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1.  Introduction
The economies of West African countries strongly rely on the West African Monsoon (WAM) (Stige et al., 2006), 
which brings most of the total annual precipitation during the rainy season (Nicholson, 2013). The inter annual 
and multi decadal variability of the West African precipitation hence has strong societal impacts. For instance, a 
large drought hit the Sahel in the 1970s and 1980s (Lebel & Ali, 2009; Nicholson, 2013; Sanogo et al., 2015) and 
was associated with population migrations and economic loss. Since the 1990s, Sahel precipitation has increased 
(Lebel & Ali, 2009; Sanogo et al., 2015). This recovery coincides with a tripling of extreme storms (K. E. Taylor 
et al., 2012) and an increased flood risk (Elagib et al., 2021). Moreover, agriculture is strongly impacted by the 
timing of the monsoon (i.e., onset and withdrawal dates) and by precipitation characteristics, such as the number 
of wet and dry spells. Therefore, predicting the multi-decadal evolution of Sahel precipitation is of paramount 
importance for populations across West Africa.

Pioneering studies have shown that there is a strong relationship between changes in sea surface temperature 
(SST) and precipitation across West Africa (Folland et al., 1984; Palmer, 1986; Rowell et al., 1992). SSTs in the 
Pacific, Indian, and Atlantic Oceans, and the Mediterranean Sea all influence West African climate, on a range of 

Abstract  Anthropogenic aerosol emissions from North America and Europe have strong effects on the 
decadal variability of the West African monsoon (WAM). Anthropogenic aerosol effective radiative forcing 
is model dependent, but the impact of such uncertainty on the simulation of long-term WAM 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 WAM (locations of the Saharan heat low and African Easterly Jet, of the 
strength of the West African westerly jet, and of African Easterly Wave 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 do 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 WAM.

Plain Language Summary  The Sahelian drought of the 1970s and 1980s had consequences on 
agriculture, economy, and population migration, among others. The Sahelian drought is known to be partly 
caused by emissions of aerosol pollution from North America and Europe, leading to a reduction in rainfall 
for West Africa. However, the effect of aerosol pollution on atmospheric radiation—the light and heat that 
passes through the atmosphere—is uncertain, and the models we use to examine past and future climate change 
show a wide range of responses to these effects. We use a novel collection of simulations to assess the range of 
different outcomes for the West Africa monsoon based on this uncertainty in the effects of aerosol pollution. 
We show that simulations in which the atmosphere has a weak response to aerosol pollution do not reproduce 
the observed drying trend over West Africa, while simulations with a stronger atmospheric response to 
pollution feature a larger drought. This uncertainty in the effects of aerosol pollution leads to uncertain changes 
in the West African monsoon winds and rainfall and in extremes of rainfall and temperature.
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time scales (Fontaine et al., 2011). One of the main identified drivers of the Sahel drought is the shift to a negative 
phase of the Atlantic Multidecadal Variability (AMV) (Giannini et al., 2003; Martin & Thorncroft, 2014; Mohino 
et al., 2011; Monerie et al., 2019). Warming of Mediterranean SSTs is one of the main drivers of the Sahel precip-
itation recovery (Park et al., 2016). The Pacific Ocean also exercises control on decadal trends in precipitation, 
with a positive phase of the Interdecadal Pacific Oscillation leading to anomalously low Sahel precipitation in 
coupled general circulation models (Villamayor & Mohino, 2015).

Simulated trends in WAM precipitation have large biases, with models underestimating precipitation over West 
Africa (Monerie et al., 2020), as well as the decadal variability in Sahel precipitation (Biasutti, 2013). Neverthe-
less, models of the sixth phase of the Climate Model Intercomparison Project (CMIP6; Eyring et al., 2016) are 
generally successful in reproducing the sign of decadal trends of Sahel precipitation (Monerie et al., 2022). The 
ability of climate models to capture the sign of the decadal trends in Sahel precipitation, despite uncertainties in 
the magnitude, implies that these trends are influenced by external forcings, whose evolutions are shared by all 
climate models. Simulations have shown that the global increase in well-mixed Greenhouse gas (GHG) concen-
trations is associated with an increase in precipitation over the Sahel (Dong & Sutton, 2015; Herman et al., 2020; 
Marvel et al., 2020), while increasing European and North American anthropogenic aerosol emissions (AA) were 
a driver of the Sahel drought (Bonfils et al., 2020; Herman et al., 2020; Hirasawa et al., 2020; Marvel et al., 2020; 
Monerie et al., 2022). AA perturbs the heat budget, scattering shortwave radiation back to space, and chang-
ing cloud albedo and lifetime (Collins et al., 2017). Hence, the past increase in European and North American 
AA emissions was associated with a decrease in surface air temperature over the Northern Hemisphere, with a 
weakening of the interhemispheric temperature contrast (Friedman et al., 2013) and inducing a southward shift 
of the WAM circulation (Ackerley et al., 2011). Therefore, changes in AA emissions affect climate by changing 
SSTs (SST mediated) and land temperature and atmospheric adjustments (non-SST mediated). We still do not 
fully understand the main mechanism that allows AA to affect West African precipitation and we do not know 
how these mechanisms are sensitive to the magnitude of the AA forcing. In addition to the large-scale interhem-
ispheric temperature contrast, AA emissions also affect the WAM through changes in North Atlantic, Pacific, 
and Indian SSTs (Hirasawa et al., 2022). We note that the net effects of AA emissions are dominated by sulfate, 
but that increased emissions in black carbon are also associated with a decrease in WAM precipitation (Huang 
et al., 2009).

Since the 1980s, AA emissions have decreased over Europe and North America, contributing to a strengthening 
of the inter-hemispheric temperature contrast in favor of the Northern Hemisphere (Friedman et al., 2013) and 
a northward shift of the ITCZ and increase in Sahel precipitation (Herman et al., 2020; Hirasawa et al., 2020; 
Marvel et al., 2020; Monerie et al., 2022).

