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ABSTRACT: The Sahel semiarid region was marked during the twentieth century by significant modulations of its rainfall
regime at the decadal time scale. Part of these modulations have been associated with the internal variability of the climate
system, linked to changes in oceanic sea surface temperature. More recently, several studies have highlighted the influence
of external forcings during the dry period in the 1980s and the recovery around the 2000s. In this work we evaluate the in-
ternally and externally driven decadal modulations of Sahel rainfall during the entire twentieth century using a set of
12 models from phase 6 of the Coupled Model Intercomparison Project (CMIP6). We begin by proposing a physically
based definition of Sahel rainfall that takes into account the southward bias in the location of the Sahelian ITCZ simulated
by all the models. Our results show that the amplitude of the decadal variability, which is underestimated by most models,
is mainly produced by the internally driven component. Conversely, the external forcing tends to enhance the synchrony of
the simulated and observed decadal modulations in most models, providing statistically significant correlations of the
historical ensemble mean with observations in 1/3 of the models, namely IPSL-CM6A-LR, INM-CM5-0, MRI-ESM2-0,
and GISS-E2-1-G. Further analysis of the detection and attribution runs of the IPSL-CM6A-LR shows that anthropogenic
aerosol dominate the decadal modulations of Sahel rainfall simulated by this model, suggesting that at least a part of the
impact is ocean-mediated and operated through shifts in the ITCZ and the Saharan heat low.

KEYWORDS: Monsoons; Anthropogenic effects/forcing; Coupled models; Internal variability; Decadal variability;
Tropical variability

1. Introduction

Monsoons are a very specific feature of tropical climate charac-
terized by a strong seasonality of rainfall linked to changes in at-
mospheric circulation. They are energetically direct circulation
systems closely coupled to the Hadley circulation in which mois-
ture plays an important role (Kang et al. 2008; Schneider et al.
2014). Their seasonality is linked to changes in the interhemi-
spheric energy balance that induce a meridional migration of the
intertropical convergence zone (ITCZ) and associated rainfall
over wide continental areas (Biasutti et al. 2018).

The West African monsoon (WAM) system reaches its maxi-
mum northward location during boreal summer, reaching the
Sahel, a semiarid region limited to the north by the Sahara
Desert and to the south by savannah. The Sahel rainfall regime
is tightly linked to the West African monsoon, with a rainy
season that typically lasts from July to September (JAS)
(Thorncroft et al. 2011). The region’s economy is based on
rain-fed agriculture and grazing. Thus, a small shift in the
position of ITCZ precipitation can cause dramatic variations in
local precipitation (Kang 2020) and affect the economies locally.
Moreover, the Sahel experienced a very wet period from the
1950s to 1960s followed by a long dry period in the 1970s and
1980s with important socioeconomic consequences (Kandji et al.
2006).

Numerous studies have been carried out to understand
the low-frequency modulations of Sahel rainfall during the
twentieth century (Biasutti and Giannini 2006; Hirasawa et al.
2020, 2022; Martin et al. 2014; Mohino et al. 2011; Villamayor
et al. 2018; Hirasawa et al. 2020; Hirasawa et al. 2022; Zhang
et al. 2022). In some of them, past modulations of Sahel
rainfall at decadal time scales have been associated with
changes of sea surface temperature (SST), in particular via
those related to the Atlantic multidecadal variability (AMV) in
the North Atlantic (e.g., Martin et al. 2014; Mohino et al. 2011;
Rodrı́guez-Fonseca et al. 2011). The AMV has long been
viewed as an internal mode of variability of the climate system
(Zhang et al. 2019). Control simulations performed with state-
of-the-art climate models can indeed simulate large decadal
modulations of the North Atlantic SST and associated changes
in Sahel rainfall (Zhang et al. 2019). Yet recent studies have
highlighted the importance of external forcing for the genera-
tion of the AMV (Bellomo et al. 2018; Booth et al. 2012; Mann
et al. 2021) and possibly thereby for the modulation of the
WAM (e.g., Hirasawa et al. 2020, 2022; Zhang et al. 2022).

Low-frequency modulations of Sahel rainfall and in partic-
ular the rainfall decline during the second half of the twenti-
eth century have been attributed in some studies to the
greenhouse gas (GHG)-forced ocean warming (Biasutti and
Giannini 2006). GHGs warm the global ocean resulting in a
reinforcement of the evaporation in the tropics, which reduces
tropical circulation in general and, in particular, the mon-
soonal flow (Gaetani et al. 2017). In addition, they can also
induce a slowdown of the ocean meridional overturning
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circulation (MOC), reducing thus heat transport in the North
Atlantic, and forcing a tropical north–south temperature gra-
dient (Biasutti and Giannini 2006). This yields an inhibition of
the ITCZ northward migration. Yet, GHGs have also been
shown to potentially influence WAM through direct radiative
forcing, without the effect of SSTs. The partial recovery of Sahel
rainfall around the 2000s is in particular also attributed to GHGs
but via the direct response of the atmosphere (Dong and Sutton
2015). In this case, the leading mechanism is that the warming of
the African continent induces a strengthening of the land–ocean
thermal gradient, favoring moisture supply toward the continent
and thus increased deep convection in the monsoon region
(Dong and Sutton 2015; Gaetani et al. 2017; Haarsma et al.
2005).

On the other hand, although they suggest that in the future
increased greenhouse gases could become a dominant driver
of Sahel changes, Herman et al. (2020) argue that the effect of
GHGs was not strong enough to explain the recovery of Sahel
rainfall at the end of the twentieth century. Anthropogenic
aerosols are another candidate to explain the recent Sahel
rainfall decadal modulations (Booth et al. 2012; Giannini and
Kaplan 2019; Herman et al. 2020; Hirasawa et al. 2020; Hira-
sawa et al. 2022; Zhang et al. 2022). As for GHGs, anthropo-
genic aerosols can act either directly or indirectly (via the
SST) on the WAM. For example, the drought of the 1970s has
been associated with the cooling of the North Atlantic due to
anthropogenic aerosols (Booth et al. 2012), thus limiting the
northward migration of ITCZ. The recent recovery in rainfall
has also been attributed to the ocean-mediated effect of anthro-
pogenic aerosols (Hirasawa et al. 2020). On the other hand, the
so-called direct response to aerosol forcing (Dong and Sutton
2015) could influence precipitation in the Sahel without chang-
ing the sea surface temperature as they interact with shortwave
(SW) and longwave (LW) radiation and modify the radiative
and physical properties of clouds. Hirasawa et al. (2020)
suggest that the dry period of the 1970s is due to a direct
response of the atmosphere to anthropogenic aerosols (i.e.,
not ocean-mediated). Similarly, Dong and Sutton (2015) suggest
the direct response to aerosols is one of the main factors ex-
plaining the recent rainfall recovery. So far, the attribution of
rainfall modulations in the Sahel to external forcing is thus still
under debate by the scientific community. The exact time scale
on which these forcings may have an impact, from decadal to
centennial, is also not clear.

