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Abstract

The future changes in Sahel precipitation have significant societal implications. Yet, the projections in Sahel precipitation
remain highly uncertain, partly due to strong differences across climate models in projected sea surface temperature (SST)
and its effects on the atmospheric circulation. This study investigates the effects of North Atlantic and Mediterranean SST
changes on future Sahel precipitation through sensitivity experiments conducted with three atmospheric models. We con-
firm that the warming of the North Atlantic and the Mediterranean SSTs is one of the main reasons for the discrepancies
between climate model projections of Sahel precipitation. Warming in the North Atlantic and Mediterranean enhances
the monsoon circulation and increases precipitation over the Sahel, primarily through dynamical effects driven by energy
gradients. At the same time, we identify non-linear responses to the Atlantic warming and substantial differences between
the results of each model. Thus, reducing uncertainty in Sahel precipitation projections calls for improved understand-
ing of two issues: first, Northern Hemisphere SST changes and their representation in climate models, and second, their
effects on Sahel precipitation. Additionally, we find that uncertainty in future SST changes contributes to uncertainty in
high-impact weather events.

Keywords Sahel precipitation change - Uncertainty - Atmosphere-only simulations - Storylines

1 Introduction

Changes in the strength and location of the West African
monsoon substantially impact the Sahel. Since the 1990s,
precipitation has increased from drought conditions, but
this partial “precipitation recovery’ (Nicholson 2013) has
been accompanied by increased precipitation variability
(Sanogo et al. 2015; Osgood et al. 2024) and risk of flood-
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ing (Ekolu et al. 2024). The precipitation recovery is asso-
ciated with a decrease in anthropogenic aerosol emissions
in North America and Europe (Herman et al. 2020; Marvel
et al. 2020; Hirasawa et al. 2022; Monerie et al. 2022) and
an increase in global greenhouse gas (GHG) concentrations
(Dong and Sutton 2015; Monerie et al. 2022), through their
effects on the zonal-mean cross-equatorial energy transport
and regional atmospheric circulation. Regionally, over the
late 20th and early twenty-first centuries, changes in GHG
concentrations, anthropogenic aerosols, and internal climate
variability have led to the warming of the Sea Surface Tem-
peratures (SSTs) of the North Atlantic and the Mediterra-
nean Sea, which promoted increased precipitation over the

@ Springer


https://doi.org/10.1007/s00382-025-07835-0
http://orcid.org/0000-0002-5304-9559
http://orcid.org/0000-0002-4342-6349
http://orcid.org/0000-0002-6618-7782
http://orcid.org/0000-0001-6681-1533
http://orcid.org/0000-0002-9339-797X
http://orcid.org/0000-0002-4894-898X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-025-07835-0&domain=pdf&date_stamp=2025-9-3

353 Page 2 of 21

P-A. Monerie et al.

Sahel (Park et al. 2016). GHG concentrations are likely to
continue rising towards the end of the twenty-first century
(O’Neill et al. 2016), and we could expect increased precipi-
tation across at least the central and eastern Sahel (Biasutti
2013; Monerie et al. 2020b). Yet, projections from models
participating in the sixth phase of the Climate Model Inter-
comparison Project (CMIP6; Eyring et al. 2016) show that
future changes in Sahel precipitation are uncertain (e.g.,
Monerie et al. 20203, b).

CMIP-class models project a wide range of changes in
precipitation over the Sahel, both in terms of intensity and
patterns (Biasutti 2013; Monerie et al. 2016, 2020b, 2023;
Mutton et al. 2024; Audu et al. 2024). Several models simu-
late a decrease in precipitation over the western Sahel and
an increase over the central Sahel, resulting in a zonal con-
trast in precipitation change. Other models show a relatively
uniform decrease or increase in precipitation (Monerie et al.
2016; Audu et al. 2024). Monerie et al. (20203, b) investi-
gate the sources of uncertainty in precipitation change. They
show that the dynamic change in atmospheric circulation is
the primary source of uncertainty in future changes in Sahel
precipitation. Several authors highlight the role of future
changes in SST. Guilbert et al. (2024) show that uncertainty
in tropical Pacific SST leads to uncertainty in Sahel pre-
cipitation change. Park et al. (2015) show a role for cross-
hemisphere temperature gradients, with models that warm
the Northern Hemisphere SSTs the most producing the most
substantial increase in Sahel precipitation. Park et al. (2016)
build upon Park et al. (2015) and show a decisive role for
the North Atlantic and Mediterranean SSTs in explaining
uncertainty in precipitation change. Monerie et al. (2023)
(hereafter MO23) confirm the findings of Park et al. (2016)
by building a statistical model of rainfall change from North
Atlantic and Euro-Mediterranean temperature changes and
demonstrating the decisive contribution of the extratropical
latitudes to uncertainty. Most recently, Jeong et al. (2025)
also showed that CMIP6 models selected for their greater-
than-average warming in the Arctic tend to wet the entire
Sahel, while those selected for greater-than-average warm-
ing in the Southern Ocean tend to dry in the West, although
the degree of Southern Ocean warming explains less inter-
model variance than the Arctic warming.

MO23 shows that temperature changes in the North
Atlantic and Euro-Mediterranean regions influence precipi-
tation in the central Sahel, and uncertainty in their projec-
tions can explain up to 60% of the uncertainty in central
Sahel precipitation change. However, MO23 does not
assess the mechanisms of such influence. Here, we expand
on MO23 to evaluate the sources of uncertainty in Sahel
precipitation change, isolating the effects of SST variations
in specific oceanic basins to replicate the range of future
changes in SST gradients. We conduct a series of sensitivity
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experiments to test the effects of various SST change pat-
terns in three atmosphere models, thereby accounting for
model uncertainty. The study primarily describes the physi-
cal mechanisms at play. Contrasting trajectories in future
Sahel precipitation are likely associated with different
societally relevant impacts. We propose a first attempt to
quantify the impacts on Sahel precipitation, addressing
changes in heavy precipitation as well as in their contribu-
tion to seasonal mean precipitation. For this purpose, we
assess changes in potential storm activity, which are linked
to regional-scale temperature gradients and heavy precipita-
tion events.
We evaluate the following scientific questions:

e Are changes in SST in the North Atlantic and Mediter-
ranean Sea critical for understanding uncertainty in pre-
cipitation change in the Sahel, and what are the mecha-
nisms at play?

e Are the effects of North Atlantic and Mediterranean SST
changes on Sahel precipitation model-dependent?

e (Can we expect significant, societally relevant impacts in
West Africa?

2 Data and method
2.1 Storyline approach and CMIP6 uncertainty

We construct two storylines after MO23 using 42 CMIP6
models (Table S1), using a multiple linear regression frame-
work to quantify the effect of different levels of warming in
North Atlantic and Mediterranean SST on Sahel precipita-
tion (MO23; Zappa and Shepherd 2017). The storylines are
based on the effect of climate change, defined as the dif-
ference between the period 2060-2099 (using the SSP5-8.5
emission scenario; O’Neill et al. 2016) and the period 1960—
1999 (using historical simulations) and in July—August-
September (JAS). We describe the Storyline approach we
employ in the Supplementary Material.

