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Abstract
Skillful prediction of Sahel summer rainfall (SSR) is critical for mitigating hydrometeorological
disasters in this vulnerable climate hotspot. In this study, we employ observational analysis from
1950–2023 to show that the sea surface temperature interhemispheric dipole in winter (SSTIDw)
has a strong influence on SSR. A positive SSTIDw anomaly-marked by relatively warmer Northern
Hemisphere sea surface temperatures-persists through spring to summer and leads to persistent
negative surface pressure anomalies and anomalous cyclonic circulation. This intensifies the
Saharan heat low and reinforces anomalous westerly and southwesterly flows across the Atlantic
and the Guinea Coast, enhancing moisture flux convergence and rainfall in the Sahel. Based on this
relationship, we develop an SSTIDw-based linear regression model that skillfully captures SSR
characteristics. These findings highlight the multi-month lead time predictability of SSR, which is
critical for climate-informed decision making in the Sahel.

1. Introduction

The West African Monsoon (WAM) accounts for a
significant part of the Sahel summer rainfall (SSR)
observed during the rainy season (July–September)
(Thorncroft et al 2011, Biasutti 2019). Throughout
this period of heightened hydrological activity, agri-
cultural activities flourish to serve as a major source
of sustenance for local communities. At an interan-
nual time scale, surface pressure contrast between the
Sahara and the tropical Atlantic Ocean interacts to
shape the atmospheric dynamics that control rain-
fall variability in the Sahel (Nicholson and Webster
2007). However, the pronounced sensitivity of the
Sahel to this variability over short or extended peri-
ods implies that even small fluctuations in circulation
patterns could result in significant regional impacts
(Nicholson 2018), highlighting the need for skillful
prediction.

Extensive research has highlighted the essential
role of sea surface temperature (SST) in forcing Sahel
rainfall variability at different time scales (Folland
et al 1986, Giannini et al 2003, Mohino et al 2011,
Pomposi et al 2016,Diakhaté et al 2019).However, the
forcing of distinct SST basins on Sahel rainfall is non-
stationary (Losada et al 2012, Suárez Moreno 2019).
For instance, while a marked disassociation between
Sahel rainfall and tropical North Atlantic occurred
after the 1970s, the El Niño-SouthernOscillation tele-
connection signal began to strengthen at a compar-
able time (Janicot et al 2001, Losada et al 2012).
Globally, the interhemispheric SST gradient influ-
ences rainfall in tropical land regions (Folland et al
1986, Sun et al 2013). Defined as the northern hemi-
sphere minus the southern hemisphere (NH-SH)
SST (Sun et al 2013, An et al 2024), the SST inter-
hemispheric dipole (SSTID) is a global mode of
SST variability that triggers global-scale change in
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atmospheric circulation with direct influence on HN
summer monsoon (Xue et al 2022).

Accuracy and lead time are arguably the twomost
important factors determining any prediction sys-
tem’s value. Despite the commendable progress made
in the skillful prediction of the SSR using both statist-
ical and dynamical methods, there remains an avenue
for improvement (Folland et al 1991, Badr et al 2014,
Sheen et al 2017, Giannini et al 2020, Martín-Gómez
et al 2022). In dynamical models, poor skill is primar-
ily attributed to inadequate representation of SSTs
and their teleconnections with the SSR. Notably, poor
representation of the dominant sources of skill, such
as the global tropical Oceans, the North Atlantic
Ocean, and the Mediterranean Sea, leads to ampli-
fied biases in dynamical models (Giannini et al 2020,
Martín-Gómez et al 2022). On the other hand, stat-
istical models leverage on identifying high-skill pre-
dictors at relevant lead times. Consequently, studies
have found preceding large-scale SSTs and other vari-
ables form the basis for skillful SSR prediction (Badr
et al 2014, Folland et al 1991, Mo and Thiaw 2002,
Yaqian and Lee 2016). However, preceding large-scale
SST signals exert more influence on SSR that is more
robust and stationary compared to indices derived
from individual oceanic basins (Folland et al 1991).
For instance, Folland et al (1991) demonstrated the
dominance of global SST over regional SST modes
during the preceding spring in explaining SSR vari-
ability. Similarly, Badr et al (2014) maintained the
same lead time (spring) to highlight the value of SST
and surface air temperature in predicting SSR, with
the best skill produced by employing artificial neural
network (ANN), stemming from its ability to capture
nonlinear relationships with large-scale variables.

In this study, we maintain the dominance of the
global-scale SSTmode (SSTID) and demonstrate that
a significant association between this mode and SSR
not only exists in the preceding winter but is also the
strongest, and the possible mechanism for this time-
lag relationship is explored. Moreover, we leverage
this relationship to build a predictive model, as a reli-
able forecast issued at sufficient lead time increases
forecast value through early action initiation, partic-
ularly in vulnerable communities where social and
human factors impede the timely delivery of forecast
products (Hulme et al 1992, Islam et al 2025).

