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ABSTRACT: We compare observations and the historical simulation large ensembles of three
CMIP6 models to understand the role that external forcings and internal variability may have
played in modulating the frequency and intensity of daily rainfall, and the duration of the rainy
season in the Sahel. We compare three periods: [1950-1970], [1970-1990] and [1994-2014]. The
results show that the anomalously wet [1950-1970] and [1994-2014] periods are characterized
by more extreme rainfall days and longer monsoon seasons than the drier [1970-1990] period.
While in the [1950-1970] to [1970-1990] transition the internal variability plays a dominant role
in modifying Sahel intraseasonal rainfall features, the [1970-1990] to [1994-2014] recent recovery
shows a stronger impact of the total forced signal. Furthermore, we explore the contributions
of anthropogenic aerosols (AAs) and greenhouse gases (GHGs) in both transitions. An increase
in European and North American AA emissions between [1950-1970] and [1970-1990] reduces
the frequency of extreme and heavy rainfall days and shortens the wet season. The shift of AA
emissions from North America and Europe to Asia between [1970-1990] and [1994-2014] has the
opposite effect. In contrast, an increase in GHG concentrations in the atmosphere increases the
frequency of extreme rainfall days and delays the end of the wet season, but does not affect the
frequency of heavy days. We note that the effects of AA and GHG almost cancel each other out in
the [1950-1970] to [1970-1990] transition, while they add up in the [1970-1990] to [1994-2014]

recovery.
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1. Introduction

The Sahel is a semi-arid region in West Africa located between Senegal and Sudan, limited to the
north by the Sahara Desert and to the south by savannah. Most of the rainfall in this region occurs
between June and September and is associated with the mature phase of the West African monsoon
(WAM) (Thorncroft et al. 2011; Biasutti 2019). Sahelian rainfall experiences significant variability
at time scales from intraseasonal (Sultan et al. 2003) to interannual (LLosada et al. 2010; Nicholson
2013) and decadal (Giannini et al. 2003). The decadal variability of the seasonal amount of rain is
very high, representing approximately 50% of the total year-to-year rainfall variance (Kitoh et al.
2020). In particular, a very wet period took place in the 1950s and 1960s, followed by a drier period
in the 1970s and 1980s, and by a partial recovery at the beginning of the 21% century (Nicholson
1983; Lebel and Ali 2009; Berntell et al. 2018).

Most of the studies performed to understand this decadal to multidecadal variability focus on total
Sahel precipitation accumulated during the wet season and its relation to slowly evolving climate
system subcomponents, notably sea surface temperature (SST, Folland et al. 1986; Giannini et al.
2003; Mohino et al. 2011; Villamayor et al. 2018; Hirasawa et al. 2020, 2022; Zhang et al. 2022;
Guilbert et al. 2024). In particular, Atlantic Multidecadal Variability (AMV) has received special
attention because it explains an important fraction of the variance of Sahel precipitation (Mohino
et al. 2011; Rodriguez-Fonseca et al. 2011). Although the AMV was originally thought to be an
internal mode of variability of the climate system (Knight et al. 2005; Knight 2009; Ting et al.
2009, 2011; Zhang et al. 2019), some studies have found increasing evidence of the importance
of external forcings in its generation (Rotstayn and Lohmann 2002; Biasutti and Giannini 2006;
Kawase et al. 2010; Ackerley et al. 2011; Biasutti 2011; Booth et al. 2012; Clement et al. 2015;
Bellomo et al. 2018; Mann et al. 2021; Klavans et al. 2022) and thereby the modulation of Sahel
rainfall (Hirasawa et al. 2020, 2022).

Among the external forcings, concentrations of greenhouse gases (GHGs) and anthropogenic
aerosols (AAs) have significantly changed over the last century and have been shown to strongly
impact Sahel rainfall (Monerie et al. 2022). On the one hand, the increase in European and North
American AA emissions between the 1950s and the 1980s acted to cool the North Atlantic, reducing
moisture supply towards the Sahel and triggering a southward displacement of the Intertropical

Convergence Zone (ITCZ, Booth et al. 2012; Hirasawa et al. 2020). On the other hand, the partial
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precipitation recovery at the beginning of the 21°" century has been found to be a combination
of increased GHG concentrations (Dong and Sutton 2015) and decreased North American and
European AA emissions (Hirasawa et al. 2020). However, the uncertainty in climate simulations
in the implementation of and response to these forcings is large. For example, the effect of
AAs is stronger in the Coupled Model Intercomparison Project Phase 6 (CMIP6) than in CMIPS5,
presumably because the AA forcing is also larger (Fyfe et al. 2021) and the fact that more CMIP6
models include aerosol-cloud interactions (Menary et al. 2020). This introduces another source of
uncertainty when evaluating Sahel precipitation response to different forcings. Hence, the relative
importance of the different contributions from each external forcing in Sahel rainfall multidecadal
modulations remains an open research question.

All the studies cited above refer to Sahel total precipitation accumulated during the wet season.
However, the multidecadal variability of Sahel intraseasonal rainfall characteristics (e.g., onset,
demise and duration of the wet season, frequency and intensity of and extreme rainfall days) over
the historical period and their linkage to external forcings and internal variability have received
less attention in the literature. One reason may be that its evaluation requires long time series (of
several decades) of daily precipitation data in a region with a sparse coverage of in-situ stations.

Yet, Le Barbé et al. (2002) showed that the rainfall deficit observed in the 1970s and 1980s was
linked to a decrease in the frequency of rainfall events rather than their intensity. More recent
literature shows that the observed Sahel rainfall recovery in recent decades is reflected in more
extreme rainfall events (Panthou et al. 2014; Sanogo et al. 2015; Taylor et al. 2017; Sanogo et al.
2022; Chagnaud et al. 2022) resulting in an enhanced hydrological cycle. However, the recovery
is not uniform over the Sahel: the eastern and central Sahel are experiencing a recovery while the
west remains dry (Lebel and Ali 2009; Panthou et al. 2018; Blanchet et al. 2018).

In addition, Diakhaté et al. (2019) used satellite and gauge-based observations with reanalysis
to assess the interannual variability of Sahel moderate, heavy and extreme rainfall events in
relation with SST anomalies of different ocean basins in the period 1981-2016. They found that
Sahel extreme and heavy precipitation events become more frequent during La Nifia years and
a warmer-than-average Mediterranean Sea, while moderate rainfall interannual variability seems
to be primarily associated with temperature anomalies in the tropical North Atlantic and the

Mediterranean Sea. Other studies such as Salack et al. (2014) found an increase of dry spells over
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the Sahel when the global tropics are warmer. Based on daily gauge records in the 1918-2000
period, Badji et al. (2022) suggested that the AMV-like SST anomalies in the North Atlantic could
modify Senegal rainfall intraseasonal characteristics including extreme rainfall days at decadal
timescales. However, the recent decoupling in the precipitation trend between the eastern and the
western Sahel (Lebel and Ali 2009) hinders the extrapolation of these results to the entire Sahel.

