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SCIENCE FOR SOCIETY Africa’s Great Green Wall (GGW) initiative seeks to plant a wall of trees across the
entire Sahel in an effort to hold back the expansion of the Sahara Desert and restore degraded land to the
benefit of local communities. Although this geoengineering project has potential advantages, the extent to
which the experiment will lead to a noticeable reduction in the intensity of droughts and heatwaves remains
unclear. Without a deeper understanding of the potential climate impacts of the project, land restoration
goalsmay not be achieved. Computermodeling that considers different GGWscenarios with different com-
binations of grasses and tree species, reveals that, while the project could increase rainfall and decrease
drought duration, this would be accompanied by more extreme heat events in the pre-monsoonal season.
Recognizing these diverse effects is essential for policymakers to align the GGW’s goals with sustainable
climate targets and mitigate potential regional repercussions.
SUMMARY
The Great Green Wall (GGW) is a multibillion-dollar African initiative to combat desertification in the Sahel.
However, the potential climate impacts of the most recent GGW plan on northern Africa have not yet been
adequately evaluated, raising concerns about unforeseen climate ramifications that could affect stability in
northern Africa and undermine the goals of the initiative. Using a high-resolution (�13 km) regional climate
model, we evaluate the climate impacts of four GGW scenarios with varying vegetation densities under
two extreme emission pathways (low and high). Higher vegetation density GGW scenarios under both emis-
sion pathways show enhanced rainfall, reduced drought lengths, and decreased summer temperatures
beyond the GGW region relative to the cases with no GGW. However, all GGW scenarios showmore extreme
hot days and higher heat indices in the pre-monsoonal season. These findings highlight the GGW contrasting
climatic effects, emphasizing the need for comprehensive assessments in shaping future policies.
INTRODUCTION

The Sahel is a semi-arid transition region between the Sahara

desert and the tropical savannah, and it has been considered

one of the most important regional climate change hotspots

throughout this century by means of a specific index defined as

the Standard Euclidean Distance.1,2 In the Sahara and Sahel re-

gions, rainfall is closely linked with the intensity of the West Afri-

can monsoon (WAM), which is crucial for the socio-economic

stability of millions of people living there.3 Severe droughts,

most likely triggered by sea surface temperature (SST) anoma-

lies4–7 in synergy with natural vegetation processes, land-use

changes, and anthropogenic emissions,8,9 have ravaged the re-
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gion in the last three decades of the 20th century.10 To fight po-

tential future droughts and land degradation, the Great Green

Wall (GGW) has been conceived, based on the afforestation of

about a 7,000-km-long stretch of degraded land from Senegal

in West Africa to Djibouti in the East, with the objective of

enhancing the hydrological cycle, increasing local rainfall in the

region. In 2007, the GGWwas officially adopted by the 11 found-

ing Sahelian countries. The initial project of ‘‘a wall of trees’’ has

been replaced by a more feasible initiative, an integrated

ecosystem management approach that consists of a mosaic of

different actions over an area within the 100 and 400 mm clima-

tological annual isohyets.11,12 Such a project has been designed

to improve both environmental and socio-economic conditions
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of the Sahelian countries.13 The initiative has been selected

among the first 10World Restoration Flagships of theUNDecade

on Ecosystem Restoration (https://www.decadeonrestoration.

org/great-green-wall).

Recent research on the potential effect of the Sahelian green

belt project or of more generic reforestation in northern Africa

is limited.14–19 Only a handful of studies using regional climate

models (RCMs) have been performed to investigate the local

impact of the reforestation of part or the entire Sahel.15,16,18,19

The RCMs used by such studies are relatively coarse (i.e., 40–

50 km) and may likely misrepresent the impact of reforestation

on rainfall. The previous experiments were highly idealized and

followed the original concept of a wall of trees, replacing the

pre-existing vegetation with a uniform evergreen forest. How-

ever, the modeled area of the Wall was much broader than the

15-km width of the original initiative. In addition, the modeling

of mesoscale convective systems that are responsible for 70%

to 90% of the annual precipitation in the region20–22 may have

been misrepresented by the relatively low resolution of these

experiments. Finally, the length of their experiments ranges

from 7 (Diba et al.16) to 14 (Saley et al.19) years and, therefore,

not sufficiently long to capture the full extent of the climatic

changes associated with the GGW.

Here, we delve into the crucial aspect of understanding the

potential climate impacts of the GGW, a fundamental need to

guide stakeholders in formulating effective policies for the reali-

zation of the project. To achieve this, we employed a higher-res-

olution (13 km) climate model (Canadian Regional ClimateModel

[CRCM]23,24) to portray a more accurate representation of the

GGW initiative. We conducted sensitivity experiments under

two distinct greenhouse gas (GHG) scenario pathways—the

Representative Concentration Pathway 2.6 (RCP2.6) and

RCP8.525—encompassing four distinct GGW scenarios of vary-

ing vegetation densities (low, medium, high, and extreme) based

on official documents of the GGW initiative11 and the pronuncia-

tion of the ‘‘Commission de l’Union africaine and APA’’ in 2012

(see experimental procedures and Note S2 for details).

Our findings reveal contrasting effects of the GGW: higher

vegetation density increases rainfall, reduces drought durations,

and cools summer temperatures outside immediate borders.

However, all scenarios exhibit amplified pre-monsoon heat ex-

tremes. These findings underscore the pivotal importance for

policymakers to consider these multifaceted effects for effective

environmental policy planning and comprehensive assessment

of potential regional ramifications.

RESULTS

GGW enhances mean and extreme rainfall
Our model simulates no significant changes in rainfall over the

Sahel during the 30-year averaged summer season (June to

September [JJAS]) for both GHG emission scenarios (RCP2.6-

only and RCP8.5-only), except for a dry anomaly over Senegal

and southern Mauritania in the RCP8.5-only (Figure S2) relative

to the present day (PD) experiment. This dry anomaly under

the RCP8.5-only scenario is not found in the Regional Down-

scaling Experiment-Coordinated Output for Regional Evalua-

tions (CORDEX-CORE) ensemble, which shows a moderately

significant rainfall increase over the western Sahel (Figure S25A).
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CRCM/GEM4.8 seems to generally exhibit an underestimation of

the mean precipitation compared with the CORDEX ensemble.

However, this model bias should not affect the conclusions of

this study as we focus on relative changes rather than absolute

changes. Nevertheless, CRCM/GEM4.8 shows a good agree-

ment with CORDEX in the extremes of the mean precipitation

statistics (Figure S27), although CRCM presents a higher fre-

quency of low rain rates compared with the CORDEX experi-

ments. The CORDEX ensemble under RCP2.6-only does not

show any particular change compared with PD (Figure S25C)

although it shows a lower frequency of low rain rates compared

with our model. For more details on the model evaluations and

comparisons see experimental procedures.