The storyline approach consists of constructing trajecto-
ries in precipitation and temperature associated with a future
low and high warming in North Atlantic and Mediterranean
SST, relative to the CMIP6 ensemble. We then show two
plausible future trajectories of temperature change by the
end of the twenty-first century. The first trajectory is based
on a warming of the North Atlantic and Mediterranean Sea
above the multi-model mean (Fig. 1a). The second trajec-
tory is characterised by a weaker warming of the North
Atlantic and the Mediterranean SSTs (Fig. 1b). In addi-
tion to the storyline approach, we select models that show
a similar change in temperature (i.e., below- and above-
average changes in North Atlantic and Mediterranean SSTs)
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a) First Storyline and CMIP6

b) Second Storyline and CMIP6
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Fig. 1 Surface-air temperature changes [K] for the end of the 21st
Century (period 2060-2099 minus 1960-1999) for the (a-b) two sto-
rylines. The contours show surface-air temperature change obtained
for two groups of CMIP6 models that show the same behaviour in
surface-air temperature change as the two storylines by the end of the
twenty-first century (See text for further details; contours from —2 K

to+8 K every 1 K). c and d, as in a and b, but after subtracting the
global mean average from a and b (contours from —3 K to+3 K every
1 K) and considering the ocean grid points only. e and f, as in a and
b but for changes in precipitation [mm d'] (contours in —2 mm d™!
to+3mmd ' every 1 mmd™)
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(Table S2) and show that the future storyline trajectories
can be found in specific members of the CMIP6 ensemble
(compare the shading to contours in Fig. 1). The group of
models showing the lowest changes in the North Atlan-
tic and Mediterranean SSTs comprises 14 models (CAS-
ESM2-0, CESM2, CESM2-WACCM, CNRM-ESM2-1,
FGOALS-G3, FIO-ESM2-0, GFDL-ESM4, GISS-E2-1-H,
HADGEM3-GC31, ITM—-ESM, KACE-1-0-G, MCM—
UA, MRI-ESM2-0, TAIESM1) (Swapna et al. 2018; Kuhl-
brodt et al. 2018; Yukimoto et al. 2019; Li et al. 2019,
2020; Stouffer 2019; Séférian et al. 2019; Danabasoglu et
al. 2020; Lee et al. 2020; Kelley et al. 2020; Dunne et al.
2020; Dong et al. 2021; Wang et al. 2021). The group of
models showing the highest changes in the North Atlantic
and Mediterranean SSTs comprises 9 models (ACCESS-
ESM1-5, CMCC-CM2-SRS5, EC-EARTH3-VEG, E3SM—1-
1, GFDL-CM4, INM-CM5-0, MIROC-ES2L, MIROCS,
NESMB3) (Volodin et al. 2017; Cao et al. 2018; Cherchi et
al. 2019; Golaz et al. 2019; Tatebe et al. 2019; Held et al.
2019; Hajima et al. 2020; Wyser et al. 2020; Ziehn et al.
2020), following MO23.

Monerie et al. (2020a, b) show that the primary source of
uncertainty lies in the differences between models in sim-
ulating the shift in atmospheric circulation. Here, we fol-
low MO23 and Guilbert et al. (2024) in assuming that SST
patterns and gradients are crucial for understanding uncer-
tainty in the future change of the atmospheric circulation
over West Africa. In other words, we focus on the pattern
effect and do not assess the effect of a uniform increase in
SST. We emphasise the changes in temperature gradients by
removing the change in the global mean surface air tem-
perature, considering only ocean grid points. In this light,
the first storyline appears as a quite zonally uniform pattern
best described as an interhemispheric temperature gradient
(Fig. 1c). The second storyline is characterised by North
Atlantic SST cooling relative to the global mean (Fig. 1d)
with a horseshoe anomaly reminiscent of a negative phase
of the Atlantic Multidecadal Variability (Knight et al. 2005),
which is compatible with a weakening of the Atlantic
Meridional Overturning Circulation (Caesar et al. 2018; Liu
et al. 2020).

The first storyline is associated with increased precipita-
tion over the Sahel, characterised by a meridional anomaly
dipole extending over the ocean. This indicates a strength-
ening and northward shift of the monsoon-ITCZ system
(Fig. 1e). The other storyline is associated with a southward
shift of precipitation over the Atlantic Ocean and a decrease
in precipitation over the western Sahel (Fig. 1f). The patterns
in precipitation, as obtained with the storyline approach, are
also found in the two subsets of the CMIP6 ensemble that
match each trajectory (Fig. 1e and f; contours). We show in
Fig. S1 that both approaches (storyline and group clustering)
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are successful in capturing uncertainty in Sahel precipita-
tion across the entire CMIP6 ensemble. In the reminder of
MO23, the CMIP6 uncertainty is defined as the difference in
the mean of the two subsets of CMIP6 models.

2.2 The atmosphere models

We use three atmosphere models to evaluate the effects of
the changes in SSTs associated with the two storylines we
described in Sect. 2.1. The three atmosphere models are
described below, and the experiments we performed are
outlined in Sect. 2.3.

2.2.1 GA7

We use the Unified Model Global Atmosphere 7.0 (GA7,
Walters et al. 2019) from the UK Met Office. GA7 has a
N216 resolution (0.83° longitude and 0.55° latitude) and
is a high-top model (the top level is the 0.030 hPa pres-
sure level). A more in-depth description of the UM GA7
atmosphere model is given by Walters et al. (2019). GA7 is
the atmospheric component of HadGEM—GC31, one of the
UK Met Office models that contribute to CMIP6. The Joint
UK Land Environment Simulator (JULES; Best et al. 2011)
simulates the land surface properties.

2.2.2 LMDZ

We use the LMDZOR version 6.1.10 model (hereafter
referred to as LMDZ). It is the atmospheric component of
the IPSL-CM6-LR model used in CMIP6 and developed at
Institut Pierre-Simon Laplace (IPSL). LMDZ uses a regular
grid with 144 x 142 points, corresponding to 2.5°x 1.27° in
longitude and latitude, respectively. It has 79 levels in the
vertical, extending up to 80 km in height (high-top model).
The land surface properties are simulated using ORCHI-
DEE version 2.0 (Krinner et al. 2005; Boucher et al. 2020).
A detailed description of the model is provided by Hourdin
et al. (2020).

