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Abstract
An ensemble of climate models from phase six of the Coupled Model Intercomparison Project
shows that temperature and potential evapotranspiration (PET) are projected to increase globally
towards the end of the 21st century. However, climate models show a spatially heterogeneous
change in precipitation over the tropics. Consequently, future changes in aridity (a measure of
water availability) are complex and location-dependent. We assess future changes in aridity using
three climate models and several single-forcing experiments. Near-term (2021–2040) changes in
aridity are small, and we focus instead on its long-term (2081–2100) changes. We show that the
increase in greenhouse gases (GHG) primarily explains the spatial pattern, magnitude and
ensemble spread of the long-term future changes in aridity. On this timescale, the effects of changes
in emissions of anthropogenic aerosols are moderate compared to the effects of increases in
atmospheric GHG concentrations. Model diversity in the responses to GHG concentration is large
over northern Africa and North and South America. We suggest the large uncertainty is due to
differences between models in simulating the effects of an increase in GHG concentrations on
surface air temperature over the North Atlantic Ocean, on the interhemispheric temperature
gradient, and on PET over North and South America.

1. Introduction

Anthropogenic activity has widespread effects on cli-
mate. Over the historical period, model evidence
shows that the changes in greenhouse gas (GHG) con-
centrations and anthropogenic aerosol (AA) emis-
sions have influenced recent variations in monsoon
precipitation (Herman et al 2020,Hirasawa et al 2020,
Marvel et al 2020, Monerie et al 2022, 2023), and
temperature and potential evapotranspiration (PET)
globally (Bonfils et al 2020). Anthropogenic activity
has also led to anomalies in aridity, an indicator of
potential water availability, whose changes are spa-
tially heterogeneous (Bonfils et al 2020). An example
of a consequence of the changes in precipitation in
the monsoon regions is the drought of the Sahel
(1970s–1980s) (Nicholson 2013), which led to famine
and population migration. We expect those effects to
strengthen in a warmer world, with GHG concentra-
tions increasing (O’Neill et al 2016).

The future increase in GHG concentrations can
lead to strong societal impacts, such as an increase in
heat-relatedmortality (Mora et al 2017), risk of flood-
ing (Hirabayashi et al 2013, Arnell and Gosling 2016),
changes in monsoon precipitation (Chen et al 2020,
Wang et al 2020) and drought risk (Ukkola et al 2020)
over the tropics. Changes in emissions of AA affect
future changes in regional temperature and mon-
soon precipitation, with substantial effects over Asia
(Wilcox et al 2020). Future projections from the 5th
and 6th phases of theClimateModel Intercomparison
Project (CMIP5 and CMIP6, respectively) show that
climate change has an effect on aridity, but that
these changes are location-dependent (Greve and
Seneviratne 2015, Greve et al 2019).

Around two-thirds of the world population is
affected by the variability of summer monsoon pre-
cipitation (Wang and Ding 2006). Changes in land
aridity will therefore have strong effects on societ-
ies in the monsoon regions, affecting, for instance,
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agricultural yield and food security (Malpede and
Percoco 2023), the occurrence of water shortage and
desertification, as well as migration of people from
affected areas. Understanding the future change in
aridity is therefore societally important, particularly
over areas that are vulnerable to climate change, such
as the tropics. However, there are still large uncer-
tainties in future changes in summer monsoon pre-
cipitation (Douville et al 2021) and aridity (Asadi
Greve and Seneviratne 2015, Zarch et al 2017, Lian
et al 2021).

Changes in aridity depend on changes in precip-
itation and evaporative demand, with both quantit-
ies associatedwith changes in surface air temperature,
relative humidity, wind speed and available energy
(Fu and Feng 2014). The uncertainty in the spatial
pattern of the change in aridity is primarily due to the
uncertainty in the change in precipitation (Lin et al
2015, Greve et al 2019) but the mechanisms at play
still need be better understood.We fill this gap, assess-
ing how future changes in different forcings (GHG,
AA, and natural external forcing -NAT) may impact
aridity over areas covered by the summer monsoon,
how results could depend on a given representation
of the climate system (model-dependence) and how
changes in temperature gradients (and thus in atmo-
spheric circulation) can lead to uncertainty at simu-
lating the future change in aridity.