When considering the GGW scenarios, a significant enhance-

ment of the JJAS precipitation over a large area of the Sahel is

simulated in three of the GGW experiments in both RCP2.6

and RCP8.5. While no significant change, apart from a few small

pockets, is found in the GGWLOW, GGWMED, and GGWHIGH ex-

periments under both emissions, scenarios show a significant

intensification in summer rainfall. Such intensification is more

pronounced over the western Sahel, especially in GGWHIGH,

where an increase of 100 and 200 mm is present, corresponding

to an increase of 50%–150% (Figures 1C–1F). Moreover, the

GGWHIGH scenario shows a further increase over central and

southern parts of northern Africa, affecting the regions relatively

far from the wall, such as southern Nigeria, Cameroon, and Cen-

tral African Republic. An increase between 25 and 100 mm is

also present over the northern and the eastern Sahel. In the

extreme experiments (GGWEXT), the signal is much stronger

compared with the other scenarios, with a remarkable increase

in precipitation over the entire northern Africa including the Sa-

hara Desert. The increase in widespread rainfall ranges between

100 and 200 mm over the Sahelian region, representing an in-

crease between 50% in the southern Sahel and 200% over the

northern sections relative to the RCP-only experiments

(Figures 1G and 1H). In addition, an increase between 250 and

500 mm is simulated in south-western Sahel. The aforemen-

tioned dry signal over the western Sahel in the RCP8.5-only

simulation is partially or totally compensated in all experiments.

The zonal means of daily precipitation over western Africa for the

GGWHIGH and GGWEXT indicate that the effect of the GGW is not

confined to the summer season but also extends into spring and

fall (Figure S3). Furthermore, a strengthening of the WAM south

of the GGW region is simulated, bringing more precipitation

outside the project area as well. A significant increase of about

1 mm/day in these GGW scenarios is present over the western

Sahel from April to November compared with RCP-only projec-

tions, with peaks above 3 mm/day in August for the GGWEXT

simulation under the RCP2.6 pathway (Figure S3D). However,

the strengthening of the WAM—more pronounced in the second

half of the summer in bothGGWHIGH andGGWEXT experiments—

is not associated with a notable lengthening of the monsoon

season.While in the RCP8.5-only (but not in RCP2.6-only) exper-

iment, the monsoon season is significantly longer (11 days, Fig-

ure S3F) than in the PD, no significant differences are detected

between the RCPs-only and the more extreme GGW scenarios.

The positive rainfall anomalies associated with the presence of

the GGWs are also reflected in a change in extreme events,

decreasing the drought length and increasing the number of

https://www.decadeonrestoration.org/great-green-wall
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Figure 1. Summer rainfall changes in northern Africa

Changes in precipitation during summer (June to September [JJAS]) for (A and B) GGWLOW, (C and D) GGWMED, (E and F) GGWHIGH, and (G and H) GGWEXT

scenarios relative to the standard RCP2.6 (left) and RCP8.5 (right) pathways. Dots indicate values that are significantly different at the 5% significance level using

a local (grid-point) Wilcoxon signed-rank test.

ll
OPEN ACCESSArticle
rainy days and the intensity of rainy events. In particular, the

RCP-only experiments do not show any notable differences rela-

tive to PD in terms of consecutive dry days (CDDs) (Figures 2B

and 2C). Similar results with no clear changes in CDDs are shown
by several studies, with the exception of amodest signal over the

western Sahel.26–28 Opposite CDD changes considering

different climate models such as the Coupled Model Intercom-

parison Projects 5/6 (CMIP5/6) and CORDEX ones are found
One Earth 7, 455–472, March 15, 2024 457



Figure 2. Annual consecutive dry days

(A) Climatological annual consecutive dry days (CCDs) for

the present day (PD) experiment and its changes during

summer (JJAS) for (B and C) RCP scenarios relative to the

PD experiment, and (D and E) GGWLOW, (F and G)

GGWMED, (H and I) GGWHIGH, and (J and K) GGWEXT

scenarios relative to the standard RCP2.6 (left) and

RCP8.5 (right) pathways. Dots indicate values that are

significantly different at the 5% significance level using a

local (grid-point) Wilcoxon signed-rank test.
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by Dosio et al.29 Finally, the CMIP6 models presented in the

WGI-AR6 report30 show a high model agreement in CDD

decrease over central and western Sahel between 5 and

15 days in the 4�C global warming scenario. Although not signif-

icant, due to the high variability of the index in our experiments,

we found a CDD decrease up to 20 days. A potential limitation in

detecting CDD change in the future could also be associated

with the convection parametrization as highlighted by Kendon

et al.,31 which shows better performance of a convection-permit-

ting model at 4.5 km horizontal resolution compared with a con-

vection-parameterized model at 25 km resolution. The GGW

scenarios exhibit a significant decrease over the central Sahel,

with differences depending on the level of vegetation density.

The GGWLOW scenario shows significant CDD changes of up

to �40 days under both emission pathways between Mali and

Niger (Figures 2D and 2E). A similar, but broader pattern is shown

in the GGWMED scenarios (Figure 2), where the CDD decrease

reaches parts of Mauritania and Chad. In the GGWHIGH and

GGWEXT experiments, the change involves a wider area up

to �52 days in the central Sahel (Figures 2H–2K). Given that

the region experiences lengths of about 150 CDD in the southern

Sahel and 300 CDD in the northern Sahel a year in the PD simu-

lation (Figure 2A), such changes are remarkable. They indeed

correspond to a shortening of droughts between 5% and 20%

in the GGWLOW, GGWMED scenarios and up to 40% in the

GGWHIGH and GGWEXT experiments.

The increased vegetation also leads to a significant increase in

rainy days (days with daily precipitation higher than 1 mm,

R1mm), between 50%and 150%over the whole area of the proj-

ect in all GGW experiments, except for the eastern Sahel in the

GGWLOW scenario (Figure S4). Changes of more than 14 days

in the GGWLOW and more than 18 days for the other GGW sce-

narios compared with the RCP-only experiment are simulated

over the project domain, canceling out the R1mm decrease

over the western Sahel under the RCP8.5 scenario. No signifi-

cant change in very wet days (R95p, Figure S5) and 5 consecu-

tive day rainfall maximum (RX5) (Figure S6) is associated with the

GGWLOW and GGWMED experiments except for a few limited

areas in the latter. Changes in R95p and RX5 over central and

western Sahel in theGGWHIGH andGGWEXT experiments are sig-

nificant, with an increase in both indexes of up to 100 mm

compared with RCP-only projections. Once again, this increase

in precipitation is more intense and widespread in the GGWEXT

experiments, with an anomaly in the R95p and RX5 indexes

above 125 mm over the south-western Sahel relative to RCP-

only simulations.