2.  Open Questions
We expect the effects of AA emissions on the West African precipitation to be uncertain (Monerie et al., 2022; 
Shonk et al., 2020). However, multi-model ensembles, where the effects of different aerosol forcings are difficult 
to untangle from the effects of other structural uncertainties, are typically used in attribution studies. Differences 
between climate models can for instance be due to either differences in AA radiative forcing (Myhre et al., 2014; 
Wilcox et al., 2015), to model formulation (Wilcox et al., 2013) and to mean state biases (Biasutti, 2019; Giannini 
et al., 2008; Monerie et al., 2020), which may in turn affect the ability of a model to simulate the response of the 
system to forcing. Thus, the role of uncertainty in AA radiative forcing on the simulation of the West African 
precipitation multi-decadal trend has not yet been quantified. The SMURPHS ensemble helps to overcome this 
issue by allowing an assessment of the effects of uncertainty in AA effective radiative forcing within a single 
model, isolating the role of forcing uncertainty. We use simulations that were designed to sample a plausible range 
of aerosol forcing, spanning most of the 95% confidence interval shown in IPCC AR5 (Boucher et al., 2013), for 
which the SMURPHS ensemble (Dittus et al., 2020) was designed. The SMURPHS ensemble was performed 
with HadGEM3-GC3.1, a CMIP6-generation climate model, with experiments forced by different levels of AA 
emissions (Figure 1). We then describe the simulation forced with the lowest AA emissions to be representative 
of a climate model that has a low AA forcing, and the simulation forced with the highest AA emissions to be 
representative of a model that has a high AA forcing.

Mechanisms that allow changes in AA emissions to affect the WAM are still not well known. Studies focus-
ing on the mechanisms mostly highlight large-scale changes in temperature (Ackerley et al., 2011). The direct 
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atmospheric effect over land is the main driver of the changes in West Africa 
precipitation after an increase in AA emission in Hirasawa et al. (2020) and 
Dong et al. (2014), while it is the changes in North Atlantic SSTs in Zhang 
et al. (2022). Therefore, we can question the mechanisms allowing changes 
in AA emissions to affect West African precipitation. Here we assess effects 
of different forcing in AA on both large scale and regional scale drivers of 
the WAM.

Beyond seasonal means, effects of AA emissions can lead to changes in 
precipitation characteristics. The focus of previous studies has been the mean 
change in West African precipitation (Giannini & Kaplan,  2019; Herman 
et al., 2020; Marvel et al., 2020), while effects on Sahel precipitation charac-
teristics could have strong societal repercussions for the region's population, 
through changes in climate extremes and agricultural yield. AA emissions 
have a strong effect on temperature over the Sahara desert and West Africa 
(Ackerley et al., 2011) and could therefore also lead to changes in extreme 
precipitation events over the region, as shown for the recovery period (C. M. 
Taylor et al., 2017). Increases in AA emissions are associated with a drying 
over the tropics (Bonfils et al., 2020) and we can expect substantial impacts 
on the frequency of dry spells. AA emissions can also delay monsoon onset 
(Scannell et al., 2019; Song et al., 2021) and hence have further impacts on 
agriculture.

We address the aforementioned open questions by using the SMURPHS ensemble to quantify uncertainty due 
to the AA radiative forcing on the simulation of multi-decadal trend of the West African precipitation, on the 
dynamic of the WAM, on precipitation characteristics and on synoptic variability.

3.  Data and Methods
3.1.  Data

3.1.1.  Observations

We use observations to assess bias in precipitation and to compare simulated historical changes in precipitation 
to observed precipitation changes. We use several observations to ensure that results are not observation depend-
ent. GPCP version-2.2 provides precipitation estimates over land and oceans, with 2.5° resolution in longitude 
and latitude, from January 1979 to present. GPCP incorporates precipitation estimates from satellite data and 
surface rain gauge observations (Adler et al., 2003). Precipitation data of the Global Precipitation Climatology 
Center (GPCC) version 7 (Schneider, Becker, et al., 2014) is available over global land from 1901 to Present, on 
a 0.5° × 0.5° horizontal resolution grid. We also use data from the Climate Research Unit (Harris et al., 2014) 
(CRU) version 4.03, which spans 1901-present and the data from the University of Delaware (UDEL; version 
4.01) that is on a 0.5° horizontal resolution grid, available from 1901 to present (Willmott et al., 2001).

3.1.2.  The SMURPHS Ensemble

The simulations are performed with the coupled ocean-atmosphere general circulation model HadGEM3-GC3.1, 
hereafter referred to as HadGEM3. The atmosphere is at a N96 resolution (∼135  km at mid-latitudes) and 
the ocean at the ORCA1 resolution (1° horizontal resolution) (Kuhlbrodt et al., 2018; Williams et al., 2018). 
HadGEM3 uses the GLOMAP two-moment aerosol scheme, which includes representation of aerosol effects on 
cloud albedo and lifetime (Mulcahy et al., 2020).

The simulations cover the historical CMIP6 period (1850–2014), and use the CMIP6 anthropogenic aerosol and 
precursor emission data set (sulfur dioxide, black carbon, organic carbon) (Hoesly et  al., 2018; Meinshausen 
et al., 2017). Five experiments are performed in which historical AA emissions are scaled to sample a plausible 
range of historical aerosol forcing (Booth et al., 2018; Dittus et al., 2020), and spans most of the 95% confidence 
interval presented in IPCC AR5 (Boucher et al., 2013). Five scaling factors were selected: ×0.2 (−0.38 W m −2), 
×0.4 (−0.60 W m −2), ×0.7 (−0.93 W m −2), ×1.0 (−1.17 W m −2), and ×1.5 (−1.50 W m −2) (Figure 1). Five 
initial-condition members are performed for each scaling. The SMURPHS scalings hence spans the most recent 

Figure 1.  North American (170°W–40°W; 20°N–70°N) and West European 
(20°W–50°E; 35°N–70°N) anthropogenic SO2 emissions that were used for 
each scaling (in Tg).
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estimates in simulated AA effective radiative forcing (Bellouin et al., 2020; Forster et al., 2021). The other forc-
ing agents follow historical CMIP6 emissions and concentrations (Dittus et al., 2020; Meinshausen et al., 2017).

European and North American AA emissions have strong effects on West African precipitation (Marvel 
et al., 2020; Monerie et al., 2022; Westervelt et al., 2017). European and North American AA have increased from 
the end of the pre-industrial era to the 1980s and have decreased afterward (Figure 1). The different scalings in 
the SMURPHS ensemble allow us to test the sensitivity of HadGEM3 to the magnitude of anthropogenic aerosol 
forcing, without additional uncertainties for structural differences between models.

3.1.3.  CMIP6 Single-Forcing Simulations

We use the aerosol-only (hist-aer) single forcing simulations of the Detection and Attribution MIP (DAMIP; 
Gillett et al., 2016) to assess effects of AA on a large set of CMIP6 models (Eyring et al., 2016). Historical 
aerosol-only simulations are forced by changes in AA forcing only other external forcings are kept constant 
(GHG, change in solar activity, volcanism). We use three ensemble members from each of 10 CMIP6 climate 
models (ACCESS-ESM1-5, BCC-CSM2-MR, CanESM5, CNRM-CM6-1, FGOALS-G3, GISS-E2-1-G, 
HADGEM3-GC31-LL, IPSL-CM6A-LR, MIROC6, and MRI-ESM2-0) (See Table 2). For a comparison to the 
single-forcing experiments, the simulated historical change in West African precipitation is assessed using the 
DAMIP historical simulations.