The paper is organized as follows: section 2
describes the simulations and methods we employ;
section 3 describes the main results; section 4 dis-
cusses the results and section 5 concludes.

2. Data andmethod

2.1. Data
We assess the effects of climate change using mod-
els that participated in CMIP6, using the historical
emission scenario (Eyring et al 2016), the SSP2-4.5
emission scenario (a low-medium emission scenario
for which global mean radiative forcing is designed
to reach 4.5 W m−2 at the end of the 21st century;
O’Neill et al 2016), and single forcing experiments of
the Detection and Attribution MIP (DAMIP; Gillett
et al 2016). We used the SSP2-4.5 emission scenario
which is the emission scenario that was used for the
DAMIP simulations.

The single-forcing simulations are used to
quantify the effects of each individual forcing on
climate. In the single-forcing experiments all external
forcings are kept constant at pre-industrial values,
with the forcing of interest changing with time, fol-
lowing historical emissions from 1850 to 2020 and
the SSP2-4.5 emission scenario thereafter:

- The AA-only simulations (hist-AER and SSP245-
AER) resemble the historical and SSP2-4.5 sim-
ulations but are forced by changes in AA for-
cing only [black carbon, organic carbon, SO2,

SO4, NOx, NH3, CO, non-methane volatile organic
compounds (NMVOCs)]. Changes in AA emis-
sions are heterogeneous, with for instance the
emissions of SO2 decreasing over the US, Europe,
and China, and increasing over Africa and India
(figure S1).

- The GHG-only simulations (hist-GHG and
SSP245-GHG) resemble the historical and SSP2-
4.5 simulations but are forced by changes in GHG
only.

- The natural-only simulations (hist-NAT and
SSP245-NAT) resemble the historical and SSP2-
4.5 simulations but are forced with only solar and
volcanic forcings.

We use the outputs of the three climate models
that performed the future projections of the DAMIP
experiments, and that provided at least 5 ensemble
members to provide an estimation of the effect
of internal climate variability and of the externally
forced response. The number of models employed for
future single-forcing comparisons is therefore limited
by the lack of provision of suitable ensemble sizes by
other modeling groups. We use 10 ensemble mem-
bers each for CanESM5 andMIROC6 and 5 ensemble
members for GISS-E2-1-G (table S1). All simulations
are interpolated onto the same horizontal resolution,
using a 2.5◦ regular grid for surface air temperature
and precipitation.

We compare results of the three models we used
here to an ensemble of 26 CMIP6 models, using
the historical and SSP2-4.5 emission scenarios (table
S2). The ensemble of the three climate models that
provide future changes of the DAMIP experiments is
hereafter called DAMIP, while the ensemble of the 26
CMIP6 models is hereafter called CMIP6.

2.2. Method
2.2.1. The climate moisture index (CMI) index
We use the CMI (Willmott and Feddema 1992), an
indicator of the potential water availability, whichwas
previously used to document climate change risks and
changes in land aridity (e.g. Bonfils et al 2020). CMI
depends on precipitation and PET and is calculated as
follows:

CMI=

{
P

PET − 1 if P< PET
1− PET

P if P⩾ PET
,

where P is precipitation and PET. PET is calcu-
lated using the Penman–Monteith Equations follow-
ing the Food and Agriculture Organization recom-
mendations (Allen et al 1998) (see the method
section of the supplementary material and table
S3). An increase in atmospheric CO2 concentra-
tion drives partial stomatal closure, reducing evapo-
transpiration (Lemaitre-Basset et al 2022). We then
account for the effect of the vegetation response to an
increase in CO2 concentration, following Yang et al
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(2019). See explanation in the supplementary mater-
ial. Accounting for the vegetation response reduces
the future change in PET but does not significantly
affect the changes in aridity (figure S2).

CMI is calculated using monthly values prior to
computing the seasonal mean. CMI ranges from −1
to +1, with positive values indicating a wet climate,
which is when precipitation exceeds PET. CMI is pos-
itive during the monsoon season and is negative in
winter. A negative value of CMI indicates a dry cli-
mate. A change in the value of the CMI will affect the
probability of drought and water crisis—a change in
sign is not required for a large societal impact.

