Climate Dynamics (2020) 55:449-470
https://doi.org/10.1007/500382-020-05276-5

=

Check for
updates

Interannual variability of rainfall in the Guinean Coast region and its
links with sea surface temperature changes over the twentieth century
for the different seasons

Koffi Worou'® - Hugues Goosse' - Thierry Fichefet' - Francoise Guichard? - Moussa Diakhate®

Received: 6 June 2019 / Accepted: 25 April 2020 / Published online: 23 May 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

The summer Guinean Coast (GC) rainfall (GCR) displays a strong variability on different timescales that are driven by Sea
Surface Temperature (SST) variations and amplified by land—atmosphere processes. However, the relationships between
the GCR and SST modes of variability in the pre-monsoon (March—May, MAM), post-monsoon (October—November, ON)
and Harmattan (December—February, DJF) seasons are not well known nor understood. Using observational dataset cover-
ing the twentieth century, we extend the conclusion obtained in previous studies that mainly analyzed the summer period
(June—September, JJAS) by considering changes in SST-rainfall linkages throughout the year. We show that, in boreal winter,
SST interannual variability in the tropical basins are anticorrelated with the GCR. The South Atlantic Ocean Dipole (SAOD)
and the Atlantic Nifio (ATL3) appear, however, as major drivers of the pre-monsoon and monsoon GCR. In MAM, both
modes are in opposite phases with the GCR. Below normal SST in the tropical South Atlantic in MAM leads to a surface
divergence south of the equator, and the resulting southerlies bring moist air into coastal Guinea, increasing rainfall. Dur-
ing JJAS, ATL3 and SAOD are in phase with the GCR. During ON, the eastern Mediterranean Sea anomalous warming
strengthens the Saharan Heat Low, whose extension in the tropical North Atlantic enhances the low-level westerly Jet. This
jet transports moisture into GC. The stationarity of the correlations between the GCR and SST indices has also been assessed,
and the strongest and most stationary links are obtained during the monsoon season.
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1 Introduction

In mid-2019, the estimated western African population
was about 391,440,000 (United Nations Department of
Economic and Social Affairs/Population Division 2019),
which is more than five times the population recorded in
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the twentieth century, the boreal summer SST variability
in the eastern equatorial Atlantic has strongly impacted the
GCR which is the main focus of this study. The covariabil-
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(Losada et al. 2012). The vulnerability of the Sahelian area
due to the strong multidecadal variability of its rainfall and
the associated social-economic consequences prompted
studies that aim to identify the drivers of such variability.
Indeed, this area suffered from a long drought between
the 1970s and 1980s, after wet conditions in the 1950s
and 1960s (Hulme 1992). As briefly summarized below,
our current knowledge about rainfall variability over West
Africa comes from studies which focused on the Sahel.
Part of the changes in the rainfall regime in this region
has been attributed to different forcings, in particular the
remote influence of regional and world oceans known as
teleconnections, through their influence on atmospheric
circulation and moisture content (Losada et al. 2009; Fon-
taine et al. 2009; Janicot et al. 2011; Mohino et al. 2011a;
Rodriguez-Fonseca et al. 2011, 2015; Rowell 2013; Vil-
lamayor et al. 2018).

On interannual timescales, the observed summer rain-
fall fluctuations in the Sahel are driven by SST changes at
the global scale (Folland et al. 1986; Giannini 2003), with
a competition between tropical and extratropical oceanic
basins. The remote effects of the different oceanic areas have
been drawn out in many studies.

It has been demonstrated that the Mediterranean Sea plays
an important role in modulating the rainfall fluctuation in the
Sahel on interannual timescales. Years of positive summer
Mediterranean SST anomalies are associated with positive
summer rainfall anomalies in the Sahel and inversely (Row-
ell 2003). In observational climate data, there is a symmetric
interrelation between warm and cold situations of the Medi-
terranean Sea and their respectively associated higher and
lower than average rainfall in Sahel. However, sensitivity
experiments conducted with Atmospheric Ocean General
Circulation Models (AOGCMs) show only an increased
Sahelian rainfall associated with positive SST anomalies of
the eastern Mediterranean basin (Fontaine et al. 2009). In
addition, it has been demonstrated that the Mediterranean
SST changes affect the daily moderate, heavy and extreme
rainfall in the Sahel (Diakhaté et al. 2019). Other recent
sensitivity experiments have shown that, on the one hand,
among the worldwide oceans, the Mediterranean basin is
the main driver of the recent wet conditions over the Sahel
in the boreal summer. On the other hand, this basin should
be determinant for the future Sahelian rainfall (Park et al.
2016). All those studies agree that above normal SST condi-
tions in the Mediterranean Sea give rise to moist air over the
basin which is then advected southward into the Sahel. This
escalates the low-level convergence in Sahel and increases
rainfall over the area, together with various positive feedback
processes (Jung et al. 2006). It has also been shown that the
western Mediterranean SST changes drive rainfall variations
in the Guinean Coast via an enhancement of deep convec-
tion in the eastern equatorial Atlantic (Fontaine et al. 2009).
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In the North Atlantic, numerous studies pointed out the
major influence of the Atlantic Multidecadal Oscillation
(AMO) on the seasonal, interannual and decadal/multidec-
adal rainfall variability in West Africa, especially in the
Sahel. The AMO-Sahelian rainfall link has been shown to
be very strong on decadal-multidecadal timescales (Berntell
et al. 2018). During AMO positive phases, the strengthening
of the shallow meridional circulation (SMC) associated with
the Saharan Heat Low (SHL) allows a southerly moisture
flux which increases spring rainfall in the Sahel (Martin and
Thorncroft 2014). In summer, in addition to a strengthen-
ing of the SMC, positive AMO phases induce above normal
SST conditions in the Mediterranean Sea which in turn are
favorable to more moisture convergence in the Sahel leading
to more rainfall. Thus, AMO positive (negative) phases are
associated with positive (negative) rainfall anomalies in the
Sahel (Knight et al. 2006; Rodriguez-Fonseca et al. 2011,
2015; Martin and Thorncroft 2014; Schubert et al. 2016).