All these observation-based studies are limited by the short time series of daily data and/or their
sparse coverage. Regarding models, Sow et al. (2025) characterized the total Sahel precipitation
by means of the frequency and intensity of rainy days. They showed using various CMIP6 coupled
model historical simulations that the recent recovery is characterized by more intense rain events
which also become more frequent. Similar conclusions were drawn by Chagnaud et al. (2023), who
in addition highlighted the dominant role of increased GHG atmospheric concentrations in rainfall
intensification in the eastern Sahel. However, they concluded that while climate simulations seem
to correctly reproduce rainfall occurrences in the last 30 years, they fail to capture the observed trend
of longer extreme dry spells. Finally, other studies assessing Sahel intraseasonal characteristics
consist of targeted experiments focusing only on a given pattern (such as the AMV in Mohino et al.
2024) and not the full potential sources of their multidecadal variability.

In this context, this paper aims to study a wider range of intraseasonal features of Sahel rainfall
than the previous modeling literature by including the different rainy day categories and the wet
season timing. In particular, we propose to answer the following questions: How do intraseasonal
features of Sahel rainfall evolve during the historical period at the multidecadal time scale in
models? In particular, how do the timing of the wet season and the frequency of extreme events
covary? How does this compare with observations? What is the role of the external forcings
against the internal variability in these modulations?

In responding to these questions, we provide a first comparison of (Eyring et al. 2016) large
ensembles of historical simulations and of dedicated simulations from the Detection-Attribution
Model Intercomparison Project (DAMIP, Gillett et al. 2016) to gauge-based observations. The
article is structured as follows. Section 2 describes the different datasets used, section 3 presents
the methodology used to analyze these data. Section 4 contains the main results of the paper and

Section 5 explains the main conclusions and perspectives.
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2. Data

a. CMIP6 models

We make use of three types of simulations carried out in the framework of CMIP6 (Eyring et al.
2016): preindustrial control, historical and Detection-Attribution Model Intercomparison Project
(DAMIP) (Gillett et al. 2016). The historical simulations are forced by the time-varying observed
external anthropogenic (aerosols, greenhouse gases, stratospheric ozone and land use changes)
and natural (solar radiation and volcanic aerosols) forcings over the period spanning from 1850 to
2014. For each model, the ensemble mean isolates the forced signal. The larger the number of
members, the more accurate the estimation of the forced response is (Kay et al. 2015). In our study,
we use the large-ensemble of historical simulations of three CMIP6 models. These models were
chosen because they each provide an ensemble of more than 30 members. Detailed information is
provided in Table 1.

DAMIP simulations keep the setup of historical simulations but are only constrained by one time-
varying forcing while the others are maintained to the 1850 levels (Gillett et al. 2016). Therefore,
they enable the disentanglement of the effects of the single forcings to the total forced signal
obtained from the historical simulation ensemble mean, if sufficient mn)l/bers are provided, and
assuming that these effects add up. In this study, we only make use of hist-aer and hist-GHG from
the IPSL-CM6A-LR model that are constrained by AAs and GHGs respectively. hist-aer has 25
members and hist-GHG 14 which contain the daily precipitation data required to compute Sahel
intraseasonal rainfall features.

Finally, the preindustrial control simulations (piControl) are based on fully coupled models
forced with non-evolving preindustrial conditions representative of the 1850 reference year. These
simulations allow to characterize the internal multidecadal variations only due to interactions
between climate system components (in the absence of variation in external forcings). In this
study, we only make use of the IPSL-CM6A-LR piControl simulation (Boucher et al. 2020). It is
2000 years long and provides precipitation data at a monthly resolution.

In addition to these three types of coupled simulations, we also use Atmospheric Model In-
tercomparison Project (AMIP)-type IPSL-CM6A-LR simulations to further analyze the role of

SST Sahel precipitation multidecadal variability. Here, the atmospheric component of the IPSL-
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TaBLE 1. Information on the CMIP6 models used in this study.

Model name Atmospheric resolution (lon x lat)  # members of the historical simulation Reference
IPSL-CM6A-LR 2.5° x 1.27° 32 Boucher et al. (2020)
CESM2 1.25° x 0.9° 84 Danabasoglu et al. (2020)
MIROC6 1.4° x 1.4° 50 Tatebe et al. (2019)

CM6A-LR coupled model (LMDZ) is forced with observed SST. We use a monthly 20-member
AMIP ensemble which has the same spatial resolution as its historical coupled counterpart and

covers the 1958-2014 period.

b. Observations

We analyze the Rainfall Estimate on a Gridded Network all stations version 1 (REGEN) dataset
(Contractor et al. 2020) is utilized. REGEN is a daily rainfall dataset based on gridded rain gauges
that includes all stations from the Global Historical Climate Network (GHCN-Daily). It spans
from 1950 to 2016 at 1° horizontal resolution. We selected this dataset among other gauge-derived
products since it was the only one among the datasets in Sanogo et al. (2022) presenting the daily
values required to compute the intraseasonal rainfall characteristics over a sufficiently long period.
In addition, it has been shown to properly reproduce extreme precipitation event properties over
the Sahel with reasonable skill (Sanogo et al. 2022). We compare it with the model output of the
historical simulation throughout the manuscript.

In order to add robustness in the comparison between model and observations we also use the
monthly Climate Research Unit, version 4.01 dataset (CRU TS 4.01, Harris et al. 2020). Note that
in CRU only monthly data are available. Thus, we are only able to validate total precipitation and
not Sahel intraseasonal characteristics with it. CRU data are available between 1901 and 2016 at a

0.5° horizontal resolution.

3. Methodology

a. Intraseasonal Features in Sahel Rainfall

We define a day to be wet or rainy when the total amount of rainfall exceeds 1 mm (Hartmann

et al. 2013). This definition has been widely applied to observations since it allows to account for
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instrumental uncertainty. Concerning models, some authors have proposed an adaptable threshold
to account for the higher share of total annual rainfall produced by small daily rainfall amounts
(Chagnaud et al. 2023) in climate models; while others always consider 1 mm (Mohino et al. 2024;
Sow et al. 2025). In this article, we decide to keep 1 mm irrespective of observations or models
for simplicity. We have checked that the adaptable definition of Chagnaud et al. (2023) does not
significantly modify the conclusions of this study. SI?

We classify rainy days based on percentile thresholds into extreme (>95"), heavy (>75"" and
<95"") and moderate (<75'""). Thresholds are calculated over each Sahel grid point separately
using rainy days that belong to the May-to-October (MJJASO) season in the 1950-2014 period.
For each specific type of simulation, all members are taken into account to calculate the threshold.
We select this long season since it contains the mature phase of the West African monsoon, when
rainfall is well developed over the Sahel (Thorncroft et al. 2011) as well as extreme precipitation
events which might occur outside the core of the rainy season. We then count the number of times
the threshold-based criterion is fulfilled at each grid point per MJJASO season. This methodology

nompre o
ny; and n,, standing respectively for the frequency of extreme, heavy and moderate rainfall days.

produces three frequenc% indices (with ]glgg(g,/r%siyons latitude X longitude) per MJJASO season: n,,

Additionally, we compute the total rainfall accumulated per MJJASO season associated with
each rainy day category (i.e. extreme, heavy and moderate). We then divide it by the number
of rainy days of the corresponding category in the MJJASO season to obtain the rainfall intensity
(WMO 2009; Zhang and Delworth 2006; Herold et al. 2016) for each category of rainy day, which
we denote as 1., I;, and I,,, for extreme, heavy and moderate rainfall days respectively.