2.2.2. The effect of external forcings
We follow the 6th assessment report of the
Intergovernmental Panel on Climate Change and
define a near-term projection as changes over the
period 2021–2040, and long-term projections as
changes occurring over 2081–2100, using the future
emission scenarios, relative to the 1995–2014 refer-
ence period (Chen et al 2020).

The future effect of the change in GHG concen-
tration is assessed using the hist-GHG and SSP245-
GHG simulations and is hereafter framed as the GHG
effect. The effect of the change in AA emissions (here-
after named the AA effect) is obtained using the
hist-AER and SSP245-AER simulations. The effect of
natural external forcing (hereafter named the NAT
effect) is defined using the hist-NAT and SSP245-NAT
simulations.

2.2.3. The monsoon domains
Monsoon domains are defined as containing grid
points for which the annual range in precip-
itation May to September-November to March
(MJJAS-NDJFM) exceeds an absolute value of
2.5 mm d−1 (Wang et al 2011) in observations Global
Precipitation Climatology Centre (GPCC). Monsoon
domains are named North America (NAM), South
America (SAM), Northern Africa, Southern Africa
(SAF), South Asia (SAS), East Asia (EAS) and
Australia (AUS). The extent of the monsoon domains
is model dependent (not shown), but Monerie et al
(2022) show that changes in summer monsoon pre-
cipitation are not sensitive to the definition of the
monsoon domain (e.g. using monsoon domains
based on simulations rather than on observation).

2.2.4. Assessing robustness in the effects of the external
forcings
We define the effects of the externally forced response
as robust when the signal-to-noise ratio (S/N) is
greater than one, with

S/N=
∆v

σ∆v

where v is a given variable, ∆v indicates the future
change of v, the overbar denotes the ensemble mean

and σ∆v is the standard deviation of the change of a
given variable, computed across ensemble members.
We assume that ∆v is an estimate of the effects of
the externally forced response because the ensemble
mean removes the effects of internal variability that
exists in each simulation but that are unlikely to be in
phase (Deser et al 2014).

We compute S/N for each model separately, using
all ensemble members (e.g. 10 ensemble members
for CanESM5). For each model, σ∆v documents the
deviation from the effects of the externally forced
response, and we assume that it provides an estim-
ate of the effects of internal variability. A S/N value
greater than unity then indicates that the effects of the
externally forced response exceed the estimate of the
effects of internal climate variability, hence highlight-
ing the robust effects of the externally forced response,
relative to internal climate variability.

We also compute S/N using all available ensemble
members together (i.e. 35 ensemble members, with
10 from CanESM5, 5 from GISS-E2-1-G, and 10
fromMIROC6). When computed from the ensemble
members of all models, an S/N value greater than
unity indicates that the estimate of the externally
forced response is greater than the combination of the
model uncertainty and the effects of internal climate
variability.

In addition to the S/N ratio we quantified the sig-
nificance of the anomalies using a Student’s t test. We
show that the quantification of the robustness of the
results is only moderately impacted by the metric we
use (figures S3 and S4).

2.2.5. The indices
We define the latitudinal location of the intertropical
convergence zone (ITCZ) as the center of mass of the
zonal mean of the precipitation, averaged across all
longitudes and measured between 30◦ S and 30◦ N
(Monerie et al 2023). The intertropical temperature
difference (ITD) is defined as the difference in surface
air temperature, between the northern [0–40◦ N] and
southern [0-40◦ S] tropical mean, considering ocean
grid points only, following Cao et al (2020).

We define a North Atlantic [0–60◦ N; 70◦ W–0]
minus South Atlantic [60◦ S–0; 70◦ W–10◦ E] tem-
perature gradient (hereafter named NA/SA) to fol-
low Hoerling et al (2006). We also account for
land temperature using a land-sea temperature con-
trast, defined as the difference between the surface-
air temperatures of northern Africa (over Sahara)
[15◦ N–30◦ N; 10◦ E–30◦ E] and the South Atlantic
Ocean [30◦ S–0; 70◦ W–10◦ E] (SAH/SA), which is a
known driver of northern African precipitation (Jin
et al 2020).