2. Data andmethods

2.1. Data
This study uses monthly Climate Research Unit Time
Series Version 4.08. This is high-resolution (0.5◦ latit-
ude× 0.5◦ longitude) observation-based rainfall data
that covers the year 1901 to the present and employs
the angular-distance weightingmethod for interpola-
tion (Harris et al 2020).We also usemonthly SST data
from extended reconstructed SST Version 5, which

is global with a horizontal resolution of 2◦ × 2◦,
available from 1854 to the present and suitable for
long-term analysis (Huang et al 2017). Monthly hori-
zontal wind, specific humidity, vertical velocity, out-
going long wave radiation, and sea level pressure
(SLP) data were obtained from the National Centers
for Environmental Prediction/National Center for
Atmospheric ResearchReanalysis 1. This atmospheric
model output is available globally and monthly from
1948 to the present at 2.5◦ × 2.5◦ resolution (Kalnay
et al 1996). A uniform period of 1950–2023 was used
in all datasets.

2.2. Methods
First, we calculated the monthly SSTID index as
the SST difference between the NH and SH SST
following Sun et al (2013) and An et al (2024).
Then, seasonal averages are computed for D(−1)JF,
JFM, …, JAS seasons, where D(−1) is the previous
year’s December. Hence, SST interhemispheric dipole
in winter (SSTIDw) and SSTIDs represent winter
[D(−1)JF] and summer (JAS) SSTID, respectively.
We define the SSR index as July–September (JAS)
standardized area-averaged rainfall over 10◦N–20◦N
and 20◦W–40◦E as in (Giannini et al 2003, Yujun
He et al 2024). Correlation and regression analysis
were used to study the relationship between variables,
and the Student’s t-test was applied to test signific-
ance. Furthermore, we analyzed consistent temporal
coverage (1950–2023) in all variables. An empirical
model was trained using simple linear regression,
where SSR (SSTIDw) is the response (predictor) vari-
able. 1950–2001 was designated the training period,
while 2002–2023 was used for independent valida-
tion. Evaluation metrics, including correlation coef-
ficient (r), root mean square error (RMSE), and sign
consistency (SC), were used to assess model perform-
ance. Linear trends were removed from all variables
to reduce the effect of global warming.

3. Results

3.1. SSTID and SSR relationship
We examine the correlation of SSR with seasonal
SSTID indices in the concurrent and prior seasons.
The evolution of the correlation coefficients indic-
ates that the SSR and SSTID are significantly and
persistently correlated. While significant positive cor-
relations exceeding 0.5 (p< 0.05) persist from winter
to summer, the strongest is found between SSR and
the SSTIDw (figure 1(a)). The time series of SSR
and SSTIDw further demonstrates the strength of
this relationship, with a significant correlation coeffi-
cient of 0.65 (figure 1(b)). Folland et al (1991) found
broadly consistent results, although with slightly
different definitions of the interhemispheric dipole
(making the northern Indian Ocean part of the SH
ocean and dividing the two hemispheres at 5◦ N).
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Figure 1. (a) Lead-lag correlation coefficients between the SSR index and seasonal SSTID indices, spanning D(−1)JF to JAS. (b)
Standardized time series of the SSR index (blue bars) and SSTIDw (black bars). (c) Correlation map of SSTIDw with JAS rainfall
over tropical northern Africa; shading indicates significance at the 5% level. (d) As in (c) but for SSTIDs. The red dashed box in
(c) and (d) denotes the Sahel region used for SSR calculation. Period: 1950–2023; shadings indicate significance at 5% level;
anomalies in (b) are relative to 1981–2010 climatology.

Additionally, the SSR and SSTIDw time series are
characterized by strong interannual to decadal vari-
ability. Particularly, the magnitude of the wet periods
of the 1950s–60s and the dry periods of the 1970s–
80s is strongly harmonized with the SSTIDw. In con-
trast, the recent period exhibits relatively less mag-
nitude of undulating wet and dry periods. The SSR
time series typically resembles Sahel rainfall presen-
ted in previous studies, with varying observations
and slightly different areas considered (Biasutti 2013,
Nicholson et al 2018). Correlation maps of SSR with
the prior SSTIDw (figure 1(c)) and simultaneous
SSTIDs (figure 1(d)) are further examined. The
correlation map between SSR and SSTIDs indic-
ates robust and statistically significant (r > 0.65,
p < 0.01) correlations across the entire Sahel region
(figure 1(c)). However, the correlations with SSTIDs
are relatively weaker and less spatially consist-
ent, particularly in parts of the northeastern Sahel
(figure 1(d)).