Potential mechanisms behind the precipitation changes
The RCP8.5-only experiment does show a significant increase of

the shallow convection just before the surface convergence zone

with no evident latitudinal displacement of the convergence sys-

tem (Figure S7C). The RCP2.6-only experiment shows no signif-

icant change in the regional circulation compared with the PD

simulation (Figures S7B and S8B), which is consistent with no in-

crease in precipitation in this experiment (Figure S2A). However,

no significant change of the tropical easterly jet and only a light

strengthening of the African easterly jet (AEJ) (Figure S8C) is

simulated.Suchconditions are not favorable to increasedprecip-

itation.32 On the contrary, a northward expansion of themonsoon
flux is detected in all GGWexperiments with a stronger andmore

pronounced penetration of the WAM in the more extreme GGW

scenarios compared with the PD and RCP-only experiments

(Figures S7H–S7K). In such GGW experiments, much deeper

convection relative to RCP-only experiments develops, reaching

themid-troposphere (500–600hPa) at 15�N–18�N,explaining the
northward expansion of the rainfall (Figure 1). In the GGWEXT

simulation, the enhanced deep convection also occurs further

south (10�N), coherently with the increase in precipitation over

the whole of northern Africa. Following the monsoon expansion,

the northward component of the monsoon and the southward

component of Harmattanwindsweaken as the density of vegeta-

tion increases (and consequently the precipitation), suggesting a

waning of the shallowmeridional circulation, which plays a role in

the amount of rainfall in the Sahel.33 This weakeningmay partially

be due to the increase in surface roughness related to replacing

desert and bare soil with trees and shrubs (Table S5). The

monsoon northward expansion is associated with a proportional

increase of the easterly jet at higher altitudes and a decrease of

the AEJ, going from almost no changes in the GGWLOW simula-

tions (Figures S8D and S8E) to large and significant changes in

the GGWEXT experiments (Figures S8F–S8K). At the synoptic

scale, a remarkable increase in the African easterly waves

(AEWs), which are responsible for most of the precipitation over

the Sahel, is simulated in the presence of the GGWs under both

emission pathways with a clear increase over the whole southern

part of western Africa, peaking over the Atlantic Ocean at around

10�N (Figure S9). Such an increase in AEWs, combined with the

change in the easterly jets, leads to more precipitation over the

area due to increased potential vorticity.34 The increase in

AEWs may be triggered by the increase in heat release associ-

ated with the increase in convection35 and enhanced by positive

feedback with the convection itself.22

The large increase in the moisture flux and total moisture flux

convergence (TMFC) in the RCP-only experiments compared

with the PD experiment (Figure S12C; Table S4) over the region

is not associated with increased precipitation in these experi-

ments. This change does not indeed trigger any significant modi-

fication in deep convection (Figures S7B and S7C). In the GGW

experiments, a slight increase in the TMFC compared with the

RCP-only experiments is found. The changes in vegetation den-

sity in the GGW only modestly perturb the TMFC. In relative

terms, the main difference compared with the RCP-only experi-

ments is an increase in evapotranspiration due to the GGW

(Figure S11; Table S4). This is proportional to the vegetation

density and allows deeper and more effective convection

(Figure S7), leading to an overall increase in precipitation in the

region. This suggests a fundamental role of evapotranspiration

in the GGW-induced changes in rainfall, with the increase in

the TMFC giving a limited contribution. Consequently, land-

atmosphere interactions through vegetation and albedo feed-

backs36,37 seem to play a crucial role in triggering the change

in the WAM dynamics rather than large-scale circulation change

associated, for example, with anomalous SST as in the RCP8.5-

only experiment.

GGW impacts on temperature
Surface temperature in the Sahel is characterized by a bimodal

pattern of the annual cycle with two maxima before and after
One Earth 7, 455–472, March 15, 2024 459
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the rainy summer season. The hottest season corresponds to

the boreal spring, just before the onset of the WAM, which

then causes a temperature decrease. The RCP2.6-only and

RCP8.5-only simulations show highly significant warming over

the whole of northern Africa during the monsoon season

(JJAS, Figures 3A and 3B). In particular, in the Sahel, the warm-

ing ranges between 0.5�C and 1�C in the RCP2.6-only experi-

ment and over 4�C warming region, with a peak of more than

5�C over the eastern side, in the RCP8.5-only scenario, in overall

good agreementwith theCORDEX-COREensemble (Figure S26,

for more details, see Note S1).

When the impact of the GGW is considered, no significant

JJAS change in the mean temperature is shown in the

GGWLOW scenario compared with the RCP-only simulations

(Figures 3C and 3D), whereas a cooling over the central-western

Sahel with a peak of up to 1.5�C is simulated in the GGWMED

experiment (Figures 3E and 3F). The GGWHIGH scenario shows

a significant decrease in temperature over a much wider area

than the GGW domain itself, a clear consequence of the

strengthening of the WAM (Figures 3G and 3H). This cooling

ranges between �0.5�C and �1�C for both emission scenarios,

with a peak larger than �1�C in central Mali and southern Niger.

These anomalies are doubled and extend well into the Saharan

desert when considering the GGWEXT experiment (Figures 3I

and 3J). In the GGWHIGH experiment under the RCP2.6 pathway,

the GGW cooling largely offsets the warm season (JJAS) warm-

ing signal over the area (Figure S16B) caused by the increased

GHGconcentrations. This cooling is a consequence of increased

cloudiness (Figure S13B, bottom), which reduces the amount of

sunlight reaching the surface, and rainfall, which enhances evap-

oration. Moreover, the increase in evapotranspiration associated

with the higher vegetation density (Figure S11) may also play a

role in the simulated temperature decrease in summer. Hence,

the potential warming associated with the reduced albedo is

overshadowed by the cooling from evapotranspiration and

increased cloud cover. On the contrary, warming is present dur-

ing the pre-monsoon season (March to May, Figure S17). While

the summer cooling extends well beyond the boundaries of the

GGW, the warming is confined to the area in which the vegeta-

tion change has been applied and ranges between �0.25�C
and�1�Cwith a peak over 1�C in central Mali and southern Niger

(Figures S17A–S17F). The warming signal in the GGWEXT is

wider—consistent with a larger area of the wall—and stronger

compared with the other GGW experiments—and is generally

between 0.5�C and 1.5�C with several peaks shy of 2�C in

different parts of central Sahel (Figures S17G and S17H). Such

warming is a clear consequence of the decrease in albedo asso-

ciated with the vegetation cover (Figure S15). Furthermore, the

evaporative cooling is reduced during the dry season due to

the dry soil, causing the plants in the region to transpire less

than later in the season.

A cooling during the monsoonal season and a warming during

the pre-monsoonal season show that the GGW produces con-

trasting seasonal impacts over the region. This effect can be

clearly seen by looking at the annual cycle of maximum and min-

imum daily temperature over the Sahel, where the warming is

also present during the fall and the winter (Figure S18A). The

temperature range between the climatological hottest day of

the year in spring and the summer coldest day increases by
460 One Earth 7, 455–472, March 15, 2024
about 0.4�C in GGWMED, and 1�C in GGWHIGH and GGWEXT sce-

narios relative to the RCP-only experiments. The summer mini-

mum temperature in the GGWEXT experiment under the

RCP2.6 pathway presents values comparable with the PD (Fig-

ure S18B), increasing the seasonal temperature range between

spring maximum and summer minimum temperature. Further-

more, in spring the minimum temperature also increases due

to the higher heat capacity of grass, shrubs, and trees compared

with bare soil and desert, especially in the more extreme GGW

experiments relative to RCPs-only.

In terms of temperature extremes, the annual hottest day (TXx)

and coldest day (TNn) show an increase of about 4�C over the

Sahel with peaks above 5�C in the western Sahel for TNn in

the RCP8.5-only experiment relative to the PD (Figure S19).