3. Results

In section 3 we assess the effects of the external
forcings on aridity, temperature, and precipitation,

3
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Figure 1. DAMIP ensemble-mean from the single-forcing ensemble of the long-term projections of changes in (a)–(d) surface air
temperature (in K), (e)–(h) precipitation (in mm d−1) (middle panel) and (i)–(l) CMI [unitless], as defined by the difference
between the future period 2081–2100 and the 1995–2014 period (see Method). Effects of (a) (e) (i) all external forcing, and the
(b) (f) (j) AA effect, the (c) (g) (k) GHG effect and the (d) (h) (l) NAT effects. Stippling indicates robustness in the result, as
defined when the signal-to-noise ratio is greater than unity (see Method). Changes are shown for the warm season, in MJJAS over
the Northern Hemisphere, and in NDJFM over the Southern Hemisphere.

focusing on the ensemble means and on each
individual external forcing (section 3.1), and each
individual DAMIP model (sections 3.2 and 3.3).
We investigate mechanisms that explain differences
between climate models at simulating the changes in
aridity in section 3.4.

3.1. The effects of anthropogenic external forcing
on surface air temperature, precipitation, and
aridity
Surface air temperature is expected to increase
towards the end of the 21st century due to anthro-
pogenic activity (figure 1(a)). The DAMIP experi-
ments show that the increase in global mean sur-
face air temperature (GMST) is primarily driven by
increasing GHG concentrations (figure 1(c)). The
AA effect also contributes to the increase in GMST
(figure 1(b)) through allowing an increase in surface
downwelling shortwave radiation as aerosol emis-
sions reduce (figures S1 and S5). The increase in
surface air temperature due to aerosol reductions
is robust almost everywhere, except over the North
Atlantic subpolar gyre. Here, the change in sur-
face air temperature is uncertain, as seen in Lehner
et al (2020), and which we hypothesize to be due
to changes of the oceanic circulation (Bellomo et al
2021). We show that PET increases, globally, in a
warmer climate, consistent with the literature (e.g.
Greve et al 2019) (figure S6).

Changes in regional precipitation aremore uncer-
tain than changes in surface air temperature, as

shown by there being fewer regions of the globe
where S/N values exceed unity (figures 1(a) and
(e)). Precipitation increases over the tropics, with
the exception of central and SAM, where precipita-
tion decreases due to the externally forced response
(figure 1(e)), in agreement with Chen et al (2020).
Changes in precipitation are primarily contributed
by the GHG effect (figure 1(g)). Changes in aerosol
emissions over the 21st century are associated with an
increase in precipitation over the tropics, but with low
robustness across the ensemble (figure 1(f)).

Changes in the CMI index follow the change
in precipitation and are more uncertain than the
changes in surface air temperature (figures 1(a) and
(i)). The central Sahel and India are projected to
become wetter, while aridity increases over central
and SAM, western Sahel, southern Africa, and East
and Southeast Asia (Figure i), in agreement with pre-
vious studies (Asadi Greve and Seneviratne 2015,
Zarch et al 2017, Greve et al 2019). Like precipita-
tion, the change in CMI is primarily contributed by
the GHG effect (figure 1(k)), while the AA effect is
weaker over the monsoon regions in the long term
(figure 1(j)).

In contrast to the GHG and AA effects, NAT
effects do not contribute to the change in surface air
temperature (figure 1(d)), precipitation (figure 1(h)),
and aridity (figure 1(l)).

We expect the relative importance of the GHG
and AA effects on the full change in aridity to be
dependent on the timescale of interest. We show that
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Figure 2. Box plot of the long-term changes in aridity index (CMI index) [unitless] averaged over each monsoon domain. Results
are given for the effects of all external forcing (SSP2-4.5 minus historical) derived from (a) CMIP6 (in purple). Results are also
given for the DAMIP ensemble (pale blue) and for each climate model: CanESM5 (magenta), MIROC6 (black) and GISS-E2-1-G
(green), and for the (b) effect of all external forcing, for the (c) AA effect, (d) GHG effect, and (e) NAT effect. Box plots show the
median value (orange vertical line), the first and third quartile and the minimum and maximum value, and the outliers (black
circles). Changes are shown for the warm season, in MJJAS over the Northern Hemisphere, and in NDJFM over the Southern
Hemisphere. The monsoon domains that were used to compute the averages are shown within panel f. Please see the historical
and future values of CMI that are used for panels (b) and (d) in figure S14.

the AA effect is greater than the GHG effect over the
Sahel for the near-term horizon (2021–2040), and of
the same importance as the GHG effect over India
(figure S7). However, changes in aridity are small
globally for the near-term horizon (figure S8), with
fewer regions in which S/N exceeds unity (figure S7).
Therefore, we focus the remaining analysis on the
long-term change in aridity.