SST variations in key ocean regions, such as the
global tropical oceans, the North Atlantic, and the
Mediterranean Sea exert significant influence on SSR
(Giannini et al 2003, Sheen et al 2017). During this
season, we found that the SSTIDs–SSR relationship
is robust and stationary, comparable to that of the
Mediterranean Sea (figure S1(a)). Moreover, SSTIDw
maintains a robust and statistically significant rela-
tionship with SSR, not evident in other regional SST
signals (figure S1(b)).

3.2. Circulation features and physical mechanism
To assess how the SSTIDw modulates the circula-
tion anomalies over the Sahel, we compute regres-
sion anomalies of SLP and 850 hPa winds against
the SSTIDw index, focusing on the seasonal evol-
ution from winter to summer (figure 2). During
the positive phase of SSTIDw, we observe a not-
able change in sub-tropical pressure systems. In the
SH, anomalous low pressure dominates, strength-
ening and becoming more pronounced in summer
(figure 2(c)). On the other hand, an anomalous cyc-
lonic circulation emerges in the North Atlantic at
approximately 50◦N during spring. This system sub-
sequently propagates eastward and weakens slightly
by summer. Simultaneously, a seasonally persistent
low-pressure anomaly emerges over the Sahara, with
themaximum amplitude shifting westward across the
Sahara. This signals a robust strengthening of the
Saharan heat low (SHL). The associated cyclonic cir-
culation within the SHL reinforces anomalous west-
erly and southwesterly flows to its south, thereby
strengthening the WAM (Parker et al 2005, Raj et al
2019). Both observational and modeling studies have
highlighted the relationship between the SHL and the
SSR(Haarsma et al 2005, Shekhar and Boos 2017).
As demonstrated by Shekhar and Boos (2017), SHL
intensification associated with low-level geopotential
height reduction induces a northward shift of Saharan
shallow meridional circulation (SMC) and wetting of
the Sahel.
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Figure 2. Regression of seasonal SLP (shading) and 850-hPa wind (vectors) anomalies onto SSTIDw for (a) D(−1)JF, (b) MAM,
(c) JAS, and (d) lead-lag correlation SSTIDw and seasonal westerly indices from D(−1)JF to JAS. Red dashed line in (d) indicate
significance at 5% level.

The SSTIDw is linked to negative anomalies of
the Sahel (figure S2). Evolution of negative anom-
alies indicates increased cloud cover and deep con-
vection over the Sahel during the positive SSTIDw
phase. Prior to the establishment of theWAM in Sahel
in summer (Sultan and Janicot 2003), the regions of
lowest negative OLR anomalies are centered around
the Guinea coast and Sudan (figures S2(a) and (b)).

Figure S3 shows the seasonal evolution of anom-
alies of the latitude-height cross section of vertical
velocity and meridional wind vectors. During the
positive SSTIDw phase in summer, the emergence
of cells of vertical motion is observed, with a fully
established deep vertical cell centered around 10◦ to
20◦ N in summer (figure S3(c)). However, the SHL
results in a shallow cell centered around 20◦ N (Raj
et al 2019). This coincides with the zonal band of

maximum negative OLR anomalies centered around
the central Sahel (figure S3(c)).

The mechanism for this delayed SSTIDw-SSR
relationship is investigated. For this purpose, we
examine the evolution of SSTID from the preced-
ing winter to summer. There exists a statistically sig-
nificant correlation coefficient between SSTIDw and
the succeeding seasonal SSTID indices, which high-
lights the strong persistence of the SSTIDw anomalies
from winter to summer (figure 3(a)). SST anomalies
can both be a response to and drivers of atmospheric
circulation. We study the response of moisture flux
anomalies and convergence at the 850 hPa level and
geopotential height anomalies at the 500 hPa level.
Water vapor transport from the adjacent Atlantic
Ocean plays a significant role in SSR variability. As
the West African Westerly Jet (WWJ) intensifies in
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Figure 3. (a) Lead-lag correlation between SSTIDw and seasonal SSTID indices (D(−1)JF, JFM, FMA,…, JAS) during 1950–2023.
(b) Regression of JAS 850 hPa moisture flux convergence (shading) and moisture flux (vectors) onto SSTIDw, (c) correlation map
of SSTIDw with summer 500-hPa geopotential height over tropical northern Africa; shadings indicate significance at 5% level.