We finally relate the total precipitation accumulated over each MJJASO season, expressed as a
mean value per day (p; in mm d~!) to the number of wet days of each category and their intensity,

allowing for P, to capture the amount of rain (in mm) fallen during non-rainy days (<1 mm):

1
p== I, n, + Iy, ny, + L, ny, + Py, , (1
N —— —— —— ——
Precipitation linked to  Precipitation linked to  Precipitation linked to  Precipitation linked to
extreme rainfall days heavy rainfall days ~ moderate rainfall days non-rainy days



s where N = 184 represents the number of days per MJJASO season. Changes in the total amount
w4 Of rainfall between time periods, expressed as an average value per day (Ap) can then be related to

s changes in the frequency or intensity of each category by:

1 — — _
Ap = N(Ane 1.+ Al ng+Any, I+ Al n, + Anyy, Ly, + ALy 0+

AP, +Ang Al +Any, Al +Any, ALy). 2)

Residual

ws Here, AP,, is the change in the amount of rain (in mm) fallen during non-rainy days (<1 mm)
w and 7, 5, T, 1., I, and 1, are the climatological frequency and intensity for each rainy day
ws category. These climatological values are estimated in observations (in models) as the means in
o time (and across members) over the MJJASO seasons in 1950-2014. This decomposition allows
20 to disentangle precipitation changes arising from variations in the frequency or intensity of each
21 rainy day category. The terms % An, 1, % Any, I, and % An,, I,, represent precipitation changes
22 explained by the variations in frequency of extreme, heavy and moderate rainfall days respectively.
203 Me terms % Al, ng, % Aly, ny, and % Al,, n,, define precipitation changes associated with
2« modifications of the intensity of extreme, heavy and moderate rainfall days respectively. AP,
s together with the changes coming from the cross product anomalies are called the residual. As
2 shown later, they are smaller than the rest of the terms. Eq. 2 extends the decomposition of total
= Sahel rainfall between the contributions of the frequency and intensity of rainy days presented in
26 SOw et al. (2025) without specifying the rainy day category.

20 As explained in subsequent sections the periods considered in this article are [1950-1970]
20 (humid), [1970-1990] (drought) and [1994-2014] (partial recovery). We assess the [1950-1970] —
o [1970-1990] and [1994-2014] — [1970-1990] differences, that is, humid minus dry.

22 We compute the onset, demise and duration of the monsoon season at each grid point following
s Liebmann et al. (2012). For each day of each calendar year, we first compute the daily rainfall
=« anomaly as the difference between the rainfall of that day and the long-term climatological mean
s daily rainfall. As in Mohino et al. (2024), the long-term climatological mean daily rainfall is
2 computed taking into account all available years in observations and all years and ensemble

»  members in the models. These daily anomalies are then cumulated from the 1°" of January to a
J'ai un peu du mal a comprendre cette description des dates de onset et demise

9



s given calendar day. The dates for the minimum and the maximum of the daily cumulative rainfall
e anomaly provide the onset and demise timing respectively of the rainy season each year. The
= duration of the season is computed as the difference between the demise and the onset. We also
21 tested other methods to compute the timing of the wet season (Marteau 2010; Sivakumar 1988).
2 Instead of calculating the cumulative rainfall anomaly, these methods are based on the presence of
»s  sequences of consecutive wet days, whose cumulated rainfall exceeds a certain threshold, followed
2« (Or not) by a sequence of several non-rainy days. Since they yield similar results to Liebmann et al.
»s  (2012)’s, we do not show them in this study.

= Finally, in order to provide an insight of the covariability between the frequency of extreme
»7 rainfall days and the duration of the rainy season between periods of study, we compute the
ger&%@@ggﬁm of extreme rainfall days (r, expressedasapercemtage). For simplicity, here we focus
»s On the meridional variations of extreme rainfall day concentration within the latitude-varying rainy
=0 season length. The possible east-west asymmetries are left for future research. For a given latitude
= and accounting for all Sahel longitudes, we count the number of times a certain day of the year
x belongs to the extreme rainfall day category (N.). In models, we count along all members and
2 longitudes and in observations only along longitudes. We then divide this quantity by the number
=« Of longitude locations in the Sahel box (nj,,) and the duration of the rainy season at the given
s latitude (L). This operation yields the ratio between the number of extreme rainfall days and the

= length of the rainy season at each latitude, here so-called concentration of extreme rainfall days.

Ne
nlonL

r=

3)

= All analyses in this article are performed over a ”Sahel” box. The meridional limits of the Sahel
xs are derived from the adaptable definition described in Ndiaye et al. (2022). This is motivated by
=0 the fact that the mean Sahel rainfall over MJJASO is abnormally shifted southward with respect
20 to observations in the CMIP6 intercomparison exercise (Klutse et al. 2021). For each CMIP6
2 model (IPSL-CM6A-LR, CESM2 and MIROC®6) historical simulation used here, we select the
2« northernmost latitude where no more rain occurs (<0.5 mm d~') in MJJASO The southern limit
"no more rain occurs" means what exactly ? Averaged raifnall < 0.5 mm/d over MJJASO?
2 corresponds to the latitude where the maximum of summer rainfall takes place. After this procedure,

24 all three models show the same latitudinal limits: 8°N and 17°N. da=teers the latitudinal limits for
»s REGEN and CRU are 10°-20°N. In both models and observations, we choose 17°W-25°E as the

10
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longitudinal limits. In order not to consider locations over sea, where rainfall characteristics can
be very different, we exclude from these boxes the grid points west of the line linking the locations
8°N-12.5°W and 12°N-17°W. The Sahel box considered for the models is represented in green in
Fig. 4.

b. Statistical Significance

To test whether the change in a given quantity is statistically significant, we apply the parametric
t-test for independent samples with different variances, assuming a Gaussian distribution (Wilks
2019). In models, we do not treat each year of an ensemble member as an independent realization.
Instead, we take the average over the years of each period of study and consider each member as
an independent realization as in Mohino et al. (2024).

Although our results are mainly based on comparison between models, we also attempt to
validate precipitation changes with REGEN. In this case, we perform the #-test in REGEN along
the time dimension. Despite the limited number of independent observations in REGEN between
the periods compared, we chose this parametric test instead of a non-parametric Montecarlo test.
The short time span of the observations (1950-2014) would indeed have restricted the random
selection of a sufficiently large number of 21-year long non-overlapping two-period samples to
estimate the statistical significance and thereby biased the results. We are aware that the 7-tests
performed in models and observations are not completely equivalent. Yet, this is an optimized

pragmatic choice due to data availability.

4. Results

a. Multidecadal Variations of Sahel-averaged Total Precipitation Change

Fig. 1a represents the time series of the Sahel-averaged May-to-October (MJJASO) anomaly
from 1901 to 2014. The precipitation time series has been low-pass filtered with a 30-year cutoft
Butterworth filter, in order to isolate the multidecadal variability. REGEN and CRU display a
humid period in the 1950s and 1960s followed by a drier 1970s and 1980s in agreement with
previous studies (Nicholson 1983; Lebel and Ali 2009; Berntell et al. 2018). In the last decades,
MIJJASO precipitation has slightly increased although not to the 1950s levels. In addition, the

observational datasets differ after the mid-2000s : while CRU precipitation grows until the mid

11
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2000s and then seems to stabilize, REGEN displays a precipitation peak before 2000 and then
slightly decreases. The precipitation minimum in both of them lies around 1982. Based on
the evolution of the observed Sahel precipitation, we define three study periods with different
total precipitation amounts delimited with the vertical dashed lines. Period 1 is [1950-1970] and
is characterized by anomalously humid conditions, period 2 is [1970-1990] and represents the
anomalous drought. Finally, [1994-2014] is period 3, and constitutes the partial precipitation
recovery.