3.2.  Methods

We have used several metrics to quantify the effects of AA on drivers and characteristics of the monsoon and 
uncertainties therein.

3.2.1.  West African Precipitation

The West African precipitation index is computed as the weighted area average between 20°W and 20°E and 
between 4°N and 12°N (See Figures 2a and 3a). This area was chosen to capture the region where the precipita-
tion bias is lowest in models. The West African precipitation index only accounts for land precipitation that falls 
from July to September.

3.2.2.  Location of the Saharan Heat Low

Meridional shifts in the location of the Saharan Heat Low (SHL) have substantial impacts on West African 
precipitation with a northward shift of the SHL associated with an increase in precipitation over West Africa 
(Lavaysse et  al.,  2009; Shekhar & Boos,  2017). We compute the low-level atmospheric thickness (LLAT; 
Lavaysse et al., 2009), defined as the difference between geopotential height at 700 and 925 hPa. The location of 
the SHL is identified by selecting the latitude of the maximum of the LLAT zonal mean computed between 15°W 
and 30°E and from 0°N to 40°N, after cubic splines interpolation (Shekhar & Boos, 2017).

3.2.3.  The West African Monsoon Index

The West African Monsoon Index (WAMI) accounts for the strength of the monsoon circulation, quantifying 
vertical wind shear. The WAMI index (Fontaine et al., 1995) is computed as 𝐴𝐴 WAMI = 𝑀𝑀925 − 𝑈𝑈200 where 
M925 is the standardized anomaly (divided by the standard deviation of the time series) of the wind modulus at 
925 hPa and U200 is the standardized anomaly of the zonal component of the wind at 200 hPa.

3.2.4.  Location of the Intertropical Convergence Zone and of the West African Monsoon Precipitation 
Rain Band

The location of the intertropical convergence zone (ITCZ) is defined as the barycentre of the zonal mean of 
the precipitation, averaged across all longitudes and between 30°S and 30°N (Monerie et  al.,  2013; Shonk 
et al., 2020). The location of the WAM precipitation rain band is defined in the same way as for the ITCZ but for 
precipitation between 10°W and 10°E and between 0° and 30°N (Monerie et al., 2013).

3.2.5.  Cross-Equatorial Heat Transport

The meridional heat transport plays a fundamental role in governing the effects of external forcings on monsoon 
circulations (Biasutti et al., 2018). We compute the atmospheric heat transport (AHT) as the difference between 
the net heat budget at the top of the atmosphere and the net heat budget at the surface, following Trenberth and 
Caron (2001). We then compute the zonally integrated cumulative sum from south to north. The global average 
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fluxes are subtracted from AHT (Magnusdottir & Saravannan, 1999) for each simulation. The cross-equatorial 
heat transport is defined as the average, over the equator, in AHT. We found negative values of cross-equatorial 
heat transport of ∼2 PW in HadGEM3 in July–August–September (JAS), which are consistent with previous 
studies (Biasutti et al., 2018) (not shown). Positive values of cross-equatorial heat transport denote a zonal mean 
transport from the southern to the northern hemisphere.

Figure 2.  (a) Contours show the observed precipitation (GPCP; mm day −1), averaged over July–September 1979–2014. Colors show the bias of HadGEM3-GC31, 
relative to Global Precipitation Climatology Center (GPCC). Stippling indicates where the bias is significantly different to zero according to a Student's t test at the 
90% confidence level. The black box indicates the area i.e., used to compute the West African precipitation timeseries, using land precipitation only. (b) Time series 
of West African precipitation anomalies (4°N–12°N; 20°W–20°E; mm day −1) for each scaling (colors) and GPCC, Climate Research Unit, and University of Delaware 
(black and gray). Anomalies are computed relative to 1901–1930. (c) Spread due to AA, defined as the standard deviation across the five ensemble means of the 
different scaling experiments (red) and internal variability (black), defined as the standard deviation across the different initial-condition members within a single 
scaling experiment. The resulting five standard deviations for each scaling experiment are subsequently averaged to represent an estimate of internal variability. The 
high-frequency variability is first removed with a 21-year running mean. (d) Linear trends in West African precipitation between 1900 and 1980 (mm day −1 over the 
81 years) for each scaling, for the SMURPHS ensemble, the sixth phase of the Climate Model Intercomparison Project (CMIP6) Detection and Attribution MIP aerosol 
only and historical ensembles. Diamonds show the ensemble-mean and the vertical lines the standard deviation computed from the ensemble-mean of each scaling and 
each CMIP6 three-member ensemble.
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3.2.6.  Moist Static Energy Framework

We describe changes in WAM circulation using a moist static energy (MSE) framework. MSE allows quanti-
fication of the transformation of lower troposphere enthalpy and latent energy into geopotential energy in the 

Figure 3.  Full uncertainty in effects of anthropogenic aerosols is shown by showing differences in 1900–1980 trend between the ×1.5 and ×0.2 scalings (multiplied 
by 81). (a) Effects on precipitation (colors, mm day −1) and moisture flux (vectors; g kg −1 m s −1). Red contours indicate the 1900–1980 mean climatology of the ×0.2 
scaling. The black box indicates the area that is used to compute the West African precipitation timeseries. (b) Effects on surface air temperature (colors; K) and 
sea-level pressure (negative/positive values are displayed with dashed/solid contours; Pa). (c) Effects on zonal wind, averaged from 10°W to 10°E and given between 
10°S and 30°N, obtained by the difference between the ×1.5 and ×0.2 scalings (colors; m s −1). Climatology is defined as the average of the zonal wind of the scaling 
×0.2 from 1900 to 1980 (contours; m s −1). (d) As in (c) but for omega (Pa s −1) (negative values in omega indicate ascent). Stippling (a, b) and hatchings (c, d) indicate 
that differences are significantly different to zero, according to a Monte Carlo approach and at the 95% confidence level.
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upper levels, which is the main signal of convection. MSE is therefore directly related to monsoonal precipitation 
(Biasutti et al., 2018; Bordoni & Schneider, 2008; Fontaine & Philippon, 2000). MSE is defined as:

MSE = 𝑔𝑔𝑔𝑔 + 𝐶𝐶𝑝𝑝𝑇𝑇 + 𝐿𝐿𝐿𝐿�

where gz is the geopotential energy, with g the gravitational acceleration and z the geopotential height. 𝐴𝐴 𝐴𝐴𝑝𝑝𝑇𝑇  is the 
enthalpy, with 𝐴𝐴 𝐴𝐴𝑝𝑝 the specific heat of dry air at constant pressure, and T the temperature. 𝐴𝐴 𝐴𝐴𝐴𝐴 is the latent energy 
associated with evaporation and condensation of water, with L the latent heat of evaporation and q the specific 
humidity. MSE is integrated between the surface and 700 hPa.

