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ARTICLE OPEN

The fast response of Sahel precipitation to climate change
allows effective mitigation action
Paul-Arthur Monerie 1✉, Benjamin Pohl 2 and Marco Gaetani 3

Climate change will drive major perturbations of the West African summer monsoon. A zonal contrast in precipitation will develop
at the end of the century, with an increase in precipitation over the central Sahel and a decrease in precipitation over the western
Sahel. Such a zonal contrast results from the antagonist effects of the fast (due to enhanced radiative warming over land, and over
the North Hemisphere, relative to the South Hemisphere) and slow (associated with long-term changes in oceanic circulation)
responses of precipitation to increasing greenhouse gases. While such changes have already been assessed, less attention has been
given to their temporality, an issue of major importance to promote efficient mitigation and adaptation measures. Here, we analyse
the future evolution of precipitation changes decomposed into a fast and a slow response, showing that the fast response
dominates the slow one. From this evidence, we highlight that mitigation strategies may be successful at reducing the effect of
climate change on Sahel precipitation within a few decades, by muting the fast response. This decomposition also allows for a
better understanding of the uncertainty of climate model predictions in Africa.

npj Climate and Atmospheric Science            (2021) 4:24 ; https://doi.org/10.1038/s41612-021-00179-6

INTRODUCTION
Climate simulations performed in the framework of the Coupled
Model Intercomparison projects (CMIP3-51–3) show that the effects
of anthropogenic activity on Sahel precipitation are highly
uncertain. Models project either increases or decreases in Sahel
precipitation by the end of the 21st century4, with the inter-model
spread in precipitation change exceeding the multi-model mean
change5,6. Such uncertainty primarily originates from differences
among climate models to simulate the response of the atmo-
spheric circulation to changes in greenhouse gas (GHG) concen-
trations6,7. This model dependency also relates to uncertain
changes in Sea Surface Temperature (SST), and more specifically
to the northern-hemispheric differential warming and its effects
over the Sahel6,8.
Even though Sahel precipitation change is quantitatively

uncertain, a consensus emerges when only considering signs in
precipitation evolutions4,9–11. Summer precipitation associated
with the West African Monsoon is projected to increase over the
central Sahel and to decrease over the western Sahel4,7,10–17. This
evolution also prevails in CMIP6 simulations3 under the high-
emission SSP585 scenario6,18. The zonal contrast in precipitation
changes strengthens with warming11, is reproduced by a majority
of climate models and found in numerous emission scenar-
ios4,9,10,19–21. This precipitation change pattern has strong effects
on local communities, as it is associated with heterogeneous
impacts on agriculture22, occurrence of precipitation extreme
events23, modification of monsoon onset and withdrawal dates17.
The zonal contrast was suggested to result from two competing

mechanisms, (i) the direct atmospheric effect of GHG increase, and
(ii) the indirect response, mediated by the ocean through changes
in SST10,20,24. The warming of the atmosphere yields a strengthen-
ing of the low-level moisture flux, a northward shift of the
monsoon system and an increase in precipitation over the
Sahel10,24. The increase of the SSTs leads to an increase in
tropospheric static stability and subsidence over land, hereby

favouring a decrease in Sahel precipitation10,24–26. Recent works
speculated that these responses could add-up, explaining the
zonal contrast in precipitation change20,24. However, both
responses have two different timescales27,28, which overlap in a
transient emission, with their relative contributions varying in
time, obscuring our ability to understand the effects of the two
responses on the future evolution of Sahel precipitation. We
overcome this issue by using an approach which allows
unravelling the timescale decomposition and drivers of Sahel
precipitation changes. The decomposition allows highlighting the
sources of uncertainty in Sahel precipitation change. We explore
how the different timescales in Sahel precipitation change could
display opportunities for effective and tangible mitigation of
climate change over the Sahel.