The thick black line represents the IPSL-CM6A-LR mean Sahel precipitation anomaly time
series. There is a slight decline in precipitation from the late-1950s to the mid-1970s providing
a less pronounced drought than in REGEN and CRU. Mean MJJASO precipitation then starts to
increase around 1977 monotonically until it stabilizes in the late 2000s. The start of the precipitation
increase in the 1980s occurs before observations. Note that the absence of a strong precipitation
reduction between [1950-1970] and [1970-1990] in the ensemble mean time series is linked to
the fact that each individual member (thin gray, purple, green and orange lines) shows a different
phase of multidecadal variability. Although one cannot exclude at this stage that external forcings
and their response may be subject to biases in the model, this suggests that internal variability
is an important contributor to the total precipitation signal in the IPSL-CM6A-LR model during
this transition. This conclusion does not necessarily imply that individual forcings such as GHGs
and AAs are not acting. Indeed, their opposing effect on Sahel total precipitation in the recent
recovery has been documented by Monerie et al. (2022) and the same analysis performed on the
CMIP5 counterpart of IPSL-CM6A-LR captures a more pronounced precipitation decrease from
1950 onward, suggesting that individual forcings balance out differently (Giannini and Kaplan
2019). We come back to this point in following sections regarding precipitation extremes. On
the contrary, all individual members agree on the increasing precipitation tendency between the
[1970-1990] and [1994-2014] periods, suggesting a clearer role of external forcings.

To check this, the boxplot in Fig. 1b shows the distribution of Sahel-averaged 30-year low-
pass filtered precipitation differences using 5000 consecutive 21-year periods that were randomly
selected in the piControl simulation of IPSL-CM6A-LR, which we use as an estimate of the
internal variability range in the model. During the [1950-1970] to [1970-1990] transition, all but

two members show precipitation changes which could be explained solely by internal variability.
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Fic. 1. (a) Time series of Sahel averaged MJJASO low-pass filtered mean precipitation of REGEN (blue),
CRU (red), the IPSL-CM6A-LR 32-member historical simulation ensemble mean (black), individual members
(gray), the three-most similar members (orange, green and purple) to REGEN and CRU in terms of RMSE and
correlation coefficient and the LMDZ AMIP (SST-forced) ensemble mean (thick dashed black). The three vertical
dashed lines indicate the three periods considered in this article: (1) [1950-1970], (2) [1970-1990] and (3) [1994-
2014]. (b) Boxplot of the differences between 5000 pairs of 21-year consecutive periods randomly selected in the
IPSL-CM6A-LR piControl simulation. The lower and upper whiskers indicate the 1% and 99% percentiles of
the distribution respectively and the horizontal line in the box represents the median. The markers located at the
left (right) of the boxplot denote the [1970-1990] — [1950-1970] ([1994-2014] — [1970-1990]) Sahel-averaged
MIJASO precipitation difference of each individual member (gray). The three-most similar members are color-
coded as in panel (a). (c) RMSE between each individual IPSL-CM6A-LR historical simulation member (listed
in the horizontal axis) and REGEN (blue dots) or CRU (red dots). (d) Like in (c) but for the Pearson correlation

coefficient.
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On the other hand, in the [1970-1990] to [1994-2014] transition, more than half of the members
lie outside the internal variability distribution, confirming the more important role of the forced
signal in this transition.

To evaluate the representation of the multidecadal evolution of Sahel precipitation in the IPSL-
CM6A-LR model, the root-mean square error (RMSE) and the Pearson correlation coefficient
are calculated between the reference time series (REGEN and CRU) and each model member
as in Bonnet et al. (2021a). They are displayed in Figs. 1c and d respectively. We retain the
three members which present the lowest RMSE and the highest Pearson correlation coefficient
considering REGEN and CRU results at the same Ctgr&em aglﬁre}ls%eorcsu i,er};lpggggléS. In particular,
member 4 has the best representation of MJJASO precipitation modulations in comparison to
both datasets (REGEN and CRU), with the lowest RMSE and the highest Pearson correlation
coefficient. It is followed by members 14 and 15. We note that on the contrary, some members
have a poor representation of MJJASO precipitation variations over the 1901-2014 period with large
RMSE and a Pearson correlation coefficient close to zero (e.g. member 23). Assuming that the
effect of external forcings is correctly captured by the model, these most similar members contain
the effect of the forced signal and the closest-to-observations internal variability. Interestingly,
these three members also match the longer-scale observed 1940-2016 trend in global air surface
temperature and Atlantic Meridional Overturning Circulation (AMOC) variations, as shown in
Fig. 2a of Bonnet et al. (2021b). This confirms a link between AMOC variability and precipitation
in the Sahel (Zhang et al. 2021). The time series corresponding to these members are highlighted
in colors orange, green and purple in Fig. 1a. Note that even these three members still show
a weaker precipitation decrease between [1950-1970] and [1970-1990] and a stronger recovery
between [1970-1990] and [1994-2014] than the observations. We will hereafter use these most
similar members obtained with this analysis to evaluate the role of internal variability in changes
in precipitation extremes by comparing the mean of the three with the ensemble mean.

Finally, the AMIP simulation (LMDZ atmospheric model forced by observed SSTs) ensemble
mean is shown with a thick black dashed line in Fig. 1a. The decrease in rainfall between [1950-
1970] and [1970-1990] is better reproduced in AMIP than in the historical coupled simulation.
This suggests that the IPSL-CM6A-LR coupled historical simulation misrepresents SST variations
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over this period, either due to an underestimation of the SST response to the forcings (i.e. AAs or
GHGs) or its multidecadal internal variability. We briefly return to this point in Section 5.

We conducted the same analysis for CESM?2 and MIROC6. The results are shown respectively
in Figs. A1 and A2 in Subsection a of the Appendix. The amplitude of the precipitation recovery
seems to be well-captured in CESM2 and overestimated in MIROC6. Both models display an
ensemble-mean precipitation decrease between [1950-1970] and [1970-1990], although it is weak
as in IPSL-CMG6A-LR and starts before 1950, unlike in IPSL-CM6A-LR.

b. Contributions of the Intraseasonal Rainfall Features to the Multidecadal Variations of Sahel-

averaged Total Precipitation Change

The different terms of Eq. 2 are displayed in Fig. 2a. They represent the changes in the
contributions to the total precipitation variation between two periods of study from the change in
the frequency and intensity of extreme, heavy and moderate rainfall days.

Consistent with Fig. 1a, REGEN observations (bars) display a much stronger decrease in total
precipitation (Ap) between [1950-1970] and [1970-1990] than recovery between [1970-1990] and
[1994-2014]. In contrast, the three CMIP6 models (columns of markers within each cyan bar)
generally show a stronger recent recovery, particularly in the ensemble mean, representing the
forced signal (stars, see also Figs. 1a, Ala and A2a). This is a consistent feature across CMIP6
models (see Fig 3a of Ndiaye et al. 2022). Moreover, all individual members of the three models
show positive values of Ap in the [1970-1990] to [1994-2014] transition. The three most similar
members also display the same tendency, with values around the ensemble mean. In turn, the
[1950-1970] to [1970-1990] transition shows weak ensemble mean Ap (below 0.1 mm d~!, except
for MIROC®6). The three most similar members in this case present a larger Ap than the forced
signal, among the largest of the respective ensemble of each model, suggesting an influence of
internal variability. These results confirm what is shown in Figs. 1a, Ala and A2a.