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

DSE = 𝑔𝑔𝑔𝑔 + 𝐶𝐶𝑝𝑝𝑇𝑇�

3.2.7.  African Easterly Waves

Over West Africa, precipitation variability is related to the synoptic activity of African Easterly Waves (AEWs) 
that are associated with mesoscale convective systems and sub-seasonal precipitation variability (Mekonnen 
et al., 2006). We use a proxy of the AEW activity, defined as the variance of the daily meridional wind at 850 hPa 
(Mekonnen et  al.,  2006; Skinner et  al.,  2012), filtering daily data with a 3–5 day band-pass filter (Diedhiou 
et al., 1999). We found that in HadGEM3 the 850 hPa meridional wind variance has a maximum over the eastern 
tropical Atlantic and over West Africa, between 5°N and 25°N, and west of the Greenwich meridian as in reanal-
ysis (Mekonnen et al., 2006).

3.2.8.  Extreme Indices

We compute a set of extreme indices from the Expert Team on Climate Change Detection and Indices (ETCCDI) 
(Sillmann et al., 2013). First, we defined a wet day as a day on which precipitation exceeds 1 mm day −1. The 
simple daily intensity (SDII) is defined as the daily precipitation mean on wet days. R1mm is the number of 
wet days. R10mm and R20mm are the number of days for which precipitation amount exceeds 10 and 20 mm 
respectively. R10mm then documents heavy precipitation days and R20mm very heavy precipitation days. R95p 
documents the very wet days and is the daily mean precipitation of wet days that exceed the 95th percentile of 
precipitation on wet days. r95ptot is the percentage of total precipitation that is contributed by precipitation 
extremes (by R95p events), a high value indicating that total precipitation is controlled by heavy events on only 
a few days.

Dry spells (CDD) are defined as periods of at least five consecutive dry days (precipitation below 1 mm day −1). 
Warm spells are defined when daily mean temperature is higher than the 90th percentile in daily temperature, 
over at least six consecutive days. The warm spell index (WSDI) is the number of warm spells in a season.

Extreme indices are computed here from the average over the 1950–1980 period, using daily values. We note that 
effects of the scalings on precipitation anomalies are not sensitive to the method we use (i.e., a 1900–1980 trend 
and an average over the 1950–1980 period) (Figure S1 in Supporting Information S1).

3.3.  Statistical Significance

The statistical significance of the difference between two experiments is defined using a Monte Carlo approach. 
Synthetic ensembles are constructed through randomly resampling the 10 simulations (five ensemble members 
for each of two scaling experiments) and performing the ensemble mean of each synthetic five ensemble members 
(i.e., providing a total of 252 synthetic ensemble means). The synthetic ensemble means are used to create a 
matrix of anomalies (252 × 252 size) between two synthetic ensemble means, providing a large ensemble of 
synthetic ensemble mean differences. Differences between two scaling experiments are then judged significant at 
the 5% level when stronger than 97.5% of the randomly obtained synthetic ensemble-mean differences (two-sided 
test).

4.  Results
4.1.  Trends in JAS West African Precipitation

We first assess the ability of HadGEM3 to simulate West African precipitation, in JAS, relative to GPCP. We 
note that HadGEM3 has a dry bias over West Africa, and a wet bias over the tropical Atlantic Ocean, showing 
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that the WAM is located too far south in HadGEM3 (Figure 2a). This is a 
common bias in climate models (Monerie et al., 2020). Anomalies in West 
African precipitation between HadGEM3 and GPCP are associated with a 
systematic cold bias over the Saharan desert and a warm bias over the tropical 
Atlantic Ocean in the model (Monerie et al., 2016; Okumura & Xie, 2004; 
Richter & Xie, 2008) (Figure S2 in Supporting Information S1, using NCEP; 
Kanamitsu et al., 2002). We have replicated the analysis with other observa-
tions and show the precipitation bias to be consistent (Figure S3 in Support-
ing Information S1).

The West African precipitation (4°N–12°N to 20°W–20°E) decreases 
throughout the 20th century in both observations and simulations (Figure 2b). 
The simulated drying becomes more severe when the scaling is increased, 
showing that AA emissions have a substantial drying effect on West African 
precipitation. Decadal precipitation variability is high over West Africa and 
the influence of aerosol uncertainty might not emerge relative to internal 
climate variability. Therefore, we quantify effects of the scalings and of inter-

nal climate variability to verify robustness of the effects of AA emissions on West African precipitation. To do so 
we used two methods. (a) The effect of scalings, that is, uncertainty in the forced response, is obtained by comput-
ing the standard deviation across the SMURPHS ensemble, using the five-member ensemble-means to represent 
the forced response for each scaling (i.e., inter-scaling standard deviation). (b) Internal climate variability is 
defined as the differences between ensemble-members of the same scaling, which arise due to a perturbation of 
the initial conditions. The intra-scaling variance is computed for each scaling experiment and subsequently aver-
aged, and we then computed the square root of the result to provide an estimate of the role of internal variability. 
The effect of scalings is likely to exceed internal climate variability after the first decade of the 1900s (Figure 2c), 
when differences of forcing between scalings increase (Figure 1). Therefore, we analyze trends in precipitation 
over the period 1900–1980 (Figure 2d).

The negative trend in West African precipitation from 1900 to 1980 monotonically increases when increasing 
scaling (Figure 2d), evidencing a substantial effect of the AA scaling. We resampled data to test the statistical 
significance of the differences of the 1900–1980 trends between each scaling (see Section 3.3). We show robust 
differences between the lowest and the highest scalings, which are not due to internal climate variability. Simi-
larly, we note that the ×1.5 scaling is significantly different to all other scalings, but we do not find significant 
differences between the ×1.0 and the ×0.7 scalings, and between the ×0.2 and ×0.4 scalings (Table 1). The 
finding of substantial impact of AA emissions on the Sahel drought is consistent with the literature (Ackerley 
et al., 2011; Giannini & Kaplan, 2019; Hirasawa et al., 2020; Marvel et al., 2020). The drying trend of the ×0.2 
scaling does not emerge from internal variability (Figure 1d). All other scalings show robust drying trends, with 
the ×1.5 scaling producing a drying trend that is around three times stronger than for the ×0.2 scaling (Figure 2d). 
Therefore, the ability of a climate model to simulate the historical drought over the Sahel is likely to depend 

Table 1 
Difference in 1900–1980 West African Precipitation Trends (mm day −1), in 
Summer (JAS) and Between the Ensemble-Means

Experiment ×0.2 ×0.4 ×0.7 ×1.0 x1.5

×0.2 0

×0.4 −0.034 0

×0.7 −0.189 −0.155 0

×1.0 −0.241* −0.207* −0.052 0

×1.5 −0.445* −0.411* −0.256* −0.204* 0

Note. One star and bold values indicates that differences are significant 
at the 95% confidence interval, following a Monte-Carlo approach and 
with two-sided test. Precipitation is averaged between 4°N and 12°N and 
20°W–20°E.