The GGW experiments show significant changes in temperature

extremes compared with the RCP-only scenarios over the area

of the project (Figures 4 and S20) with an impact that is wider

as we move from low to extreme cases. The increase in temper-

ature of the coldest day of the year (TNn) reaches up tomore than

1.5�Cover the central Sahel in themedium to extreme vegetation

density experiments (Figures 4A–4D). The temperature increase

of the hottest day (TXx) is instead smaller ranging between 0.3�C
and 0.9�C with peaks of 1.2�C in central Sudan (Figures 4E–4H).

The number of tropical nights (TR20) rises from 10 (GGWLOW) to

up to more than 25 (GGWMED, GGWHIGH, and GGWEXT) over the

GGW area under both emissions scenarios (Figures 4I–4L and

S20I–S20L). For the GGWEXT experiment, the results show a

wider area affected by the change in TXx (Figures 4H and

S20H) compared with the other GGW scenarios, consistent

with the larger vegetated area. Generally, the increase in the tem-

perature extremes is primarily due to the decrease in albedo and

increase in relative humidity related to the presence of the GGW:

more solar radiation is absorbed during the day (lower albedo),

whereas less heat is released at night (higher humidity). During

the monsoonal season, the increase in cloudiness and precipita-

tion favors a decrease in mean temperature as mentioned

before. During the spring, amuch smaller increase in clouds (Fig-

ure S14) and rainfall compared with the summer does not

compensate for the increased solar radiation absorbed by the

changes in surface albedo. The minimum temperatures also in-

crease due to an overall humidification associated with the

vegetation changes, which reduces nighttime cooling. In the

GGWLOW scenario no significant cooling in the mean and

extreme daily temperature during the summer is simulated,

whereas a clear increase in both mean and daily extreme tem-

perature is simulated during the pre-monsoonal season.

A less arid Sahel
To detect a potential change in water availability over northern

Africa associated with the GGW, we adopted the De Martonne

aridity index (AIDM) (De Martonne38). The AIDM is a simple and

efficient index that is defined as a function of the annual mean

precipitation and temperature (for details, see experimental pro-

cedures), with lower (higher) values indicating higher (lower)

levels of aridity. We also highlight the AIDM change of the seven

most important Sahelian cities (Figure 5). In the PD experiment,

AIDM clearly shows the abrupt transition from desert to slightly

arid conditions, with a prevalence of semi-arid/arid climate

over the entire Sahel. No significant changes in the region are



Figure 3. Mean temperature changes during JJAS

Changes in mean temperature during summer (JJAS) for (A and B) RCP scenarios relative to the PD experiment and (C and D) in the GGWLOW, (E and F) GGWMED,

(G and H) GGWHIGH, and (I and J) GGWEXT scenarios relative to the standard RCP2.6 (left) and RCP8.5 (right) pathways. Dots indicate values that are significantly

different at the 5% significance level using a local (grid-point) t test. In (A) and (B) all areas show significant differences (no dots shown).

ll
OPEN ACCESSArticle

One Earth 7, 455–472, March 15, 2024 461



Figure 4. Change in the hottest and coldest day of the year and number of tropical nights

Change in the annual coldest day of the year (TNnx) for (A) GGWLOW, (B) GGWMED, (C) GGWHIGH, and (D) GGWEXT scenarios relative to the standard RCP8.5

pathway. (E–H) Same as (A–D) but for the hottest day of the year (TXx). (I–L) Same as (A–D) but for tropical nights (number of nights with daily minimum tem-

perature above 20�C, TR20). Dots indicate values that are significantly different at the 5% significance level using a local (grid-point) t test.
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found in the reference future projections, except for an expected

slight decrease in the AIDM over the western Sahel (Figures 5B

and 5C), concurrent with the simulated precipitation deficits

(Figure S2B).

When the GGW is considered, a significant AIDM increase

over central and western Sahel is present for the GGWMED,

GGWHIGH, and GGWEXT scenarios, even doubling over northern

Sahel in the last two cases (Figures 5F–5K). In the GGWLOW

experiment, a weak significant change in AIDM is simulated,

especially in the southern part of Mauritania, Mali, and Niger

(Figures 5D and 5E). Changes in the aridity conditions among

the areas of the most important cities in the region have been

assessed. Parakou in Benin is the city that shows the largest

benefits moving from slightly arid to moderate humid condi-

tions in the GGWLOW and GGWMED scenarios under the

RCP2.6 pathway. It becomes humid in the GGWMED scenario

under the RCP8.5 pathway and in both RCP pathways for

GGWHIGH and GGWEXT experiments. Bamako in Mali sees a

shift from a semi-arid to moderately arid climate in the

GGWHIGH and GGWEXT experiments and even to slightly

arid in the GGWEXT scenario under the RCP2.6 pathway. Gen-

eina, in West Durfur (Sudan), moves from desertic to arid con-

ditions in all GGW experiments, except the GGWLOW under the

RCP2.6 pathway. This wet signal reaches the southern parts of

northern Africa, with Abuja, the capital of Nigeria, moving from

moderate humid to humid conditions in all experiments, except

in the GGWEXT scenario, where it jumps to very humid condi-

tions. Even part of the Central African Republic is touched by

this decrease in the aridity conditions, with the city of Bambari

moving from moderately humid to humid AIDM values in the

RCP8.5-only pathway and almost all GGW scenarios, except

GGWLOW, under the RCP8.5 pathway. Timbuktu in Mali,

currently classified as desert, shifts to an arid climate in all

GGWEXT experiments and the GGWHIGH scenario under the

RCP2.6 pathway. Dakar in Senegal does not show any change

in AIDM in the GGW experiments; however, the presence of the

GGWs cancels out the dry anomaly associated with the in-

crease in GHGs, avoiding the possibility of approaching

desert-like conditions, as the AIDM value is just shy of aridity

level in the RCP8.5-only experiment. Although a widespread in-

crease of AIDM is displayed over the Sahel and sub-Sahel re-

gion, it is not sufficient to cause a transition to a wetter AIDM
category in the other cities.

Increase in heat stress for the local population
While our previous analysis shows a decrease in the aridity

conditions overmost of the Sahel and sub-Sahelian regions asso-

ciated with the GGW, higher temperature during the pre-

monsoonal season together with higher humidity driven by

increasedevapotranspirationmay causemore intense heat stress

on the local population. To investigate such potential changes in

human discomfort, we calculate the heat index (HI) or apparent
Figure 5. De Martonne aridity index

(A) Climatology of the De Martone aridity index (AIDM) for PD. Change in AIDM for

(F andG) theGGWMED, (H and I) GGWHIGH, and (J and K) GGWEXT scenarios relativ

and Exc-Hum indicate slightly arid, moderately humid, and excessively humid con

significant change at the 5% significance level is shown, using a local (grid-poin

acterized by change in the index are shown.
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temperature, which is a metric based on temperature and relative

humidity, allowing us to assess the level of heat stress on the pop-

ulation. The HI is a measure of the temperature that the human

body feels. An HI above 37.8�C–39.4�C (100�F–103�F) is consid-
ered dangerous for the local population, whereas an HI

above 49.4�C–51.1�C (121�F–124�F) is assessed as extremely

dangerous (https://www.weather.gov/ama/heatindex).