The leading mode of covariability between the West Afri-
can rainfall and the tropical Atlantic SST links the sum-
mer rainfall in the Gulf of Guinea with SST changes in the
eastern equatorial Atlantic (Polo et al. 2008). These SST
changes associated with this mode are referred to as the
Atlantic equatorial mode (AEM) or Atlantic Nifio (ATL3).
The Atlantic Nifio also appears as the leading SST mode of
variability in the tropical Atlantic (Dommenget and Latif
2000, 2002; Keenlyside and Latif 2007; Garcia-Serrano
et al. 2008; Richter et al. 2012; Mohino and Losada 2015).
Basically, warm phases of the sea surface temperature anom-
alies (SSTAs) in the ATL3 area lead to a dipole pattern of
rainfall in West Africa, with positive rainfall anomalies
along the Coast of Guinea and negative rainfall anomalies
in Sahel. The linkages between the Atlantic Nifio and the
West African rainfall are not linear, as underlined by model
sensitivity experiments. The positive and negative phases
of the Atlantic equatorial mode induce, indeed, changes in
rainfall of different magnitudes (Losada et al. 2010). Over
the twentieth century, the summer ATL3—GCR relationship
appears stationary (Diatta and Fink 2014).

In the South Atlantic Ocean (SAO), a dipole defined as
the difference between SSTAs in the North East Pole (NEP,
an area in the ATL3 domain) and the South West Pole (SWP,
an area along the Argentina-Uruguay-Brazil) is termed the
South Atlantic Ocean Dipole (SAOD). On interannual time-
scales positive phases of the SAOD are strongly related to
positive summer rainfall anomalies in the Guinean Coast and
inversely (Nnamchi and Li 2011). The connection of this
coupled ocean—atmosphere phenomenon with the Guinean
Coast operates via the Lindzen—Nigam process (Lindzen and
Nigam 1987): during positive phases of the SAOD, large
subsidence and divergence occur in the SWP, and are related
to strong convergence and upward motion of humid air over
the NEP. This leads to a flux of moisture from the Gulf of
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Guinea and equatorial Atlantic into areas in the Coast of
Guinea. Note that the SAOD positive phases are associated
with a reduction of the Indian monsoon rainfall (Kucharski
and Joshi 2017).

Remote effects of the Pacific Ocean have been linked with
changes of the Sahelian rainfall in boreal summer: in gen-
eral, above normal SST anomalies in the central and eastern
Pacific or SST anomaly gradient from the western Pacific to
the eastern Indian Ocean are associated with negative rain-
fall anomalies in the Sahel (Rowell 2001). The connection
between the Pacific Ocean and West Africa under those par-
ticular SST conditions operate via the propagation of Kel-
vin (eastward) and Rossby (westward) waves. This enhances
subsidence over the Sahel region. In addition, since the
1970s, from May to September, the dry belt induced by the
positive SSTAs in the Pacific Ocean migrates progressively
from the Guinean Coast to the Sahel (Mohino et al. 2011b).
In the northern Pacific, an opposite phase relationship has
been established between the Interdecadal Pacific Oscilla-
tion and Sahelian rainfall in boreal summer on decadal to
multidecadal timescales (Mohino et al. 2011a).

The Indian Ocean exhibits an opposite phase relation-
ship with the Sahelian rainfall on decadal timescales (Row-
ell 2001; Bader and Latif 2003). Indeed, the Sahelian wet
conditions in the 1950s—60s are linked with negative SST
anomalies in the Indian Ocean, while the warming trend of
this latter in the 1970s could be associated with the severe
1970s Sahelian long drought.

On smaller, regional scale, some features of the atmos-
pheric circulation also play important roles in the rainfall
genesis over West Africa. One key feature is the presence
of different veins of wind which combine with the low-level
moisture flow, such as the mid-level African Esterly Jet
(AEJ) at 650 hPa (Cook 1999; Hsieh and Cook 2005) and
the high-level Tropical Easterly Jet (TEJ, 200 hPa). Their
positions, intensities as well as the activity of waves induced
by e.g. instabilities in their core modulate the frequency
and intensity of rainfall (Thorncroft and Hoskins 1994a, b;
Thorncroft and Blackburn 1999; Nicholson and Grist 2003;
Gu and Adler 2004; Nicholson 2009, 2013; Sylla et al. 2011;
Kebe et al. 2016). The African Easterly Jet takes its origin
in the meridional temperature gradient between the Saharan
desert and the Atlantic Ocean, while the Tropical Easterly
Jet results from an intense north—south temperature gradi-
ent between the Himalayan Plateau and the Indian Ocean.
Additionally, the presence of the Saharan Heat Low (SHL)
and its associated Shallow Meridional Circulation (SMC)
have been identified as a major driver of the Sahelian rain-
fall (Hagos and Zhang 2009; Lavaysse et al. 2015; Shekhar
and Boos 2017). The Saharan Heat Low forms as a result
of high temperature over the Saharan desert. Its presence
induces a shallow meridional circulation: northward winds
from the Sahel converge at the core of the SHL, leading to

an ascent followed by a divergence at 700 hPa and a south-
ward displacement of the wind at that level. Those studies
update the former view of the West African rainfall variabil-
ity which has been thought to be controlled by the seasonal
cycle of the Intertropical Convergence Zone (ITCZ), where
at the surface, hot and dry northeasterly Harmattan winds
blow over the Sahara and meet cold and moist southwesterly
winds that originate from the Atlantic Ocean. Ascending
motion of air then leads to cloud systems and the associ-
ated rainfall (Germain 1968; Dettwiller 1965; Walker 1957,
Hamilton et al. 1945; Sansom 1965). In addition, over the
West African continent, the term ITCZ is confusing and
sometimes, the Intertropical Discontinuity and Intertropi-
cal Front are used instead, and correspond to the place where
dry northeasterlies meet southwerterlies (monsoon flow).

The different studies presented above attest of the great
progress accomplished in the identification and understand-
ing of the role of the oceanic forcing and other synoptic
systems on rainfall variability in West Africa. Most of those
works are, however, much focused on the Sahelian area
and the boreal summer, which account for about 85% of
the Sahelian annual rainfall. The number of studies devoted
to the Guinean Coast is much smaller, and the dynamics
over this region is quite distinct. Indeed, spring rainfall in
the Guinean Coast is controlled by the development of a
cold tongue in the equatorial Atlantic (Nguyen et al. 2011;
Meynadier et al. 2015); this cold tongue can also influence
the rainfall onset of the Sahel without being the main driver
(Caniaux et al. 2011; Steinig et al. 2018). Moreover, those
studies investigated the SST-rainfall relationship in the
Guinean Coast during the summer period. However, 40%
of the annual rainfall falls in this area from October to May
(against 15% in the Sahel). This motivates the present study
which analyzes the oceanic influence on the interannual
Guinean Coast rainfall for all the seasons over the twen-
tieth century and the last decades. The stationarity of the
relationships are then analyzed, and the major SST indices
are pointed out.