Table 2 
List of DAMIP CMIP6 Climate Models Used in the Study

Models Institutions References

ACCESS-ESM1-5 Australian Community Climate and Earth System Model, Australia Ziehn et al. (2020)

BCC-CSM2-MR Beijing Climate Center, China Shi et al. (2020)

CanESM5 Canadian Center for Climate Modeling and Analysis, Canada Swart et al. (2019)

CNRM-CM6-1 Center 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 Center, 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 modeling community, Japan Tatebe et al. (2019)

MRI-ESM2-0 Meteorological Research Institute, Japan Yukimoto et al. (2019)
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strongly on the magnitude of its AA scaling. This also confirms that the past increase in AA emissions from 
Europe and North America is a driver of the Sahel drought of the 1970s and 1980s (Herman et al., 2020; Hirasawa 
et al., 2020; Monerie et al., 2022).

We compare uncertainty across the SMURPHS ensemble to uncertainty across the CMIP6 DAMIP aerosol-only 
ensemble. The ensemble-mean trend in 1900–1980 West African precipitation is comparable between the two 
ensembles, both showing a negative trend of similar intensity over West Africa due to AA emissions (Figure 2d). 
HadGEM3 is not an outlier at simulating effects of AA emissions on West African precipitation. In addition, we 
show that the SMURPHS ensemble spread covers a large proportion of the historical CMIP6 ensemble spread 
(Figure 2d). Although we cannot rule out effects of internal variability and of differences in model biases in 
West African precipitation variability, we suggest that most of the CMIP6 ensemble spread is due to differences 
between climate models at simulating AA radiative forcing.

Results of the SMURPHS ensemble show that the simulation of the effects of AA on West African precipitation 
determines whether a multi-decadal drought occurs. Uncertainty in the effects of AA therefore has strong conse-
quences, affecting our ability to simulate and predict multidecadal variability in West African precipitation. Here, 
we then build upon the published literature and show that understanding better ensemble spread in AA effective 
radiative forcing is necessary for advancing our ability to project the future of Sahelian droughts.

In addition, we note that, after the 1980s, the precipitation does not increase in GPCC and UDEL, while precip-
itation increases in CRU. All observations show a northward shift in precipitation and the discrepancy between 
observations is mostly due to difference in the pattern of the precipitation recovery among observations (Figure 
S4 in Supporting Information S1). For the recovery period, the lowest (≤×0.4) and medium-to-highest scalings 
(≥×0.7) show strong differences, but recovery trends do not strengthen monotonically with scalings (Figure S5 
in Supporting Information S1), with no robust differences between the ×0.7, ×1.0 and ×1.5 scalings. Therefore, 
we do not have a strong effect of the scalings here for the recovery, and we only focused our analyses on the 
drought period. This suggests the recovery to be GHG-driven in HadGEM3. In addition, the increase of the Asian 
AA emission could obscure the effect of the North American and European decrease in AA emissions (Dong 
et al., 2014; Hirasawa et al., 2022; Liu et al., 2018), leading to no effect of the scalings.

4.2.  Mechanisms of AA Effects on Sahel Precipitation Trends

We show effects of anthropogenic aerosol forcing uncertainty on West African precipitation by displaying differ-
ences in 1900–1980 trends between the highest and lowest scalings (i.e., ×1.5 − ×0.2) (Figure 3a). Differences 
between scalings are strong, with significant differences in West African precipitation trends (Figure 3a). We 
note that trends in precipitation are almost equally due to trends in evaporation as to trends in moisture flux 
convergence (P-E), showing the importance of local precipitation recycling (Figure S6 in Supporting Informa-
tion S1). Larger aerosol forcing results in a stronger weakening of the moisture flux (Figure 3a), and of the 
westerlies (Figure S7 in Supporting Information S1). Besides, the anomalously strong northerlies advect anoma-
lously dry and cold air from the north, reducing precipitation (Figure 3a) and surface-air temperature (Figure 3b), 
and weakening the monsoon circulation, as in Hill et al. (2017). The strengthening of the westerlies, north of 
20°N, and the weakening of the westerlies, south of 20°N, is consistent with the decrease of pressure over North 
Africa (Figure 3b). The southward shift of the monsoon and the weakening of the westerlies are associated with 
the decreased surface-air temperature over northern Africa (Figure 3b), which is a key driver of the monsoon 
dynamics (Chadwick et al., 2019; Hall & Peyrillé, 2006). In addition, the increase in AA scaling is associated 
with a decrease in surface air temperature over the North Atlantic Ocean (Figure 3b), contributing to the decrease 
in precipitation over West Africa, as in Monerie et al. (2022). Sea-level pressure increases over western North 
Africa and decreases over the Sahel (Figure 3b), highlighting a weakening of the regional meridional pressure 
gradient, that is consistent with a southward shift of the monsoon and of the SHL.

Zonal mean cross-sections show a weakening of the low-level (1,000–850 hPa) westerlies, and a strengthening 
and southward shift of the African Easterly Jet (AEJ) (Figure  3c), both associated with a decrease in Sahel 
precipitation in observations (Grist & Nicholson, 2001; Nicholson, 2013). However, feedbacks exist between soil 
conditions, the ITCZ, the SHL and the AEJ (Cook, 1999; Schubert et al., 1991; Thorncroft & Blackburn, 1999) 
and a southward shift of the AEJ is closely linked to a decrease in Sahel precipitation, but the causality chain is 
not directly assessed here. Moreover, the relationship between jets and Sahel precipitation is not clearly simulated 
in climate models (Whittleston et al., 2017). For instance, HadGEM3 has a strong bias in 200 hPa zonal wind, 
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not simulating a clear Tropical Easterly Jet, which is located between 0°N and 10°N and at around 200 hPa in 
observations (Nicholson, 2013). However, our results show changes of the monsoon circulation that are physi-
cally consistent with a decrease in Sahel precipitation, that is, a southward shift of the AEJ and a weakening of 
the low-level westerlies. In addition to the zonal winds, we show anomalies in ω (the vertical velocity expressed 
in pressure coordinates) (Figure 3d). Climatological negative values of ω indicate ascent and deep convection 
at 500–300 hPa and between 0°N and 4°N. Negative values of ω also highlight the shallow circulation, which 
is located between the surface and 700 hPa, between 10°N and 20°N (Figure 3d). Increasing AA scaling led to 
a strengthening of the deep convection (Figure 3d) and to an increase in precipitation (Figure 3a) over the Gulf 
of Guinea (0°N–4°N). ω decreases, between 8°N and 14°N at 400 hPa, showing an inhibited deep convection 
over the Sahel (Figure 3d), which is consistent with the decrease in precipitation at these latitudes (Figure 3a). 
In addition, ω increases over the northern edge of the shallow circulation and decreases over its southern edge, 
indicating a southward shift of the monsoon circulation over the northern Sahel.