In the RCP8.5-only scenario, the heat index significantly in-

creases over the whole of northern Africa relative to the PD

simulation with a surge in the number of days above the 75th

percentile (between 200 and 250), half of which is above the

95th percentile (between 100 and 175 days) over the Sahel

(Figures 6A and 6B). The only exception is represented by an

area between central Ethiopia and southern Eritrea, which

does not show any significant change. In the GGW experi-

ments, we also considered the number of days above the PD

75th and 95th percentiles and calculated their change relative

to the RCP-only experiments. The HI change reflects the

same pattern seen before for the temperature anomalies with

an increase of HI extremes compared with the RCP8.5-only

experiment that is proportional to the vegetation density

(Figures 6C–6J). In the GGWLOW experiment under the

RCP8.5 scenario a peak increase of 20 days above the 75th

and 95th RCP8.5-only percentiles is simulated between south-

ern Niger and southern Mali (Figures 6C and 6D). The GGWMED

scenario shows an increase between 20 and 40 days compared

with the RCP8.5-only experiment over a wider area that rea-

ches southern Mauritania and Chad (Figures 6E and 6F). As ex-

pected, the largest increases are simulated in the GGWHIGH and

GGWEXT scenarios. The GGWHIGH shows intensification in HI

extremes between 30 and 40 days in the south regions of

Mauritania, Niger, and Mali relative to the RCP8.5-only experi-

ment (Figures 6G and 6H)), while between 20 and 30 days in

central and eastern Sahel. Compared with RCP-only experi-

ments, in the GGWEXT, the number of HI extreme days in-

creases by more than 50 days over Mauritania and Mali, with

central and eastern Sahel experiencing up to 40 days in several

areas (Figures 6I and 6J). Especially in these highest vegetation

density experiments, northern Africa generally shows a signifi-

cant increase in extreme HI days with some exceptions, espe-

cially over Morocco, the Horn of Africa and the coastline along

the Gulf of Guinea that experience a decrease in extreme HI

days compared with the standard RCP8.5 scenario. The impact

of global warming in the high emission scenario on the Sahelian

HI can be clearly seen in the shift of the HI value distribution

under RCP8.5 (Figure S22, red curve): both mean and variance

increase, leading to a significant shift of the right tail of the HI

distribution (values above the 95th percentile). The presence

of the more extreme GGWs further increases the variance

and the skewness of the curves, causing even more extreme

HI values compared with the RCP8.5-only/RCP2.6-only exper-

iment (Figure S22, light and dark green curves) across the entire
(B and C) the RCPs relative to PD experiment, and for (D and E) the GGWLOW,

e to the standard RCP2.6 (left) and RCP8.5 (right) pathways. Sl-arid, mod-Hum,

ditions. Dots indicate the associated AIDM of that specific city. Only statistically

t) Wilcoxon signed-rank test. In the maps of differences, only the cities char-

https://www.weather.gov/ama/heatindex


Figure 6. Heat index

(A and B) Annual change in the number of days with a heat index (HI) higher than PD 75th (left) and 95th (right) percentile for RCP8.5-only. Difference in number of

days with HI higher than PD 75th (left) and 95th (right) percentile for (C and D) GGWLOW, (E and F) GGWMED, (G and H) GGWHIGH, and (I and J) GGWEXT relatively to

RCP8.5-only experiment.
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Sahel except for the easternmost part (see Sahel and Sahelian

cities distributions in Figure S23). Such an increase in HI due to

the GGW is mostly a reflection of albedo and humidity changes

associated with the vegetation. However, contrary to the in-

crease in extreme temperature (Figures 4 and S20), the

changes in HI extend well outside the GGW due to an increase

in humidity, evaporation (Figure S10), and evapotranspiration

(Figure S11) over a much wider area compared with the project.

In the RCP2.6 scenario, the effect of the GGW on the HI seems

to strengthen as the number of days exceeding the PD 75th and

95th percentiles increases by more than 50 compared with the

RCP2.6-only experiment. In the GGWEXT, these peaks cover

almost the whole Sahel (Figures S21C–S21J). HI distribution

under RCP2.6 also shows a shift in the right tails for the whole

Sahel (Figure S22) and the Sahelian cities (Figure S24), apart
from Addis Ababa (Ethiopia) and Asmara (Eritrea), in the eastern

Sahel. However, as expected, the change in mean and variance

are much more limited than in the RCP8.5 scenario.
DISCUSSION

Greening projects of the Sahel aim to improve the socio-eco-

nomic conditions of one of the poorest regions in the world; how-

ever, they are constrained by anthropogenic-induced changes

and natural climate variability, water scarcity, and limited habit-

able conditions. While the original and generalized idea of

GGW relied on the image of a literal green wall along the Sahel,

the current project has evolved into a broader integrated

ecosystemmanagement approach based on dryland regulation,
One Earth 7, 455–472, March 15, 2024 465
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regeneration of vegetation, water retention, and ecosystem

conservation.39

This study investigates potential changes in rainfall and tem-

perature and their extremes over northern Africa associated

with the development of the GGW initiative under two future

emission scenarios (RCP2.6 and RCP8.5). We use a higher-res-

olution atmospheric RCM (�13 km) and a more realistic experi-

mental design compared with previous studies,16,18,19 offering

a set of different vegetation density scenarios for the GGW.

Our analysis shows no significant increase in mean precipitation

in the GGWLOW experiment compared with the standard RCP

scenarios without vegetation changes. On the other hand, the

GGWMED and GGWHIGH experiments reveal an increase in

mean summer rainfall ranging between 25 and 200 mm over

the western Sahel, and between 25 and 100mmover the eastern

Sahel, respectively. An increase of 100–200 mm over the whole

Sahel is simulated in the GGWEXT scenario, with peaks between

250 and 500 mm over the southwestern Sahel (Figure 1). The

negative anomaly over Senegal and southern Mauritania in

the RCP8.5-only projections relative to PD is canceled out in

these experiments. Furthermore, the positive rainfall anomalies

extend well beyond the domain of the GGW, in particularly south

of the GGW in the GGWHIGH scenario and the whole of northern

Africa in the GGWEXT experiments. In terms of extreme events,

the GGW experiments exhibit a clear decrease in the length

of dry spells (CDD) between �5% and �15% in the GGWLOW,

GGWMED, and GGWHIGH scenarios, and up to �25% in the

GGWEXT case (Figure 2). The areas affected by this change

broaden proportionally to the increase in vegetation density. A

significant increase in rainy days between 50% and 150% char-

acterizes the whole area of the project in all experiments (Fig-

ure S4). However, the areas affected by such changes depend

on the vegetation density and the intensification of heavy rainfall

events (RX5D and R95p) is only simulated in the GGWHIGH and

GGWEXT scenarios (Figures S5 and S6). These results suggest

that vegetation density is crucial in determining the effects of

the GGW on rainfall, with small or negligible impacts for the

low vegetation case and clear, significant impacts for the high

and extreme GGW scenarios.