Ap in both transitions is mainly explained by changes in the frequency of extreme and heavy
rainfall days. The changes in the intensity of each rainy day category are always a second-order
contributor when compared to their corresponding frequency counterpart.

In particular, the REGEN precipitation variation associated with the change in the frequency of

extreme rainfall days (%Anez, second red bar in Fig. 2a) accounts for nearly half of the total Ap

Est-ce que sion multiplie toutes les pluies par un facteur constant, on n'obtient pas quelque chose d'analogue ?
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Fic. 2. (a) Sahel area-weighted mean variations between [1994-2014] and [1970-1990] (left) and [1950-
1970] and [1970-1990] (right) of the different precipitation contributions in Eq 2. Bars represent the results for
REGEN. The three groups of markers over each bar represent, from left to right the IPSL-CM6A-LR, CESM2
and MIROCS historical simulation results. The gray dots depict the individual members and the black crosses,
squares and triangles represent the first, second and third most similar members to observations respectively.
In all cases, the golden stars stand for the ensemble mean. (b) Same as before but for the onset, demise and
duration of the wet season computed following Liebmann et al. (2012). In both panels, blue labels indicate that

the REGEN differences between periods (bars) are statistically significant after a two-sided #-test.

in [1970-1990] to [1994-2014] (0.09 out of 0.22 mm d~!) and a third in [1950-1970] to [1970-
1990] (0.23 out of 0.60 mm d~'). In turn, models show that the precipitation recovery between
[1970-1990] and [1994-2014] presents a strong %Anel_e forced signal (especially MIROC6). All
members except for one in CESM2 agree on this tendency across the three models. Conversely,

the %Anei forced signal between [1950-1970] and [1970-1990] is nearly zero for the ensemble
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averages of three models and the three most similar members have positive values approaching the
REGEN observations during this transition. Between [1970-1990] and [1994-2014] the three most
similar members overestimate the REGEN % An,I, as they do with Ap. Finally, the contribution
linked to the changes in the intensity of extreme rainfall days (%AIJTQ) displays slightly positive
values in IPSL-CM6A-LR and MIROCS6 in the [1970-1990] to [1994-2014] transition, where all
members agree. In both cases, this term represents less than 0.1 mm d~!.

Another important contribution to Ap comes from the change in the frequency of heavy rainfall
days (%Anhn). In REGEN, this contribution is slightly positive during the recent recovery
(~0.05 mmd~!) and of the same magnitude as %Anez in the [1950-1970] to [1970-1990] transition
(~0.3mmd™!). In turn, the three models show a positive ensemble mean signal for this contribution
in the [1970-1990] to [1994-2014] transition, which is especially strong in CESM2 (~0.18 mmd™").
Again, in terms of % Any I}, the forced signal and the most similar members present similar values in
the recent recovery and tend to overestimate REGEN. Concerning the [1950-1970] to [1970-1990]
transition, the %AnhE forced signal is weaker and the three most similar members generally lie
closer to REGEN.

Except for the frequency of moderate rainfall events contribution in the recent recovery of
REGEN related to its thresholds to separate between rainy day categories being higher than in

models, the rest of the terms of Eq. 2 are smaller in magnitude. Thus, we hereafter focus our

L

v Alen, and %Anhn. In the ensemble mean and individual model members,

analysis on %Anez,
the sum of the three explains at least 90% of Ap between periods. In REGEN, their contribution is
equal to 74%.

The multidecadal changes of the onset, demise and duration of the rainy season are shown in
Fig 2b. In REGEN, the [1994-2014] period is characterized by an earlier onset (~8 d) and a
later demise (~17 d) resulting in longer rainy seasons (~25 d) when compared to [1970-1990].
Consistently, all the three models show a forced signal and individual members signal with an early
onset, a later demise and larger duration during the recovery period as compared to the dry one.
This shows a dominance of the forcing, not counterbalanced by internal variability. In REGEN,

the same changes are seen in the [1950-1970] to [1970-1990] transition as for the later one. The

most similar members to observations in the three models agree with this tendency although they
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show weaker variations when compared to observations. The forced signal is, as for precipitation
extremes, weak.

To conclude, the three models overestimate changes in the recent recovery shift, not only in total
precipitation but also in the contributions linked to the frequency of extreme and heavy rainfall
days. In all these contributions, models suggest the recent precipitation recovery is mostly forced
and also agree on the dominance of the changes in the frequency of rainfall extremes rather than
their intensity in driving Ap. On the contrary, for the [1950-1970] to [1970-1990] transition,
models tend to show low relevance of the total externally forced signal, while only some special
members show changes consistent in sign and closer in magnitude with the observed precipitation
changes, notably in the contributions relating to the change in the frequency of heavy and extreme

rainfall days. This highlights the role of internal variability in this early transition.

c. Latitudinal Changes in the Forced Signal of Frequency of Extreme Rainfall Days and Rainy

Season Duration

The forced signal consists of longer wet seasons with more cumulative rain and a higher frequency

of extreme rainfall days in [1994-2014] driving total Ap (Fig 2). HOWCVET, TS Stateent qoes not

how those changes are distributed in latitude

In order to assess these-pemts, Figs. 3a, ¢ and e represent in shading N, for [1994-2014], [1970-

1990] and [1950-1970] respectively. In all cases, extreme rainfall days are most likely to occur in
August and September, and are more frequent in the south of the Sahel. In the northernmost tip
of the region we barely find days of the year which are at least once an extreme rainfall day after
averaging over the Sahel box longitudes. Accordingly, the largest cumulative precipitation occurs
in the south of the Sahel, with values of 10 mm d~! between 9°N and 10°N (green contours and
white contour for the 10 mm d~! isoline).

The rainy season duration does not vary significantly between the three periods in the south of
the Sahel (Fig. 3b), remaining close to 150 days. At the same time, N, is significantly higher in
[1994-2014] (Fig. 3a), than in the other two periods (Figs. 3¢ and e). Hence, the concentration of

extreme rainfall days (), represented by the three lines in Fig. 3d, is the highest in [1994-2014]
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Fic. 3. (a), (c) and (e). The shading represents the number of times a day of the year belongs to the extreme
rainfall day category counted for each latitude along all the longitudinal locations of the Sahel box and averaged
in the corresponding period of study (N,, see Section 3). The two dashed lines represent the rainy season onset
and demise zonally averaged over the Sahel longitudes, the green contours denote mean precipitation and the
white contour represents the 10 mm d~' isoline. These panels represent the periods [1994-2014], [1970-1990]
and [1950-1970] respectively. (b) Zonally-averaged rainy season duration in the Sahel box (i.e. difference
between the demise and onset dashed lines in panels (a), (c) and (e)) in [1994-2014] (blue), [1970-1990] (red)
and [1950-1970] (green). The uncertainty range is omitted since it is much smaller than the rainy season duration
values. (d) As in (b) but for the concentration of extreme rainfall days (r, see Section 3), and its associated
uncertainty (see Subsection b of the Appendix). This panel uses the same color code as (b). All the results are

obtained with the IPSL-CM6A-LR ensemble mean.
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(5.5%, blue line) and remains around 4.2% for [1970-1990] and [1950-1970] (red and green curves
respectively) in the south of the domain. Note that the uncertainty intervals between [1994-2014]
and the other two periods do not overlap (see Subsection b of the Appendix for more details on
the error computation procedure). In turn, in the north of the Sahel, the rainy season length
increases significantly in [1994-2014] with respect to [1970-1990] and [1950-1970] and so does
N.. However, 1 is still larger in [1994-2014] (1.5%) than in the other two periods (1% and 0.9%
in [1970-1990] and [1950-1970] respectively). Again, the uncertainties in shading do not overlap
between [1994-2014] and the other two periods in the north of the Sahel.