2 Data and methods

The present study focuses on the 1901-2016 period. The
monthly rainfall product comes from CRU TS v4.01 (Cli-
mate Research Unit Time Series). It is a gridded rainfall
data which covers only lands at a resolution of 0.5° and
which spans from 1901 to 2016 (Harris et al. 2013; Uni-
versity of East Anglia Climatic Research Unit et al. 2017).
The monthly SST data selected for the analyses are derived
from the version 1 of the Hadley Centre Global Sea Ice and
Sea Surface Temperature (HadISST1) (Rayner 2003), which
extends from 1870 to 2017 at a resolution of 1° latitude by
1° longitude.
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Four different seasons have been considered: the Har-
mattan season or DJF (December, January, February ), the
pre-monsoon season or MAM (March, April, May) , the
monsoon season or JJAS (June, July, August, September)
and the post-monsoon season or ON (October, Novem-
ber). The definition of DJF and MAM are consistent with
Zhang et al. (2006), Abiodun et al. (2012) and Senghor et al.
(2017), while JJAS is consistent with Rodriguez-Fonseca
et al. (2011) and Diatta and Fink (2014).

Monthly SST and rainfall anomalies are first computed
from the linearly detrended SST and rainfall data. Then,
monthly SST and rainfall indices are computed as area-
averaged anomalies over different regions, based on the lit-
erature and defined in Table 1. Particularly, for West Africa,
two rainfall indices are computed for areas lying between
5° N and 10°N and 20° W-10° E. This classic delimita-
tion is based, for example, on the center of action of the

Table 1 Summary of the various indices computed for the analyses

second mode of summer rainfall variability in West Africa.
The leading mode has its main center of action on the Sahel.
Those modes are obtained by applying an Empirical Orthog-
onal Functions (EOFs) analysis (Monahan et al. 2009; Dom-
menget and Latif 2002; Wilks 2011) on rainfall anomalies
over West Africa. For the North Pacific SST index (NPAC),
the monthly SST indices are defined as the standardized
expansion coefficients of the leading EOF mode of variabil-
ity of the northern Pacific Ocean. Besides, seasonal SST and
rainfall indices are derived from the monthly indices by their
averages over months defining each season.

In addition, as much of the rainfall variability of Guinea
Coast occurs on interannual timescales (Diatta and Fink
2014), the present study focuses on that time period. This is
achieved by first applying a low pass Lanczos filter (Duchon
1979) to all the time series of each seasonal index, with a
cutoff of 8 years. The main results do not change if a cutoff

Index definition Lat min Lat max Lon min Lon max Method
GC Guinean Coast 5 10 -20 10 Area average
SH Sahel 10 20 -20 10 “
NATL North Atlantic SST 0 70 -175 - 10 «
MED Mediterranean Sea 30 40 -5 35 «“
MEDE Eastern Mediterranean Sea 30 40 20 35 “
MEDW Western Mediterranean Sea 30 40 -5 20 «
NAT North Atlantic Tropical SST 5 20 —40 -20 «
SAT South Atlantic Tropical SST -20 -5 —15 5 «©
TASI Tropical Atlantic SST meridional gradient - - - - NAT-SAT
TNA Tropical Northern Atlantic 5 25 —55 - 15 Area average
TSA Tropical Southern Atlantic -20 —30 10 «©
ATL3 Atlantic Nifio -3 3 =20 0 «“
NEP North East Pole - 15 —20 10 «
SWP South West Pole —40 =25 =40 -10 o
SAOD South Atlantic Ocean Dipole - - - - NEP-SWP
NINO3 Nifo3 -5 5 — 150 - 90 Area average
NINO34 Nifio3.4 -5 5 - 170 =120
NINO4 Nifio4 -5 5 160 =150
TA Region A -10 10 165 - 140
1B Region B - 15 5 - 110 =70
C Region C -10 20 125 145
EMI El-Nifio Modoki - - - - 1.0- TA-0.5-TB-0.5-TC
IEMI Improved El-Nifio Modoki - - - - 3.0- TA-2.0- TB-1.0 - TC
NPAC North Pacific 20 70 120 - 105 EOF 1
WTIO West Tropical Indian Ocean SST - 10 10 50 70
SETIO Southeastern Tropical Indian Ocean SST - 10 0 90 110
DMI Dipole Mode (Indian Ocean) - - - - WETIO-SETIO
CINDO Center of Indian Ocean =25 10 55 95 Area average
IPWP Indo-Pacific Warm Pool -25 25 40 — 140

Results for indices which names are tilted are not shown in these analyses. Latitudes and longitudes are in °. Some indices are defined by the fol-
lowing link: https://stateoftheocean.osmc.noaa.gov/sur/. Additionally, indices defining El-Nifio Modoki follow Li et al. (2010)
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of 10 years is chosen. This provides low frequency changes
which are secondly removed from the initial seasonal index.
The remaining time series are here considered as the high-
frequency interannual timescale index. For the Guinean
Coast rainfall indices, filtered and unfiltered time series are
also compared. Finally, the stationarity of the covariability
between the rainfall and oceanic modes of variability has
been assessed by performing a running correlation, with dif-
ferent lengths of the sliding window and different starting
years.

The significance level of the Pearson correlation coeffi-
cients calculated in this work has been set to 95% confidence
level according to a Fisher-test. Following Taubenheim
(1969), the significance of a linear correlation r between
two time series x(¢) and y(¢) of size N can be assessed by
computing a critical value of the F parameter defined as:

2
r
F. .=
cri 1-2

(N-2) ey

where N — 2 is the standard degree of freedom (SDOF). To
take into account autocorrelation in the time series, an effec-
tive degree of freedom (EDOF) is computed (Taubenheim
1974; Fink and Speth 1997):

N

L+2 30 S KOK, O @

EDOF =1+

where K (/) and Ky(l) are the autocorrelation functions at lag
l. Then, from the F-distribution withd;, = 1and d, = SDOF
ord, = EDOF degrees of freedom (d, and d, are the degrees
of freedom of the Fisher’s law), the probability (p,,,.) to
exceed the F,; is computed. Therefore, r values are signifi-
cant if p,,;,, < 0.05. The results of the two tests are shown to
highlight differences if our series are autocorrelated.
Finally, we used ERA-20C (Poli et al. 2016), a reanaly-
sis product from the European Centre for Medium-Range
Weather Forecasts to highlight the physical key mechanisms
associated to the strongest connections that are obtained. It
is available for the 1900-2010 period. For each season, SST
index of the main oceanic mode of variability is calculated
from the reanalysis data. Then, this index is standardized
and regressed onto various atmospheric fields to underline
the mechanisms by which the oceanic mode influences the
rainfall in the coastal Guinea. Similarly, circulation fields
associated with each seasonal rainfall index is available
in the Online Resource. Although we have selected stand-
ard observational datasets used in many applications (e.g.
Rowell 2003; Gémara et al. 2017 for HADISST data, and
Diatta and Fink 2014; Bamba et al. 2015; Salih et al. 2018;
Okoro et al. 2019 for CRU data), including in West Africa,
their validation is beyond the scope of this work. One must
keep in mind that some limitations of our results may come
from uncertainties in these datasets (as well as biases in the

reanalysis products) which are the object of several ongoing
studies (e.g. Hirahara et al. 2014; Huang et al. 2016).