the peak of the monsoon season, moisture is trans-
ported northward, reaching 20◦ N, which is even
more enhanced in relatively wet years (Lélé et al
2015). Anomalous 850 hPa moisture flux and con-
vergence are shown as regression coefficients onto
SSTIDw (figure 3(b)), while the correlation coeffi-
cient between 500 hPa geopotential and SSTIDw is
shown in figure 3(c). Enhancedwesterlymoisture flux
and positive anomalous convergence are induced by
positive anomalous SSTIDw. These moisture anom-
alies are favorable for enhancing Sahel rainfall. Note
that a meridional tripole of correlation coefficients is
observed with a negative correlation centered around
15◦N across the Sahel and positive correlation pat-
terns to its north and south. This pattern coincides
with enhanced vertical motion and negative OLR
anomalies (figures S2 and S3), all of which are linked
to moisture advection and deep convection in the
Sahel (Nicholson 2009, Lélé et al 2015, Akinsanola
and Zhou 2020).

3.3. Statistical model
In this section, we leverage this relationship to con-
struct a linear regression predictive model. Here, we
fit a linear regression model of the form:

SSR= β0+β1SSTIDW+ ε.

Here β0 is the intercept, β1 is the regression
coefficient, and ε is the residual, SSR and SSTIDW

are the response and predictor variables, respect-
ively. We have applied 70% of the data (1950–2001)
as a training set and the remaining 30% (2002–
2023) for independent evaluation. This approach
is widely applied in predictive modeling (Li et al
2022), as robust model skill relies on an adequate
balance between training and testing datasets, which
reduces overfitting and ensures model generalizab-
ility (Xu and Goodacre 2018). The model realistic-
ally reproduced the key characteristics of SSR vari-
ability. Notably, the wet phase (1950s–1960s), the
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Figure 4. (a) Time series of the SSR index (gray line), model (blue line; 1950–2001), and independent hindcast results (green line;
2002–2023). (b) Evaluation metrics comparing model (blue bars) and hindcast (green bars) performance, including correlation
coefficient (r), root mean square error (RMSE), and sign consistency (SC).

subsequent dry phase (1970s–1980s), and the ‘par-
tial recovery’ period (post-1990s) have been repro-
duced, however, not without biases (figure 4(a)).
Additionally, to evaluate the model’s goodness of
fit and predictive skill on the independent hindcast
period, we employed correlation coefficient (r), sign
consistency (SC), and RMSE. Although the model
exhibits a stronger correlation (0.62) than the hind-
cast (0.58), the hindcast shows better performance
in terms of SC and RMSE (78% and 0.5) compared
to the model (69% and 0.84, figure 4(b)). Although
marginal differences are seen in goodness of fit and
predictive skill, suggesting confidence in practical
applicability.

4. Discussion and conclusion

In the study, we analyzed the SSR and its relationship
with SSTID (Sun et al 2013). Our analysis revealed
statistically significant correlations between SSR and
seasonal SSTID from preceding winter through sum-
mer, consistent with previous studies (Folland et al
1986, 1991). Moreover, we showed that this relation-
ship is strongest between SSR and SSTIDw, suggest-
ing predictive capability. We found this relationship
to be robust and stationary compared to individual
ocean basins. The interhemispheric dipole shapes
Sahel rainfall by modulating the ITCZ (Folland et al
1986, Sun et al 2013). We maintain that the SSTID
persists from winter to summer, acting on circula-
tion features in West Africa, favoring increased mon-
soon flow and enhanced moisture convergence over
the Sahel.

Furthermore, we demonstrate a skillful model
for SSR rainfall prediction based on global-scale SST
signals from the preceding winter. Notably, previ-
ous studies have highlighted the skill of global or
regional spring SST anomalies in predicting SSR
(Badr et al 2014, Folland et al 1991, Hulme et al 1992).
Although direct comparison of results requires care-
ful considerations due to cross-study inconsistencies,
such as non-uniform data sampling, definition of
the global-scale SST mode, and the empirical model

used, among others. For instance, (Folland et al 1986,
1991) used annual rainfall anomalies in the Sahel
from 1901–1987, while (Badr et al 2014) indicated the
superiority of using the ANN. Nevertheless, we not
only demonstrate the stationarity of the global-scale
SST mode and SSR relationship but also reveal the
importance of this association during the preceding
winter.

In one of the world’s most climate-vulnerable
regions, the usefulness of predictions for decision-
making in climate risk management heavily relies on
their accuracy and lead time. Our findings demon-
strate the potential to extend this lead time at no cost
to predictive skill, enhancing early warning capab-
ility. However, under anthropogenic warming, per-
sistent ocean conditions are projected to decline,
with the most pronounced decline on the sea sur-
face (Shi et al 2022). This may present challenges for
the persistence-based empirical models, such as the
one presented here. Furthermore, the results presen-
ted here provide a foundation for future dynamical
modeling studies, which are necessary to test and con-
firm the physical mechanisms discussed.
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