Previous works16,18 showed a larger increase in rainfall (up to

4 mm/day); however, in these studies, the vegetation was re-

placed by forest over a wider area than our modeled GGW. On

the other hand, changes in climate extremes are generally more

pronounced in our study compared with previous studies,16,19

likely due to the length of their experiments (7–14 years), which

does not fully capture the amplitude of climate variability.

In terms of temperature changes associated with the GGW,

we find a different response over the Sahel depending on the

period of the year. In summer, a temperature decrease ranging

between 0.25�C and 0.5�C and between 0.5�C and over 2�C is

simulated for the GGW experiments relative to the RCP-only

scenarios with no vegetation changes with the only exception

of the GGWLOW in which no significant change is simulated (Fig-

ure 3). In the GGWHIGH and GGWEXT, this cooling extends over a

wider area compared with the project domain as a consequence

of the increased cloud cover and evaporation associated with

the strengthening of the WAM. On the other hand, an albedo-

induced increase in temperature confined to the GGW domain

characterizes the other seasons, especially during the pre-
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monsoonal period, when the highest temperatures are reached

in the region. Such increase in temperature ranges between

0.25�C and 1�C and peaks over 1�C in central Mali and southern

Niger in themore vegetated GGW scenarios. The warming signal

during the pre-monsoonal season is also reflected in the

changes in temperature extremes, with an increase for the hott-

est and coldest day of the year between 0.3�C and 0.9�C, and
more than 1.5�C, respectively, for the GGW experiments (except

GGWLOW) compared with the RCP-only projections. The number

of tropical nights increases from 10 in the GGWLOW experiment

to up to more than 25 in the other GGW scenarios (Figure 4).

While the GGWLOW experiment does not reveal any significant

cooling in the mean and extreme daily temperatures during the

summer, it exhibits a clear increase in both of them in the pre-

monsoonal season, leading to an increase in the hot extremes.

These results differ from those of Bamba et al.,18 which show

a cooling between February and October, peaking during the

monsoon season. Diba et al.16 and Bamba et al.18 showed a

bigger decrease in JJAS temperature (��3�C) over the area of

the project than our experiments. This is probably due to both

a different interplay between albedo and evapotranspiration ef-

fects in their model and the presence of the extensive forest

rather than the diversified and less-dense vegetation of our

experimental design. On the other hand, Saley et al.19—albeit

using only 14-year-long simulations—found very similar results

for the hottest day of the year, suggesting this variation as a

robust response.

Previous studies have, however, not considered the impact of

rising temperature associated with global warming that could

even offset the benefits associated with the GGW increase in

rainfall over the Sahel due to increased evapotranspiration.

Furthermore, the GGW vegetation would also cause an increase

in humidity that may exacerbate the heat stress on the local pop-

ulation. In our study, we show that, albeit with higher future tem-

peratures, the GGW enhanced rainfall and drove Sahel toward

less arid conditions with slightly larger changes in the RCP2.6

than in the RCP8.5 scenario (Figure 5). In particular, Parakou in

Benin moves from slightly arid to moderate humid or humid

conditions in almost all experiments, while Bamako in Mali

sees a shift from a semi-arid to moderately arid climate in the

GGWHIGH and GGWEXT experiments. Southern parts of northern

Africa are also affected by this increase in humid conditions, with

Abuja in Nigeria moving from moderate humid to humid condi-

tions in all experiments and Bambari moving from moderately

humid to humid AIDM values in the GGWMED under RCP2.6 sce-

nario, and in all GGWHIGH and GGWEXT experiments. With

respect to human comfort, our analysis highlights the remark-

able effect of the GGW on heat stress. The number of days in

which the heat index is above the PD 75th and 95th percentile

is further increased compared with the RCP-only scenarios be-

tween 10 and 50–60 days for all the GGW experiments. The

area affected by those changes varies as a function of the vege-

tation density, covering a small area between southern Mali and

southern Chad in the GGWLOW scenario and almost the whole

GGW domain in the GGWHIGH and GGWEXT experiments (Fig-

ures 6 and S21). The HI distributions in the Sahelian cities gener-

ally show a future increase in themean and variance for themore

extreme GGWs under both emission scenarios (Figures S23 and

S24). The only exceptions are found for the capitals of Eritrea and
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Ethiopia in the eastern Sahel. While the aridity index suggests an

improvement in the water availability for the region due to the

presence of theGGW, the increase in the HI could lead to awors-

ening of the habitable conditions due to the increase in heat

stress on local populations as measured by the heat index.

Our results highlight the importance of the vegetation feed-

back and change in albedo for the northern Africa climate as sug-

gested by previous studies,36,37 by strengthening the WAM and

triggering an increase in precipitation, depending on the density

of the planted vegetation, and in temperature extremes. The dis-

cussion on the crucial aspects regarding the feasibility of the

GGW project, such as the potential dynamics of the Saharan

boundary and vegetation productivity limits over the Sahelian re-

gion, is still open.40

An important caveat of our experiment is the lackof thepotential

SST and dynamic vegetation feedback as both are prescribed.

Indeed, several studies show the importance of both feedbacks

at the interannual and interdecadal variability.4,5,7,8,41–43 Although

how vegetation is treated in the model may dominate the signal,

the higher sensitivity of the other CORDEX models to anthropo-

genic forcing could lead them to a stronger response to GGW

vegetation changes (see experimental procedures for a compari-

son between CORDEX and CRCM/GEM4.8). Therefore, a coordi-

nated multi-model intercomparison of different GGW scenarios

will be beneficial to constrain the local and far-afield climatic im-

pacts of this initiative. Another potential caveat can be associated

with limitations in nutrients andothermitigating factors that are not

properly represented in the model. Finally, while our simulations

are performed at high horizontal resolution (�13 km), the convec-

tion is still parameterized. Some studies argue that parameterized

convection models show an opposite change related to the

soil-vegetation feedback compared with convection-permitting

models in terms of land surface forcing response.44,45 However,

Jungandreas et al.46 showed that the response of the monsoon

circulation in a convection-permitting model to an increased

vegetation cover over the Sahara/Sahel region is qualitatively

similar—albeit stronger—to that inparameterized convection sim-

ulations.Newstudieswithbothconvection-permittingandparam-

eterized convection models are necessary to better constrain this

response also in light of thepotential underestimation inourmodel

of theGGW impacts due to the aforementioned lower sensitivity to

climate change compared with CORDEX models.

As climate variability, water security, and land fertility play a

notable role in achieving food security, this study provides a

GGWmulti-scenario experiment where different levels of vegeta-

tion density give rise to different climate impacts on the region.

The findings of our study help illuminate the complex, nuanced

impact of the GGW in northern Africa, revealing amixed outcome:

decreasedaridity and summer temperatures alongside intensified

occurrences of extreme hot days and heat indices in the pre-

monsoonal season along the GGW domain. By delineating these

contrasting trends, our research offers a crucial step toward

understanding the multifaceted climatic consequences of the

different GGW actions such as climate-smart agriculture, cli-

matic-resilient infrastructure, and sustainable pastoralism.