3.2. Model andmonsoon-domain dependence of
aridity changes
We show changes in CMI, averaged over each mon-
soon domain and in response to changes of all for-
cings (figure 2), for long-term projections, and for
both CMIP6 and DAMIP ensembles. The CMIP6
ensemble projects an increase in aridity over the
NAM, SAM, SAF and AUS monsoon domains, with
a wetter climate over the SAS monsoon domain and
with no change over the NAF and EAS monsoon
regions (figure 2(a)). The DAMIP ensemble shows
the same behavior in changes in aridity (figure 2(b)),
showing that it provides a good representation of
the CMIP6 ensemble. There is a large diversity of
responses among the three climate models, both
in terms of magnitude (e.g. for the SAM summer

monsoon precipitation) and sign of the change (e.g.
NAF summer monsoon precipitation). The strongest
differences between models are obtained over the
NAM, SAM, andNAFmonsoon domains, and for the
EAS monsoon domain (figure 2(b)).

CanESM5 is the most sensitive to GHG, simu-
lating the strongest changes in aridity relative to the
CMIP6 ensemble (figures 2(a) and (b)). We show this
to not solely due to a greater warming in CanESM5,
as scaling the changes in aridity by changes in GMST
does not alter the results (figure S9). We thus sug-
gest that one relevant explanation for the differences
between climate models at simulating the changes in
CMI is the difference in the patterns of change in sur-
face air temperature and atmospheric circulation.

The AA effect is associated with a small change in
the CMI, and the ensemble spread is low (figure 2(c)).
In contrast, GHG effects largely explain the future
change and ensemble spread in the aridity index
(figure 2(d)). The NAT effect does not lead to
robust changes in aridity over the monsoon domains
(figure 2(e)), consistent with results of figure 1,
because of the considered time scale (20 years)
and because there are no strong changes in the
solar forcing and the volcanic emissions. The same

5



Environ. Res. Lett. 19 (2024) 054048 P-A Monerie et al

Figure 3. Long-term projection of the GHG effect on (a)–(c) surface air temperature (in K), (d)–(f) precipitation (in mm d−1)
and (g)–(i) CMI [unitless], as defined by the difference between the future period 2081–2100 and the 1995–2014 period (see
method). Results are given for the ensemble-mean of (left row) CanESM5, (middle row) MIROC6 and (right row) GISS-E2-1-G.
Stippling indicates robustness in the result, as defined when the signal-to-noise ratio is greater than unity (see method). Changes
are shown for the warm season, in MJJAS over the Northern Hemisphere, and in NDJFM over the Southern Hemisphere.

conclusion also holds for the near-term horizon
(figure S8), with strong differences between climate
models primarily arising due to the GHG effect.

3.3. Model differences in simulating the GHG effect
The GHG effect explains the differences between
models in simulating the long-term change in arid-
ity. Thus, we focus on GHG effects on surface air
temperature, precipitation, and aridity in eachmodel.
We focus on the long-term projection to capture the
largest possible externally forced signal.

CanESM5 simulates a stronger increase in GMST
and a stronger land-ocean thermal contrast than
MIROC6 and GISS-E2-1-G (figures 3(a)–(c)). More
specifically, a striking difference is obtained over the
extratropical North Atlantic Ocean, with CanESM5
simulating a strong and robust warming, MIROC6
simulating a weaker warming, and GISS-E2-1-G sim-
ulating a robust cooling of the extratropical North
Atlantic (figures 3(a)–(c)).