RESULTS
The timescale decomposition
The response of precipitation to the warming of the atmosphere
dominates changes that occur during the first ten years of an
increase in CO2 concentration, and we then define this response
as the fast response to climate change. The response that is due to
a change in the oceanic circulation develops slowly than the fast
response, and is hereafter defined as the slow response to climate
change. We assess the fast response and the slow response to
climate change, using idealized simulations in which CO2

concentration is abruptly quadrupled relative to pre-industrial
control conditions (abrupt4xCO2 simulations)3. The fast response
is the change that occurs at year 5–10 after abrupt CO2

quadrupling27 (see method). It is associated with an anomalously
strong inter-hemispheric gradient (i.e. a stronger warming over
the northern than over the southern hemisphere) and a strong
warming over northern Africa (Fig. 1a). These changes lead the
monsoon system to shift northwards and precipitation to increase
(Fig. 1c) in July–August–September (JAS)8,29. The slow response is
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defined as the change that occurs between year 5–10 and year
120–140 after quadrupling in CO2 concentration (i.e. years
120–140 minus years 5–10 in abrupt4xCO2 simulations)27 (see
discussion in the Supplementary Discussion). After a century, the
warming affects the ocean circulation, leading to changes over the
Pacific Ocean, in a pattern reminiscent of El-Niño conditions (Fig.
1b), and of the Atlantic Multidecadal Variability (Supplementary
Fig. 1). The slow response is associated with a substantial increase
in global mean surface temperature (GMST), although lower than
that for the fast response. It is also associated with a decrease in
Sahel precipitation, and a southward shift of the monsoon system
(Fig. 1d), thus leading to evolutions of opposite sign compared to
the fast response.
Fast and slow patterns could be strongly sensitive to the

definition method (see the discussion in the Material and Method).
In addition, the slow and fast responses are associated with
processes that can have feedbacks and interact with each other,
and the two responses might not be fully independent. Moreover,
both responses are associated with changes in temperature over
land and over the ocean. Therefore, we verify such responses, and
the respective roles played by the ocean and the land warming,
using CMIP6 idealized atmosphere-only simulations30 (AMIP). We
compare the fast response to simulations in which there is a
quadrupling of the CO2 concentration, and the slow response to
simulations in which a homogeneous increase of 4 K is added to
each SST grid point, relative to a reference simulation (see Method

for further details). The results of the idealized atmosphere-only
simulations are shown in Supplementary Fig. 2. The direct effect of
a quick warming acts to strengthen the moist static energy
gradients across West Africa24, thereby strengthening the
monsoon circulation and increasing precipitation, while the
warming of the SSTs is associated with a weakening of the moist
static energy gradients across West Africa, an increase in dry air
intrusion from the North25 and a decrease in precipitation.
Resulting patterns in precipitation change are similar in the
idealized AMIP experiments to Fig. 1; therefore, we assume that
the fast response is mostly associated with warming over land and
the slow response with the warming of the ocean. In addition,
these results show that the timescale decomposition is successful
at extracting the specific features associated with the fast and
slow responses.

The evolution of the zonal contrast as a result of the fast and
slow responses
Any emission scenario can be considered as the sum of successive
small abrupt-like forcings in consecutive years31,32. Hence, climate
change always comprises fast responses to recently emitted GHGs,
together with slow responses to previously emitted GHGs. We
estimate the contributions of the fast and slow responses to GMST
change by regressing the pattern of Fig. 1a, b onto temperature
anomalies, relative to the period 1960–1999, under both historical

Fig. 1 Fast and slow responses to climate change. July–September mean temperature change (K. K−1) due to the a fast and b slow response
to abruptly quadrupling CO2, and displayed by degree of warming level (K) (c, d), as in a and b but for precipitation change (colour, mm day−1