The main objective of this study is to assess and quantify
the effect of external forcings on decadal rainfall modulations
in the Sahel region over the whole twentieth century. Using
the amplitude of the variability and correlations computed
over the whole twentieth century, we aim to assess whether
external forcings have been strong enough to have had a sig-
nificant impact on these decadal modulations over this full
time period. Our approach is based on the analysis of the
CMIP6 climate models. First (section 3), a general assessment
of the effect of internal variability and of external forcings on
decadal modulations of the Sahel rainfall throughout the
whole twentieth century is provided across CMIP6 models
that have at least 10 members of historical simulations. A

more specific analysis of the role of the individual forcings is
then proposed in the model IPSL-CM6A-LR (section 4). In-
formation on data and method are given in section 2 and con-
clusions appear in section 5.

2. Dataset and methods

a. CMIP6 models

To assess the forced response of Sahel rainfall, three dif-
ferent types of simulations carried out in the framework of
CMIP6 (Eyring et al. 2016) are used, namely piControl,
historical, and DAMIP simulations.

The preindustrial simulations (piControl) are based on
fully coupled models forced with non-evolving preindustrial
conditions. These conditions are designed to be representa-
tive of the climate state before the beginning of the large-
scale industrial period, and correspond to the reference year
1850. The recommended minimum duration for this experi-
ment is 500 years (Pascoe et al. 2019). Our analysis is based
on the longest possible piControl experiment for each
model configuration (see Table 1). For each model, this sim-
ulation allows to characterize and to quantify internal de-
cadal modulations, those not due to external forcing (which
is held constant throughout the simulation) but only due to
interactions among the climate system components.

Ensembles of historical experiments spanning from 1850 to
2014 are also used. For each model, individual historical mem-
bers are forced by the observed changes in anthropogenic
(aerosols, greenhouse gases, stratospheric ozone, and land use
changes) and natural (solar and volcanic) external forcings
(Gillett et al. 2016). To account for internal variability in the
evolution of the climate over this period, several realiza-
tions of such experiments are performed for each model.
These realizations differ by slight modifications of their ini-
tial conditions. Typically each member is started from a dif-
ferent date of the corresponding piControl experiment.
Thus, each member has a unique trajectory that is influ-
enced by both the external forcing and internal climate var-
iability (e.g., Bonnet et al. 2021). For each model, the
ensemble average of these experiments, called HistEns in
the following, gives an estimation of the forced response of
the climate system; the more members averaged, the more
accurate this estimation (e.g., Kay et al. 2015). These en-
sembles, also called single-model initial-condition large en-
sembles (SMILEs), are increasingly used in several studies
(e.g., Kay et al. 2015; Maher et al. 2021). In our study, in or-
der to have a sufficient number of models and thus a multi-
model view of the forced decadal modulations of Sahel
rainfall as represented by the CMIP6 ensemble, we arbi-
trarily decide to use models that performed at least 10 his-
torical simulations (more details in Table 1).

Finally, we also analyze four components of the Detection-
Attribution Model Intercomparison Project (DAMIP simula-
tions). These experiments are based on the setup of the historical
simulations but constrained with forcing of only one origin:
natural (Nat), greenhouse gases (GHG), anthropogenic aero-
sols (AA), and stratospheric ozone (Ozone), respectively
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[more details in Gillett et al. (2016)]. The CMIP6 protocol
spans the time range 1850–2014. Each experiment is per-
formed several times, as for the historical ensemble. Note that
the DAMIP experiments only forced by land use do not exist
(Gillett et al. 2016). Experiments proposed in the Land Use
Model Intercomparison Project (LUMIP; Lawrence et al.
2016) are not directly comparable. The effect of this forcing
will thus not be addressed specifically here. As shown in
Table 1, relatively fewer members are usually run for each
model in DAMIP configurations. It is thus generally difficult
to attribute robustly the detected forced modulations.

b. Observations

In this study, three observational datasets from different
sources are analyzed to evaluate the model’s capacity to re-
produce the observed climate modulations. First, the monthly
land surface precipitation datasets with a spatial resolution of
0.58 from the Climate Research Unit, version 4.01 (CRU TS
4.01; Harris et al. 2020) for the period 1901–2016 and GPCC,
version V2018.05 (GPCC V2018.05; Meyer-Christoffer et al.
2018) covering the period 1891–2016 are used. These datasets
differ by the weather stations used and the methodology applied
to derive the gridded products. In particular, GPCC uses more
weather stations while the approach of CRU gives greater tem-
poral fidelity (Undorf et al. 2018). We also use SST from the
Hadley Centre Sea Ice and Sea Surface Temperature reanalysis
dataset (HadISST1; Rayner et al. 2003) covering the period from
1870 to 2015 with a spatial resolution of 0.58.

c. Methods

The temporal coverage of the observational data and the
model simulations differ, but all data cover the period
1901–2014 on which our analysis is based.

To extract the decadal-scale modulations, we apply suc-
cessively a high-pass and a low-pass filtering to both
observed and simulated time series. The high-pass filtering
aims at removing possible centennial variability that has
been detected in several recent climate simulations (e.g.,
Jiang et al. 2021; Voldoire et al. 2019). It consists of the
removal of the linear trend calculated from a least-squares
fit to a first-order polynomial of the corresponding 114-yr-
long time series. A low-pass Butterworth filter of order 10
with a 10-yr cutoff is then applied. The signals obtained this
way are called “decadal modulations” in the rest of this
study.

Our analysis of the effect of internal variability and external
forcing on the decadal modulations of the Sahel rainfall is
twofold. On the one hand, it evaluates the amplitude of the
signals by calculating the standard deviation of the time series.
On the other hand, it considers the synchrony of the simu-
lated time series with observations using anomaly correlation
coefficients (ACC). Unless stated otherwise, statistical signifi-
cance of ACC is assessed using nonparametric approaches.
Indeed, the number of degrees of freedom is probably limited
in our 114-yr-long low-pass filtered time series and difficult to
estimate. More details are given in the corresponding results
sections.

TABLE 1. Information on the CMIP6 models used in this study.