We show that the increase in US and European AA emissions (Figure 1) affects the West African precipitation 
by shifting the atmospheric circulation southward. This is consistent with previous studies, which have shown 
that the effect of AA on West African precipitation is mostly dynamic (Hirasawa et al., 2020), more specifically 
through shifts of the atmospheric circulation (Monerie et al., 2022).

4.3.  Global Energetics Control on Local Physics

Changes in regional monsoon precipitation are connected to global mean anomalies in cross-equatorial heat 
transport and to the location and extent of the Hadley Cell (Biasutti et al., 2018; Kang et al., 2008). In addition, 
regional mechanisms (e.g., the AEJ, the SHL) (Hall & Peyrillé,  2006) are well known identified drivers of 
the WAM. Changes in AA emissions can therefore affect the WAM precipitation through mechanisms of both 
regional and global scales. We have documented regional changes in Section 4.2 and assess here how they are 
connected to changes of global scales, and we highlight uncertainties (e.g., the SMURPHS ensemble spread).

An increase in AA scaling is associated with a decrease in surface-air temperature over the northern Hemisphere 
and hence with a weakening of the boreal summer interhemispheric temperature contrast (Figure 4a). The cool-
ing of the northern Hemisphere is in turn associated with a weakening of the southward cross-equatorial AHT 
(Figure 4a). The weakening of the southward cross-equatorial heat flux is associated with a southward shift of 
the ITCZ (Figure 4b; Biasutti et al., 2018; Donohoe et al., 2013; McGee et al., 2014; Schneider, Bischoff, & 
Haug 2014). Here we show that uncertainty in the strength of the simulated radiative effects of AA has strong 
effects on the simulated trends in cross-equatorial heat transport and in the location of the ITCZ. This leads to 
strong uncertainties in trends in precipitation over the tropics, on a spatial scale wider than West Africa (Shonk 
et al., 2020).

Anomalies in the meridional location of the WAM portion of the ITCZ are linked to global-scale anomalies, 
including the location of the global zonal mean ITCZ (Figure 4c) and thus to the change in cross-equatorial AHT 
and in the interhemispheric temperature contrast. The location of the WAM is well correlated with the anoma-
lies in precipitation over West Africa (Figure 4d). For scalings ×0.7 and larger, the WAM shifts southward, and 
the WAM precipitation decreases. There is therefore a clear link between large-scale mechanisms and regional 
changes in precipitation, after an increase in AA emissions.

An increase in AA scaling is associated with a southward shift of the SHL (Figure 4e). The West African precip-
itation anomalies are also associated with anomalies in the latitudinal location of the SHL (Lavaysse et al., 2009; 
Shekhar & Boos, 2017). We show here that uncertainty in AA radiative forcing also leads to differences in trends 
of the latitudinal location of the SHL (Figure 4e), suggesting impacts of regional changes of the atmospheric 
circulation. In some cases, a northward shift of the SHL is associated with a decrease in West African precipi-
tation (Figure 3e; scalings < 1.0), but we acknowledge that there is a strong ensemble-spread in the simulated 
trends in location of the SHL and anomaly in precipitation, for each scaling. Effects of internal variability stand 
out on regional scales. The shift in the location of the SHL is consistent with the changes in interhemispheric 
temperature gradient (Figure 4a) but shows a slightly different behavior than global-scale changes because of 
the regional patterns in temperature anomalies. The southward shift of the SHL is also in line with a decrease 
in surface-air temperature over northern Africa, and with a southward shift of the monsoon (Figures 3b and 4e).

The WAM circulation weakens with increasing AA scaling (Figure 4f), through a decrease in zonal vertical wind 
shear (Fontaine et al., 1995). The low-level west African westerly jet weakens as well, explaining a part of the 
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decrease in moisture flux convergence and precipitation over West Africa (Figure 4g) (Grodsky et al., 2003; Pu 
& Cook, 2010). The dynamics of the WAM are controlled by the meridional gradients in MSE, through changes 
in latent, sensible and geopotential energy between the hot Saharan desert and the humid Guinean zone (Fontaine 
& Philippon, 2000; Gaetani et al., 2017). We show meridional gradients in MSE in Figure 4h (difference between 
20°N–30°N and 5°N–15°N, averaged over longitudes 10°W–10°E). The climatological MSE gradient is negative 

Figure 4.  Scatter plots of the 1900–1980 trends in (a) global inter-hemispheric temperature contrast and cross-equatorial 
atmospheric heat transport, (b) global cross-equatorial heat transport and meridional location of the global intertropical 
convergence zone (i.e., global zonal mean in precipitation), (c) meridional location of the global intertropical convergence 
zone and meridional location of the West African Monsoon, and West African precipitation in function of the (d) meridional 
location of the West African Monsoon, (e) meridional location of the Saharan Heat low, (f) WAMI index, (g) strength of 
the west African westerly jet and (h) meridional gradient in moist static energy. Vertical and horizontal lines indicate the 
uncertainty, defined as two times the standard error. Each scaling is shown with a color (see Figure 1b). Metrics are described 
in Section 3.2.
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because the shape of the meridional gradient in MSE is mostly given by latent heat that is maximum over the 
Sahel (not shown). AA emissions affect the regional circulation by strengthening the Sahara-Sahel meridional 
gradients in MSE (Figure 4h), suggesting a weakening of the WAM dynamics. We note that, unlike MSE, gradi-
ents in DSE decreases when increasing scalings, also showing an effect of the decrease in Sahara temperature on 
monsoon circulation.