These results agree with the ones presented in Figs. 2a and b in terms of the ensemble mean
increase in the frequency of extreme rainfall days and rainy season duration in [1994-2014] with
respect to [1970-1990]. In addition, they tell us that in recent decades, the south of the Sahel
is experiencing more extreme rainfall days concentrated in an equally-long rainy season. On the
contrary, the north of the Sahel is experiencing increase in extreme rainfall days which outpaces
that of the rainy season length, resulting in a higher concentration of extreme rainfall days too. The
similarity between [1950-1970] and [1970-1990] in Fig. 3 highlights again the weak role of the
total forced signal in this transition.

We performed the same analysis with CESM?2 (Fig. A3) and MIROCS6 (Fig. A4). A few differ-
ences arise in terms of N, and rainy season duration: CESM2 and MIROC6 present significantly
larger N, than IPSL-CM6A-LR in the three periods and all latitudes, and MIROC6 shows longer
wet seasons in the north of the Sahel than CESM2 and IPSL-CM6A-LR. Yet, the same conclusions
for the extreme day concentration of IPSL-CM6A-LR apply to CESM2 and MIROC6.

d. Spatial Pattern of the Multidecadal Variations of Sahel Precipitation Change Contributions

Results from last section only involve the model’s ensemble mean (forced signal) and consist
of zonal averages in the Sahel box. In this section, we aim to fully assess the spatial pattern of
Ap, %Anez, %Alen_e and %AnhE of the ensemble mean and the mean of the three most similar
members.

Consistently with Fig. 2a, the mean Ap of the IPSL-CM6A-LR three most similar members shows
wetter conditions in [1994-2014] than in [1970-1990] which are particularly intense (>0.4 mm d=H

and consistent in the three models (stippling) in central parts of the Sahel (Fig. 4a). The similarity
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FiG. 4. Spatial pattern of the dominant terms of the precipitation decomposition (Eq. 2) for the mean of the
three most similar members of the IPSL-CM6A-LR historical simulation. The stippling indicates locations where
the means of the three most similar members of the three model historical simulations (IPSL-CM6A-LR, CESM2
and MIROC6) have the same sign. The solid (dashed) contours represent the differences between REGEN and
the mean of the IPSL-CM6A-LR three most similar members when positive (negative). The first column of
panels contains the difference between [1994-2014] and [1970-1990] whereas the second column of panels, the
change between [1950-1970] and [1970-1990]. In all the panels, the blue box delineates de Sahel. (a) and (b)
represent Ap, (c) and (d) % An, 1., (e) and (f) % Al, Z]and (g) and (h) # Any, I,
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in the spatial pattern with Fig. 5a which displays the ensemble mean, reveals that this change is
mainly forced all over the Sahel box. Note that Ap shows weaker variations in the northeast of the
Sahel in both the three most similar member mean and the ensemble mean (Figs. 4a and 5a), in line
with the western Sahel drying tendency which appears in future projections (Monerie et al. 2023).
Interestingly, this is one of the few regions within the Sahel where the three models underestimate
precipitation recovery with respect to REGEN, contrary to the Sahel-averaged overestimation
tendency (shown as well in Figs. 1a, Ala and A2a).

Most of the [1970-1990] to [1994-2014] Ap is explained by the contribution associated with the
frequency of extreme rainfall days (%Anel_ex notably in the south of the Sahel (Fig. 4c). This spatial
pattern is consistent in the three models and agrees well with the forced signal tendency (Fig. 4b).
Furthermore, the underestimation of the total Ap in this transition with respect to REGEN in the
northwest of the Sahel is driven by this term. Finally, Figs. 4e and g display the precipitation
contributions tied to the changes in extreme rainfall day intensity and frequency of heavy rainfall
days. They act mainly in southwestern and southeastern Sahel respectively, are strongly affected
by the forced signal (Figs. Se and g) and are overestimated in the models with respect to REGEN.

The spatial pattern of the dominant terms in Eq. 2 between [1950-1970] and [1970-1990] is
shown in the right column of Fig. 4. Ap (Fig. 4b) is positive, especially in the western part of the
Sahel and all three models agree on the sign of the change. This change is, however, weaker than
REGEN’s throughout the Sahel and it is mostly driven by internal variability. The forced signal
(Fig. 5b) only contributes slightly to this change in the western part of the Sahel, where we find Ap
increase in the three models.

The mean of the three most similar members’ Ap in [1950-1970] to [1970-1990] is driven by
both %Anel_e and #Anh 1, (Figs. 4e and h and in line with Fig. 2a) which act on the south and
especially the southwest of the Sahel. Contrary to the [1970-1990] to [1994-2014] transition, the
intensity of the extreme events has virtually no contribution (Fig. 4f) and the three models do not
agree on the sign of the change. Regarding the forced signal, only %AnhE displays a weak increase
in the west of the Sahel (Fig. 5f) which drives the total Ap forced signal in Fig. 5b.

To conclude, the IPSL-CM6A-LR results represented in Figs. 4 and 5 show that the recent
recovery is characterized by a higher frequency of extreme rainfall days which also become more

intense particularly in the south of the Sahel. This is in agreement with the observational work
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of Le Barbé et al. (2002) and Panthou et al. (2014). In addition, they show that IPSL-CM6A-LR
understimates the wetting in the northwestern Sahel with respect to REGEN. This tendency to a
weaker wetting in this area agrees with Sow et al. (2025)’s results and becomes more pronounced
in future climate projections (Monerie et al. 2023).

Nevertheless, the same analysis for CESM2 and MIROC6 (Figs. A5, A6, A7 and A8) shows that
some of these conclusions are model-dependent. While the three models agree on the dominace
of %Aneﬂ in driving precipitation changes in the recent recovery and of %Anhﬁ forced signal
in driving Ap forced signal in the [1950-1970] to [1970-1990] transition, only IPSL-CM6A-LR
displays the %Alen_e increase contribution in the [1970-1990] to [1994-2014] shift. In addition,
the %Anhn forced signal also drives together with %Anez the total Ap forced signal in the [1950-
1970] to [1970-1990] transition. Finally, the three models underestimate the northwestern Sahel

precipitation recovery.

e. Effect of Anthropogenic Aerosols and Greenhouse Gases on the Multidecadal Variations of

Sahel Precipitation and Intraseasonal Rainfall Features

Up to this point, we have discussed the total forced signal of precipitation and the different terms
in Eq. 2. In this section, we aim to assess the impacts of the individual forcings (i.e. GHG and
AAs) to the total forced signal. We also tested the contributions of natural external forcings, such
as solar and volcanic forcings. They do not significantly modify the results, and we do not consider
them here.