No. Model name

Atmospheric
resolution
(lon 3 lat)

No. of members
of historical
simulations

No. of members
of DAMIP
simulations

Years of
piControl
simulations

Variant label
of the

experiments References

1 ACCESS-ESM1-5 1.8758 3 1.258 40 3 (for GHG, AA, Nat,
no Ozone)

1000 r[1–40]i1p1f1 Ziehn et al.
(2020)

2 CanESM5 2.88 3 2.88 25 25 (GHG), 15 (AA),
25 (Nat), 10 (Ozone)

1000 r[1–25]i1p1f1 Swart et al.
(2019)

3 CESM2 1.258 3 0.98 11 3 (GHG), 2 (AA),
3 (Nat), no Ozone

1200 r[1–11]i1p1f1 Danabasoglu
et al. (2020)

4 CNRM-CM6-1 1.48 3 1.48 29 10 (GHG, AA, Nat) 500 r[1–29]i1p1f2 Voldoire et al.
(2019)

5 EC-Earth3 0.78 3 0.78 17 } 501 r[1–17]i1p1f1 Döscher et al.
(2022)

6 GISS-E2-1-G 2.58 3 28 11 5 (GHG, AA, Nat, no
Ozone)

851 r[1–11]i1p1f2 Miller et al.
(2021)

7 INM-CM5-0 28 3 1.58 10 } 1201 r[1–10]i1p1f1 Volodin et al.
(2018)

8 IPSL-CM6A-LR 2.58 3 1.278 32 10 (GHG, AA, Nat,
Ozone)

1200 r[1–32]i1p1f1 Boucher et al.
(2020)

9 MIROC6 1.48 3 1.48 50 3 (GHG), 10 (AA),
50 (Nat), 3 (Ozone)

800 r[1–50]i1p1f1 Tatebe et al.
(2019)

10 MPI-ESM-1-2-LR 1.8758 3 1.8758 10 } 1000 r[1–10]i1p1f1 Mauritsen et al.
(2019)

11 MRI-ESM2-0 1.1258 3 1.1258 10 5 (GHG, AA, Nat),
3 (Ozone)

701 r[1–10]i1p1f1 Yukimoto et al.
(2019)

12 NorCPM1 28 3 28 30 } 500 r[1–30]i1p1f1 Bethke et al.
(2021)
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3. Contribution of the internal variability and external
forcings on decadal modulations of the Sahel rainfall
in the CMIP6 ensemble

a. An adaptable definition of the Sahel region

The rainfall annual cycle observed over West Africa is pre-
sented in Figs. 1a and 1b by zonally averaging the rainfall over
the longitudinal domain 208W–208E. Note that in all these analy-
ses, rainfall is only considered over land grid points. The West
African monsoon reaches its northernmost position (around
158N) in August: the Sahelian phase of the monsoon (Thorncroft
et al. 2011). This phase is intense during the months of July,
August, and September (JAS) corresponding to the period when
the Sahel receives the majority of its annual rainfall, here defined
as the monsoon season. Compared to observations, CMIP6 simu-
lations from 12 models simulate reasonably well the observed an-
nual cycle, although the maximum rainfall in August is most

often abnormally shifted southward (not shown). As an example,
Fig. 1c shows that in the IPSL-CM6A-LR model it reaches only
around 78N. The mean Sahel rainfall over the summer period
(JAS) also highlights this bias in all models (Fig. 2). This feature
is consistent with previous findings for models participating in
CMIP5 (Monerie et al. 2020b) and the more recent CMIP6 inter-
comparison exercises (Klutse et al. 2021).

Given the zonal orientation of summer rainfall, the longitu-
dinal limits of the Sahel region may vary depending on the
studies (Biasutti 2019; Dong and Sutton 2015; Gaetani et al.
2017). In this work, they are taken as 208W–208E. The meridi-
onal limits of the Sahel region are generally fixed to 108–208N.
In Fig. 2 the latitudinal extension of the Sahel region is ana-
lyzed more carefully in order to account for the southern shift
of the rainfall pattern in the CMIP6 models. In the observa-
tion datasets, the northern limit of the so-called Sahel region
(208N) corresponds to the latitude where no more rain occurs

FIG. 1. Observed and simulated precipitation over North Africa (mm day21) averaged over the period 1901–2014. Rainfall annual cycle
(color and contour) averaged over the longitude range 208W–208E from the (a) Climatic Research Unit (CRU) and (b) Global Precipitation
Climatology Center (GPCC) observational datasets and (c) a historical simulation of the IPSL-CM6A-LRmodel.

FIG. 2. Observed and simulated precipitation (mm day21) over 1901–2014 of the summer
season (JAS). Precipitation averaged over the longitude range 208W–208E as a function of lati-
tude from the CRU and the GPCC observational datasets as well as from the first member of
the historical ensemble of each selected model. Full and dashed boxes represent the meridional
limit of the Sahel region for observation and models, respectively, following a physical definition
(see the text for details).
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(,0.5 mm day21) over the monsoon season. The southern
limit of the traditional definition of the Sahel rainfall corre-
sponds to the maximum of summer rainfall (8.0 mm day21 at
108N). This corresponds to the solid red box in the first two
columns of Fig. 2. In the other columns of Fig. 2, we apply
these physically based meridional limits to the simulated zon-
ally average rainfall for each model. Note that in order to
mimic observations, for which only one realization is available,
while internal variability weakly impacts the climatological mean
computed over 30 years as in Fig. 2 (not shown), only the first
member of the historical ensemble of each model is used in Fig. 2.
Placing the southern limit for the Sahel region at the latitude
where the maximum rainfall is simulated for each model and the
northern limit at the latitude corresponding to the limit of the
rainy zone as in the observations yields the latitudinal location of
this region for each model shown in Fig. 2 (red box). The Sahel
region so defined in each model is shifted southward as compared
to the observations. This definition will be used in the remainder
of this study. Note that although it is more physically based than
the classical definitions, the observed maximum precipitation

remains overestimated in almost all models, except in the
NorCPM1, GISS-E2-1-G, andMPI-ESM1-2 models (Fig. 2).

b. Analysis of decadal modulations of Sahel rainfall in
CMIP6 models

Observed and simulated low-frequency modulations of
Sahel rainfall are analyzed in Fig. 3. Both observation datasets
show multidecadal modulations during the twentieth century
with negative anomalies at the beginning of the century, posi-
tive ones in the 1950s and 2000s, and negative ones again in
the 1980s, in accordance with previous studies (Berntell et al.
2018; Lebel and Ali 2009; Nicholson 1983; Fig. 3a). The forced
modulations of the Sahel rainfall as diagnosed from the en-
semble mean of the historical sets of CMIP6 climate mod-
els also show signals at the decadal to multidecadal time
scale. Models generally agree that the period around
1920–30 was anomalously wet, and the period 1970–80 rela-
tively drier. The rainfall recovery toward the 2000s also tends
to be relatively well reproduced by the forced response. The
agreement among models and observations at the decadal

FIG. 3. Observed and simulated decadal variability of Sahel rainfall (JAS) for the period
1901–2014. (a) Time series of anomalous Sahel rainfall (mm day21) computed with respect to
the entire 1901–2014 study period. Red and black indicates the CRU and GPCC observed data-
sets respectively; other colors represent HistEns of 12 CMIP6 models. (b) Standard devia-
tions (std) from CRU (red dots) and GPCC (black dots) observations, from each historical
member (blue) and residual members (gray) obtained by subtracting HistEns from each his-
torical member for each CMIP6 model. Purple and orange dots represent the mean standard
deviation of the members and the standard deviation of HistEns, respectively.
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time scale requires more quantitative metrics to be clearly
assessed.