To summarize, the response to anthropogenic aerosol emissions is strongly dependent on the magnitude of the 
global forcing. Strong differences between scalings are noted in the responses of changes in meridional gradients 
in heat and energy, on the location of the monsoon circulation and on three-dimensional structure of the monsoon 
(e.g., strength and location of the AEJ and SHL, vertical wind shear and vertical ascent). Therefore, uncertainties 
associated with the simulation of the effects of AA emissions are shown for the drivers of the WAM on both large 
and regional scales. We show differences between large-scale and regional-scale mechanisms. For instance, the 
interhemispheric temperature gradient weakens in the ×0.4 scaling relative to the ×0.2 scaling, while differences 
in the location of the SHL are indistinguishable between the two scalings. Hence, we suggest that the large-scale 
view alone provides a first order explanation of the effects of AA on the West African precipitation but does not 
explain the full ensemble-spread in the West African precipitation trend. We acknowledge that all drivers are 
interconnected. The AEJ is for instance a consequence of both the surface dry gradient caused by the SHL, and 
the aloft heating caused by the precipitation in the WAM, and with the changes in soil conditions. Consequently, 
we note strong uncertainty in the drivers of the monsoon, due to a change in AA scaling, but cannot here define 
which of these mechanisms is dominant on the WAM.

4.4.  Precipitation Characteristics and Synoptic Variability

We have documented the change in JAS precipitation over West Africa so far. However, a change in the monsoon 
goes beyond a change in the seasonal mean precipitation and may also include changes in monsoon onset date 
and season length, and changes to climate hazards such as the number of rainy days and storms or precipitation 
intensity. These aforementioned descriptors have strong societal effects on African countries, impacting agricul-
ture yield (Sultan & Gaetani, 2016) and leading to drought or flood, among others.

AEWs favor deep convection and are associated with well organized mesoscale systems (Diedhiou et al., 1999; 
Mekonnen et al., 2006; Núñez Ocasio et al., 2020b; Vellinga et al., 2016) that cause precipitation extreme events 
(Crétat et al., 2015; Vellinga et al., 2016). The AEJ serves as a wave guide for the AEWs (Diedhiou et al., 1999) 
and the hydrodynamic instability of the AEJ can initiate and maintain AEWs (Burpee, 1974; Carlson, 1969; 
Núñez Ocasio et al., 2020a). Changes in the strength and location of the AEJ have effects on the AEWs, and 
thus on mesoscale and extreme precipitation. We show that increasing the strength of aerosol forcing is asso-
ciated with a strengthening and a southward shift of the AEJ (Figure 3b) and we therefore expect AEWs to be 
significantly impacted by AA. The southward shift of the AEJ is accompanied by a weakening of the barotropic 
instability over land (Figure S8 in Supporting Information S1), indicating a reduction of the conditions that can 
favor AEWs over West Africa (Kuo, 1949; Wu et al., 2012). Consequently, we note a weakening of AEW activity 
(Figure S9 in Supporting Information S1), suggesting a weakening in the frequency of well-organized mesoscale 
systems, and a decrease in precipitation extreme events.

The precipitation intensity (SDII) is not dramatically reduced over most of the Sahel (Figure 5a) in response to 
aerosol increases. SDII decreases substantially over the tropical Atlantic Ocean, the western coast of West Africa, 
over Guinea and Sierra Leone, Liberia, and western Senegal (Figure 5a). The number of rainy days (r1mm) 
decreases over West Africa and increases over the Gulf of Guinea (Figure 5b), accompanying a southward shift 
of the monsoon (Figures 3a, 4b, and 4c).

The comparison of the patterns of anomalies in precipitation (Figure 3a), SDII (Figure 5a), and R1mm (Figure 5b) 
shows that uncertainty in precipitation anomaly, due to the increase in AA scaling, is primarily due to uncertainty 
in the number of rainy days rather than to the intensity of rainy events. The decrease in the number of rainy days 
is associated with a decrease in the number of intense rainy days (R10mm; Figure 5c) and heavy rainy days 
(R20mm; not shown). We could therefore expect a change in precipitation to be associated with a change in 
the contribution of extreme precipitation to total precipitation amount, following C. M. Taylor et al. (2017). In 
HadGEM3 the percentage of precipitation that is due to extreme events is not dramatically affected by changes in 
AA scaling (Figure 5d). However, the contribution of extreme precipitation events to total precipitation decreases 
over the western coast, consistently with a decrease in precipitation intensity (Figure 5a).
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Figure 5.  Full uncertainty in effects of anthropogenic aerosols is shown by showing differences between the scaling ×1.5 and scaling ×0.2, averaged over the period 
1950–1980 and in July–August–September. (a) Effects on SDII (in mm day −1), (b) R1mm (in days), (c) R10mm (in days), (d) R95ptot (in %), (e) CDD (in numbers of 
dry spells) and (f) WSDI (in numbers of warm spells). Red contours are the 1950–1980 climatology, taken from the scaling ×0.2. Stippling indicate that anomalies are 
significant according to a Student's t test and at the 95% confidence level. See metrics in Section 3.2.8.
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Differences in the AA scaling leads to differences in the simulated number of dry spells over the Sahel, with 
higher AA scaling yielding to a higher number of dry spells during the rainy season (Figure 5e). This might 
lead to strong uncertainty when simulating effect of external forcing on crops and agricultural yield, as well as 
on human health. Wet spells are also affected by the change in AA scaling, with a reduction in wet spells when 
increasing the scaling (Figure S10 in Supporting Information S1). Stronger scalings are associated with stronger 
decreases in temperature, hence potentially impacting temperature hazards. Heat waves have strong effect on 
human health, and we show that an uncertain AA radiative forcing would lead to difficulties in simulating, and 
thus at potentially projecting changes in the frequency of these events (Figure 5f). We also show that an increase 
in European and North American AA emissions is associated with a decrease in the warm spell frequency.

We computed onset and withdrawal dates of the monsoon over West Africa, using an anomaly cumulative func-
tion with daily precipitation (Liebmann et al., 2012). We find significant differences between scalings on the 
onset date of the monsoon, over Niger (Figure S11 and Method in Supporting Information S1). However, the 
differences between scalings are not significant over most of the West African region, and we do not find differ-
ences between scalings when averaging the changes in onset date over West Africa (4°N–12°N to 20°W–20°E) 
(Figure S12 in Supporting Information S1). The uncertainty in AA radiative forcing does not affect the simu-
lated change in the demise date in HadGEM3 (not shown). This result contrasts with previous findings (Song 
et al., 2021) which attributes historical delay of West African precipitation to changes in greenhouse gases and 
AA emissions.