K−1) and surface wind change (arrows, m s−1 K−1). On c and d, contours indicate the average JAS precipitation, defined from pre-industrial
control simulations. Stippling represents the grid-points where at least 80% of the models agree with the sign of the ensemble mean. 26
models were used.
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and SSP585 emission scenario (see material and method). A spatial
multiple linear regression is performed for each JAS season
between 1950 and 2099. The regression coefficients document
the respective contributions of the fast and slow responses to total
temperature changes, with the intercept considered as a
residual27. The fast response increases rapidly over the 21st

century and primarily contributes to changes in GMST (Fig. 2a).
The slow response increases later, and, under the SSP585 emission
scenario, explains ~25% of the GMST anomaly at the end of the
21st century. We then reconstruct GMST changes by summing the
fast and slow responses. The reconstructed response is similar to
the SSP585 GMST change, showing a good ability of the
decomposition method to reproduce GMST change, with a rather
low residual (Fig. 2a).
Figure 2b shows that central Sahel precipitation [10°-20°N; 5°W-

20°E] increases throughout the 20th and 21st century. We define
fast and slow responses in precipitation changes by scaling
precipitation anomalies of Fig. 1c, d with the regression coefficient
computed from GMST changes (Fig. 2a)28 (see Material and
Method). Although it underestimates the magnitude in precipita-
tion change, the reconstructed precipitation change follows
remarkably well the full SSP585 response. Central Sahel precipita-
tion increases with warming, due to a predominant impact of the
fast response, while the slow response yields moderate and
negative precipitation changes. Over the western Sahel and the
tropical Atlantic [10°-20°N; 30°W-10°W], precipitation decreases
mostly due to the slow response (Fig. 2c and Supplementary Fig.
3). The reconstruction is less accurate for low levels of warming
(Fig. 2c). This is expected to be due to a low signal-to-noise ratio

for weak warmings, particularly over the western Sahel33, but
could also be due to anthropogenic aerosols34, whose effects are
not accounted in the timescale decomposition used here. Over
the western Sahel, the reconstruction method accurately repro-
duces the full impact of climate change for GMST increases of
more than 2 K, i.e. from 2050 onwards (Fig. 2a, c). We show the
anomalies in precipitation associated with fast and slow responses
for a GMST warming of 3 K (i.e. selecting a 20-year interval around
the time when a 20-year running mean hits +3 K for each
individual model), because several individual models do not
simulate warmings of 4 K. The fast response is associated with an
increase and northward shift in Sahel precipitation (Fig. 3a). The
slow response leads to a southward shift of the circulation over
the Sahel and the tropical Atlantic Ocean (Fig. 3b), in line with a
warming that is higher over the tropical than the subtropical north
Atlantic (Fig. 1b and Supplementary Fig. S1b). Changes are
considered as robust, because they are reproduced by at least
80% of the models (i.e. 26 models). The moderate magnitude of
the slow response, with regard to the fast one, explains why
changes in precipitation are stronger and grow quicker over the
central than over the western Sahel33,35.
The “reconstructed” response (fast+ slow responses) fully

explains the zonal contrast in precipitation change (Fig. 3c) that
is obtained in the SSP585 emission scenario (Fig. 3d). For
illustration purposes, the pattern correlation between raw
precipitation changes under SSP585 scenario and the reconstruc-
tion method yields a value of 0.97 (over the 5°-25°N and 20°W-30°
E domain). The zonal contrast in precipitation change is therefore
due to two antagonist mechanisms, with the increase in land

Fig. 2 Contribution of the two timescales responses to climate change. a Multi model mean contribution of the fast (green) and slow (blue)
response to the global mean surface temperature warming (K) in SSP585 (black) (thick line). Residual is given by the purple line and the
reconstruction (fast+ slow) by the red line. Grey shading (thin lines) indicates the inter model spread, defined from each model, for the
SSP585 response (fast, slow and residual responses). b Multi model mean change in central Sahel precipitation (mmday−1) for SSP585
response (black), fast (green), slow (blue) and reconstructed (red) responses. c as in b but for western Sahel and eastern Atlantic Ocean. High-
frequency variability anomalies are filtered-out with a 21-year running mean.
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temperature and the strengthening of the inter-hemispheric
gradient leading to an increase in central Sahel precipitation
(Fig. 1a, c), and the warming of the tropical ocean, with no
increase in inter-hemispheric gradient, reducing monsoon rainfall
in the western Sahel (Figs. 2b and 3a).