CanESM5 also simulates stronger changes
in precipitation than the other models globally
(figures 3(d)–(f)). Strong differences are obtained
regionally, with CanESM5 producing a strong robust
decrease in precipitation over central and SAM, while
changes are moderate and not robust in MIROC6

and GISS-E2-1-G (figures 3(d)–(f)). Models show a
large diversity in response over northern Africa, with
CanESM5 simulating a robust increase in precip-
itation, MIROC6 simulating a zonal contrast with a
decrease in precipitation over the central Sahel and an
increase over the western Sahel, as seen in a majority
of CMIP5 and CMIP6 models (Monerie et al 2020),
and GISS-E2-1-G producing a large-scale decrease in
precipitation (figure 3(f)). There is more consistency
in the sign of change over eastern India.

The change in aridity (figures 3(g) and (i)) follows
the change in precipitation (figures 3(d)–(f)) over
the monsoon regions, showing a divergence between
models at projecting the long-term change in aridity,
and suggesting that the change in precipitation con-
trols the change in aridity.

3.4. Mechanisms
We now assess mechanisms that explain the differ-
ences between climate models at simulating the GHG
effect on aridity over land.

Precipitation increases over most of the monsoon
domains and decreases over theNAMand SAMmon-
soon domains (figure 4(a)). Unlike precipitation, PET
increases globally (figure 4(b)). The ensemble spread
is higher for the change in precipitation than in PET,
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Figure 4. Box plot of the GHG effect on long term projection of (a) precipitation and (b) the potential evapotranspiration (in
mm d−1) averaged over each monsoon domain and for the summer period. Long term changes of the meridional location of the
ITCZ [◦N], of the ITD [K] and the NA/SA temperature gradient [K], in (c) MJJAS and (d) NDJFM. Results are given for the
DAMIP ensemble (in pale blue) and for each model (CanESM5 in magenta, MIROC6 in black and GISS-E2-1-G in green). Box
plots show the median value (orange vertical line), the first and third quartile and the minimum and maximum value.

consistent with figure 3, suggesting that the change
in precipitation explains the uncertainty at simulat-
ing the change in aridity. The ensemble spread is
high though for the change in PET over the NAM
and SAM monsoon regions (figure 4(b)), suggest-
ing that the differences between models at simulat-
ing PET contribute to the uncertainty in the change
in aridity (figure 2(b)). However, comparison of the
magnitude of the ensemble-spread of the change in
precipitation and PET shows that the key for under-
standing the future change in aridity lies in the future
change in precipitation. We then focus the analysis
on known drivers of summer monsoon precipitation
change. Following section 3.3 we focus the analysis on
the GHG effect.

We first focus on a large-scale picture of the mon-
soons, tracking the meridional shift of the ITCZ and
the large-scale temperature gradient. The ITCZ shifts
northward in both MJJAS (figure 4(c)) and NDJFM
(figure 4(d)), consistent with a strengthening of the
ITD (Cao et al 2020). These large-scale changes are
consistent with the changes of monsoon precipita-
tion, locally, with a northward shift of the ITCZ asso-
ciated with an increase in precipitation over the NAF,
SAS and EAS monsoon domains, and with a decrease
in precipitation over the NAM and SAM monsoon
domains. Besides, the more pronounced change in
ITD and location of the ITCZ inCanESM5 than in the
other models is consistent with the stronger changes
in precipitation in that model.

In addition to the large-scale temperature gradi-
ent, we show the change of the cross-equatorial
Atlantic temperature gradient (NA/SA; figures 4(c)
and (d)), both having effects on West African

(Hoerling et al 2006, He et al 2023) and South
American monsoon precipitation (Joetzjer et al 2013,
Wang et al 2020). The change of the NA/SA temperat-
ure gradient ismodel dependent, with CanESM5 pro-
jecting a strengthened cross-equatorial Atlantic tem-
perature gradientwhileGISS-E2-1-Gprojects aweak-
ening of the NA/SA temperature gradient. This is
consistent with the change in NAFmonsoon precipit-
ation, positive in CanESM5 and negative in GISS-E2-
1-G. MIROC6 produces a moderate change of both
NAF precipitation and NA/SA temperature gradient.
This relationship between NA/SA and NAF precipita-
tion is also obtained with the larger CMIP6 ensemble
(full response to climate change), with a correlation
coefficient between both indices of r = 0.76. These
results therefore reveal a strong control of the change
in subtropical North Atlantic temperature on future
changes in West African precipitation and aridity.