3 West Africa: mean climate, annual cycle
and variability

The West African rainfall is dominated by a monsoon system
which is responsible for more than 58% of the annual rainfall
in the Guinean Coast and 84% in the Sahel (the contribution
of each season for the total annual rainfall of the Sahel and
Guinean Coast can be found in Table 2). During the Har-
mattan season (DJF), when northeasterlies are strong over
the region, weak rain falls over West Africa (Fig. 1a). More
intense rainfall occurs in March in coastal areas. During the
MAM season, the rainfall maximum lies between 4° N and
9° N. In June, the rainfall reaches a maximum mean of about
8 mm day ! over the Guinean Coast (Fig. 1b). Then, the rain-
belt moves northward in the Sahel, where the mean rainfall
rate peaks to about 6 mm day~!in August. At the same time,
rainfall slightly decreases over the Guinean Coast. This cor-
responds to the “little dry season” (Adejuwon and Odekunle
2006; Froidurot and Diedhiou 2017; Fink et al. 2017). In
September, the rainfall maximum moves back equatorward,
which implies a second maximum over the Coast of Guinea,
with a mean intensity of more than 8 mmday~'. This cor-
responds to the highest monthly fraction of the annual rain-
fall in the Guinean Coast (16%, Fig. 1b). Consequently, the
Guinean Coast and the Sahel rainfall annual cycles exhibit
two different patterns, with respectively a bimodal and a
unimodal structure (Fig. 1).

A change of the rainfall annual cycle in the Guinean
Coast has been observed during the last century. Regarding
the 1901-2016 period, the annual cycle is characterized by
a bimodal structure, with two maxima, in June and Sep-
tember respectively. When focusing on the four consecutive
20-year periods prior to 1980, this bimodal annual cycle is
well defined. However, after 1980, the bimodality becomes
less pronounced, it even vanishes over 1981-2000, with a
single maximum in August. Then it shifts to September for
the 2001-2016 period (Fig. 2a). The analysis of the monthly
Guinean Coast rainfall variance shows no substantial change
in each month, except July, August and September (Fig. 2b).
However, the rainfall variance has changed for the other
months. For example, low variance is observed over the
1921-1940 period, for July, August and September. Then,
it increases over 1941-1960. For the following period,
the variance decreases for August and September while it
continues to grow in July. In the 1981 — 2000 period, the
variance decreases dramatically for July, while it slightly
increases for August and September. Then, an increas-
ing trend is observed for June, July and September in the
2001-2016 period relative to the 1981-2000. Otherwise, for
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Fig.1 a Time-latitude evolution of rainfall mean over 20° W and
10° E. The green and red lines delineate latitudes corresponding to
the Guinean Coast and Sahel regions respectively. b Annual cycle of

August, the trend is decreasing for those last two periods.
These changes are reflected in the seasonal rainfall indices of
the coast of Guinea (Fig. 3i-1) which will be analyzed rather
than monthly rainfall indices.

Figure 3a—d shows that each Guinean Coast rain-
fall index exhibits a negative trend for the 1901-2016
period. This trend is more pronounced for the pre-mon-
soon and post-monsoon seasons, with a slope of —0.005
and —0.004 mmday~! year™! respectively. For the DJF
and JJAS seasons, the value of the slope is reduced to
—0.002mmday ! year™'. The maximum rainfall vari-
ance of the Guinean Coast rainfall has been obtained in
the monsoon season (JJAS), with a standard deviation of
0.85 mm day_l, followed by the ON, MAM and DJF seasons.
The values obtained for these three seasons are 0.75, 0.5
and 0.22 mmday ™!, respectively. Similar results are found
for the variance of the high pass filtered indices (Fig. 3e, f).
This shows that much of the GC rainfall variability happens
on interannual timescales. In addition, the 20-year sliding
window of the standard deviation of the rainfall is illus-
trated in Fig. 3i-1. The variances obtained are normalized
to the 1901-2016 period. Results show for DJF an increase
of the rainfall variance from the 1950s to the 1970s. For
MAM, the rainfall variance decreases in the first 2 decades,
then it remains constant until the 1960s before increasing.
From the 1970s, a decreasing variance is observed. For
JJAS, a decreasing trend of the variance is observed over
the 1940-2000 period. Then, it increases afterwards. ON
rainfall also shows the same decreasing trend until 1975s,
from which the variance remains constant. For JJAS and
ON, the rainfall variance increases over the 1925-1950
period. The pronounced decrease of the rainfall variance in
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rainfall mean (full lines) and annual rainfall fraction (dotted lines) for
the Guinean Coast (in blue) and the Sahel (in red). Analyses are per-
formed for the 1901-2016 period

the Guinean Coast (particularly in the boreal summer) has
coincided with a reduction of the variability of the Atlan-
tic cold tongue (Tokinaga and Xie 2011). This is due to an
enhanced warming of SST in the Atlantic cold tongue area,
which has decreased the trade winds intensity and lead to a
weakening of upwelling in the eastern equatorial Atlantic.
Consequently, the thermocline has deepened, reducing the
cold tongue and the variability of the Atlantic equatorial
mode as well as the rainfall in the coastal Guinea.
Hereafter the influence of SST modes of variability on
the Guinean Coast rainfall regime will be evaluated sepa-
rately for the four seasons on interannual timescales. Fig-
ure 4a—d presents the spatial distribution of the mean rainfall
over West Africa and its evolution through the seasons. It
shows an increase of the rainfall mean from the Harmattan
season (DJF) to the pre-monsoon season (MAM), mainly
in the Guinean Coast. Then the rainbelt moves northward
in JJAS, with the highest values of rainfall in the Guinean
Highlands and Cameroon mountains. In the post-monsoon
season, the maximum values are located in the Guinean
Coast. Figure 4e—h shows that the core of the Guinean Coast
rainfall correlation pattern (correlation between the seasonal
Guinean Coast rainfall index and the West African rainfall
anomalies) is located in the Guinean Coast latitudinal band
in DJF and JJAS. As shown in Fig. 4a, weak rain falls in the
Sahel in DJF, explaining the southward location of the cor-
relation pattern. For JJAS, differences in the oceanic drivers
of the West African rainfall could explain the main coastal
core of the Guinean Coast rainfall correlation pattern. In
particular, the disappearance of the West African Westerly
Jet (WAW]J) in warm phases of the eastern equatorial Atlan-
tic could reduce the zonal moisture transport onto the Sahel
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Fig.2 a Annual cycle of rainfall in the coast of Guinea (in blue) and Sahel (in red) over different periods of 20 years (the last period counts 16
years). b Standard deviations of the mean Guinean Coast (in blue) and Sahelian (in red) rainfall over sliding 20-year periods