Figure 6 shows the Sahel mean forced signal from the IPSL-CM6A-LR historical, hist-aer and
hist-GHG simulations. In the [1994-2014] minus [1970-1990] recovery period, the first four bars
in Fig. 6a show that 0.10 mm d~! out of the 0.27 mm d~! IPSL-CM6A-LR historical change are
associated with AAs and 0.05 mm d~!' with GHG. The sum of these two contributions (third bar)
is smaller than Ap in the IPSL-CM6A-LR historical mean (fourth bar) although the error bars
from both quantities overlap. As a consequence, the hypothesis of linear additivity between AA
and GHG cannot be discarded. Similar results were obtained by Shiogama et al. (2023) using
MIROCS6, also participating in the DAMIP experiment (see their Figs. 3b and d).

The extreme rainfall day contribution in the [1970-1990] to [1994-2014] recovery is shown in

the second bar quartet in red in Fig. 6a. Both AAs and GHG contribute equally with an increase of
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FiG. 5. Spatial pattern of the dominant terms of the precipitation decomposition (Eq. 2) of the IPSL-CM6A-LR
historical simulation ensemble mean. The stippling indicates locations where the ensemble means of the three
model historical simulations (IPSL-CM6A-LR, CESM2 and MIROC®6) have the same sign.The first column of
panels contains the difference between [1994-2014] and [1970-1990] whereas the second column of panels, the
change between [1950-1970] and [1970-1990]. In all the panels, the blue box delineates de Sahel. (a) and (b)
represent Ap, (c) and (d) A An, L, (¢) and (f) + Al 7, and (g) and (h) + An, Ij,.
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Changes in forced signal precipitation contributions in the Sahel: dominant terms of Eq. 2 (ensemble mean)
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Fic. 6. (a) Bars: Sahel area-weighted mean ensemble mean (forced signal) of the dominant terms from
Eq. 2: Ap (cyan), & An.I, (red), & A L7, (salmon) and 3, A n,Ij, (green). The results from [1994-2014]
minus [1970-1990] are shown in the four bar quartets on the left and the four bar quartets on the right display
[1950-1970] minus [1970-1990]. (b) Same as in (a) but for the wet season onset (cyan), demise (orange) and
duration (green). Each bar quartet from both panels, represents, from left to right, the hist-aer, hist-GHG, hist-aer
+ hist-GHG and IPSL-CM6A-LR historical simulation ensemble means. Error bars display the 95% confidence
interval obtained with a two-sided ¢-test performed along the members of each simulation (24 in hist-aer, 13 in
hist-GHG and 32 in the IPSL-CM6A-LR historical simulation). The error interval in hist-aer + hist-GHG is

computed applying the error propagation formula.
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0.06 mm d~! and 0.05 mm d~! respectively (statistically indistinguishable from zero) being the sum
of them (0.13 mm d~1). Its error interval overlaps that of the IPSL-CM6A-LR historical simulation
result (linear additivity holds). Note that the expected temperature and moisture increases related
to a reduction (increase) of European and North American AAs (GHGs) between [1970-1990]
and [1994-2014] close to the surface might act to destabilize the atmosphere above the Sahel and
provide more favorable conditions to deep convection and thus a higher frequency of extreme
rainfall days (Diakhaté et al. 2019).

The contribution of AAs and GHGs to the extreme rainfall event intensity is smaller, below
0.05 mm d~! in both cases (third bar quartet in salmon in Fig. 6a) and their error intervals include
negative values. Finally, the decrease in aerosol concentration between [1970-1990] and [1994-
2014] enhances the precipitation change contribution associated with heavy rainfall days. This is
not the case for GHG changes, where the error bar covers positive and negative values. Again, the
added effect of AA and GHG changes matches the total change in %Anhﬁ in the limit of the error
bars. than ?

In the [1950-1970] to [1970-1990] transition, the Ap forced signal is smaller }§ in Fig. 2a.
However, a different picture emerges from the contributions of the individual forcings. The
increase in AA emissions from [1950-1970] to [1970-1990] translates into an decrease in Ap of
0.13 mm d~' (comparable to the results of Monerie et al. 2022), almost equally partitioned between
%Anel_e and % Any, I),. In turn, AAs produce little effect over %Alen_& whose error interval covers
positive and negative values. GHGs yield an opposite effect in all precipitation contributions and
virtually no effect in the precipitation contribution linked to the frequency of heavy rainfall days.
This partial compensation between AA and GHG in Ap has already been documented in Monerie
et al. (2022) and agrees with the weak total forced signal during this transition documented in
previous sections. Furthermore, the dominance of AA over GHG in IPSL-CM6A-LR in setting
the decadal modulations of total accumulated Sahel rainfall is in line with Ndiaye et al. (2022) and
other studies dealing with specific periods of the twentieth century (Hirasawa et al. 2020). This is
yet the first time these changes are systematically assessed in terms of intraseasonal contributions
to total precipitation changes.

The changes in the onset, demise and duration of the rainy season associated with each particular

forcing are presented in Fig. 6b. The decrease of anthropogenic aerosol concentrations in the
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Fig. 7. Difference ﬁ An,I, between periods for (a) hist-aer [1994-2014] minus [1970-1990], (b) hist-GHG
[1994-2014] minus [1970-1990], (c) hist-aer [1950-1970] minus [1970-1990] and (d) hist-GHG [1950-1970]
minus [1970-1990]. Stippling covers regions where the differences are statistically significant (p<0.05) after a

two-sided #-test. In all the panels, the blue box delineates the Sahel.

[1970-1990] to [1994-2014] transition results in an earlier onset (~-6 d), later demise (~+5 d) and
thus a larger monsoon duration of ~11 d. Therefore, reducing the concentration of atmospheric
aerosols results in longer rainy seasons. The changes are weaker in the [1950-1970] to [1970-1990]
transition, although they go in the same direction. Note that a reduction of AA emissions in North
America and Europe reduces SST in the North Atlantic and might result in an earlier northward
migration of the ITCZ (Donohoe et al. 2014) thus providing an earlier onset.

In turn, GHGs (second bar) do not contribute to change the onset date but help to delay the demise

date so that the duration of the season increases under increasing GHG concentrations as well. The
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sum hist-aer+hist-GHG of the onset, demise and duration changes is consistent (within error) with
the variations obtained directly from the IPSL-CM6A-LR climate simulation in the [1970-1990] to
[1994-2014] recovery, supporting the additivity hypothesis among forcing terms. The consistency
in the delayed demise response in this transition among all simulations could be related to the
increased soil moisture that follows and enhanced rainfall season, since much of the rainfall falling
over the Sahel comes from local recycling (Nieto et al. 2006). Finally, in the [1950-1970] to
[1970-1990] transition, the sum of hist-aer and hist-GHG presents the opposite tendency to the one
obtained with the historical simulation for the onset, demise and duration although the error bars
overlap in all cases. An in-depth analysis of the other forcings and the interactions between them
is required to elucidate whether there is an important missing contribution here or not.