A mitigation scenario
The decomposition of the precipitation response shows that the
fast response is prominent over the central Sahel. This suggest
that a sharp inflexion in GHG emission could have rapid
repercussions. We test this hypothesis using the SSP534_over
emission scenario, which follows the SSP585 emission scenario
until 2040, and with GHG emissions decreasing abruptly after-
wards, to reach a radiative warming of 3.4 Wm-2 at the end of the
21st century18. As a consequence, GMST decreases after 2060,
mainly due to the fast response (Fig. 4a), while the slow response
becomes steady. Like GMST, the central Sahel precipitation does
not increase after 2050–2060, materializing the ending influence
of the fast response (Fig. 4b). The slow response still increases
linearly with time over the central Sahel, showing no clear impacts
of a reduction in GHG emissions (Fig. 4b). Over the western Sahel,
precipitation continues to decrease continuously after 2040, which
is only attributed to the slow response, while the fast response
yields negligible anomalies (Fig. 4c). The reconstruction method
works satisfactorily for central Sahel precipitation, but is not able
to account for the magnitude of precipitation changes in the
western Sahel, even if it captures well its decreasing trend.
Therefore, the effect of a mitigation strategy is shown by
comparing changes between the SSP585 and SSP534_over

emission scenarios, focusing on central Sahel precipitation. The
effect of a mitigation strategy is strong at the end of the 21st

century and is mostly due to the fast response (Fig. 4d), mediated
by changes in regional-scale moisture convergence (Fig. 4f), while
differences in evaporation are moderate between the two
scenarios (Fig. 4e). These results highlight that reducing global
GHG emission would rapidly lead to a weakening of the impact of
climate change over the Sahel.
Evolution in western Sahel precipitation is primarily driven by

the slow response (Fig. 2c) and might therefore not be
significantly impacted by a sudden inflexion in GHG emission
before the end of the 21st century. However, we acknowledge that
differences over the western Sahel are strong between the two
emission scenarios, but cannot be attributed to either the fast or
slow responses (Supplementary Fig. 4). They are due to a strong
increase in moisture flux convergence (Supplementary Fig. 4)
under a mitigation scenario, and local changes in temperature and
circulation that poorly scale to the global pattern of the fast and
slow responses, likely in line with changing SST over the tropical
Atlantic Ocean (Supplementary Fig. 58).
We acknowledge that, in addition to a decrease in monthly

mean precipitation, a mitigation strategy might lead to a change
in extreme events, by reducing the surface air temperature
gradient across the Sahel (Supplementary Fig. 5), which is
connected to intense storms36,37. Effects of a mitigation strategy
could also be due to differences in anthropogenic aerosol, whose
emissions partly explain seesaws in Sahel precipitation38,39.
However, the main difference between the two emission scenarios
is the trajectory in GHG emissions18,40, which is therefore the main

Fig. 3 The zonal contrast is due to the addition of the two antagonists fast and slow responses. Multi model mean of the a fast and b slow
responses, c their addition and the d total SSP585 response, for warmings of 3 K, relative to the period 1960–1999. Stippling represents the
grid-points where at least 80% of the models agree with the sign of the ensemble mean.
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cause for the differences between the SSP585 and SSP534_over
emission scenarios.