2.2.3 ARPEGE

ARPEGE-Climat 6.3 (hereafter referred toasARPEGE) isan
atmosphere model conjointly developed by CNRM (Centre
National de la Recherche Météorologique) and CERFACS
(Centre Européen de Recherche et de Formations Avancées
en Calcul Scientifique) and used for the CMIP6 version of
the CNRM/CERFACS ocean—atmosphere coupled model
(CNRM—CMO6). ARPEGE is a high-top model with 91 ver-
tical levels (up to 0.01 hPa) and a horizontal resolution of
1.4°x1.4°, SURFEX (SURFace EXternalisée; Masson et
al. 2013) allows land—atmosphere coupling, generating the
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Table 1 Name of the experiments, number of ensemble members and
length of the integrations

Experiment Characteristics GA7 LMDZ  ARPEGE
CTRL Fixed SST 10 5 10
(1981-2012) and ensemble  ensemble ensemble
GHG concentra-  members; mem- mem-
tion (1980-2020) 10 years bers; bers;
10 years 10 years
GLOBAL+ AsinCTRLbut 5
with an imposed ~ ensemble
GLOBAL+SST  members;
pattern (Fig. 2a) 10 years
GLOBAL- AsinCTRLbut 5
with an imposed  ensemble
GLOBAL-SST  members;
pattern (Fig. 2b) 10 years
NHM+ AsinCTRLbut 9
with an imposed  ensemble
NHM+SST pat-  members;
tern (Fig. 2c) 10 years
NHM- AsinCTRLbut 9
with an imposed  ensemble
NHM- SST pat-  members;
tern (Fig. 2d) 10 years
A+M+ AsinCTRLbut 10 5 10
with an imposed  ensemble  ensemble ensemble
A+M+SST pat- members; mem- mem-
tern (Fig. 2e) 10years  bers; bers;
10 years 10 years
A-M- AsinCTRLbut 10 5 10
with animposed ~ ensemble  ensemble ensemble
A—M- SST pat- members; mem- mem-
tern (Fig. 2f) 10years  bers; bers;
10 years 10 years
A+ Asin CTRL but 10 5
with an imposed  ensemble  ensemble
A+SST pattern members; mem-
(Fig. 29) 10 years  bers;
10 years
A— Asin CTRL but 10 5
with an imposed  ensemble  ensemble
A— SST pattern members; mem-
(Fig. 2h) 10 years  bers;
10 years
M+ AsinCTRLbut 10 5
with an imposed  ensemble  ensemble
M+ SST pattern members; mem-
(Fig. 2i) 10 years  bers;
10 years
M- AsinCTRLbut 10 5
with an imposed  ensemble  ensemble
M- SST pattern ~ members; mem-
(Fig. 2j) 10 years  bers;
10 years
A-extended As in A-but 10
to the with an imposed  ensemble
tropics SST patternthat ~ members;
extends to the 10 years
South Atlantic
Ocean

surface fluxes. A detailed description of ARPEGE is pro-
vided by Roehrig et al. (2020).

2.3 The sensitivity experiments

We perform atmosphere-only (AGCM-Atmospheric Gen-
eral Circulation Models) simulations where the SST anom-
alies are imposed on a reference climatology. This allows
the exploration of the response of different AGCMs to the
exact same SST patterns and to isolate the influence of the
atmospheric response to SST changes on precipitation. Fur-
thermore, we anticipated the need to conduct numerous
simulations to extract a robust signal (for example, we have
1080 years of simulations with GA7). The control simula-
tions are forced by seasonally varying climatological SST
and sea ice concentration and volume, averaged over 1981—
2012, using the Reynolds SST (Reynolds et al. 2007), and
using the same exact annual cycle for each simulated year.
We impose the exact same anomalies in the three models.
The GHG and aerosol concentrations are fixed to the 1980—
2020 time average.

We assess the effects of different SST anomaly patterns
by forcing the three different atmosphere models with the
anomalies obtained in MO23 (Fig. 1c and d) but using the
SST outputs to compute the storylines. Each simulation
lasts 10 years and has between 5 and 10 ensemble members,
differing only in their initial conditions (using a different
day to initialise the atmosphere model) (Table 1).

A set of simulations is performed using the global SST
patterns, assessing the effects of temperature changes over
the extratropics and the tropics (Fig. 2a and b; hereafter
referred to as GLOBAL+and GLOBAL~-). Other simula-
tions evaluate the effect of changes in the Northern Hemi-
sphere SST only (Fig. 2c and d; NHM+and NHM-), the
North Atlantic and the Mediterranean Sea together (Fig. 2e
and f; A+M+and A—M-), and separately (Fig. 2g—j; A+,
A—, M+, and M—). See a description of the simulations
in Table 1. Ideally, we would perform all simulations
with each of the three atmosphere models to assess model
uncertainty in the effects of SST anomalies on Sahel pre-
cipitation. However, we only performed a subset of the
simulations with LMDZ and ARPEGE because of a lack
of computer resources. We conduct the control simulation
(CTRL) alongside the A+M+and A—M— experiments using
the three models because the two former SST patterns have
been shown to best characterise uncertainty in Sahel precip-
itation change in MO23 (Fig. S1). The simulations are used
to show the effects of each SST anomaly pattern (Table 2).
We also performed A+, A—, M+, and M— with LMDZ.

We assess the ability of the climate models to simulate
seasonal mean (JAS) precipitation over West Africa under
climatological control conditions (Fig. S2). All models

@ Springer
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Table 2 Summary of the different impacts on the Sahel precipitation
highlighted by the simulations presented in Table 1 and described in
Sect. 2.2

Name Simulation differences  Highlighted impacts

GLOBAL+, Difference between The impacts of each

GLOBAL-, [A+M+],[A-M-], experiment are listed in

NHM+, [A+], [A-], [M+], Table 1 relative to the

NHM-, [M—], and [CTRL], CTRL simulation

A+M+; A—  respectively

M—; A+; A—;

M+; M—

GL [GLOBAL+]- The impact of two

[GLOBAL-] contrasted projections in

global SST

NHM [NHM +]-[-NHM—] The impact of two con-
trasted projections in the
Northern Hemisphere SST

AM [A+M+]-[A-M-] The impact of two con-
trasted projections in the
North Atlantic and the
Mediterranean SST

A [A+]-[A-] The impact of two con-
trasted projections in the
North Atlantic SST

M [M+]-[M-] The impact of two con-

trasted projections in the
Mediterranean SST

underestimate precipitation over the Sahel, exhibiting a dry
bias (Fig. S3) that was shown to be systematic in the CMIP6
ensemble (e.g., Monerie et al. 20203, b). The bias is of simi-
lar magnitude for all three models in the Sahel region (Fig.
S3).

2.4 Decomposing changes in precipitation

We decompose precipitation anomalies into terms that
document dynamic and thermodynamic changes, following
Chadwick et al. (2016).

The assumption is that precipitation anomalies can be
approximated by

P =Mq, @)

where P is precipitation, M* is a proxy for convective mass
flux from the boundary layer to the free troposphere (M™ =
p/q), and q is the near-surface specific humidity (at~2 m),
following Held and Soden (2006). We then obtain that

AP = A (M*q), 2

with A indicating the difference between two sets of simu-
lations (e.g., between A+M+and A—M— when quantifying
the effects of the change in North Atlantic and Mediter-
ranean SSTs; see the pair of simulations in Table 2). An
increase in precipitation can be due to an increase in specific

humidity (thermodynamic) and to an increase in how the
atmospheric circulation pumps up moisture to allow con-
vection (dynamic). Precipitation change is decomposed as
follows (Chadwick et al. 2016):

AP = M*Aq+ qAM* + AgAM*, 3)

This expression can be written:

AP = APtherm + A-den + A-Pcrossv (4)

with APy, the change in precipitation that is due to
the change in specific humidity (the thermodynamic term),
APy, the change in precipitation that is due to the change
of the atmospheric circulation (the dynamic term), and
AP,,,ss 1S the non-linear cross term, which is associated
with changes in both the thermodynamic and the dynamic
terms.