We analyze first the simulated and observed amplitude of
variability by the standard deviation values in Fig. 3b. The
standard deviation amounts to 0.31 mm day21 for CRU and
0.29 mm day21 for GPCC. Only the historical members of the
models IPSL-CM6A-LR, CNRM-CM6-1, MIROC6, CESM2,
and ACCESS-ESM1-2 show a range of standard deviations
(blue dots in Fig. 3b) that include the observed values. The
latter are, however, higher than the mean standard deviation
of the different models used, except for the MIROC6 model,
which amounts to 0.34 mm day21. It is also higher than the
mean value of the standard deviations of all historical mem-
bers of all models (average of all blue dots in Fig. 3b), which
is 0.23 mm day21. This analysis shows that the amplitude of
observed Sahel rainfall is underestimated by the majority of
CMIP6 models used. This is a general feature of coupled
models already highlighted in earlier exercises of intercom-
parison (e.g., Rodrı́guez-Fonseca et al. 2011; Joly et al. 2007;
Kucharski et al. 2013; Biasutti 2013) and thus does not seem
to have improved in CMIP6. This could be related to the accu-
racy with which feedback processes, like vegetation–atmosphere
feedbacks, are parameterized (Giannini et al. 2003; Zeng et al.
1999) or to the coarse resolution that does not allow for explicit
simulation of deep convection (Vellinga et al. 2016).

The amplitude simulated by the models results from the re-
sponse of precipitation to both internal variability and external
forcings. Each of these may be individually underestimating the
observed amplitude. One can note that the estimated forced
modulations of the CMIP6 models are much smaller than the
observed variability (Fig. 3a). This is quantified in Fig. 3b: the
standard deviations of the historical ensemble mean (HistEns)
of the different models (orange dots in Fig. 3b) are systemati-
cally smaller than the observed standard deviation and the
mean standard deviation of the individual historical members.
In addition, the mean value of the standard deviations of the
HistEns of all models, which is 0.13 mm day21 (average of all
orange dots in Fig. 3b), is also smaller than the observed stan-
dard deviation and the mean value of the standard deviations of
all historical members of all models. This indicates that external
forcing cannot generate the observed amplitude of variability.
This would be consistent with a part of variability being pro-
duced internally by the climate system. To assess the role of the
latter, we diagnose the residual internal variability in each indi-
vidual simulation by subtracting the HistEns of the respective
models. The standard deviation of residual variability is shown
in Fig. 3b (gray dots). Compared to HistEns, it tends to be
closer to that of historical members and observations. This is
true for all models except INM-CM5-0 for which the standard
deviation of the HistEns is above the average residual one. The
mean value of the standard deviations of residual variability of
all models, which is 0.18 mm day21 (average of all gray dots in
Fig. 3b), is close to that of all historical members of all models
and observations. This analysis confirms the role of internal var-
iability in setting the amplitude of the total variability. It follows
that the fact that individual historical members tend to underes-
timate the observed amplitude might thus be due to an underes-
timated amplitude of the simulated internal variability, as

suggested in the North Atlantic region by Kim et al. (2018) and
Yan et al. (2019).

To quantify the synchrony of the simulated modulations of
Sahel rainfall in the CMIP6 models, we compute the ACC of
the rainfall time series over the full 1901–2014 period with ob-
servations. Since CRU and GPCC modulations are very simi-
lar, we focus here on the CRU dataset only. Correlation
coefficients of the individual historical members shown in
blue marker in Fig. 4a for each model may be positive or neg-
ative, except for those of the INM-CM5-0 and MRI-ESM2-0
models, which are all positive. The average correlation is,
however, positive and strictly above zero for all the models,
which suggests that for each of these models, historical mem-
bers are on average relatively synchronized with the observa-
tions. To disentangle between the external and internal
influences, we evaluate the correlations for the residual vari-
ability for each individual member. The range of correlations
of the individual members is very wide, with both positive and
negative values, which suggests that the internal variability
could, by chance, be synchronized with observations. How-
ever, the average correlation of the residual members of vari-
ous models is approximately zero, suggesting no systematic
influence of the internal variability on the synchrony of the
average modeled response with observed modulations. In all
the models, the forced response as diagnosed from HistEns
has a higher correlation than the average correlation of the in-
dividual historical or residual members. This further indicates
that the effect of external forcing alone tends to systematically
enhance the synchrony of the average response with the
observed modulations. However, this does not mean that
the average response is significantly correlated with the
observations.

To gain confidence in the effect of external forcing in terms
of synchrony the variability, the significance of the HistEns
correlations is quantified by a statistical test based on the long
piControl simulation. In practice, for each model, we extract
portions of 114 years (length of the historical period) of the
long piControl simulation starting from randomly chosen dates.
The number of extracted portions corresponds to the size of the
historical ensemble of each model (see Table 1). These portions
are furthermore averaged and called piCtrlEns in the following.
We have applied exactly the same statistical treatment to these
piCtrlEns as for the HistEns (section 2). Since there is no physi-
cal reason why an ensemble average of piControl simulations
would be synchronized with observations, the correlation of
piCtrlEns and observations is considered as noise. In Fig. 4b we
show for each model the probability density function (PDF) of
the correlation of 5000 combinations of piCtrlEns with the
CRU time series of Sahel rainfall (gray shading). We note that
the PDFs could be subjected to sampling uncertainty, meaning
that they can vary when the 5000 combinations are resampled,
or if only the last 500 years of the piControl simulations are
sampled. Yet further analysis showed that this effect is small
and does not change the results shown below (not shown).

