind shear (Fontaine et al., 1995). The low-level west African 469 

westerly jet weakens as well, explaining a part of the decrease in moisture flux convergence 470 

and precipitation over West Africa (Figure 4g) (Grodsky et al., 2003; Pu & Cook, 2010). The 471 

dynamics of the WAM is controlled by the meridional gradients in moist static energy, 472 

through changes in latent, sensible and geopotential energy between the hot Saharan desert 473 

and the humid Guinean zone (Fontaine & Philippon, 2000; Gaetani et al., 2017). We show 474 

meridional gradients in MSE in Fig. 4h (difference between 20°N-30°N and 5°N-15°N, 475 

averaged over longitudes 10°W-10°E). The climatological MSE gradient is negative because 476 
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the shape of the meridional gradient in MSE is mostly given by latent heat that is maximum 477 

over the Sahel (not shown). AA emissions affect the regional circulation by strengthening the 478 

meridional gradients in MSE (Figure 4h), suggesting a weakening of the WAM dynamics. 479 

We not that, unlike MSE, gradients in dry static energy (DSE) decreases when increasing 480 

scalings, also showing an effect of the decrease in Sahara temperature on monsoon 481 

circulation.  482 

To summarise, the response to anthropogenic aerosol emissions is strongly dependent on the 483 

magnitude of the global forcing. Strong differences between scalings are noted in the 484 

responses of changes in meridional gradients in heat and energy, on the location of the 485 

monsoon circulation and on three-dimensional structure of the monsoon (e.g., strength and 486 

location of the AEJ and SHL, vertical wind shear and vertical ascent). Therefore, 487 

uncertainties associated with the simulation of the effects of AA emissions are shown for the 488 

drivers of the West African monsoon on both large and regional scales. We show differences 489 

between large-scale and regional-scale mechanisms. For instance, the interhemispheric 490 

temperature gradient weakens in the x0.4 scaling relative to the x0.2 scaling, while 491 

differences in the location of the SHL are indistinguishable between the two scalings. Hence, 492 

we suggest that the large-scale view alone provides a first order explanation of the effects of 493 

AA on the West African precipitation but does not explain the full ensemble-spread in the 494 

West African precipitation trend. We acknowledge that all drivers are interconnected. The 495 

AEJ is for instance a consequence of both the surface dry gradient caused by the SHL, and 496 

the aloft heating caused by the precipitation in the WAM, and with the changes in soil 497 

conditions. Consequently, we note strong uncertainty in the drivers of the monsoon, due to a 498 

change in AA emissions, but cannot here define which of these mechanisms is dominant on 499 

the West African monsoon. 500 

 501 
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4.4 Precipitation characteristics and synoptic variability 502 

We have documented the change in JAS precipitation over West Africa so far. However, a 503 

change in the monsoon goes beyond a change in the seasonal mean precipitation and may 504 

also include changes in monsoon onset date and season length, and changes to climate 505 

hazards such as the number of rainy days and storms or precipitation intensity. These 506 

aforementioned descriptors have strong societal effects on African countries, impacting 507 

agriculture yield (Sultan & Gaetani, 2016) and leading to drought or flood, among others. 508 

African easterly waves (AEWs) favour deep convection and are associated with well 509 

organised mesoscale systems (Diedhiou et al., 1999; Mekonnen et al., 2006; Vellinga et al., 510 

2016; Núñez Ocasio et al., 2020a) that cause precipitation extreme events (Crétat et al., 2015; 511 

Vellinga et al., 2016). The AEJ serves as a wave guide for the AEWs (Diedhiou et al., 1999) 512 

and the hydrodynamic instability of the AEJ can initiate and maintain AEWs (Carlson, 1969; 513 

Burpee, 1974; Núñez Ocasio et al., 2020b). Changes in the strength and location of the AEJ 514 

have effects on the AEWs, and thus on mesoscale and extreme precipitation. We show that 515 

increasing the strength of aerosol forcing is associated with a strengthening and a southward 516 

shift of the AEJ (Figure3b) and we therefore expect AEWs to be significantly impacted by 517 