2.5 Moist static energy

The dynamics of the West African Monsoon are con-
trolled by meridional gradients in moist static energy
(MSE) through changes in latent, sensible, and geopo-
tential energy between the hot Saharan desert and the
humid Guinean zone (Eltahir and Gong 1996; Fontaine
and Philippon 2000; Gaetani et al. 2017). Precipitation
is directly linked to MSE, a quantity approximately
conserved in moist convection, as lower tropospheric
enthalpy and latent energy transform into geopotential
energy in the upper levels.
MSE is defined as

MSE = gz + ¢, T + Lyq, ®)

where gz is the geopotential energy, with g the gravita-
tional acceleration and z the geopotential height. ¢,T" is
the enthalpy, with ¢, the specific heat of dry air at con-
stant pressure, and T is the temperature. L g is the latent
energy associated with evaporation and condensation of
water, with L, the latent heat of evaporation and q the
specific humidity.

We account for the meridional gradient in MSE (here-
after referred to as VM SFE) by integrating MSE between
the surface to the top of the troposphere (10 hPa) and by
computing a bulk meridional gradient (differences between
20°N-30°N and 5°N-15°N, averaged over longitudes
10°W-10°E following Gaetani et al. (2017).
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2.6 Heavy precipitation

We quantify the effect of the different SST anomaly pat-
terns on the uncertainty in projections of intense precipi-
tation events. We use the R10mm index, following the
Expert Team on Climate Change Detection and Indices
(ETCCDI) (Sillmann et al. 2013). R10mm documents the
days we register precipitation daily of at least 10 mm,
which can also be characterised as heavy precipitation
events. In GA7, ARPEGE, and LMDZ, there are gener-
ally~0—4 heavy events over the Sahel, up to 10 along
the coast near the Gulf of Guinea, and up to 20 events
over the high orography (e.g., FoutA—Djallon in Guinea,
Cameroon high) each month and in summer (not shown).
We also assessed the effects of the very heavy precipita-
tion events (of at least 20 mm d!). In addition, we quan-
tify the effect of changes in extremes on seasonal mean
precipitation.

2.7 Meridional temperature gradient and storm
activity

We describe how distinct pathways in SST change can
affect precipitation extremes across the Sahel, connect-
ing the latter to the changes in atmospheric circulation
and temperature gradients that support storm activ-
ity. Observational studies suggest that the frequency of
storms has increased over the recent decades in the Sahel
(Taylor et al. 2017). The storm activity associated with
large mesoscale convective systems cannot be directly
assessed by the models we use due to their inadequate
vertical and horizontal resolution and parameterisation
of convection. We use the large-scale meridional lower-
tropospheric temperature gradient (hereafter referred to
as VT) as a proxy for mesoscale systems development in
the CMIP-class model (Rowell et al. 2021). An increase
in VT is related to increased vertical wind shear and a
strengthening of the storm activity. We expect changes in
precipitation to affect the temperature gradients through
subsequent changes in soil moisture and evaporation.
However, Rowell et al. (2021) show that anomalies in
VT are primarily related to a warming-advection-circu-
lation feedback, while anomalies in evaporation weakly
affect VT'. Therefore, we expect VT not to be dramati-
cally impacted by the changes in precipitation, but to
be associated with anomalies in atmospheric circulation
across the Sahel.

VT is estimated by the linear regression slope between
the zonal mean 850 hPa temperature and latitude after Row-
ell et al. (2021). The tropospheric temperature zonal mean
is computed from 10°W to 10°E and for each degree of
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latitude between 10 and 30°N to account for the northward
shift of the monsoon system.

3 Results
3.1 Explaining uncertainty in Sahel precipitation

We assess the effects of the SST anomaly patterns on
Sahel precipitation projection uncertainty (Table 1) and
compare them with the range of outcomes obtained from
the CMIP6 models and the storyline approach. Sahel pre-
cipitation is defined as the area average between 10°W
and 20°E and 10°N and 20°N, in July, August, and Sep-
tember (JAS).

The CMIP6 uncertainty (defined as the difference
in the mean of the two subsets of CMIP6 models; See
Sect. 2.1 and Table S2) of the dynamic change in precipi-
tation (APgy,,) is~0.9 mm d~', around twice as big as
the sum of the thermodynamic and cross non-linear terms
(APiperm and AP..ss) (Figs. 3a and S4). The uncer-
tainty in simulating the dynamic change in precipitation
(APgyy,) is thus the main source of uncertainty in Sahel
precipitation change (Monerie et al. 2020b). We assess
how the AGCM responses to contrasting SST compares
to the CMIP6 uncertainty. Uncertainty in projected SST
(i.e., [Global +]-[GLOBAL-]) is associated with a dif-
ference in AP, of~0.8 mm d™! in GA7 (Fig. 3a), com-
parable to the CMIP6 uncertainty and suggesting that the
GA7 simulations allow us to assess the CMIP6 uncer-
tainty sources in APg,, (Fig. 3a).

We note that the change in precipitation, APypepm and
AP,..ss, are smaller in the GA7 simulations than for the
CMIP6 ensemble (for the change in global SST, as shown
by the difference between GLOBAL+and GLOBAL-)
(Fig. 3a). This is to be expected given that the global
mean temperature change is designed to be close to zero
in GLOBAL+and GLOBAL—- (because the global mean
SST was subtracted; Fig. 2a and b), while there are differ-
ences in the changes in global mean temperature among
the CMIP6 simulations. These differences in global mean
temperature lead through the Clausius-Clapeyron rela-
tion to changes in moisture, which strongly control the
precipitation thermodynamic response, and which is thus
moderate in GLOBAL+and GLOBAL-.

We show that the effect of global SST change on
Sahel precipitation uncertainty is primarily (72%) con-
tributed by the Northern Hemisphere temperature change
(Fig. 3a and b; GA7) (i.e., the effect of GL -as defined in
Table 2- is of~1.02 mm d! and the change of NHM is
0.74 mm d!), in agreement with Park et al. (2016). More
specifically, we show that the change in North Atlantic
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Fig. 3 a Uncertainty range in Sahel precipitation [10°W-20°E;
10-20°N] that is associated with the change in atmospheric circula-
tion (AP 4yy) [mm d™'] in JAS within the CMIP6 ensemble (CMIP6),
due to the global SST anomaly pattern (GL, i.e., [GLOBAL+]-
[GLOBAL-]), to the SST anomaly SST pattern over the Northern
Hemisphere (NHM, i.e., [NHM+]-[NHM-]), to the change in North
Atlantic and Mediterranean SST (AM, i.e., [A+M+]-[A—M-]), to the
change in North Atlantic SST (A, i.e., [A+]-[A—]), Mediterranean
SST (M, i.e., [M+]-[M—]). [A+M] shows the sum of the effects of
the North Atlantic (A) and Mediterranean (M) SSTs. The results of
GAT are shown with a blue bar, ARPEGE with a green bar and LMDZ
with a magenta bar. The vertical line denotes the uncertainty, that is,
the range between the minimum and maximum values in the change
in Sahel precipitation as obtained for CMIP6 and each pair of experi-
ments. b as in a but for the total precipitation change. In a and b, all
anomalies are statistically significant according to a Student’s t-test at
the 95% confidence level. In a diagonal hatching and diagonal cross-
hatching show the change in precipitation that is due to APcr0ss and
APiperm, respectively. ¢ changes in meridional gradient in MSE [J
Kg™'] (VM SE) in function of the change in precipitation [mm d™']
for each pair of experiments. In c, the vertical and horizontal lines
denote the uncertainty in changes in the meridional gradient in MSE
and precipitation, respectively, as estimated by two times the standard
error. In ¢, we show the difference between all pairs of experiments

and Mediterranean SST (~0.65 mm d™!) strongly affects
Sahel precipitation uncertainty (88% of the effect of the
Northern hemisphere temperature change and 64% of the
effect of the global pattern).