In order to provide a picture of the spatial distribution of the forcing pattern, Fig. 7 shows the
ensemble mean signal of %Anez for hist-aer and hist-GHG in both transitions. We choose this
term of Eq. 2 since it accounts for most of the variation of the total forced signal in the [1970-1990]
to [1994-2014] transition (Fig. 2a) and the three models assessed here display similar forced signal
spatial patterns of it (Figs. 5c and d, A7c and d, A8c and d). It shows that while the atmospheric
aerosol signal tends to be stronger and more statistically significant in the southwest of the Sahel
(Figs. 7a and c), GHGs act primarily in central and eastern parts (Figs. 7b and d), in agreement
with Chagnaud et al. (2023). In this respect, Wane et al. (2025) argued that in the context of a
warming climate, the global tropics warm faster than a subtropical North Atlantic that is unable to
provide sufficient moisture to meet the higher threshold for convection in the adjacent West Sahel

(Giannini et al. 2013).

5. Summary and Discussion

In this study, we assess the multidecadal changes of Sahel total rainfall and intraseasonal rainfall
features. These are precipitation extreme events in terms of frequency of days and intensity as
well as the metrics quantifying the onset, demise and duration of the wet season. To this effect,
we make use of observations (REGEN and CRU), large ensembles of historical simulations from
three CMIP6 models (IPSL-CM6A-LR, 32 members; CESM2, 84 members and MIROC6, 50
members) and the hist-aer and hist-GHG IPSL-CM6A-LR DAMIP simulations. We focus on
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the transitions between the historical humid [1950-1970] and the drier [1970-1990] periods and
between [1970-1990] and the recent humid [1994-2014].

Our main findings can be summarized as follows.

* Comparing the IPSL-CM6A-LR historical simulation to its piControl simulation we find

that the role of the forced signal in the total Sahel rainfall change is more prominent in
the [1970-1990] to [1994-2014] precipitation recovery than in the [1950-1970] to [1970-
1990] precipitation reduction. This tendency is also reproduced in CESM2 and MIROCS6,
and all models agree on an overestimation of the recent recovery and an underestimation
of the precipitation decrease between [1950-1970] and [1970-1990] regarding the individual

members and the ensemble means.

Be carefull that the aeorsol radiative effect was very small in IPSLCM6ALR. Maybe un derestimated by a factor of 2.

* In the three models, the precipitation change associated with the variation of the frequency

of extreme rainfall days is the first order contributor to the total precipitation difference in
the [1970-1990] to [1994-2014] precipitation recovery ensemble mean. The same applies
to the three most similar members to observations. Note that the variations are not uniform
over the Sahel. While the contribution from the frequency of extreme rainfall days is more
prominent in the south and southwest, the contribution from the frequency of heavy rainfall
days affects mainly central and eastern parts. All three model ensemble means agree on a
weaker increase (or even slight decrease) of precipitation during the recovery over Senegal, in
line the observational analysis of Badji et al. (2022). In fact, this is the only region in the Sahel
where the three models underestimate the precipitation recovery with respect to REGEN. This
weaker wetting is shown to then turn into a stronger drying tendency in future climate change

projections (Monerie et al. 2023; Wane et al. 2025).
Mal dit.

The forced signal of the duration of the wet season increases more (in terms of an earlier onset
and a later demise) in [1994-2014] than in the other two periods in the north of the Sahel than
in the south of the Sahel. At the same time, the forced signal of the frequency of extreme
rainfall days increases in all latitudes in [1994-2014]. Both changes result in an increased
concentration of extreme rainfall days not only in the south but also in the north of the Sahel
since the increase in the frequency of extreme rainfall days outpaces the increase in the wet

season duration there. In other words, in recent years the south is experiencing wet season

Concerning the duration of the wet season, there is a forced signal for the [1994-2014] wet period corresponding
toan increase, stronger in the north thatin the south of the Sibel. There is comparatively almost no signal for the
other wet period.
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of similar duration than before but with a significantly larger number of extreme rainfall days

while in the north wet seasons tend to become longer with more precipitation extremes.

* The contributions of GHGs and AAs in the IPSL-CM6A-LR DAMIP forced signal both
contribute to precipitation increase in the [1970-1990] to [1994-2014] transition, notably
through changes in the frequency of extreme rainfall days. However, they oppose each other
in the [1950-1970] to [1970-1990] transition, in line with the weak total forced signal reported
on the historical simulation. For the first time, we show that while AAs mainly affect the
number of extreme rainfall days, GHGs impact the contributions linked to both heavy and
extreme rainfall days. Finally, the linear additivity of the AA and GHG effects holds in total
precipitation and the contributions to total precipitation from the frequency and intensity of

extreme rainfall days and the frequency of heavy rainfall days.

This study complements the findings of Sow et al. (2025) by including the multidecadal changes
of the different categories of rainy days, and those of Chagnaud et al. (2023) by considering a wider
range of intraseasonal rainfall features in Sahel rainfall, notably the linkages between rainy season
timing and frequency of extreme rainfall days. In addition, the results presented here are important
for agricultural planning over the Sahel. From a user’s point of view, even more critical than
the total seasonal rainfall is the ability to predict the temporal distribution of rain throughout the
season (Salack et al. 2014), which determines the optimal planting and harvesting time (Marteau
etal. 2011). In particular, a better understanding of the changes in the recent precipitation recovery
is crucial for developing targeted adaptation strategies and allows us to learn more about how
intraseasonal rainfall features of Sahel rainfall are likely to evolve in the next decades.

A clear shortcoming of this study is that neither the ensemble mean of coupled historical sim-
ulations nor the individual members correctly reproduce the observed precipitation decrease in
the [1950-1970] to [1970-1990] transition and the precipitation recovery in the [1970-1990] to
[1994-2014] transition. In constrast, we show that the AMIP simulation ensemble (LMDZ, the
atmospheric component of IPSL-CM6A-LR forced with observed SSTs) reproduces the precipita-
tion decrease more accurately. This tells us that the coupled historical simulations of the models
assessed here do not correctly reproduce either the SST response to forcings and/or its internal
variability. Since the effects of external forcings on Sahel rainfall are categorized into two broad

pathways (direct atmospheric and ocean mediated, Dong and Sutton 2015; Hirasawa et al. 2020),
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7 future work should seek to understand the drivers of the multidecadal changes in the intraseasonal

s features of Sahel rainfall with dedicated experiments accounting for these two pathways.
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Fic. Al. Like in Fig. 1 but for CESM2

a. Results for CESM2 and MIROC6

b. Error Computation Procedure

In this section we detail the methodology to compute the uncertainties in Table ??. Given the
ensemble mean of the mean value in a period of study of a variable (X), we can estimate its

uncertainty (AX) as:

2 2

Syear Smember

AX = > 4 ) (A1)
( \year ) ( V2 member
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MIROCG6 versus REGEN and CRU
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Fic. A2. Like in Fig. 1 and A1 but for MIROC6

where nyear and nyember are the number of years in a period (i.e. 21) and the number of members of
the ensemble respectively. Syear and spember denote, respectively, the standard deviations computed
along the time and member dimensions.

Therefore, given AN, and AL, the uncertainties in the number of times a day of the year is a
extreme rainfall days in a specific latitude and the rainy season duration estimated with Eq. A2,

applying the error propagation formula to Eq. 3 we obtain:
AN.\* (AL\?
Ar=r | += (A2)
N, L
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