Decomposing uncertainty in precipitation change
Uncertainties in Sahel precipitation change are large5,6, preventing
clear guidance in future policies that would be applied to face
climate change effects. We step forward at understanding
uncertainties by separating their causes, according to their
timescale responses. We define uncertainties by first applying a
21-year running mean to the precipitation time series, for
consistency with results of Fig. 2, and for reducing the stochastic
high-frequency variability. For a given emission scenario, uncer-
tainties are caused by differences in model’s parameterization and
to internal climate variability, which is unlikely to be phased
among simulations41. Internal climate variability is known to be
large over the Sahel33. It is defined here as the variance of a 21-
year running mean in Sahel precipitation anomalies, for each
model, using the pre-industrial control simulations (i.e. in absence
of anthropogenic forcing)42. Uncertainty due to internal climate
variability is then assessed as the multi-model ensemble mean of
the 21-year variances, and is considered constant throughout 20th

and 21st century. This leads to a good approximation of internal
climate variability in a warmer climate, which has been shown to
not dramatically change over the course of the 21st century33.
Finally, model uncertainty is assessed through computing the
inter-model variance in both the fast and slow responses. We
define the SSP585 fast and slow model uncertainties using one
ensemble member for each model. The response of each model
might therefore be influenced by its internal climate variability.
However, the reconstruction method and the multi-model mean
reduce internal variability (see smoothed fast and slow responses
on Fig. 2b, c). Moreover, we fit a fourth-order polynomial and
retain the smoothed fit as fast and slow responses, with no effects
of internal climate variability, for each model41. Lastly, we verify
that internal climate variability does not impact the results by
performing the analysis with ensembles of several members. This
confirms that the method filters out most of internal variability

(Supplementary Fig. 6). Results have been replicated using a 10-
year running and with no filtering, giving the same conclusion
than with the 21-year running mean (Supplementary Fig. 7).
Figure 5a shows the relative contributions of the three sources

of uncertainties (i.e. fast, slow and internal variability) over the
central Sahel. Total uncertainty is defined as the sum of all three
aforementioned sources. Over years 1960–2000, uncertainty
primarily corresponds to internal climate variability (Fig. 5a). Fast
response uncertainty is the largest after 2000, implying that the
main source of Sahel precipitation uncertainty, in a transient
climate, relates to its fast-responding component (Fig. 5a). The
relative weight of the slow response uncertainty grows with time,
but stays moderate with regard to the fast response (Fig. 5a).
When considering absolute uncertainties, both fast and slow
response uncertainty grow with time, with the slow response
uncertainty increasing 30 years after the fast response (Fig. 5b).
Such 30-year delay is consistent with the simulated temporality in
precipitation changes (Fig. 2b–c). The same behaviour is obtained
using the SSP534_over scenario, except that the reduction in post-
2040 GHG emission is associated with a rapid decrease in
uncertainties associated with the fast response (Fig. 5b). Unlike
the fast response, uncertainty associated with the slow response
continues to grow until 2100. At the end of the 21st century, the
fast/slow uncertainty ratio is higher with the SSP585 than with the
SSP534_over emission scenario, showing that sources of uncer-
tainty strongly depend on the evolution in GHG emissions. Over
the central Sahel, the increase in GMST coincides with an increase
in precipitation, and with more frequent extreme events23,35,36. A
decrease in GHG emissions could weaken the effects of climate
change and uncertainty over the Sahel, with a 30-year delay that
could relate to the residence time of CO2 in the atmosphere, and/
or to the thermal and dynamic inertia of oceanic circulation.

DISCUSSION
CMIP6 models project onto a strengthening of a zonal contrast,
with an increase in precipitation over the central Sahel and a
decrease in precipitation over the western Sahel. While anomalies