AA. The southward shift of the AEJ is accompanied by a weakening of the barotropic 518 

instability over land (Figure S7), indicating a reduction of the conditions that can favour 519 

AEWs over West Africa (Wu et al., 2012). Consequently, we note a weakening of AEW 520 

activity (Figure S8), suggesting a weakening in the frequency of well-organised mesoscale 521 

systems, and a decrease in precipitation extreme events. 522 

The precipitation intensity (SDII) is not dramatically reduced over most of the Sahel (Figure 523 

5a) in response to aerosol increases. SDII decreases substantially over the tropical Atlantic 524 

Ocean, the western coast of West Africa, over Guinea and Sierra Leone, Liberia, and western 525 
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Senegal (Figure 5a). The number of rainy days (r1mm) decreases over West Africa and 526 

increases over the Gulf of Guinea (Figure 5b), accompanying a southward shift of the 527 

monsoon (Figure 3a; Figure 4b; Figure 4c).  528 

The comparison of the patterns of anomalies in precipitation (Figure 3a), SDII (Figure 5a), 529 

and R1mm (Figure 5b) shows that uncertainty in precipitation anomaly, due to the increase in 530 

AA emission, is primarily due to uncertainty in the number of rainy days rather than to the 531 

intensity of rainy events. The decrease in the number of rainy days is associated with a 532 

decrease in the number of intense rainy days (R10mm; Figure 5c) and heavy rainy days 533 

(R20mm; not shown). We could therefore expect a change in precipitation to be associated 534 

with a change in the contribution of extreme precipitation to total precipitation amount, 535 

following Taylor et al., (2017). In HadGEM3 the percentage of precipitation that is due to 536 

extreme events is not dramatically affected by changes in AA radiative forcing (Figure 5d). 537 

However, the contribution of extreme precipitation events to total precipitation decreases 538 

over the western coast, consistently with a decrease in precipitation intensity (Figure 5a).  539 

Differences in the AA radiative forcing leads to differences in the simulated number of dry 540 

spells over the Sahel, with higher AA scalings yielding to a higher number of dry spells 541 

during the rainy season (Figure 5e). This might lead to strong uncertainty when simulating 542 

effect of external forcing on crops and agricultural yield, as well as on human health. Wet 543 

spells are also affected by the change in AA radiative forcing, with a reduction in wet spells 544 

when increasing the scaling (Figure S9). Stronger scalings are associated with stronger 545 

decreases in temperature, hence potentially impacting temperature hazards. Heat waves have 546 

strong effect on human health, and we show that an uncertain AA radiative forcing would 547 

lead to difficulties in simulating, and thus at potentially predicting, these events (Figure 5f). 548 

We also show that an increase in European and North American AA emissions is associated 549 

with a decrease in the warm spell frequency.  550 
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We computed onset and withdrawal dates of the monsoon over West Africa, using an 551 

anomaly cumulative function with daily precipitation (Liebmann et al., 2012). We find 552 

significant differences between scalings on the onset date of the monsoon, over Niger (Figure 553 

S10 and method in supplementary material). However, the differences between scalings are 554 

not significant over most of the West African region, and we do not find differences between 555 

scalings when averaging the changes in onset date over West Africa (4°-12°N – 20°W-20°E) 556 

(Figure S11). The uncertainty in AA radiative forcing does not affect the simulated change in 557 

the demise date in HadGEM3 (not shown). This result contrasts with previous findings (Song 558 

et al., 2021) which attributes historical delay of West African precipitation to changes in 559 

greenhouse gases and AA emissions.  560 

 561 

 562 

  563 
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5. Conclusions and discussion 564 

The SMURPHS ensemble consists of simulations with scaled emissions of anthropogenic 565 

aerosol and precursors that reproduce the 90% confidence interval of best estimates of 566 

aerosol effective radiative forcing (Boucher et al., 2013; Bellouin et al., 2020; Dittus et al., 567 