(Lélé and Leslie 2016). In MAM and ON, the Guinean Coast
rainfall correlation pattern extends over whole West Africa.
The corresponding SST patterns are displayed in Fig. 4i-1.
This figure shows high correlation values over large areas

during the Harmattan and monsoon seasons, while in the
pre-monsoon and post-monsoon seasons, the correlation val-
ues are low, and confined in few oceanic areas. In addition,
a reversal of the sign of the correlation is observed between
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Fig.3 a—d Seasonal unfiltered rainfall indices and trends for the
Guinean Coast. The trend over the 1901-2016 period is indicated by
the red lines. Red dashes (shades) show the trend (standard devia-
tion) over periods of at least 20 years from 1901. e-h Low (orange
curves) and high (green bars) frequency components of the unfiltered

the DJF and JJAS seasons in the tropical South Atlantic and
areas in the eastern tropical Indian Ocean and Maritime
Continent (oceanic area between the eastern Indian Ocean
and the western tropical Pacific Ocean). Those observations
show that, throughout the seasons, the interrelation between
the Guinean Coast rainfall and SST changes, and needs to
be evaluated separately.

4 Oceanic forcing of the Guinean Coast
rainfall variability: dominant SST
modes of variability and robustness
of the linkages

4.1 Oceanic forcing of the Harmattan (DJF) Guinean
Coast rainfall

The mean DJF rainfall in West Africa over the 1901-2016
period ranges between 0 and 3 mm day~!, depending on the
location (Fig. 4a). Rainfall during this season corresponds
to about 4% of the annual rainfall over the Guinean Coast
(Table 2). Although this value is low compared to the other
seasons, the DJF Guinean Coast rainfall plays an important
role, as meteorological conditions of that season are crucial
for the growing of agriculture products such as coffee and
cocoa (Ehounou et al. 2019a, b; Lahive et al. 2018). Studies
show that this growth requires an annual rainfall between
1200 and 1500 mm (Dian 1978; Lachenaud 1987, 1991;
Brou et al. 2003; Kassin et al. 2008; Kohler et al. 2010;
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seasonal rainfall anomalies of the coast of Guinea (blue bars). i-1
Anomalies of the sliding 20-year standard deviation of the seasonal
high-pass Guinean Coast rainfall index relative to its full value for
1901-2016. Indices are computed for the period 1901-2016

Saj et al. 2017). Moreover, three consecutive months of dry
conditions could be dramatic for the growth of cocoa, which
is why it is capital to monitor and understand the drivers of
DJF rainfall variability, as this season is the driest one of
the year. The rainfall correlation pattern associated with the
interannual Guinean Coast index has a core of positive val-
ues which principally lies between 5° N and 10° N (Fig. 4e).
To determine the oceanic areas that are related to this rain-
fall mode, the DJF Guinean Coast rainfall index has been
correlated with global SSTAs of the same season (Fig. 41).
The results show that above normal rainfall anomalies in the
coast of Guinea are associated with strong negative SSTAs
in the eastern tropical Pacific, eastern (western) boundaries
of the tropical Indian (Pacific) Ocean. Few oceanic areas in
the tropical South Atlantic and western Mediterranean Sea
present negative correlations, while positive correlations are
obtained in the Red Sea, eastern Mediterranean Sea, extrat-
ropical North Atlantic and tropical North Atlantic.

In a second step, the role of different SST modes of varia-
bility on the West African rainfall in DJF has been evaluated.
The correlation between each SST index and the Guinean
Coast rainfall for all seasons is displayed in Fig. 5. However,
the discussion will be focused on the main SST modes which
results are summarized in Fig. 6. Those oceanic modes have
the strongest impact (highest correlation and best stationarity
feature) on the Guinean Coast rainfall. In agreement with the
DJF large-scale SST pattern in Fig 4i, the EI-Nino (Nifio3),
Indo-Pacific warm pool [IPWP, defined as the oceanic area
within 40° E-140° W, 25° S-25° N, where the SST is above
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Fig.4 a-d Seasonal mean of rainfall rates over West Africa. e-h Cor-
relation between the high-frequency Guinean Coast rainfall index
and the seasonal rainfall anomaly at each grid point. i-1 Correlation
between the high-frequency Guinean Coast rainfall index and SST
anomalies for each season. Contour lines and dots in the correlation

Table 2 Annual rainfall fraction (in %) for each season and each area
(Sahel and Guinean Coast)

DIJF MAM JJAS ON
Sahel (20° W-10°E, 0.2 8.3 84.7 6.8
10°-20° N)
Guinean Coast (20° 3.9 23.3 57.9 14.9
W-10°E, 5°-10°
N)

Fractions are computed for the 1901-2016 period, as a seasonal
cumulative mean rainfall over the cumulative annual rainfall. Those
values are computed from CRU TS v4.01 rainfall data (University of
East Anglia Climatic Research Unit et al. 2017)

! TR | s 0 0 e 0 °
T 10°E180 120°W 60°W 0° 60°E 120°E 180

—— —

-09 -06 -0.3 00 03 06 09 -09 -06 -03 0.0 0.3 0.6 0.9

patterns represent significant values at 95% confidence level accord-
ing to a F test with respectively a standard degree of freedom and the
effective degree of freedom. Analysis is performed for the 1901-2016
period

28 °C all the year, (Weller et al. 2016; Deckker 2016)] and
Atlantic Nifio (ATL3) indices are negatively correlated with
rainfall anomalies in the Coast of Guinea, while the eastern
Mediterranean SST index shows overall positive correlations
(Fig. 6a—e). The influence of the Atlantic Nifio is located in
the western area of the Guinean Coast, while that of IPWP
is more pronounced in the northeastern boundary of Guinea
Coast, as well as in the southwestern coast. Relative to the
IPWP SST index, indices of El-Nifio have few significant
correlations with the rainfall anomalies in West Africa. As
for the eastern Mediterranean SST index, the significant cor-
relations lay between 5° W-5° E and 7°N-10° N. The spatial
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Fig.5 Correlation between different SST indices and the Guinean
Coast rainfall index for different seasons (1901-2016 period). Sig-
nificant values at 95% confidence level based on a F test taking into
account serial correlations are shown in bold

pattern of the West African rainfall correlation with each
oceanic mode of variability is instructive. It shows the spa-
tial rainfall differences in response to the influence of a given
oceanic internal mode of variability.