Fig. 4 A mitigation strategy. a Multi model mean contribution of the fast (green) and slow (blue) response to the global mean surface
temperature warming (K) in SSP534_over (black) (thick line). Residual is given by the purple line and the reconstruction (fast+ slow) by the red
line. Grey shading (thin lines) indicates the inter model spread, defined from each model, for the SSP534_over response (fast, slow and
residual responses). b Multi model mean change in central Sahel precipitation (mm day−1), for SSP585 response (black), fast (green), slow
(blue) and reconstructed (red) responses. c as in b but for western Sahel and eastern Atlantic Ocean. SSP534_over – SSP585 difference in
d precipitation, e evaporation and f P-E for central Sahel. High-frequency variability anomalies are filtered-out with a 21-year running mean. 7
models were available for the SSP534_over emissions scenario. 7 models are used for the SSP534_over – SSP585 differences.
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show two poles emerging at the end of the 21st century6,33,35, we
show that precipitation changes in western and central Sahel are
linked to different mechanisms, that changes on different time
scales. Central Sahel precipitation change is associated with the
fast response to climate change, and occurs at a higher rate than
that for western Sahel precipitation, which is associated with the
slow response to climate change, at the end of the 21st century.
Understanding the timing of these anomalies is a key aspect of
any mitigation strategy in the region, allowing a better anticipa-
tion of changes in Sahelian countries (e.g. extreme event23, heat
waves43, changes in well-being44,45, agricultural yield46), which are
among the most vulnerable countries to climate change. We show
that a strong mitigation scenario would substantially reduce the
climate change impact over West Africa, with a 30-year delay after
the reduction in CO2 emission. The high effectiveness of such
mitigation strategy finds is rational in the fast response to climate
change, which develops over the 10 years after a change in CO2

concentration and which primary explains the projected change in
central Sahel precipitation. A mitigation strategy would therefore
be successful at reducing the effect of climate change on Sahel
precipitation, consequently reducing its effects on the society. We
analyse monthly means in precipitation, but assume that a
mitigation strategy would be also successful at reducing
precipitation extreme events, which are associated with storms,
by reducing the northern African temperature gradient36,37. In
addition, we show that the first source of uncertainty in
precipitation change is associated with the fast response, which
is model-dependent (Supplementary Fig. 8) and decreases quickly
when adopting a mitigation scenario. This leads to an increased
confidence in climate projections. This also stresses the need for
understanding better the causes of the inter-model spread in
precipitation and temperature change within a decade after an
increase in CO2 emission. The SSP534_over emission scenario
models an aggressive mitigation strategy18. However, we highlight
that a coordinated international effort in reducing global
emissions is successful at robustly mitigating effects of climate
change in Sahelian countries within a predictable time horizon. In
this respect, the demonstrated effectiveness of the mitigation

strategies unambiguously highlights the need for immediate and
substantial action47.

METHODS
CMIP6
The study is based on the analysis of multiple experiments from CMIP63.
Please see Tables 1 and 2 in Supplementary Tables for a list of models,
institutions and references.

AMIP experiments
The climate response to the direct CO2 forcing is analysed using the
amip4xCO2 simulations. amip4xCO2 are atmosphere-only simulations,
which last for 36 years, in which SSTs and sea ice concentration are held
at control values and CO2 as seen by the radiation scheme, is
quadrupled30. The effect of a warming ocean is analysed using the
amip-p4K experiment, where SSTs are subject to a uniform warming of 4K,
with CO2 concentration held at control values. amip4xCO2 and amip-p4K
are compared to the AMIP reference simulation, where both SSTs, sea ice
and CO2 are prescribed at observed 1979–2014 values30, and vary with
time. Anomalies are computed over the JAS period. 10 models were
available for AMIP experiments, see Supplementary Table 1.

Abrupt4xCO2 experiments
We assess the effects of a strong and fast increase in CO2 forcing by using
the abrupt4xCO2 experiments. abrupt4xCO2 are simulations performed
with CMIP6 ocean–atmosphere-coupled general circulation models, and
start from pre-industrial control simulation (picontrol), but with CO2

concentration that is 4 times that of picontrol3. The first 150 years of the
abrupt4xCO2 simulations were analysed, focusing on the JAS period.
Anomalies are computed relative to the pre-industrial control simulations.
We used 26 models for the analysis of Abrupt4xC02 and picontrol
experiments, see Supplementary Table 1. One member is used for
each model.