2020). We have used the SMURPHS ensemble to quantify the effects of uncertainty in 568 

anthropogenic aerosol radiative forcing on West African precipitation variability, with one 569 

climate model, so that the effects of forcing uncertainty are seen in isolation from model 570 

structural differences such as monsoon biases. We show that the SMURPHS ensemble is a 571 

good proxy of the CMIP6 ensemble, covering a large proportion of the range in CMIP6 West 572 

African historical precipitation trends associated with AA emissions (i.e., the single-forcing 573 

experiment of DAMIP (Gillett et al., 2016)).   574 

We show the strong effect of uncertainty in AA radiative forcing on multi-decadal West 575 

African precipitation trends and characteristics, and on the West African monsoon dynamics. 576 

A low-AA radiative forcing (scaling x0.2) is associated with a negative 1900-1980 trend in 577 

West African precipitation that does not clearly emerge from internal variability, while a 578 

high-AA radiative forcing (scaling x1.5) is associated with a substantial drying over West 579 

Africa. Therefore, we show that the simulation of the historical drying over West Africa is 580 

strongly dependent on simulated AA radiative forcing. Climate models that have a low AA 581 

radiative forcing might not be suitable for predicting future long-lasting droughts over the 582 

Sahel, due to local and global changes in anthropogenic aerosol emissions. Climate models 583 

that have an anomalously high AA radiative forcing might also overestimate future droughts, 584 

leading to false alarms in predicting decadal changes in precipitation. In addition to better 585 

understanding uncertainty associated with internal variability (e.g., the effects of Atlantic 586 

multidecadal variability) on West African precipitation, we then show that a better 587 
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understanding of the simulated effects of AA emissions on the West African monsoon is of 588 

paramount importance for predictions and projections.  589 

We show that uncertainty in AA radiative forcing leads to uncertainty in the simulation of 590 

changes in precipitation characteristics, with larger forcing leading to stronger decreases in 591 

the number of rainy days and heavy rain days. There is also a substantial uncertainty in 592 

simulations of the number of dry and warm spells because of uncertainty in AA radiative 593 

forcing. However, we show that the effect is not substantial when considering the 594 

contribution to total precipitation from precipitation extreme events, or the onset and demise 595 

dates of the West African monsoon, in HadGEM3. Uncertainties in the effects of AA in 596 

climate models are a significant limitation for detection-and-attribution studies in changes in 597 

extreme events and on impacts on public health, economy and on the agricultural sector.  598 

We provide a first attempt at quantifying the impact of uncertainty in the strength of global 599 

aerosol forcing on drivers of the West African monsoon, at both global and regional scales. 600 

AAs scatter shortwave radiation back to space, reducing surface-air temperature. Therefore, 601 

uncertainty in the effects of AA results in strong differences in trends of global mean surface 602 

air temperature (Dittus et al., 2020) and of the interhemispheric temperature gradient. These 603 

sources of uncertainty affect the simulations of the cross-equatorial heat transport and of the 604 

shifts of the intertropical convergence zone. On a regional scale, we show that the response of 605 

the West African monsoon system (westerlies, African easterly jet, location of the Saharan 606 

heat low, and African easterly waves) has a strong, linear dependence on simulated AA 607 

forcing. We also acknowledge that local changes in emissions in SO2 also impact the West 608 

African monsoon, but that differences in AA emission are small between scalings over West 609 

Africa (not shown).   610 

 611 
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Effects of anthropogenic aerosols on climate exceed the effects of greenhouse gases at a 612 

decadal timescales (Bartlett et al., 2018). Simulations of future changes in West African 613 

precipitation could therefore be very sensitive to uncertainty in simulating the effects of 614 

anthropogenic aerosols for near-term projections (e.g., 2020-2040, when there are large 615 

uncertainties in local and remote aerosol emissions (Lund et al., 2019)). Uncertainty will arise 616 

due to differences between climate models in simulating effects of AA and to differences 617 

among emission scenarios. Therefore, a further study could consist of analysing effects of 618 

future changes in anthropogenic aerosol emissions trajectories on changes in West African 619 

precipitation, with the DAMIP simulations (Gillett et al., 2016), using the single-forcing 620 

simulations and emissions of SSP245 (O’Neill et al., 2016).  This will help emphasize the 621 

role of AA emissions in future evolution of the West African monsoon, and large ensembles 622 

can be used to document the model uncertainty.  623 

While this study focuses only on the effects of uncertainty in the magnitude of aerosol 624 

radiative forcing, further uncertainties in the West African monsoon response to aerosol 625 

emission changes are likely to be associated with structural differences between models. 626 