In addition to the ocean temperature, the SAH/SA
temperature gradient also strengthens more strongly
in CanESM5 than in the other models (not shown),
potentially indicating a strong effect of differences in
land warming on the NAF summer monsoon precip-
itation, as shown in Hall and Peyrillé (2006), among
others.

Changes in summer monsoon precipitation are
also associated with changes in Pacific SSTs (e.g.
ENSO, Pacific Decadal Oscillation), globally. Here,
we show that the tropical Pacific warms more
in CanESM5 than in GISS-E2-1-G and MIROC6
(figures 3(a)–(c)), but we found no evidence showing
that changes in the Pacific temperature gradients (e.g.
the equatorial Pacific zonal temperature gradient;
Watanabe et al 2021) could explain the differences
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we show between models at simulating the future
change in summermonsoon precipitation and aridity
(figure S10).

4. Discussion

We show a large uncertainty in projected changes of
the Atlantic subpolar gyre temperature (figures 3(a)–
(c)), which we suggest has a strong bearing on the
uncertainty in projected changes in the Atlantic cross-
equatorial temperature gradient, NAF precipitation
and aridity. We show that CanESM5, which projects
an increase in the Atlantic subpolar gyre temperat-
ure, simulates a small weakening of the atlantic meri-
dional overturning circulation (AMOC) (figure S11).
On the contrary, GISS-E2-1-G simulates a weakening
of the NA/SA temperature gradient and an increase in
aridity over northern Africa, in line with an abrupt
decline of the AMOC (figure S11). This is consist-
ent with Baker et al (2023), who show that changes
in the AMOC are weak for CanESM5 and strong for
GISS-E2-1-G, and with MIROC6 showing a change
in the AMOC that is in the middle of the CMIP6
distribution. We thus suggest that the GHG effects
on the future change of the AMOC explain a large
part of the uncertainty for future change of NAF arid-
ity, following the results of Bellomo et al (2021) and
Swingedouw et al (2021).

Beyond changes in temperature gradients and
subsequent changes in atmospheric circulation, we
find that changes in aridity are associated with
changes in soil moisture (upper 10 cm) over the trop-
ics (e.g. the spatial pattern correlation is r = 0.73
in CanESM5, r = 0.74 in MIROC6 and r = 0.68
in GISS-E2-1-G). This shows that there are strong
feedbacks between changes in PET and soil moisture
(Seneviratne et al 2010), also suggesting that differ-
ences betweenmodels at simulating land-atmosphere
feedbacks could explain a proportion of the differ-
ence we show between projections of different climate
models. This was shown to be particularly relevant
for South American precipitation (Baker et al 2021),
where differences betweenmodels at simulating land-
atmosphere feedbacks can shape future changes in
precipitation.

We show that uncertainty at simulating the future
change of PET is particularly high over northern and
southern America. We did not analyze the sources
of uncertainty for the change of PET due to lim-
itations in the data availability. However, further
analysis of the change in leaf-area index, and quan-
tification of the effects of the direct (a high CO2

concentration leads to partial stomatal closure) and
indirect (a high CO2 concentration is associated with
a higher atmospheric vapor pressure deficit) effect of
CO2 would allow better understanding of the uncer-
tainty in changes in PET and aridity. For example,

we show significant future changes in leaf area index
in CanESM5 (figure S12), which may affect PET
and contribute to uncertainty in simulating future
changes in aridity.

5. Conclusion

Future changes in aridity have strong societal impacts,
through effects on human health, water availabil-
ity and agricultural yield. A large-ensemble analysis
shows that the effects of climate change can result
in a less arid climate over South Asia and increas-
ingly arid conditions over Central America, South
America, and southern Africa. No significant changes
in aridity are found over northern Africa and East
Asia for the ensemble mean. We show that changes in
aridity are model dependent and monsoon-domain
dependent.