Although Figs. 4i-1 and 5 show the most robust linkages
over the full 1901-2016 period, they could not identify the
stationarity of those links nor provide any information about
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the periods over which the connections were the strongest.
There is then a need to test the changes in the correlation
according to the length of the samples as well as their start-
ing year. The robustness of the DJF SST-rainfall relation-
ships has been evaluated and displayed in Fig. 7a—e. For
the 1901-2016 period, the IPWP index has the strongest
correlation of — 0.23 with the Guinean Coast rainfall index.
The correlation remains constant (the sign) and significant
for samples wider than 65 years in that period, with val-
ues between — 0.4 and — 0.2. For samples which sizes are
between 20 and 65 years and starting in the 1920s—1970s
period, this anticorrelation strengthens, with predominant
values ranging between —0.75 and — 0.4. This highlights
that the influence of the IPWP happens mainly on interan-
nual timescales. Likewise, IPWP, ATL3 and Nifio3 indices
present overall similar changes of their correlation with the
GCR index. In addition, the interannual indices of NINO,
and IPWP are strongly coupled all the time, whereas the
IPWP interannual linkage with the coastal Guinean rain-
fall takes place when the IPWP co-varies with the tropical
South Atlantic. Consequently, the weakening of the cou-
pling between IPWP and ATL3 before 1920s and after 1970s
could explain the non-stationary correlations between the
IPWP SST and GCR on interannual timescales (Fig. S14,
Online Resource). This is illustrated in the Figures S6 and
S7d (Online Resource): over the 1925-1970 period, the
ATL3 is positively correlated with SSTAs in the tropical
oceans, while over 1980-2016, the core of the ATL3 correla-
tion pattern with SSTAs is mainly restricted to the Atlantic
equatorial and southern basin. Consistently, the 1925-1970
correlation between the GCR index and SSTAs (Fig. S2i,
Online Resource) shows negative values in the whole trop-
ics, while over 1980-2016, weak coupling is found in tropi-
cal South Atlantic (Fig. S3(i), Online Resource). During
the 1925-1970 period, a well pronounced negative rainfall
correlation with IPWP and ATL3 extends over the Guinea
Coast and north of 10° N (Figs. S4b and d, Online Resource).
For 1980-2016, except in very localized small areas, weak
correlations are found between rainfall anomalies in Guinea
Coast and the SST indices (Figs. S5a—e, Online Resource).

Results with one single 31-year sliding window are avail-
able in Fig. 8, which illustrates the methodology of the sta-
tionarity evaluation for a particular window length. It can be
seen that for the DJF season (Fig. 8a—¢), the eastern Medi-
terranean SST and the Guinean Coast rainfall correlation
is positive but hardly significant between 1930s and 1950s.
For the IPWP SST index, the correlation with the Guinean
Coast index is stationary from 1935s to 1985s, with val-
ues ranging between — 0.6 and — 0.4. In addition, the Nifio3
mode is in opposite phases with the Guinean Coast rainfall
in the 1950-1985 period (correlation between — 0.6 and
—0.2). Finally, the ATL3 mode shows negative correlations
(between — 0.6 and — 0.3) in the 1940-1975 period. Note
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Fig. 6 Rainfall patterns associated with the main SST modes of vari-
ability for each season: a—e DJF, f—j MAM, k—o JJAS, p—t ON. Those
patterns are obtained by correlating the interannual SST indices with

that the rainfall index relative to the Sahelian area exhibits
a similar stationarity relation with those selected SST indi-
ces. The correlations obtained are, however, less significant
in general. Lagged correlations between the DJF GCR and
the indices of successive 3-month SSTAs averaged over the
IPWP and prior to DJF are computed. Results show a robust
negative correlation 2 months in advance (Fig. S1a, Online
Resource).

This analysis has demonstrated that over the 1925-1970
period, the GCR variability has been mainly driven by tropi-
cal SST. Next, the mechanisms associated with IPWP are
diagnosed. From the reanalysis data, SSTAs are regressed
onto the standardized high-pass SST index of the IPWP over
the 1925-1970 period (a time period chosen in the period of

NG W

B : NI
15°W10°W 5°W 0 15°W10°W 5°W 0° 5°E

rainfall anomalies in West Africa. Contour lines and dots indicate
significant correlations at 95% confidence level according to a F test
with a standard and effective degree of freedom, respectively

stationary linkage between IPWP and GC). Results indicate
a global warming of the tropical basins related to a warming
of the IPWP. Moreover, this warming is more pronounced
in the central and eastern Pacific Ocean, and appears as an
El-Nifio-like SST pattern (Fig. 9a), which would connect
West Africa by the propagation of a Kelvin (Rossby) wave
to the East (West) (Rowell 2001; Gill 1980; Matsuno 1966).
A warming in the eastern Pacific leads as a result to a ris-
ing over the Pacific and a divergence at upper levels. This
is illustrated in Fig. 9b, where at 300 hPa, a pair of anticy-
clones is present over the eastern Pacific, as well as mini-
mum negative potential velocity (Fig. 9c). Over West Africa,
the upper-level circulation is characterized by a convergence
at 300 hPa, and a subsidence which dries the atmosphere
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Fig. 7 Running correlation between the interannual component of the
Guinean Coast rainfall index and indices of the main SST modes of
variability for different starting years (horizontal axis), different win-
dow lengths (vertical axis) and different seasons: a—e DIJF, f—j MAM,
k-o JJAS, p-t ON. Contour lines and dots represent significant cor-

(Fig. 10a). These conditions stabilize the Guinean Coast
atmosphere, thus reducing its rainfall. A similar circulation
pattern is obtained when regressing the atmospheric fields
onto the Guinean Coast rainfall index (Fig. S10, Online
Resource), as it is the case for Nifio3 and ATL3 (Fig. Sllc,
d, Online resource). In the ATL3 positive phases, notherlies
converge over the above normal warm sea in the tropical
south Atlantic, southward the equator (at around 10° S).
Subsequently, the surface winds diverge in Guinea Coast
and imply a downward flow which stabilizes the atmosphere.

This analysis has demonstrated that in general, except in
the eastern Mediterranean area, the SST changes display a
negative correlation with the Guinean Coast rainfall. For
some periods, and for long samples, robust linkages are
drawn out between several important SST modes of vari-
ability and the Guinean Coast rainfall. The results suggest a
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leading role of the tropical basins in driving the DJF Guin-
ean Coast rainfall, mainly during 1925s—1970s.