Differences in model physics can result in differences in particle transportation, for instance, 627 

which could lead to differences in the pattern of aerosol radiative forcing, and the 628 

mechanisms by which the forcing leads to precipitation changes. Uncertainties in the 629 

response to aerosol forcing may also be influenced by mean-state biases in models. For 630 

example, HadGEM3-GC3.1 has a dry bias over West Africa, with a monsoon located too far 631 

south relative to observations. The bias could lead to a misrepresentation of the sensitivity of 632 

the West African monsoon to changes in AA emissions, biasing low the sensitivity to AA 633 

emissions. A caveat of the study is thus that results could be model-dependent, and further 634 

work is required to understand whether such biases moderate or enhance the uncertainties 635 

that arise from differences in the magnitude of aerosol forcing.  636 
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Analysis of the SMURPHS ensemble demonstrates that uncertainty in the simulation of West 637 

African precipitation trends due to simulations of the effects of anthropogenic aerosols is 638 

strong. We show that uncertainties in aerosol radiative forcing could prevent us from 639 

successfully predicting decadal trends in West African precipitation, such as the drought of 640 

the 1970s-1980s. We suggest that a deeper understanding of effects of AA would yield to a 641 

better near-term prediction of changes in Sahel precipitation.  642 
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Figures 993 

 994 

Figure 1: North American [170°W-40°W; 20°-70°N] and West European [20°W-50°E; 35°-995 

70°N] anthropogenic SO2 emissions that were used for each scaling [in Tg].  996 

 997 
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 998 

Figure 2: a) Contours show the observed precipitation (GPCP; mm.day-1), averaged over 999 

July-September 1979—2014. Colours show the bias of HadGEM3-GC31, relative to GPCP. 1000 

Stippling indicates where the bias is significantly different to zero according to a Student’s t 1001 

test at the 90% confidence level. The black box indicates the area that is used to compute the 1002 

West African precipitation timeseries. b) Time series of West African precipitation anomalies 1003 

[4°N-12°N; 20°W-20°E; mm.day-1] for each scaling (colours) and GPCC, CRU and UDEL 1004 

(black and grey). Anomalies are computed relative to 1901-1930. c) Spread due to AA, 1005 

defined as the standard deviation across the five ensemble means of the different scaling 1006 

experiments (red) and internal variability (black), defined as the standard deviation across the 1007 

different initial-condition members within a single scaling experiment. The resulting five 1008 

standard deviations for each scaling experiment are subsequently averaged to represent an 1009 

estimate of internal variability. The high-frequency variability is first removed with a 21-year 1010 

running mean. d) Linear trends in West African precipitation between 1900 and 1980 1011 

[mm.day-1 over the 81 years] for each scaling, for the SMURPHS ensemble, the CMIP6 1012 

DAMIP aerosol only and historical ensembles. Diamonds show the ensemble-mean and the 1013 

vertical lines the standard deviation computed from the ensemble-mean of each scaling and 1014 

each CMIP6 three-member ensemble. 1015 
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 1016 

 1017 

Figure 3: Full uncertainty in effects of anthropogenic aerosols is shown by showing 1018 

differences in 1900-1980 trend between the x1.5 and x0.2 scalings. a) Effects on precipitation 1019 

[colours, mm.day-1] and moisture flux [vectors; g.kg-1 m.s-1]. Red contours indicate the 1900-1020 

1980 mean climatology of the x0.2 scaling. The black box indicates the area that is used to 1021 

compute the West African precipitation timeseries. b) Effects on surface air temperature 1022 

[colours; K] and sea-level pressure [negative/positive values are displayed with dashed/solid 1023 

contours; Pa]. c) Effects on zonal wind, averaged from 10°W to 10°E and given between 1024 