Historical and SSP585 experiments
The effect of climate change on Sahel precipitation is assessed using
historical simulations and SSP585 projections. Historical simulations are
forced with observed natural and anthropogenic forcings from 1850 to
2014. SSP585 projections are forced considering a high emission scenario,

Fig. 5 Reducing uncertainty in central Sahel precipitation change. a Fraction of the total uncertainty in 21-year running mean precipitation,
as defined from the sum of fast (green), slow (blue) and internal climate variability (orange) uncertainties, for central Sahel precipitation. Fast
and slow uncertainties are defined from the inter model variance in fast and slow components of precipitation change, first smoothed by
fitting a fourth-order polynomial. Internal climate variability is defined from multi model average of 21-year precipitation variance, first
computed for each model, using pre-industrial control simulations. Values are plotted at the central year of the 21-year moving window.
b Absolute inter model variance in fast response (green) and slow response (blue) for the SSP585 (continuous line) and SSP534_over
(discontinuous line) emission scenarios. 26 models are used in a and 7 models are used in b.
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with a forcing of 8.5 Wm-2 in 2100 18. Effects of climate change are defined
as the difference between the period 2060–2099 under the SSP585
emission scenario and the period 1960–1999 under historical emissions, for
the JAS season. The time-evolution of precipitation and temperature is also
shown, for each JAS season, relative to the period 1960–1999. We used 26
models for the analysis of SSP585 and historical experiments. One member
is used for each model.

SSP534_over experiments
The effect of a mitigation scenario is assessed using historical and
SSP534_over emission scenarios. SSP534_over follows SSP585 through
2040 at which point aggressive mitigation is undertaken to rapidly reduce
emissions to zero by about 2070 and to net negative levels thereafter18. 7
models were used, see Supplementary Table 1.

Timescales of response
Definitions. The climate response to forcing is understood in terms of
contributions from two timescales, the fast and slow responses. We
defined the fast and slow responses from the abrupt4xCO2 and picontrol
experiments27,28. The fast response is defined as the difference in JAS
mean climate, in years 5 to 10 of abrupt4xCO2 relative to the preindustrial
climatology. The slow response is defined as the difference between years
120 to 139 to abrupt4xCO2 and the fast response27. Here, we applied this
methodology to tropical precipitation. We analyse changes in Sahel
precipitation due to an abrupt CO2 quadrupling, relative to pre-industrial
conditions: precipitation increases strongly during the first 20 years after
CO2 quadrupling, then slowly decreases towards an asymptote which it
approaches around a century after CO2 quadrupling (Supplementary Fig.
9). These results are consistent with a previous study27, showing that the
years 5–10 and years 120–139 threshold are relevant for the analysis of the
Sahel precipitation change.

Timescales of response
Contributions to SSP585. The contributions of fast and slow timescales
were estimated via their distinct patterns of surface warming. The response
to the SSP585 emission scenario ΔTssp

� �
is spatially regressed (weighted by

surface area) on the surface-warming patterns associated with the fast and
slow responses (Fig. 1a, b), after27:

ΔTssp tð Þ ¼ F tð Þ ΔTfast
ΔT fast

þ S tð Þ ΔTslow
ΔT slow

þ rðtÞ (1)

The regression is performed for each year t. F, S and r are obtained by a
multiple linear regression, where r is an intercept, considered as residual.
By definition, F, S and r coefficients are in K. The coefficient can be
interpreted as the contribution of the fast and slow responses to global
mean warming in SSP585.
The response in precipitation change is defined by multiplying fast and

slow responses in precipitation change (Fig. 1c, d), that is scaled by unit
warming, by the corresponding F and S coefficients (Fig. 2a).

Limitations of the method
A caveat of the study is the uncertainty in reconstructing precipitation
change over Sahel, because of the strong assumption of the method, in
assuming that Sahel precipitation change could directly scale to changes
in global mean surface temperature change. However, the method shows
relatively good results in reproducing the pattern in precipitation change
and multi-decadal trends in precipitation.
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