We performed the A+M+and A—M— simulations with
GA7, LMDZ, and ARPEGE. In all models, we show that
the increase in North Atlantic and Mediterranean SSTs
(A+M+) is associated with increased precipitation over
the Sahel, showing consistency in the effects of extratrop-
ical SST change on Sahel precipitation change. Neverthe-
less, model uncertainty is substantial, with considerable
differences in the magnitude of changes in Sahel precipi-
tation among the models. ARPEGE simulates a change
in precipitation that is~2.5 times greater than in GA7
and~ 1.9 times greater than in LMDZ. These differences
persist when the anomalies are expressed as a percentage
of the climatology, thus confirming a stronger sensitiv-
ity in ARPEGE than in LMDZ and GA7 to the effects of
North Atlantic and Mediterranean SSTs on precipitation
(Fig. S5). In addition to the uncertainty in SST patterns
and magnitude, understanding how models simulate the
effect of SST on Sahel precipitation is crucial for under-
standing the future changes in Sahel precipitation.

Intriguingly, both GA7 and LMDZ simulate similar
responses to the change in North Atlantic and Mediterra-
nean SST (Fig. 3a and b) and the effects of the two basins
sum up linearly (i.e., [A]+[M]~[AM]). This confirms
the results of MO23 but contradicts the results of Park
et al. (2016) with ECHAMSG6, which show a strong pre-
dominance of the Mediterranean SST for future changes
in Sahel precipitation.

We assess the local manifestation of the change
in the energy budget by assessing the change in the
meridional gradients in column-integrated MSE
(Sect. 2.5; VM SE). In all our AGCM pairs of simula-
tions, the uncertain change in SST (magnitude and pat-
tern) is associated with an extensive range of changes
in VMSE (r*=0.76) (Fig. 3c). A strengthening of the
meridional MSE gradient is associated with an increase
in Sahel precipitation, with MSE increasing mostly over
the northern edge of the Sahel in all models (Fig. S6).
Such gradient was shown to affect Sahel precipitation
through energy redistribution and energy gradients (e.g.,
Gaetani et al. 2017), and indeed we find that the change
in Sahel precipitation is particularly sensitive to the MSE
of the lower troposphere (surface to 700 hPa; r?=0.74;
not shown). In addition to the VM SE we computed the
meridional gradients in dry static energy (VDSE, which
is the sum of the enthalpy and geopotential energy) and
found a relatively low relationship between the change in
precipitation and VDSE (r>=0.27; not shown), implying
the predominance of the change in latent energy.
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3.2 The mechanisms behind the effect of
an uncertain change in North Atlanticand
Mediterranean SST change

3.2.1 The effects of different warmings of the North
Atlantic and Mediterranean Sea

Figure 4 illustrates the effects of the A+M+and A—M— SST
anomaly patterns applied to the three models. The warming
of North Atlantic and Mediterranean SSTs is linked to tem-
perature increases over Europe, Asia, and northern Africa
(Fig. 4a—c). This rise in temperature across the Northern
Hemisphere is associated with a decrease in sea level pres-
sure over the North Atlantic Ocean and the Sahara as well
as a strengthening of the westerlies in West Africa and in
the central Sahel (Fig. 4d—f). The change in atmospheric
circulation is associated with increased precipitation over
West Africa (Fig. 4d—f). While the three models show simi-
lar anomaly patterns, differences emerge in the intensity of
the anomalies, with ARPEGE simulating a more substantial
increase in precipitation compared to GA7 and LMDZ, as
also seen in Fig. 3. The increase in precipitation over the
central Sahel is consistent with precipitation averaged in the
CMIP6 ensemble (CMIP6-GLOBAL- in Fig. S1).

A—M- is associated with a strong cooling of the extra-
tropical North Atlantic Ocean, but the change in land tem-
perature is moderate (Fig. 4g—i). The change in precipitation
is also moderate over West Africa (Fig. 4j-1). In contrast
to Fig. 1f, precipitation does not decrease over the Western
Sahel. Figure S7 show that the cooling of the North Atlantic
(A-) is not associated with a decrease in precipitation over
West Africa. In contrast, moderate warming in the Medi-
terrancan Sea (M—) is associated with an increase in pre-
cipitation (Fig. S8), which explains the moderate increase in
precipitation in A—M— in the three models.

3.2.2 Addressing uncertainty in Sahel precipitation change

We assess the effects of an uncertain change in North Atlan-
tic and Mediterranean SSTs on the West African atmospheric
circulation and precipitation by showing the differences
between A+ M+and A—M— in temperature and atmospheric
circulation changes.

The strong relative warming of the North Atlantic and
Mediterranean SST is associated with a warming over north-
ern Africa, Europe and Asia (Fig. 5a—c) and decreased sea
level pressure north of the Sahel (Fig. 5d—f), which allows
the monsoon circulation to strengthen and precipitation to
increase (Fig. 5d—f). Over the tropical Atlantic Ocean, pre-
cipitation increases in the eastern basin, but decreases in the
west (not shown), possibly partly driven by the change in
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atmospheric circulation and precipitation over North and
West Africa (Dixon et al. 2018).

Figure 3a shows that the change in precipitation is pri-
marily dynamically driven over the Sahel. These aforemen-
tioned results suggest that changes in wind circulation and
meridional gradients in sea level pressure and temperature
strongly contribute to increased precipitation across West
Africa. Changes in soil moisture and local recycling through
land—-atmosphere coupling also allow for increased precipi-
tation (Koster et al. 2004). The strengthening of the wester-
lies is associated with a significant increase in precipitation
over Africa (e.g., Grodsky et al. 2003; Pu and Cook 2010)
and a decrease in precipitation over the western tropical
Atlantic (Fig. 5d-f). All models simulate similar patterns
in changes in precipitation, temperature, seA—level pres-
sure and wind, and the effects of the North Atlantic and
Mediterranean warming can be considered robust over West
Africa. Moreover, this is consistent with the known effect
of the North Atlantic (Mohino et al. 2011, 2024; Martin and
Thorncroft 2014; Monerie et al. 2019) and the Mediterra-
nean Sea (Rowell 2003; Gaetani et al. 2010; Fontaine et al.
2010; Park et al. 2016) on Sahel precipitation. However,
the intensity of the precipitation change is uncertain, with
ARPEGE simulating, in response to these SST changes, a
stronger increase in precipitation, as already noted, and a
stronger strengthening of the wind speed than in GA7 and
LMDZ (Fig. 5d—f).