10°S and 30°N, obtained by the difference between the x1.5 and x0.2 scalings [colours; m.s-1025 
1]. Climatology is defined as the average of the zonal wind of the scaling x0.2 from 1900 to 1026 

1980 [contours; m.s-1]. d) As in (c) but for omega [Pa.s-1] (negative values in omega indicate 1027 

ascent). Stippling (a-b) and hatchings (c-d) indicate that differences are significantly different 1028 

to zero, according to a Monte Carlo approach and at the 95% confidence level.  1029 

 1030 
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 1031 

 1032 

Figure 4: Scatter plots of the 1900-1980 trends in a) global inter-hemispheric temperature 1033 

contrast and cross-equatorial atmospheric heat transport, b) global cross-equatorial heat 1034 

transport and meridional location of the global intertropical convergence zone (i.e. global 1035 

zonal mean in precipitation), c) meridional location of the global intertropical convergence 1036 

zone and meridional location of the West African Monsoon, and West African precipitation 1037 

in function of the d) meridional location of the West African Monsoon, e) meridional location 1038 

of the Saharan Heat low, f) WAMI index, g) strength of the west African westerly jet and h) 1039 

meridional gradient in moist static energy. Vertical and horizontal lines indicate the 1040 
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uncertainty, defined as two times the standard error. Each scaling is shown with a colour (see 1041 

Figure 1b). Metrics are described in Sect. 3.2. 1042 

  1043 
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 1044 

Figure 5. Full uncertainty in effects of anthropogenic aerosols is shown by showing 1045 

differences between the scaling x1.5 and scaling x0.2, averaged over the period 1950-1980 1046 

and in JAS. a) Effects on SDII [in mm.day-1], b) R1mm [in days], c) R10mm [in days], d) 1047 

R95ptot [in %], e) CDD [in numbers of dry spells] and f) WSDI [in numbers of warm spells]. 1048 

Red contours are the 1950-1980 climatology, taken from the scaling x0.2. Stippling indicate 1049 

that anomalies are significant according to a Student’s t test and at the 95% confidence level. 1050 

See metrics in Sect. 3.2.8. 1051 
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Experiment x 0.2 x 0.4 x 0.7 x 1.0 x 1.5 

x 0.2 0     

x 0.4 -0.034 0    

x 0.7 -0.189 -0.155 0   

x 1.0 -0.241* -0.207* -0.052 0  

x 1.5 -0.445* -0.411* -0.256* -0.204* 0 

Table 1: Difference in 1900—1980 West African precipitation trends [mm.day-1], in summer 1056 

(JAS) and between the ensemble-means. One star and bold values indicates that differences are 1057 

significant at the 95% confidence interval, following a Monte-Carlo approach and with two-1058 

sided test. Precipitation is averaged between 4°-12°N and 20°W-20°E. 1059 
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Models Institutions References 

ACCESS-ESM1-5 Australian Community 

Climate and Earth System 

Model, Australia 

(Ziehn et al., 2020) 

BCC-CSM2-MR Beijing Climate Centre, 

China 

(Shi et al., 2020) 

CanESM5 Canadian Centre for Climate 

Modelling and Analysis, 

Canada 

(Swart et al., 2019) 

CNRM-CM6-1 Centre National de 

Recherches 

Météorologiques, France 

(Voldoire et al., 2019) 

FGOALS-G3 Chinese Academy of 

Sciences, China 

(Li et al., 2020) 

HADGEM3-GC31-LL Met Office Hadley Centre, 

United Kingdom 

(Kuhlbrodt et al., 2018) 

GISS-E2-1-G Goddard Institute for Space 

Studies, United States 

(Kelley et al., 2020) 

IPSL-CM6A-LR Institut Pierre Simon 

Laplace, France 

(Boucher et al., 2020) 

MIROC6 Japanese modelling 

community, Japan 

(Tatebe et al., 2019) 

MRI-ESM2-0 Meteorological Research 

Institute, Japan  

(Yukimoto et al., 2019) 

Table 2: List of DAMIP CMIP6 climate models used in the study   1061 
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