Furthermore, the GGW may also affect climate far-afield

(e.g., on the equatorial Atlantic and Pacific) as suggested by

recent modeling studies performed under Green Sahara condi-

tions (�6,000 years ago), showing impacts on tropical cy-
clones47 and on the El Niño Southern Oscillation48 activities.

Additional studies are therefore needed to address the Wall’s

potential far-afield climate impacts.

In conclusion, while further studies using different climate

models are necessary to better constrain the impacts of the

GGW on climate, our results underscore the importance of con-

ducting comprehensive evaluations in environmental policy

planning. Acknowledging the GGW impacts becomes pivotal in

steering future strategies, ensuring that the GGWambitions align

with sustainable climate goals while mitigating potential adverse

effects on regional stability and ecosystem integrity in northern

Africa and beyond.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information about data and code should be directed to and will be ful-

filled by the lead contact, Roberto Ingrosso (ingrosso.roberto@uqam.ca).

Materials availability

This study generated no new unique materials.

Data and code availability

All codes and data to generate the figures of this study are available in the on-

line repository: 10.5281/zenodo.10323281. The TRMM data were provided by

the NASA/Goddard Space Flight Center and obtained from https://gpm.nasa.

gov/missions/trmm.

Model description

We used the developmental version of the Canadian Regional Climate Model/

Global Environmental Multiscale (CRCM5/GEM4.8,23,24) at a horizontal grid

spacingof0.12� (�13km) and57vertical levels toppingat 10hPa.Tohaveatmo-

spheric driving data that are conformed with the ocean, we first ran global sim-

ulations on a Yin-Yang grid with the Global Environmental Multiscale (GEM)

model49 at 0.55� horizontal resolution and 73 vertical levels topping at 2 hPa

GEM4.8 (the GEM version used in this study) is a fully non-hydrostatic model

that uses a semi-implicit, semi-Lagrangian time discretization scheme on a hor-

izontal ArakawastaggeredCgrid (seeHernández-Dı́az et al.50 for furtherdetails).

These experiments were driven by the bias-corrected SST51 and original sea

ice fraction provided by the Earth SystemModel of the Max-Planck-Institut f€ur

Meteorologie (MPI-ESM-MR) (https://mpimet.mpg.de/en/science.html) at the

lower boundary and then used the output of those simulations to drive the

regional simulations at the lateral boundary, using the same SST and sea ice

fractions as for the global simulations at the lower boundary. The CRCM5/

GEM4.8 lower boundary is coupledwith the Canadian Land Surface Scheme52

and an interactive lake module, FLake lake model.53 For vegetation and

land-water mask, CCI-LC vegetation and land-water mask the ESA CCI

Land Cover54 is used, while the Global Multi-resolution Terrain Elevation

Data 2010 https://www.usgs.gov/coastal-changes-and-impacts/gmted2010

has been used for the model topography.

Model evaluation

A previous experiment50 over the African CORDEX55 domain shows that CRCM

correctly detects the timingof theWAMonset over theSahel but a drybias ispre-

sent over the region due to the southward position of the Saharan Heat Low

comparedwith reanalyses.Consequently, thecoreof theAEJ isdisplayedslightly

southward, giving rise to theabove-mentioneddrybias in the region. In thisstudy,

we further evaluate CRCM/GEM4.8, by comparing it with its parental model

GEM4.849 at 0.55� horizontal resolution, observations from the Tropical Rainfall

Measuring Mission (TRMM) (10.5067/TRMM/TMPA/3H/7) and the Climate

Research Unit,56 and one reanalysis product (ERA557) in terms of mean precipi-

tation distribution for the period 2000–2019 (Figure S29). The evaluation shows a

better agreement of the high-resolutionmodel with the observations in theWAM

area (West Sahel) compared with GEM4.8, although the dry bias in terms of me-

dian and lower percentiles is still present, whereas no significant change is pre-

sent when considering the whole Sahelian region. To evaluate the model skills

in terms of reproducing the diurnal cycle and the rainfall intermittency, we
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Figure 7. The GGW experimental design

(A) Schematic of the experimental design of the GGW, in which the prescribed vegetation type and abundance (in percent) is provided for each of climatological

rainfall interval (100–200, 200–300, and 300–400 mm). Each band corresponds to a different vegetation mix of woody and herbaceous species, according to the

official GGW plans from the Pan African Agency of the Great Green Wall. (B) Extreme case, where the first rainfall interval starts at 50 mm. The percentage of

desert and nude soil over the GGW area in the PD simulation is 72% while it is around 40%, 33%, 16%, and 8% in the GGWs experiments from low to extreme,

respectively.
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comparedGEM/CRCM4.83-hourlydatawithTRMM. In termsof thediurnal cycle

(FigureS30), themodel clearly underestimates rainfall comparedwith the satellite

observations. A maximum peak over the whole Sahel of 5 mm/day is found for

TRMMatmidnight, whereas a peak of 2.68mm/day (3.8 mm/day over the west-

ernSahel) is shown forGEM/CRCM4.8 at 9p.m.Aminimum rainfall isdetectedat

noon over the whole Sahel of about 1.91mm/day for TRMMand 1.5 mm/day for

GEM/CRCM4.8, while the model minimum rainfall is closer to observations over

thewestern Sahel with 2.11mm/day at 3 p.m. and 2.36mm/day at noon, respec-

tively. However, the general diurnal cycle pattern is well reproduced, with

maximum precipitation during the early night and minimum precipitation during

themiddle of the day. As expected, themodel diurnal cycle over the western Sa-

hel is closer to observations compared with that for the whole Sahel region, as

also seen in the mean precipitation boxplots (Figure S29).

In terms of CDDs, the model distributions of annual CDDs show a similar

behavior compared with TRMM, with peaks of 250 days in both datasets (Fig-

ure S31). OverWest Sahel, the CDDmodel distribution slightly moves toward a

bit longer CDD. Both datasets are characterized by a maximum CDD of about

3,400 days.

The experimental design

A total of 11 simulations had been performed for two distinct 30-year periods

(Table S2). Three simulations without the GGW had been carried out and

considered as reference cases: one under the present climate (1990–2019)

and two under RCP2.6 and RCP8.525 future scenarios (2071–2100). RCP8.5

is the high emission scenario that better reproduces the recent CO2 emis-

sions,58 even though its emission trajectory could become less likely in the

future, given the current policies.59 In addition, a total of eight sensitivity exper-
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iments under the two future scenarios were carried out considering