The latitude-height profile of the zonal wind speed
anomaly reveals a strengthening of low-level westerlies
between 10 and 20°N, indicating a northward extension of
the monsoon circulation (Fig. 6a—c). The African Easterly
Jet (AEJ) (centred around 10°N between 600 and 700 hPa)
shifts northward in all models, with decreased wind speed
on its southern edge and increased speed on its northern
edge, aligning with northward-shifting Sahel precipitation
(e.g., Grist and Nicholson 2001) (Fig. 6a—c). The tropical
easterly jet (TEJ) also strengthens south of 10°N, promot-
ing West African precipitation, though its representation
and precipitation links vary across models (Whittleston et
al. 2017). Overall, the northward expansion of westerlies
and AEJ shifts support increased West African precipitation.

In addition to the zonal wind, we assess changes in verti-
cal motion. Negative values of omega (vertical wind speed
expressed in pressure coordinates) between 5 and 15°N
and between 700 and 200 hPa indicate the location of the
deep convection over West Africa. Deep mean ascent is
maximum South of 10°N (Fig. 6d-f), where precipitation
is maximum. Between 10 and 20°N, negative omega val-
ues are found below 700 hPa, indicating the location of the
shallow circulation. The response to the SST anomalies is
a decrease in omega in altitude (800-500 hPa) between 10
and 15°N, indicating enhanced deep convection (Fig. 6d—f),
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consistent with increased precipitation and a strengthened
monsoon circulation (Fig. 5d—-f). In GA7, omega increases
over the southern edge of the shallow circulation (~12°—
15°N) and decreases over the northern edge of the shallow
circulation (~20°-25°N), indicating a northward shift or a
narrower shallow circulation that is strengthened over its
northern edge (Fig. 6d). In contrast to GA7, LMDZ and
ARPEGE show a decrease in omega south of the Sahel
(south of 10°N), forming a tripole pattern in the omega
anomaly without indicating a clear northward shift in cir-
culation (Fig. 6e-f). ARPEGE exhibits a particularly strong
decrease in omega (10°-15°N; 500-200 hPa), suggesting a
significant enhancement in deep convection over the Sahel.
This aligns with the notably higher increase in precipitation
in ARPEGE compared to GA7 and LMDZ.

The change in West African precipitation is associated
with changes in the shallow circulation (1000-700 hPa and
from 10°N to 20°N) through changes in the Saharan Heat
Low (SHL; Lavaysse et al. 2009; Shekhar and Boos 2017;
Dixon et al. 2018; Roehrig et al. 2011). We assess circu-
lation associated with the SHL showing wind speed diver-
gence Vj, - u at each vertical level, following Shekhar and
Boos (2017) (Fig. 6, bottom panels). The climatology shows
that wind converges in the lower level (1000-850 hPa) over
the Sahel, associated with the monsoon front and Intertropi-
cal front, and diverges at higher altitudes (850-500 hPa),
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[m s7']. Stippling indicates grid points where precipitation anomalies
are insignificant according to a Student’s t-test at the 95% confidence
level

in association with the shallow circulation and associated
upward motion. In GA7 and LMDZ the low-level V;, - u
increases over the southern edge of the shallow circulation
and decreases over the northern edge of the shallow circu-
lation, indicating a northward shift in Vj, -« in the lower
troposphere. A quadrupole in the anomalous V, - u can then
be seen along with a decrease in V, - u from 10°N to 20°N
and an increase in Vj, - u north of 20°N, at 850-600 hPa
(Fig. 6g—i). This quadrupole is consistent with the effect of
a northward shift of the SHL on the West African circula-
tion, as shown by Shekhar and Boos (2017) (their Fig. 8e)
and Mutton et al. (2022). However, the anomaly pattern and
intensity in V, - u are model-dependent, with the quadru-
pole appearing more clearly in GA7 than in LMDZ, with
a moderate change in V,, - u over the northern edge of the
shallow circulation and 850-700 hPa in LMDZ. ARPEGE
exhibits a different behaviour than GA7 and LMDZ, with
stronger anomalies in horizontal wind divergence South of
10°N than North of 20°N (Fig. 6h), which could indicate
a strengthening of the monsoon circulation rather than a
northward shift of the monsoon. Further studies could be
devoted to understanding this mechanism using more cli-
mate models.

We assessed the effects of North Atlantic and Mediter-
ranean SSTs separately using LMDZ and GA7. Both the
increase in North Atlantic and Mediterranean SSTs are
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Fig. 6 Latitude-altitude cross sections (averaged between 10°W and
10°E) for the effects of the change in North Atlantic and Mediterranean
SSTs ([A+M+]-[A-M—]) on zonal wind [m s '], omega [Pa s™'], and
horizontal wind speed divergence [107 s7'], in JAS. Contours indicate

associated with a decrease in sea level pressure over northern
Africa and a strengthening of the low-level wind (Figs. S7
and S8). In addition, both the warming of the North Atlan-
tic and Mediterranean SSTs lead to a northward shift of the

the climatology (taken from the CTRL experiment). Discontinuous
(continuous) lines indicate negative (positive) anomalies. Stippling
indicates where anomalies are insignificant according to a Student’s
t-test at the 95% confidence level

AEJ and of the monsoon circulation, as well as a quadrupole
in horizontal wind speed divergence (Figs. S9 and S10).
We show that the uncertainty in the change in North
Atlantic and Mediterranean SST strongly affects precipita-
tion and atmospheric circulation in the Sahel. Our models
(GA7, ARPEGE and LMDZ) agree on the change in overall
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precipitation and atmospheric circulation. However, there
are differences in the magnitude of the precipitation anoma-
lies and the corresponding changes in circulation.

3.3 Impacts of the SST anomaly patterns on storms
and heavy precipitation

Heavy and extreme precipitation events strongly contribute
to the precipitation climatology, but the long-term changes in
such contribution to precipitation totals need to be assessed.
We show that in the three models, precipitation events of
10 mm d ™! or more, contribute from 30 to 60% to the precip-
itation climatology in JAS (Fig. S11). The warming of the
North Atlantic and Mediterranean SSTs is associated with
an increase of~30-40% of the contribution of the heavy
precipitation events to the seasonal mean precipitation (Fig.
S12). Therefore, we conclude that changes in heavy events

Fig. 7 Effects of an uncertain
change in North Atlantic and
Mediterranean SST ([A+M +]-
[A—M-]) on the number of heavy
precipitation events (precipita-
tion>=10 mm d™') [number of
days per month] for a GA7, b
ARPEGE, and ¢ LMDZ. Stippling
indicates grid points where anoma-
lies are insignificant according to e
a Student’s t-test at the 95% con- g

40N

2 R,

a) GA7 — Precipitation

contribute to the change in Sahel precipitation. The increase
is higher for ARPEGE than for LMDZ and GA7 (Fig. S11).
We assessed changes in extreme rainfall (>20 mm d') and
reached the same conclusion as for the heavy precipitation
events (not shown).