The significance of the correlation of HistEns with observa-
tions is evaluated against this PDF based on piCtrl segments
for each model. Correlation of the forced ensemble is considered
significant if it exceeds the 2.5% extreme maximum and
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minimum values of the PDF constructed with the unforced en-
semble. Using this approach, significant correlations are found
for four (i.e., one-third) of the models: IPSL-CM6A-LR, INM-
CM5-0, MRI-ESM2-0, and GISS-E2-1-G, with values of 0.44,
0.65, 0.55, and 0.51, respectively. The forced signal in CanESM5,
CNRM-CM6-1, MIROC6, EC-Earth3, NorCPM1, CESM2,
MPI-ESM1-2, and ACCESS-ESM1-5 is, on the other hand, insig-
nificantly correlated with observations. The insignificant or signif-
icant synchrony of the forced decadal modulations of the Sahel
rainfall with observations in these models may be due to an in-
correct or insufficient response to the external forcings or the
internal variability not sufficiently averaged out. For CNRM-
CM6-1, NorCPM1, CESM2, and MPI-ESM1-2, the difference
between the HistEns ACC scores and the average ones obtained
from the historical members and the residual members is rela-
tively weak (Fig. 4a). This suggests that the external forcing does

not provide any synchrony with the observations for these mod-
els. External forcings on the other hand clearly improve the cor-
relation of Sahel rainfall with observations in CanESM5,
MIROC6, EC-Earth3, and ACCESS-ESM1-5 (Fig. 4a), al-
though not sufficiently to make it significant. For IPSL-
CM6A-LR, INM-CM5-0, MRI-ESM2-0, and GISS-E2-1-G,
the significant correlation at 95% of the forced response
suggests that it is very unlikely that the internal variability
could be explaining the correlations of the ensemble aver-
age of these models with observations. One cannot rule out
at this stage that the forced response is overestimated in
these models, or that it might be due to an incorrect re-
sponse, although we believe this last possibility is less
probable.

Given that models tend to show reduced variance in the
HistEns with respect to the average variance (Fig. 3b), one

FIG. 4. ACC between observed and simulated decadal variability of Sahel rainfall (JAS) for
the period 1901–2014. (a) ACC between observations from the CRU dataset and each historical
member (blue marks), HistEns (orange marks), and residual members (gray marks) obtained by
subtracting HistEns and each historical member for each CMIP6 model. Purple marks represent
the mean ACC average for the different historical members. Purple and orange marks represent
the mean ACC of the members (historical and piControl) and the ACC of HistEns from histori-
cal experiments of each model, respectively. (b) Probability density function of ACC between
observations from the CRU dataset and 5000 combinations of piCtrlEns of each CMIP6 model.
Full and dashed orange lines represent correlations between observations from CRU and
HistEns from historical experiments of each model and significant correlations at the 95 % level,
respectively. More information on the significance test used in the section 3b where this figure
is described.
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could wonder if the four models that show statistically signifi-
cant ACC scores could be suffering from the signal-to-noise
paradox (Scaife and Smith 2018): Many models are better ca-
pable of predicting observations than of predicting them-
selves, especially over the Atlantic region. We have tested if
this is indeed the case by calculating the ratio of the predict-
able component (RPC) as defined in Eq. (1) of Weisheimer
et al. (2019), that is, the ratio between the predictable compo-
nent of the real world and the predictable component of a
model. The predictable component of the real world is esti-
mated by the square root of the observed variance explained
by the HistEns (the correlation values in Fig. 4a, orange trian-
gles). The estimation of the predictable component of each
model is derived by the square root of the ratio of the model
signal (square of orange circles in Fig. 3b) to the total variance
of the simulations (for each model, addition of the square of
the orange circle and the average of the squares of the purple
circles of the residual column in Fig. 3b). The RPC is 1.34 for
the GISS-ES-1-Gmodel, which suggests it suffers to some degree
from the paradox, as the significant correlation of this model is
inconsistent with its small predictable signal. However, for the
IPSL-CM6A-LR, INM-CM5-0, and MRI-ESM2-0 models, the
RPC is between 0.79 and 0.89, suggesting that their correlation
with observations is relatively consistent with the model’s own
behavior, with some degree of underestimation for the predict-
able signal in the observations or/and an overestimation of the
model’s own predictable signal.

To better understand the origin of the forced response in
the four models for which the forced signal is significantly cor-
related with the observations, we turn our attention to the
role played by the individual forcings. Unfortunately, at the
time of writing, the INM-CM5-0 model has not run in
DAMIP configuration, and MRI-ESM2-0 and GISS-E2-1-G
only have five or fewer members for each forcing. This is pre-
sumably too little to draw robust conclusions. We thus finally
propose a specific analysis based on the IPSL-CM6A-LR
model alone, which proposes 10 members for each DAMIP
configuration.

4. Attribution of forced decadal modulations of Sahel
rainfall in the IPSL-CM6A-LR model

a. Influence of the individual forcings

The IPSL-CM6A-LR Earth system model is the global
coupled ocean–atmosphere general circulation model devel-
oped by the Institut Pierre-Simon Laplace (IPSL) as part of
CMIP6 (Boucher et al. 2020). It is an improved version of
the IPSL-CM5B model used in CMIP5. The low spatial res-
olution (LR) version of the IPSL-CM6A model is used in
this study and corresponds to the medium spatial resolution
(MR) of IPSL-CM5A. The model is composed of version
6A-LR of the LMDZ atmospheric model (Hourdin et al.
2020), version 3.6 STABLE of the NEMO ocean model, and
version 2.0 of the ORCHIDEE land surface model.

As previously shown (Fig. 4), the ensemble mean of sum-
mer Sahel rainfall computed from the 32 members of the
historical experiment (called HistEns32 in the following), is

significantly correlated with the observed Sahel rainfall modu-
lations (0.47 with CRU and 0.43 with GPCC) for the entire
twentieth century. The time series are reproduced for this
model only in Fig. 5a for clarity. Spatially, the correlation with
the Sahel rainfall index from CRU is high and positive over the
western Sahel, particularly over Senegal (Fig. 5c). For the statisti-
cal test of the ACC pattern, the same approach as defined in the
previous section is used but here the piCtrlEns PDF based on
32 members taken randomly through the long piCtrl simulation
(called piCtrlEns32 in the following) is calculated at each grid
point. These correlations are significant at the 95% level in the
western Sahel and a part of the eastern Sahel. They are also rela-
tively high in the far eastern Sahel (308–358E), outside of our re-
gion of interest. The mechanisms responsible for these latter
correlations are left for separate studies. This analysis indicates
that in this model, the influence of external forcing on the syn-
chrony of the observed modulations of the Sahel rainfall is most
prominent in the western part of the Sahel region.