four different levels of vegetation density. The four levels have been named

GGWLOW, GGWMED, GGWHIGH, and GGWEXT (Figure 7). GGWLOW and

GGWMED are characterized by a total percentage of desert in the GGW region

(100–400 mm) of 40% and 33%, respectively, whereas GGWHIGH, and

GGWEXT show a percentage of 16%, and 8%, respectively (Figure S1). The

referenced present-day (PD) simulation presents a percentage of desert and

nude soil of 72% over the GGW region between 100 and 400 mm. The chosen

type of vegetation agrees with the species considered in the main documents

produced by the PAGGW11 such as Acacia senegal, Acacia nilotica, and Bal-

anites aegyptiaca. No change in previous land cover categories such as urban,

swamp or crops had been made because of the difficulty of evaluating the

future evolution of these categories. More in detail, in GGWLOW, we shifted

northward the desert fraction as present in the model scheme: the 100–

200 mm desert fraction is replaced by the 200–300 mm fraction, the 200–

300 mm fraction is replaced by the 300–400 mm fraction, and the 300–

400 mm fraction by that from the 400 to 500 mm fraction. Thirty percent of

trees are present in the third band (300–400 mm). GGWMED has the same

GGWLOW mix of vegetation for the first band with 65% of desert, while sharing

the same mix of vegetation in the other two bands with GGWHIGH where the

percentage of trees in the third bandmoves to 50%. GGWHIGH sees a percent-

age of 25% of desert in the first band. In the extreme case, a percentage of

10% of desert is present in the first two bands (50–300 mm), moving to 5%

in the third one. Finally, in GGWEXT experiment, the percentage of trees in

the third band is still 50% but with a higher concentration of evergreen broad-

leaf trees compared with GGWMED and GGWHIGH. In the introduction, we

mentioned that in previous studies the pre-existent vegetation had been
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replaced with a uniform evergreen forest over different latitudinal bands over

the region. Although these studies do not provide values for the modification

in albedo, rainforests have an albedo of the order of 0.12–0.1360 while in our

case the albedo ranges between 0.15 and 0.3 (Figure S15). Such albedo differ-

ence can play a critical role in altering the WAM dynamics.61

Climate extreme indices

Climate indices play an important role in monitoring the potential risks and

damages of climate change. The definition of these indicators looks at the tails

of the parameter distribution, which reflect the change in the extreme events.

Consequently, the use of different temperature and precipitation climate

extreme indices was here considered as defined by the Expert Team on

Climate Change Detection and Indices (ETCCDI).62,63 A set of indicators

from the 27 ETCDDI had been considered (Table S3) in order to have a good

representation of extreme temperature, precipitation, and dry spells over the

area. For the temperature we calculated the annual extreme of daily maximum

and minimum temperature (TXx and TNn, respectively), and the number of

nights with daily minimum temperature above 20�C (tropical nights [TR20]).

As a measure of the longest yearly dry spells, we considered the CDDs, the

maximum number of consecutive days with precipitation lower than 1 mm.

Finally, the annual maximum of the precipitation amount fell in 5 consecutive

days (RX5), the annual total precipitation from days with an amount of precip-

itation above the 95th percentile (very wet days, R95p), and the number of days

per year in which the daily precipitation exceeds 1 mm (rainy days, RR1mm)

were considered to show potential changes in heavy precipitation.

Statistical analysis

For the statistical evaluation of the differences, two statistical tests were used:

a two-tailed Student’s t test64 for temperature, assuming a normal distribution

for this parameter and the non-parametric Wilcoxon signed-rank test65 for pa-

rameters such as precipitation or wind, where the normal assumption is not

possible. The considered level of significance is 5% for both tests.

The WAM length and the AEWs

The monsoon’s length is defined as the time between the onset and the with-

drawal of themonsoon.Thecomputationof theonset isbasedonSultanandJan-

icot.66 An empirical orthogonal function (EOF) analysis was performed on the

zonally averaged daily rainfall data from March to November over the area be-

tween 15�W–15�E and 0�N–30�N. The zonally averaged daily rainfall time series

at the maximum of the first mode (EOF1) was then filtered to remove variability

below 10 days with a 10-day running mean. The monsoon’s onset was defined

as the date preceding the largest increase in precipitation over a 20-day period.

Finally, the withdrawal was defined as the date on which the zonally averaged

precipitation at 10.5�N falls below 2 mm/day for at least 20 consecutive days.67

The AEWs are westward-propagating disturbances with wavelengths

of approximately 3,000–4,000 km, a propagation speed of about 8 m/s,68,69

and a period of around 3–5 days. AEWs play a role in the initiation and organi-

zation of the mesoscale convective systems, which are the main contributors

to the Sahelian rainfall. In this study, we detected the AEW activity by filtering

the daily means of the meridional wind between June and September (JJAS)

with a 2- to 6-day band-pass filter.70

Aridity index

In this study, the AIDM (De Martonne38) was used to evaluate changes in aridity

and water availability over the region. The AIDM is a simplified index, defined as

a function of the annual mean temperature and precipitation, which provides

similar results to other aridity indices present in the scientific literature (see

Paniagua and co-workers71,72 for further details). Here, we defined a new cate-

gory, desert, for aridity index values lower than 5. This category properly dis-

tinguishes the desertic climate (Figure 5), facilitating the purpose of our anal-

ysis regarding potential changes in local climate, characterized by high arid

conditions. Specifically, the De Martonne index is defined as:

AIDM =
P

T+10
(Equation 1)

where P is the annual mean precipitation and T is the annual mean temperature

in degrees Celsius at the reference height (2 m).
HI

The HI calculation is based on Rothfusz’s regression equation (https://www.

weather.gov/media/ffc/ta_htindx.PDF):

HI = 42:379 + 2:04901523 � T + 10:14333127 � RH� 0:22475541�
T � RH � 0:00683783 � T � T � 0:05481717 � RH � RH
+ 0:00122874 � T � T � RH + 0:00085282 � T � RH � RH
� 0:00000199 � T � T � RH � RH

(Equation 2)

where T is the surface temperature in degrees Fahrenheit and RH is the per-

centage of relative humidity. The HI is converted into degrees Celsius and

has an error of ±1.3�F (±0.7�C). Some adjustments are applied to the index

(when RH is less than 13% and the temperature is between 80�C and

112�C, or RH is greater than 85% and the temperature is between 80�C and

87�C), following the instructions of the National Oceanic and Atmospheric

Administration/National Weather Service (see https://www.wpc.ncep.noaa.

gov/html/heatindex_equation.shtml).
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and Fodé, M. (2019). The possible role of the Sahel Greenbelt on the
470 One Earth 7, 455–472, March 15, 2024
occurrence of climate extremes over the West African Sahel. Atmos.

Sci. Lett. 20, e927. https://doi.org/10.1002/asl.927.

20. Mathon, V., Laurent, H., and Lebel, T. (2002). Mesoscale Convective

System Rainfall in the Sahel. J. Appl. Meteorol. 41, 1081–1092. https://

doi.org/10.1175/1520-0450(2002)041<1081:MCSRIT>2.0.CO;2.

21. Lebel, T., Diedhiou, A., and Laurent, H. (2003). Seasonal cycle and interan-

nual variability of the Sahelian rainfall at hydrological scales. J. Geophys.

Res. 108. https://doi.org/10.1029/2001JD001580.

22. Nicholson, S.E. (2013). The West African Sahel: A Review of Recent

Studies on the Rainfall Regime and Its Interannual Variability. ISRN

Meteorology 2013. 453521–32. https://doi.org/10.1155/2013/453521.

23. Girard, C., Plante, A., Desgagné, M., McTaggart-Cowan, R., Côté, J.,
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