4.2 Oceanic forcing of the pre-monsoon (MAM)
Guinean Coast rainfall

The pre-monsoon season accounts for 23% of the Guinean
Coast annual rainfall (Table 2). Over the 1901-2016 period,
the MAM rainfall average ranges between 0 and 3 mm day ™
in most of the areas north of 10° N. South of this limit,
the mean rainfall rate increases, and fluctuates between 3
and 7 mm day~! (Fig. 4b). The MAM Guinean Coast rain-
fall mode has a correlation pattern which extends from the
coastal areas to the northernmost area of the Sahel (Fig. 4f).
The correlation values are overall positives. However, the
highest values (between 0.3 and 0.7) are mainly located in
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Fig.8 Running correlation of 31-year sliding window between the
Guinean Coast rainfall and SST modes of variability for different sea-
sons (blue curves): a—e DIJF, f-j MAM, k—o JJAS, p—t ON. Results
for the Sahel (red curves) are also shown (but not discussed). Stars

the Guinean Coast region. Broadly, compared with the SST
pattern obtained in the Harmattan season, the MAM SST
anomalies are weakly correlated with the Guinean Coast
rainfall index (Fig. 4j). This SST pattern shows significant
negative correlations in the tropical South Atlantic, central
subtropical South Pacific, and western Mediterranean Sea.
In the subtropical South Atlantic and eastern tropical North
Pacific, the correlations are positive in very small areas, with
similar absolute values.

From Fig. 5, it can be seen that the South Atlantic Ocean
Dipole index has the highest correlation with the Guinean
Coast rainfall index for the 1901-2016 period (— 0.29), fol-
lowed by the tropical South Atlantic and the tropical Atlantic
SST meridional gradient indices (0.23 and — 0.23 respec-
tively). The results of the correlation between the main
SST indices with the Guinean Coast rainfall in MAM are
represented in Fig. 6f—j. They suggest that years of warm
(cold) phases of the tropical South Atlantic or the South
Atlantic Ocean Dipole are associated with a reduction (an

Seway

\’W— SAOD , SH

—— SAOD, GC

and dots mark significant values at 95% confidence level based on a F
test with a standard degree of freedom. Years in horizontal axes rep-
resent the middle of the 31-year sliding window

intensification) of the West African rainfall. In the coast of
Guinea, significant values of the spatial correlation between
the TSA and SAOD indices and anomalies of rainfall are
mostly restricted to the central southernmost and eastern
areas. Finally, the Mediterranean Sea (mainly the western
area) also exhibits significant negative correlations in a
localized area over to the central coastal regions. The anal-
ysis of the robustness of the MAM SST-rainfall interrela-
tion confirms that the South Atlantic Ocean Dipole has the
strongest and most stationary link with the Guinean Coast
rainfall (Figs. 7j, 8j). For samples starting between 1901
and 1940, and for periods between 20 and 65 years, the cor-
relations calculated range between — 0.4 and —0.6. In the
first 2 decades of the twentieth century, they exceed — 0.6
for shorter samples. Interestingly, this negative correlation
is reversed in the 1980s, where a strong coupling has been
found between the Nifio3 and the Guinean Coast rainfall
indices. As a result, after the 1980s, El-Nifio positive phases
are associated with anomalous cooling in the eastern tropical
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Fig.9 DIJF: regression of a sea surface temperature anomalies
(colors, in °C), sea level pressure anomalies (blue and red contours,
in hPa), surface winds anomalies (arrows); b 300 hPa anomalies of
streamfunction (colors) and non-divergent component of the wind
(arrows); ¢ 300 hPa anomalies of potential velocity (colors) and
divergent component of the wind (arrows) onto the standardized high-

South Atlantic (Fig. S7f, i, j, Online Resource), causing a
reduction of rainfall over costal Guinea (Fig. S5f, Online
Resource). Thus, the reduction effect of El-Nifio should
weaken or dominate the rainfall increase related to the
cooling of the tropical South Atlantic during this season
(Fig. S5i, j, Online Resource). Before the 1980s, the eastern
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¢ indicate significant shaded values at 95% confidence level, accord-
ing to a Student test. The regressions are computed for the 1925-1970
period. The blue box indicate the area used to compute the Indo-
Pacific warm pool SST index

tropical Pacific and the tropical South Atlantic are weakly
connected (Fig. S6f, i, Online Resource). Furthermore, the
rainfall and SST correlation patterns displayed by indices
of the tropical South Atlantic and the South Atlantic Ocean
Dipole are similar, as well as their stationarity features.
Incidentally, remote effects of SST changes in the western
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Fig. 10 Regression of anomalies of specific humidity (colors) and
moisture flux (arrows) at 850 hPa onto standardized high-pass SST
indices of a IPWP, b SAOD, ¢ ATL3, d MEDE. Red contours indi-
cate significant specific humidity at 95% confidence level. The blue

Mediterranean Sea on the MAM coastal Guinean rainfall
are globally weak and not significant for shorter timescales.
Lagged correlations between the GCR in MAM and the
successive 3-month means of SST indices indicate that the
influence of the tropical South Atlantic and the meridional
SST gradient in the tropical Atlantic (TASI, also called the
interhemispheric SST mode) starts 2 months in advance,
while the delay is 1 month for the South Atlantic Ocean
Dipole (Fig. S1b, Online Resource). Further analyses (not
shown) demonstrate that the northern and southern core of
TASTI are not simultaneously coupled between them (which
is in accordance with Gu 2010) nor with the Guinean Coast
rainfall. As for the SAOD, much of the strong correlations
in the stationarity analysis between TASI and GCR coin-
cide with that of the tropical South Atlantic and GCR. This
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reaveals the importance of the tropical South Atlantic in
driving the MAM Guinean Coast rainfall, which could be
strengthen by the development of the southern (northern)
core of the SAOD (TASI).

From the reanalysis data, the regression map of SSTAs
and surface winds associated with the standardized SAOD
index (regression over the 1901-1946 period, Fig. S8b,
Online Resource) shows that positive phases of the SAOD
are associated with warm SST anomalies in the most part of
the tropical South Atlantic and cold SSTAs in its south-west-
ern area. According to Lindzen—Nigam process (Lindzen
and Nigam 1987), these surface gradients of SST anomalies
induce anomalous surface pressure gradients which acceler-
ate South-North surface winds from the South West Pole to
the North East Pole. In addition, at the equator, winds are
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northwesterlies. This winds combination produces a surface
convergence between 10° S and the equator, followed by an
ascent centered at 4° S in the eastern tropical South Atlantic.
At upper-levels, the divergent northward wind favors a con-
vergence over West Africa and a subsidence which decreases
its humidity (Fig. 10b). In the tropical South Atlantic, posi-
tive values of the vertically integrated moisture flux conver-
gence are observed over 0° S—10° S, while they are nega-
tive north of the equator, including West Africa (Fig. S9b,
Online Resource). The moisture flux divergence in the cost
of Guinea is consistent with the subsequent rainfall reduc-
tion. Consistently, the circulation fields related to the coastal
Guinean rainfall point out a dipole-like pattern of SSTAS in
the tropical South Atlantic, and a similar circulation feature
(Fig. S12a, b, Online Resource). It also shows in the tropical
Atlantic a pattern reminiscent of the interhemispheric mode
which is in opposite phase with the SAOD, and increases
the cross-equatorial northerlies and their convergence in the
north east pole of the SAOD.