To better analyze the effect of the individual external forcing
on the observed decadal modulations of rainfall in the Sahel,
we select the first 10 historical members, whose initial condi-
tions correspond to the ones from which the 10 members of
each of the DAMIP experiments of this model were started.
The ensemble average calculated using these first 10 members
will be referred to hereinafter as HistEns10. The decadal modu-
lations in HistEns10 (blue in Fig. 5a) also show high positive
correlations (between 0.60 and 0.80) with the CRU time series
in the western Sahel and a part of the eastern Sahel (Fig. 5b).
The HistEns10 Sahel time series is strongly correlated to obser-
vations with ACC values of 0.63 with CRU and of 0.61 with
GPCC. Using the statistical test detailed in the previous section
but with a piCtrlEns PDF based on 10 members randomly cho-
sen, these correlations are statistically significant (not shown).
To gain further confidence in these correlations and in particu-
lar in the representativity of the 10 first historical members
within the initial ensemble of 32, we additionally computed
HistEns10 PDFs by calculating the distribution of correla-
tions between the CRU observed time series of Sahel rain-
fall and 5000 ten-member averages of randomly picked
historical members from the 32 possibilities (Fig. 6, blue
bars). This distribution is compared to a PDF similarly built
but using the 32 portions of the piControl experiment that
start from the 32 dates used as initial conditions in the vari-
ous historical members (Fig. 6, gray bars). Both PDFs are
statistically distinguishable at the 95% confidence level us-
ing the Kolmogorov–Smirnov test. This confirms that in this
model external forcing significantly acts to shift the decadal
modulations of the Sahel rainfall toward the observations,
and that this effect can be seen even with ensembles of only
10 members. Internal variability strongly competes with this
effect, as can be seen from the relatively wide spread of the
HistEns10 PDF obtained with randomly selected ensembles
of 10 forced members. One can nevertheless see that the
width of the PDF is reduced in the forced ensemble, sug-
gesting that the external forcing contributes to reduce the
uncertainty of the decadal modulations of the Sahel rainfall. In
addition, the median of the HistEns10 PDF is similar to the cor-
relation of the HistEns32 (orange line). The HistEns10, derived
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from the 10 first historical members (blue line in Fig. 6), is rela-
tively strongly correlated to observations as compared to the
correlation inferred from HistEns32 and the HistEns10 PDF,
but the analysis above gives confidence in the robustness of this
correlation.

We thus now turn our attention to understanding the syn-
chrony of the decadal modulations of the Sahel rainfall in the
model. For this, we analyze the contribution of the different
external forcings. Figure 7a shows a high and significant
correlation between HistEns10 and the response to AA forc-
ing only. AA forcing explains 60% of HisEns10 variance
(ACC 5 0.75). In addition, the standard deviation of Sahel
precipitation due to AA forcing amounts to 90% of that of
the HistEns average signal. Conversely, the Nat, Ozone, and
GHG forcings yield modulations of the Sahel rainfall that are
insignificantly correlated with the total forced response. The
standard deviation of the Sahel precipitation in these ensem-
bles of forced simulations is weaker than the total standard
deviation of precipitation time series in the historical run
(blue values in Fig. 7a). The grid point correlation confirms

the strong effect of AA on the synchrony of the forced de-
cadal signal in the model (Fig. 7c) as opposed to Nat, GHG,
and Ozone (Figs. 7b,d,e). This result suggests that forced de-
cadal modulations of Sahel rainfall during the twentieth
century is primarily explained by AA forcing in this model.
This result completes recent studies suggesting the role of
AA on specific periods of the twentieth century (Herman
et al. 2020; Hirasawa et al. 2020, 2022; Zhang et al. 2022).
Here, it is shown that this role is significant when averaged
over the whole century. To clarify mechanisms, the rest of
this study focuses on the ocean-mediated influence.

b. Influence of the SST decadal modulations

As stated in the introduction, the effect of anthropogenic
aerosols on Sahel rainfall could be the result of a direct radia-
tive response and/or could be mediated through SST changes.
To evaluate the potential role of the ocean-mediated mecha-
nism on average over the whole twentieth century, we com-
puted the correlation between the Sahel decadal rainfall
index and the decadal modulations of the SST at each grid

FIG. 5. Decadal variability of Sahel rainfall (JAS) for the period 1901–2014. (a) Time series of anomalous Sahel
rainfall (mm day21) computed with respect to the 1901–2014 study period. Red and black indicate CRU and GPCC
observed datasets respectively; blue and orange indicate the ensemble mean of 10 and of 32 members, respectively.
The bottom panels represent the anomaly correlation coefficient (ACC) between the decadal residual of the observed
(CRU) index and the decadal variability of the simulated summer precipitation at each grid point obtained in HistEns
from (b) the 10 first members and (c) all 32 members of the historical experiment. The significant correlations at the
95 % level are marked by asterisks (*). More information on the significance test used in the sections where this figure
is described.
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point in observations and in the model (Fig. 8, top panels).
Note that at each grid point, the same approach as defined in
section 2c for extracting the decadal-scale modulation is also
applied to the SST before the calculation of the correlation.
The significance of the correlation is quantified here with a
nonparametric random-phase test of Ebisuzaki (1997), as in
Yan et al. (2019), which takes into account the autocorrela-
tion of the time series. Significance is given with respect to a
p value of 0.05. The pattern of correlation in observations
(Fig. 8a) shows an interhemispheric structure of SST associ-
ated with enhanced precipitation, with positive correlations
in the Northern Hemisphere and negative ones in the
Southern Hemisphere. In the North Pacific and Atlantic in
particular, including the Mediterranean Sea, the correla-
tions are positive and statistically significant at the 95% con-
fidence interval. Several studies have already shown an
influence of SST anomalies on the low-frequency variability
of precipitation in the Sahel (Rowell 2003; Mohino et al.
2011; Rodrı́guez-Fonseca et al. 2015). In the Southern
Hemisphere, negative correlations are significant in some
areas in the tropical and subtropical band, and in particular
in the Indian Ocean. This pattern is consistent with Martin
et al. (2014, their Fig. 2) and Lu (2009, their Fig. 9).

This observed SST–Sahel rainfall relation may be the result
of both internal and forced compounds. In the model, we can
explore the forced and internal mechanisms separately, as
long as we suppose that they can be separated. We first focus
on the internal relationship between SSTs and Sahel rainfall
using the 1200-yr piControl simulation (Fig. 8b). The SST
pattern associated with Sahel rainfall decadal modulations
is quite similar to the one found in observations in the
Northern Hemisphere yet with weaker correlation values
(Fig. 8a). This is consistent with several studies that have
shown a clear influence of AMV on the decadal modulations

of the Sahel rainfall (e.g., Martin et al. 2014; Mohino et al.
2011; Rodrı́guez-Fonseca et al. 2011). This pattern indicates
that the internal variability in the model is able to induce
changes in Sahel rainfall via a teleconnection with North At-
lantic SSTs comparable to observations. The pattern resem-
bles the AMV pattern in the model (Boucher et al. 2020).
Note that in the historical experiments of this same model,
AMV computed in individual members is less correlated
with the observed AMV than the ensemble mean HistEns
(except for 3 members out of 32; not shown). Thus the syn-
chrony of the simulated HistEns AMV with the observed
one is largely due to external forcings (not shown). It is
therefore unlikely that internal AMV in the model may in-
duce the synchrony between the model’s Sahel monsoon
and the observations highlighted in Fig. 4.