We quantify the change in intense precipitation events
by assessing the number of days with heavy precipitation
(>10 mm d™!). Warming in the North Atlantic and Mediter-
ranean Sea is linked to a substantial increase in heavy pre-
cipitation events over West Africa in all models (Fig. 7a—c).
This implies that an uncertain warming of the North Atlan-
tic and Mediterranean Sea is associated with an uncertain
change in the number of very heavy precipitation events
across North Africa. The results have substantial implica-
tions for African societies and decision-makers. This result
is consistent with Mohino et al. (2024), who show a robust
effect of the North Atlantic SST on extreme precipitation
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events over the Sahel. Similar to the heavy precipitation
events, we show an increase in the very heavy precipitation
events (20 mm d ') for each model (Fig. S12). These results
show that the impacts of different future trajectories in Sahel
precipitation are societally-relevant and would motivate a
further study focusing on extreme events.

Changes in extreme rainfall are not only a consequence
of mean warming and a thermodynamic increase in humid-
ity. Across the Sahel, intense precipitation events are caused
by mesoscale convective systems associated with storms
(Lafore et al. 2011; Taylor et al. 2017). Thus, a strengthen-
ing of the storm activity can lead to increased extreme pre-
cipitation events. As it is considered a proxy for the Sahelian
storm activity in CMIP-class models, we link changes in
VT to changes in heavy precipitation events. We use all
simulations and show that, in agreement with Rowell et al.
(2021), a strengthening of V7' is associated with increased
precipitation over the Sahel (Fig. S13; r?=0.53 between
the change in precipitation and VT'), although the sensi-
tivity of precipitation to V7' varies among models. Here,
we show a robust increase in VT due to the increase in the
North Atlantic and Mediterranean SSTs across all models
(Fig. 7d). (Lafore et al. 2011; Taylor et al. 2017).

4 Limitations and the role of the tropics

According to previous studies (Liu et al. 2014; Monerie et
al. 2019; Mohino et al. 2024), we expected an increase in
North Atlantic SST to lead to increased Sahel precipitation,
and a decrease in North Atlantic SST to result in decreased
Sahel precipitation. Here, we show that while the warm-
ing of the North Atlantic SST is associated with increased
Sahel precipitation, the cooling of the North Atlantic is not
associated with a substantial decrease in Sahel precipitation
(Fig. 4 bottom line and Fig. 8a).

Further analysis shows that the change in Sahel precipi-
tation driven by a warm North Atlantic is associated with a
change in global atmospheric heat transport over the North-
ern Hemisphere (peaking at 20-30°N, but extending to
the equator; Fig. S14) (Schneider et al. 2014). Instead, the
cooling of the North Atlantic Ocean (A—) does not lead to a
substantial change in heat transport (either over the North-
ern Hemisphere or at the equator, Fig. S15). Thus, in our
AGCM experiments, the cooling of the North Atlantic is not
associated with a global redistribution of energy and does
not strongly impact the West African monsoon in GA7 and
LMDZ. Although A— is not exactly the negative of A+, the
discrepancy in the downstream response points to possible
non-linearities, which remain unexplained and might com-
plicate the interpretation of our results.

In coupled simulations, a change in North Atlantic tem-
perature is likely to modify SST remotely, with the warming
of the North Atlantic SST associated with a cooling of the
tropical eastern Pacific Ocean through a strengthening of the
Walker circulation (Rodriguez-Fonseca et al. 2009; Ham et
al. 2013; Monerie et al. 2020a; Ruprich-Robert et al. 2021;
Richter et al. 2023) and cooling of the tropical South Atlan-
tic Ocean via heat redistribution and a northward shift of the
Intertropical convergence zone (e.g. Ruprich-Robert et al.
2021). In return, the change in the South tropical Atlantic
Ocean, particularly over the cold tongue region, strongly
affects West African and Sahel precipitation (Janicot et al.
1998; Losada et al. 2010; Nnamchi and Li 2011; Worou et
al. 2020, 2022; Nnamchi et al. 2023). In the atmosphere-
only simulations as designed here, SST remains constant
over the tropical Atlantic and the eastern Pacific Ocean,
leading to a potential underestimation of the effect of the
change in Atlantic SST on Sahel precipitation. We test this
hypothesis with the atmosphere-only framework and GA7,
using an extended pattern of the A— anomaly following
Fig. 2b, i.e., including the South tropical Atlantic Ocean, for
which SST increases. The inclusion of the warming of the
cold tongue region (Fig. 8d) leads to a decrease in precipita-
tion over the Sahel (Fig. 8e), exposing the importance of
the tropical Atlantic SST for simulating the full response of
precipitation changes to A— and A—M— (Fig. 1f). The role
of the tropical Atlantic and tropical mean temperature is
consistent with the literature. For example, Giannini et al.
(2013) suggest that the increase in tropical mean tempera-
ture may affect the amount of energy required to develop
deep convection over the tropics and that the warming of
the tropical mean SST thus prevents deep convection and
precipitation. It remains unclear whether inter-model differ-
ences in tropical Atlantic warming are primarily driven by
variations in how models simulate changes in extratropical
North Atlantic SSTs and their influence on tropical Atlan-
tic SSTs, or by local ocean—atmosphere feedbacks, such as
those associated with the development of the cold tongue.
Further experiments are also needed to better decipher the
role of tropical Atlantic and Pacific SST anomalies in setting
this atmospheric transport, following Guilbert et al 2024.

In addition to the absence of remote effects of SST
changes on the SST of other oceanic basins, we note that
the atmosphere-only simulations could yield an under-
estimation of changes in Sahel precipitation, because the
wind-evaporation-SST feedback (Xie and Philander 1994)
is disabled when SSTs are kept constant. In general, when
mid-latitude forcing is artificially prevented from affecting
tropical SST, we expect a muted Sahelian response (Dixon
et al. 2018). Though SST-restoring in coupled models could
help include some critical air-sea interactions while pre-
serving SST anomalous patterns, these approaches can also
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{ Fig. 8 a Changes in Sahel precipitation [10°W-20°E; 10°N-20°N; mm
d™'] in JAS within the CMIP6 ensemble (CMIP6) for the A+ M+and
A—M- groups of models. Effects of a warming of the North Atlantic
Ocean and Mediterranean SST (A+M+, i.e., [A+M+]-[CTRL]), of
cooling of the North Atlantic Ocean and Mediterranean SST (A—M—,
i.e., [A—-M—]-{CTRL]), of a warming of the North Atlantic SST only
(A+, i.e. [A+]-[CTRL]), of cooling of the North Atlantic SST only
(A—, i.e. [A—]-[CTRL]), of a warming of the Mediterranean SST only
(M+, i.e., [M+]-[CTRL]), and of cooling of the Mediterranean SST
only (M—, i.e., [M—]-[CTRL]). The results of GA7 are shown with a
blue bar, ARPEGE with a green bar and LMDZ with a magenta bar. The
vertical black (grey) lines denote the uncertainty, the range between
the minimum and maximum values for each set of experiments (from
each model of the two groups of CMIP6 models). A coloured (white)
bar shows that anomalies are (are not) statistically significant accord-
ing to a Student’s t-test at the 95% confidence level. Effect of the North
Atlantic cooling (A—, i.e., [A—]-[CTRL]) on b surface air temperature
[K] and d precipitation [mm d'], sea level pressure [Pa] and surface
wind speed [m s7'], in JAS, and GA7. ¢ and e, as in b and d, but for
the effect of the extended A— pattern. On b—e, stippling indicates grid
points where anomalies are insignificant according to a Student’s t-test
at the 95% confidence level

lead to exaggerating the climate impacts of such patterns
(O’Reilly et al. 2023).