We analyzed the effects of individual anthropo-
genic external forcings on future changes in aridity,
for the first time, and with a focus on monsoon pre-
cipitation, using the single-forcing DAMIP experi-
ments (Gillett et al 2016). We show that the uncer-
tainty in changes in aridity is shaped by the uncer-
tain response to an increase in atmospheric green-
house concentrations (theGHG effect). The strongest
differences between model responses to the GHG
effect concern the changes in precipitation and arid-
ity over Central and South America, West Africa, and
East Asia. We suggest this to be due to differences
at simulating the changes in the interhemispheric
and cross-Atlantic temperature gradients, which sub-
sequently have effects on atmospheric circulation and
precipitation.

Differences between models at simulating the
effect of AAs are a major source of uncertainty for
simulating changes for the GMST (Boucher et al
2013), and this uncertainty is greater at regional
scales. The differences between models at simulating
the effects of AAs could potentially yield strong uncer-
tainty in the change inmonsoon precipitation (Shonk
et al 2020,Monerie et al 2022, 2023) and aridity (Chai
et al 2021), and could explain a large part of the pre-
cipitation change uncertainty in near-term and long-
term changes in monsoon precipitation and aridity.
However, the three climate models we employ here
simulate similar, relatively small, changes inmonsoon
precipitation and aridity due to the future reductions
in AA emissions. The inter-model spread inmonsoon
precipitation and aridity due to AA effects is there-
fore low for the end of the 21st century. Uncertainty
in the AA effect onmonsoon precipitation is however
as high as the uncertainty for the GHG effect for the
near-term change and for several specific monsoon
domains. We suggest these results might depend on
the models we analyze and that an increased number
of models could yield more informative results.
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We show the future change in precipitation and
aridity to bemodel-dependent over most of themon-
soon domains for both near-future and long-term
time horizons. This could lead to divergence between
models in the estimated time of emergence (e.g. figure
S13), a key metric of interest for decision makers.
In addition, Douville and Willett (2023) show that
future drying could be stronger than simulated by
climate models, affecting mitigation and adaptation
strategies.

Data availability statement

The data that support the findings of this study
are openly available at the following URL/DOI:
https://esgf-index1.ceda.ac.uk/search/cmip6-ceda/.
DOIS/URLs of each of the historical, SSP2-4.5, Hist-
aer, Hist-nat, Hist-GHG, SSP2-4.5-aer, SSP2-4.5-
nat and SSP2-4.5-GHG simulations are respect-
ively, for CanESM5: doi: https://doi.org/10.22033/
ESGF/CMIP6.3610, doi: https://doi.org/10.22033/
ESGF/CMIP6.3685, doi: https://doi.org/10.22033/
ESGF/CMIP6.3597, doi: https://doi.org/10.22033/
ESGF/CMIP6.3601, doi: https://doi.org/10.22033/
ESGF/CMIP6.3596, doi: https://doi.org/10.22033/
ESGF/CMIP6.3687, doi: https://doi.org/10.22033/
ESGF/CMIP6.3688, doi: https://doi.org/10.22033/
ESGF/CMIP6.3686, for MIROC6: doi: https://doi.
org/10.22033/ESGF/CMIP6.5603, doi: https://doi.
org/10.22033/ESGF/CMIP6.5746, doi: https://doi.
org/10.22033/ESGF/CMIP6.5579, doi: https://doi.
org/10.22033/ESGF/CMIP6.5583, doi: https://doi.
org/10.22033/ESGF/CMIP6.5578, doi: https://doi.
org/10.22033/ESGF/CMIP6.5748, doi: https://doi.
org/10.22033/ESGF/CMIP6.5749, doi: https://doi.
org/10.22033/ESGF/CMIP6.5747, and GISS-E2-
1-G: doi: https://doi.org/10.22033/ESGF/CMIP6.
7127, doi: https://doi.org/10.22033/ESGF/CMIP6.
7415, doi: https://doi.org/10.22033/ESGF/CMIP6.
7081, doi: https://doi.org/10.22033/ESGF/CMIP6.
7089, doi: https://doi.org/10.22033/ESGF/CMIP6.
7079, doi: https://doi.org/10.22033/ESGF/CMIP6.
7420, doi: https://doi.org/10.22033/ESGF/CMIP6.
7422, doi: https://doi.org/10.22033/ESGF/CMIP6.
7418.
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