The SST in the Mediterranean Sea also shows a significant
correlation with the WAM decadal modulations both in the
observations and in the piControl simulation. This could sug-
gest a causal link as well (Park et al. 2016; Rodrı́guez-Fonseca
et al. 2011; Rowell 2003). The PDO-like pattern in the Pacific
in Fig. 8b could be due to an influence of the AMV on the
Pacific decadal oscillation (PDO) in the model, as described
in Boucher et al. (2020), or reflect an influence of the PDO
on Sahel rainfall (Villamayor and Mohino 2015). We also
note that in the control simulation, correlations in the
Southern Hemisphere are statistically significant only in
some limited areas and in particular not in the Indian
Ocean, as opposed to what is detected in the observations
(Fig. 8a).

In terms of mechanisms, the Atlantic SST pattern induces a
northward shift of the ITCZ over the Atlantic basin and adjacent
continental areas (not shown), in agreement with previous works
(Folland et al. 1986; Martin et al. 2014; Zhang et al. 2019). Over
the land, it is also expected to modulate the summer Saharan

FIG. 6. PDF of ACC between observation from the CRU dataset and 5000 combinations of
10 members taken randomly among the 32 members of the historical experiment (blue) and
among the 32 portions of 165 years starting from the same 32 dates of the piControl experi-
ment (gray) used as initial conditions in the various historical members. Blue and orange
vertical lines represent the correlations between the observation and HistEns from 10 first
members and from all 32 members of the historical experiment, respectively.
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heat low (SHL) which is strongly coupled to the monsoon in this
region (Shekhar and Boos 2017). This latter is diagnosed in this
study as a maximum low-level atmospheric thickness (LLAT)
that can be estimated as the difference between geopotential
height at 700 hPa and at 925 hPa (i.e., ZG700 2 ZG925), as in
Lavaysse et al. (2009), Monerie et al. (2020a), and Shekhar and
Boos (2017). On average, the SHL’s ascent branch is located
poleward of the ascending branch of the deep ITCZ (Shekhar
and Boos 2017). In the piControl simulation, during intense
WAM phases, the SHL exhibits a northward shift (Fig. 8d),
which may be due to the SST pattern.

In the forced AA ensemble mean (Fig. 8c), the SST pattern
associated with the averaged Sahel rainfall shows an interhe-
mispheric dipole similar to the one obtained in the unforced
simulation (Fig. 8b), albeit with a reduced area of statistically
significant correlations, in particular in the North Atlantic
Ocean and the Mediterranean Sea. Note that this picture
shows an average influence of the ocean on the Sahel rainfall
over the whole century. This approach differs and comple-
ments the recent study by Hirasawa et al. (2022), which gives
a much more detailed description of the influence of the vari-
ous basins over specific periods of the late twentieth century.

FIG. 7. (a) ACC of Sahel precipitation (JAS) between Historical and DAMIP experiments (Ens 10). Blue numbers
show the ratio of standard deviations of the Sahel index between the DAMIP experiments and the Historical one.
The 95% significant correlation is marked by an asterisk (*). (b)–(e) As in (a), but for individual grid points. ACC pat-
terns between ensembles mean (Ens 10) of historical and DAMIP experiences as natural forcing (NAT), anthropo-
genic aerosol forcing (AA), greenhouse gas forcing (GHG), and stratospheric ozone forcing (Ozone), respectively.
The 95% significant correlation is marked by dots. More information on the significance test used in the sections
where this figure is described.
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Furthermore, the response of the LLAT in the AA ensem-
ble is also consistent with the one found in the unforced sim-
ulation in particular over North Africa, the Mediterranean
Sea, and southwest Europe (Fig. 8e). This northward shift
of the SHL, together with the northward shift of the ITCZ
over the Atlantic and adjacent continental areas (not
shown) and the similarities between the SST patterns in
both simulations, suggests that the mechanisms are similar
and thus that part of the effect of the AA on Sahel rainfall is
mediated through SSTs. By influencing the SSTs over the
North Atlantic and the Mediterranean Sea, the AA would
alter the summer migration of the ITCZ, and hence Sahel
rainfall.

5. Discussion and conclusions

In this study, the contribution of the effect of internal vari-
ability and external forcings on low-frequency modulations of
Sahel rainfall during the twentieth century was quantified us-
ing the observations and piControl and Historical experi-
ments of 12 CMIP6 models and the DAMIP experiment of
the IPSL-CM6A-LR model.

We first showed that the seasonal rainfall cycle in the Sahel
in the historical ensembles of the CMIP6 models is relatively
realistic but with an underestimate of the northward migra-
tion of the summer monsoon (JAS). In agreement with Klutse
et al. (2021), this bias, also identified in the CMIP5 ensembles

FIG. 8. ACC between the average Sahel precipitation (JAS) and sea surface temperature (SST; annual) and low-
level atmospheric thickness (JAS) at each grid point for the period 1901–2014 from different datasets: from (a) CRU
and HadISST observations, (b),(d) 1200-yr piControl, and (c),(e) the ensemble mean (Ens 10) of anthropogenic aero-
sol forcing (AA), respectively. The grid points where the correlation is not significant at 95% are marked by black
dots. More information on the significance test used in the sections where this figure is described. The dashed black
contours in (d) and (e) represent the annual climatology of the low-level atmospheric thickness. All fields have been
linearly detrended before the computation.
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(Monerie et al. 2020b), is differently represented among the
CMIP6 models. To take this bias into account, we have pro-
posed an adaptive physical definition of the Sahel region in
coupled model simulations. In the observations, this region is
characterized by meridional limits extending from the maxi-
mum rainfall in the south (108N) to a latitude where no fur-
ther rain takes place (less than 0.5 mm day21) in the north
(208N). Applying the same rainfall-based physical limits to
the models, various latitudinal limits are obtained. The char-
acterization of the rainy Sahel region proposed in this study is
more physically based than the standard definitions and could
thus be useful for other studies using coupled climate models.
In the end, in spite of this adaptive definition, the maximum
climatological simulated rainfall amounts are overestimated
in the models as compared to the observation, except in
NorCPM1, GISS-E2-1-G, and MPI-ESM1-2.