In summary, this work tests the effects of two specific,
plausible future trajectories for SSTs, and while these can
explain a significant proportion of the uncertainty in future
changes in Sahel precipitation, more subtle changes in SST
(both in pattern and magnitude) exist within CMIP6 and
could make a quantitative difference. (Mohino and Losada
2015; Svendsen et al. 2023; Monerie et al. 2018; Neupane
and Cook 2013).

5 Conclusion

Future changes in precipitation have major societal implica-
tions for the Sahel. However, they are uncertain, and the
reasons for this uncertainty are intensely debated. Previous
studies have highlighted the role of changes in sea surface
temperature (SST) and radiative forcing in future changes
in Sahel precipitation (e.g., Mutton et al. 2024). Park et al.
(2015, 2016) and Monerie et al. (2023) demonstrate a sig-
nificant influence on the change in Northern Hemisphere
temperatures, particularly in the North Atlantic and Medi-
terranean regions, while Guilbert et al. (2024) highlight the
role of the interhemispheric temperature contrast and the
equatorial Pacific Sea Surface Temperature (SST). In addi-
tion to SST, uncertainty in the future change of temperature
gradients at the regional scale also affects the uncertainty
in projections of heavy precipitation events (Rowell et al.
2021). Following Monerie et al. (2023), we assess the spe-
cific role of an uncertain change in the North Atlantic and
Mediterranean SST on Sahel precipitation using a mecha-
nistic approach, targeted sensitivity experiments and three
atmosphere models. We assume that the uncertainty in Sahel

precipitation change is closely linked to the different SST
changes among the CMIP6 models. We therefore apply
these SST anomalies to better understand uncertainty in
Sahel precipitation change.

We show that understanding the future changes in North
Atlantic and Mediterranean SSTs, as well as their effects on
Sahel precipitation, is crucial for better understanding the
future changes in Sahel precipitation during the monsoon
season. We demonstrate that warming of the North Atlantic
and the Mediterranean Sea is linked to increased precipita-
tion over the Sahel, primarily through a strengthening and
northward shift of the atmospheric circulation over West
Africa. We demonstrate that the effects of SST anomaly
patterns on changes in large-scale energy gradients enable
the monsoon circulation to strengthen and precipitation to
increase. Therefore, we confirm that an uncertain change
in North Atlantic and Mediterranean SSTs contributes to
uncertainty in future changes of Sahel precipitation.

Yet, the uncertainty in SST projections is not the only
source of disagreement in Sahel rainfall projections, as
demonstrated here by using three atmospheric models
(ARPEGE, GA7, and LMDZ). We show substantial differ-
ences between models in simulating the effects of the same
SST anomaly pattern on Sahel precipitation. For example,
ARPEGE produces Sahel precipitation anomalies approxi-
mately twice as large as those in GA7 and LMDZ. ARPEGE
simulates stronger changes in Sahel precipitation than the
other models, along with particularly strong changes in
the meridional gradient in moist static energy, atmospheric
circulation and vertical velocity. Unlike GA7 and LMDZ,
ARPEGE simulates a strengthening of the monsoon cir-
culation, rather than a clear northward shift. We conclude
that there is significant inter-model diversity in the response
of the Sahel precipitation to SST anomalies. Further work
devoted to better understanding this diversity of response
to SST anomalies might benefit from a larger number of
atmospheric models, using additional process-based metrics
such as for soil-moisture feedback, and addressing the role
of models’ horizontal resolution and parameterisations (€.9.,
Hill et al. 2017; Dixon et al. 2019). Furthermore, we dem-
onstrate variations in precipitation bias patterns and magni-
tudes among the three models. We also propose that these
discrepancies could be attributed to the way precipitation is
represented in each model. Both the diversity across mod-
els and the non-linearity of the response may also suggest a
substantial sensitivity of the regional response to the clima-
tological background state.

From our results, we conclude that reducing uncertainty
in Sahel precipitation change implies a better understanding
of the future changes in SST over the Northern Hemisphere
and how these changes in North Atlantic and Mediterranean
SST affect Sahel precipitation in climate models.
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Besides the summer mean, we show that uncertainty in
the future change in the North Atlantic and Mediterranean
SSTs leads to an uncertain estimate in the future change
of the intense weather events (measured as the number of
days with more than 10 and 20 mm d""), due to an uncertain
change in regional temperature gradients (following Row-
ell et al. 2021). These intense weather events are societally
relevant, as they have a substantial impact on communities,
agriculture, and the economy, contributing to crop damage
and flooding.

A limitation of the study is the use of atmosphere-only
simulations. Atmosphere-only simulations are powerful
tools for assessing the effects of specific SST anomaly pat-
terns, but they do not provide a means to evaluate the con-
nections between oceanic basins. We argue that the remote
effects of extratropical SSTs on tropical SSTs are crucial for
capturing the full effect of changes in North Atlantic SSTs
and that one may be underestimating their role. We suggest
that future studies address this issue using multiple coupled
ocean—atmosphere climate model simulations.

Uncertainty in precipitation change in the Sahel has not
decreased over time, with similar uncertainties in CMIP3
(Randall et al. 2007), CMIP5 (Taylor et al. 2012) and
CMIP6 (Eyring et al. 2016), as reported in (Rodriguez-Fon-
seca et al. 2015) and Monerie et al (2020a, b), among others.
We suggest that the time has come to develop a new Model
Intercomparison Project (MIP) targeting SST anomaly pat-
terns to better understand future changes in tropical precipi-
tation. Additionally, one could utilise the outcomes of the
Green Function MIP (Bloch-Johnson et al. 2024).

Further work could be devoted to understanding the
impact of an uncertain change in extratropical SST on pre-
cipitation and temperature extremes. For example, Badji
et al. (2022) show a decadal variability of precipitation
extremes over the western Sahel in relation to the decadal
variability of North Atlantic SST (Atlantic Multidecadal
Variability). Another way forward in understanding the
future change in Sahel precipitation is to develop a constraint
framework, based on the future change in SST, to reduce the
uncertainty in Sahel precipitation change towards the end of
the twenty-first century, based on emergent constraint (Chen
et al. 2022) or reducing uncertainty in changes in relevant
SSTs (Qasmi and Ribes 2025).

Supplementary Information The  online  version  contains
supplementary material available at https://doi.org/10.1007/s00382-0
25-07835-0.
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