5.  Conclusions and Discussion
The SMURPHS ensemble consists of simulations with scaled emissions of anthropogenic aerosol and precur-
sors that reproduce a large proportion of the confidence interval of best estimates of aerosol effective radiative 
forcing (Bellouin et al., 2020; Boucher et al., 2013; Dittus et al., 2020). We have used the SMURPHS ensemble 
to quantify the effects of uncertainty in anthropogenic aerosol radiative forcing on West African precipitation 
variability, with one climate model, so that the effects of forcing uncertainty are seen in isolation from model 
structural differences, such as monsoon biases. We show that the SMURPHS ensemble is a good proxy of the 
CMIP6 ensemble, covering a large proportion of the range in CMIP6 West African historical precipitation trends 
associated with AA emissions (i.e., the single-forcing experiment of DAMIP (Gillett et al., 2016)).

We show a strong effect of uncertainty in AA radiative forcing on multi-decadal West African precipitation trends 
and characteristics, and on WAM dynamics. A low-AA radiative forcing (scaling ×0.2; −0.38 W m −2) is asso-
ciated with a negative 1900–1980 trend in West African precipitation that does not clearly emerge from internal 
variability, while a high-AA radiative forcing (scaling ×1.5; −1.50 W m −2) is associated with a substantial drying 
over West Africa. Therefore, we show that the simulated magnitude of the historical drying over West Africa is 
strongly dependent on simulated AA radiative forcing. This may result in models either under- or over-estimating 
the magnitude of decadal variability in West African precipitation in future, potentially leading to false alarms 
regarding potential droughts or flooding. Although North American and European aerosol and precursor emis-
sions have been significantly reduced since the 1980s, there is still the potential for future Asian emission reduc-
tions (Lund et al., 2019) to lead to an increase in West African precipitation (Dong et al., 2014), in addition to 
considerable uncertainty in the sign and magnitude of African emission changes (Lund et al., 2019). We also 
acknowledge that local changes in emissions in SO2 and black carbon also impact the WAM, but that historical 
differences in AA emission are small between scalings over West Africa (not shown). However, emission uncer-
tainty is large over Africa in the near future (Lund et al., 2019), so local changes may play a more important 
role on the WAM variability in the coming decades. Simulations of future changes in West African precipitation 
could therefore be very sensitive to uncertainty in simulating the effects of anthropogenic aerosols for near-term 
projections (e.g., 2020–2040). We show that a better understanding of the simulated effects of AA emissions on 
the WAM is of paramount importance for predictions and projections, alongside a better understanding of uncer-
tainty associated with internal variability (e.g., the effects of AMV). Therefore, a further study could consist of 
analyzing effects of future changes in anthropogenic aerosol emissions trajectories on changes in West African 
precipitation, with the DAMIP simulations (Gillett et  al.,  2016), using a future scenario with single-forcings 
(O’Neill et al., 2016). This will help clarify the role of AA emissions in future evolution of the WAM, and large 
ensembles can be used to document the model uncertainty.

We show that uncertainty in AA radiative forcing also leads to uncertainty in the simulation of changes in precip-
itation characteristics, with larger forcing leading to stronger decreases in the number of rainy days and heavy 
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rain days. There is also a substantial uncertainty in simulations of the number of dry and warm spells because of 
uncertainty in AA radiative forcing. Thus, uncertainties in the effects of AA in climate models are a significant 
limitation for detection-and-attribution studies in changes in extreme events and on impacts on public health, 
economy, and on the agricultural sector.

We provide a first attempt at quantifying the impact of uncertainty in the strength of global aerosol forcing on 
drivers of the WAM, at both global and regional scales. AAs scatter shortwave radiation back to space, reducing 
surface-air temperature. Therefore, uncertainty in the effects of AA results in strong differences in trends of 
global mean surface air temperature (Dittus et al., 2020) and of the interhemispheric temperature gradient. These 
sources of uncertainty affect the simulations of the cross-equatorial heat transport and of the shifts of the ITCZ, 
as shown in Shonk et al. (2020). We show, for the time, that the effects of uncertainty in AA radiative forcing on a 
regional scale. The response of the WAM system (westerlies, AEJ, location of the SHL, and AEWs) has a strong 
linear dependence on simulated AA forcing.

While this study focuses only on the effects of uncertainty in the magnitude of aerosol radiative forcing, further 
uncertainties in the WAM response to aerosol emission changes are likely to be associated with structural differ-
ences between models. Differences in model physics can result in differences in simulated particle transportation 
and aerosol-cloud interactions, for instance, which could lead to differences in the pattern of aerosol radiative 
forcing, and the mechanisms by which the forcing leads to precipitation changes. Uncertainties in the response 
to aerosol forcing may also be influenced by mean-state biases in models. For example, HadGEM3-GC3.1 has a 
dry bias over West Africa, with a monsoon located too far south relative to observations. The bias could lead to 
a misrepresentation of the sensitivity of the WAM to changes in AA emissions, biasing low the sensitivity to AA 
emissions. A caveat of this study is therefore that results could be model-dependent, and further work is required 
to understand whether such biases moderate or enhance the uncertainties that arise from differences in the magni-
tude of aerosol forcing, by studying experiments with perturbed future aerosol emissions in multiple models.

In summary, analysis of the SMURPHS ensemble demonstrates that uncertainty in the simulation of West Afri-
can precipitation trends due to simulations of the effects of anthropogenic aerosols is strong. We show that uncer-
tainties in aerosol radiative forcing could prevent us from successfully predicting decadal trends in West African 
precipitation, such as the drought of the 1970s–1980s. We suggest that a deeper understanding of effects of AA 
would yield to a better near-term prediction of changes in Sahel precipitation.

Data Availability Statement
CMIP6 GCM output is available from public repositories, including https://esgf-index1.ceda.ac.uk/search/cmip6-
ceda/. Output from the SMURPHS climate model ensemble is archived at the Centre for Environmental Data 
Analysis https://catalogue.ceda.ac.uk/uuid/5808b237bdb5485d9bc3595f39ce85e3. GPCC, GPCP and UDEL 
Precipitation, and NCEP temperature data are provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, 
USA, from their website at https://downloads.psl.noaa.gov/Datasets/gpcc/full_v7/ (precip.mon.total.1x1.v7.nc), 
https://downloads.psl.noaa.gov/Datasets/gpcp/ (precip.mon.mean.nc), https://downloads.psl.noaa.gov/Datasets/
udel.airt.precip/v401/ (precip.mon.total.v401.nc) and https://downloads.psl.noaa.gov/Datasets/ncep.reanalysis/
Monthlies/pressure/ (air.mon.mean.nc), respectively. CRU Precipitation is provided by the Climate Research 
Unit, from the website at https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.03/cruts.1905011326.v4.03/pre/.
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