We then analyzed the observed and simulated low-frequency
modulations of Sahel rainfall by evaluating the amplitude of the
simulated variability and its synchrony to the observations over
the whole twentieth century. In terms of variability amplitude,
our results showed that, with the exception of MIROC6, all of
the CMIP6 models used here underestimate the observed vari-
ability over the twentieth century. This underestimation identi-
fied in previous CMIP exercises (e.g., Rodrı́guez-Fonseca et al.
2011; Joly et al. 2007; Kucharski et al. 2013; Biasutti 2013) is
thus not corrected in the new generation of models (CMIP6).
To quantify separately the contribution of internal and exter-
nally forced variability on the simulated amplitude of the Sahel
rainfall decadal modulations, the ensemble average of the his-
torical simulations and the residual internal variability were re-
spectively compared to the observations. With this analysis, we
showed that the effect of internal variability explains the
majority of the simulated amplitude in all models except the
INM-CM5-0 model. Thus, the underestimation of the ampli-
tude observed in these CMIP6 models could be due in part
to the underestimation of the amplitude of simulated inter-
nal variability, as suggested in the North Atlantic region by
Kim et al. (2018) and Yan et al. (2019). It also could be im-
pacted by the precision with which the vegetation–atmosphere
feedback is parameterized (Giannini et al. 2003; Zeng et al.
1999) or the coarseness of the model grid (Vellinga et al. 2016).
Furthermore, although small, the external forcings play a non-
negligible role.

In terms of synchrony, our results clearly showed that in the
CMIP6 ensemble, the internal variability is weakly correlated
with the observations, while the external forcings induce low-fre-
quency precipitation positively correlated with the observations.
However, these correlations are significant only for 1/3 of the
models, notably IPSL-CM6A-LR, INM-CM5-0, MRI-ESM2-0,
and GISS-E2-1-G. This indicates a significant contribution of ex-
ternal forcings on the Sahel precipitation modulations for these
few CMIP6 models, and probably not for the others.

To estimate the role of individual forcings for setting this
synchrony, when it exists, we have analyzed DAMIP experi-
ments. Unfortunately, focusing on models that performed at
least 10 members as detailed in the section 2a, this analysis
has been only possible with the IPSL-CM6A-LR model. The
forced low-frequency modulations of the Sahel rainfall in the

historical ensemble of 32 members performed with this model
are significantly correlated with observations, especially over
the western Sahel and part of the eastern Sahel. In spite of
possible spurious influence of internal variability, the histori-
cal ensemble formed of the 10 first members confirms these
results. The latter is thus used for subsequent comparison
with the 10-member ensemble of DAMIP simulations, as
they are started from the same initial conditions taken from
the piControl run. In agreement with recent studies such as
Herman et al. (2020) and Zhang et al. (2022), we find fur-
thermore that in this model, the forced modulations of the
Sahel precipitation over the whole twentieth century are
mostly due to the anthropogenic aerosols (AA). A compari-
son of the structure of SST, rainfall, and the low-level atmo-
spheric thickness associated with Sahel rainfall decadal
modulations in observations, in the piControl simulation,
and in the ensemble of simulations forced by the AA sug-
gests that at least a part of the decadal modulation of Sahel
rainfall in response to AA is mediated by the SST response
to AA emissions. Our results suggest that the AA impacts
the North Atlantic and Mediterranean Sea SSTs, which in
turn affect Sahel rainfall through the northward shift of the
Atlantic ITCZ and the Saharan heat low. This conclusion is
consistent with previous works suggesting that the response
of North Atlantic SST to AA could influence Sahel rainfall
modulations during the twentieth century (e.g., Booth et al.
2012; Rotstayn and Lohmann 2002). We underline that here
we show that this effect is strong enough to be detected on
average over the whole twentieth century.

As we have seen above, the forced signal is significantly
and not significantly correlated with the observations in
1/3 and 2/3 of the models used in this study, respectively. All
these correlations could be influenced by the uncertainty of the
response to external forcings in these models. Of all external
forcings, climate response to AA is the most uncertain due to
their spatial variation, short atmospheric lifetime, and complex
interaction with clouds (Boucher et al. 2013; Bellouin et al.
2020; Smith et al. 2020). This uncertainty can be quantified by
analyzing the processes driving long-term changes in global
mean surface temperature via the effective radiative forcing in-
dex (ERF) in CMIP6 models (Smith et al. 2020). The range of
AA ERF in the CMIP6 models estimates from 1850 to 2014
varies from 21.37 to 20.63 W m22 (Smith et al. 2020). Com-
pared to the AR5 assessment ((Shindell et al. 2015), there is a
stronger negative AA ERF in CMIP6 (21.01 W m22 in CMIP6
for 1850–2014 versus 20.72 W m22 in AR5 for 1850–2011). In
IPSL-CM6A-LR, the model version in which AA forcing was
shown to have a significant effect on the decadal modulation of
the Sahel rainfall throughout the twentieth century, the ERF of
AA amounts to approximately 20.6 W m22 (Boucher et al.
2020; Mignot et al. 2021). This value is smaller than that of the
other 18 CMIP6 models used by Smith et al. (2020), which may
suggest that the significant response to AA forcing is not due to
an overestimation of the AA forcing in this model.

Furthermore, although we have evidence supporting the
hypothesis that for the IPSL-CM6A-LR model part of the
impact of AA on the decadal variability of Sahel rainfall is
mediated by SSTs, we have not quantified the role played
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by the direct atmospheric and ocean-mediated components
(Dong and Sutton 2015; Hirasawa et al. 2020; Zhang et al.
2022). Hirasawa et al. (2022) attempted such separation using
dedicated experiments using AGCM models. They attributed
the dry period and a part of recent recovery of Sahel rainfall
during the second half of the twentieth century to the direct
(i.e., non-ocean-mediated) and ocean-mediated atmospheric
responses, respectively. However, such AGCM experiments
lack relevant physical processes such as ocean–atmosphere feed-
backs, which are likely important for shaping the tropical Atlan-
tic SST pattern and, thus, for modulating Sahel rainfall (Zhang
et al. 2019, and references therein). Thus, future studies may im-
ply the design of dedicated coupled sensitivity experiments in or-
der to dig in more detail into these mechanisms. In addition, the
analysis of the role of dynamic and thermodynamic processes
could also help shed light on the effects of aerosols on modulat-
ing Sahel rainfall (Li et al. 2018).

Finally, there is a current debate on the ultimate causes for
the recent recovery of Sahel rainfall at the end of the twentieth
century with some studies pointing to the changes in anthropo-
genic aerosols as the main factor (Herman et al. 2020; Hirasawa
et al. 2020; Monerie et al. 2022), while others suggest a more
dominant role of GHG (Dong and Sutton 2015; Giannini and
Kaplan 2019). Regardless of the current domination of GHG or
AA over Sahel rainfall variability, GHG emissions are expected
to become more and more dominant in the future (IPCC 2021).
We may thus anticipate that the drivers of decadal modulations
of the Sahel rainfall will evolve in the future.

Acknowledgments. This work was supported by the
PDI/MSC (Programme Doctoral International: Modélisa-
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