The opposite phase relationship between the MAM GCR
and the SST anomalies in the tropical South Atlantic is in
agreement with the finding of Meynadier et al. (2015), who
linked the appearance of a cold tongue in the eastern equato-
rial Atlantic to the beginning of the early raining season in
the coastal regions of West Africa (also Nguyen et al. 2011;
Leduc-Leballeur et al. 2012). These cold SST conditions
increase the northern front of the cold tongue which accel-
erates northerlies from the equator to the coast of Guinea.
Accordingly, moist air is brought to the Gulf of Guinea
and marks the onset of the raining season. Moreover, the
appearance of the Atlantic cold tongue has been shown to be
related to a strengthening of southeasterlies associated with
the northward march of the St Helena anticyclone. It results
in an intense upwelling around 4° S (Caniaux et al. 2011).

In summary, except in years around 1980 and afterward,
SST changes in the tropical South Atlantic are the main oce-
anic drivers of the Guinean Coast rainfall variability during
the pre-monsoon season. This influence is reinforced by the
development of the southern (northern) lobes of the South
Atlantic Ocean Dipole (Interhemispheric SST mode). Note
that for the selected SST modes, the Sahelian and Guinean
Coast rainfall indices have similar covariability stationarity
features (Fig. 8f—j).

4.3 Oceanic forcing of the monsoon (JJAS) Guinean
Coast rainfall

The JJAS rainfall accounts for 58% of the Guinean Coast
annual rainfall (Table 2). Note that the monsoon season in
this analysis contains 4 months, unlike the other seasons
which have 2 or 3 months. The spatial distribution of the
average seasonal rainfall rate reveals highest values (between
7 and 19 mm day_l) in the westernmost (18° W-7° W) and
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easternmost (4-10° E) areas of the Guinean Coast (Fig. 4c).
In the rest of that zone, the rainfall mean values lie between
3 and 7 mm day~". The rainfall correlation pattern that char-
acterizes the Guinean Coast rainfall variability during this
season shows positive values that are positioned in the 5-10°
N latitudinal band, stretching from West to East (Fig. 4g).
North of 10°N, significant negative weak correlations are
obtained in the eastern Sahel. This reveals that the mon-
soon Guinean Coast rainfall mode is well separated from the
Sahelian mode, and this could be explained by differences
in external SST forcing of the West African rainfall. For
instance, Polo et al. (2008) have analysed the covariability
between the boreal summer West African rainfall and the
tropical oceanic basins. They showed that the leading mode
links the Guinean rainfall mode with the Atlantic Equato-
rial mode, while the Sahelian rainfall mode is more related
to the Mediterranean Sea surface temperature changes. In
parallel, the West African Westerly Jet (WAWJ) makes an
important contribution to the zonal moisture transport onto
the Sahel, as several studies showed a reduction of the rain-
fall in the Sahel associated with a negative zonal moisture
transport, and a weakening of the WAWIJ (LEI€ et al. 2015).
The global-scale SST influence on this jet in summer, could
impact its moisture supply to the Sahel, whereas Guinea
Coast remains under a more regional SST control.

The Guinean Coast rainfall index correlation with SSTAs
in boreal summer highlights two main subregions in the
Atlantic Ocean (Fig. 4k). On the one hand, a core of positive
correlations appears in the region across the equatorial and
southeastern tropical Atlantic. Above (below) normal SST
in that region produces positive (negative) Guinean Coast
rainfall anomalies. On the other hand, in the southwestern
tropical Atlantic, negative correlations are obtained, mean-
ing that below (above) normal SST conditions in that area
are associated with an increase (a decrease) in rainfall in
the Guinean Coast. Additionally, significant positive cor-
relation values are found in the subtropical North Atlantic,
offshore areas in the extratropical North Atlantic and the
western tropical Pacific. Weak correlations are seen in the
eastern tropical Pacific and Indian Ocean, while negative
values are obtained in the Maritime Continent oceanic area
and eastward.

The Atlantic Nifio and the South Atlantic Ocean Dipole
appear as the fundamental oceanic internal modes of vari-
ability associated with the boreal summer Guinean Coast
rainfall variability. The sign of their correlation is opposite
compared with the MAM season. For the 1901-2016 period,
both modes have a positive correlation with the Guinean
Coast rainfall index, with values of 0.67 and 0.63 for ATL3
and SAOD, respectively (Fig. 5). Figure 6n, o indicate that
they tend to create a dipole rainfall pattern in West Africa,
with a band of positive correlations in Guinea Coast and
negative values in Sahel (Adler et al. 2003; Nnamchi and
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Li 2011). Then, warm (cold) phases of the Atlantic Nifio
or South Atlantic Ocean Dipole are associated with rain-
fall anomalies of positive (negative) sign in the Guinean
Coast and negative (positive) sign in the Sahel. This dipole
is present in our analysis because of the long period over
which the analysis is performed. It was strong over the
1901-1970 period (Fig. S4n—o0, Online Resource), while
it weakens afterward (Fig. S5n—o, Online Resource). This
is explained by the fact that the global SST in the tropical
basins have started to covary with the rainfall in West Africa.
After 1970s, positive SST anomalies in the eastern Atlantic
equatorial area are indeed associated with negative (positive)
SST anomalies in the equatorial eastern Pacific (Maritime
Continent oceanic area) , while before 1970s the linkage
with the eastern equatorial Pacific is non-existent (Figs. S6
and S7n—-o, Online Resource). Thus, as shown by Losada
et al. (2012) an increased rainfall over the Sahel associated
with those La-Nifia conditions cancels the negative rain-
fall anomaly induced in the Sahel by warm phases of ATL3
(Losada and Rodriguez-Fonseca 2015). Regarding the tropi-
cal Pacific, Indian Ocean and the Mediterranean Sea, their
influences are more concentrated on the Sahelian area in
JJAS over the 1901-2016 period (Fig. 6k—m).

The strong positive correlation between the Guinean
Coast rainfall index and both ATL3 and SAQOD is station-
ary over the whole period investigated and at all timescale
(Figs. 7n, o, 8n, 0). Significant correlation values are gener-
ally between 0.5 and 0.8, and exceed 0.8 in several cases.
Additionally, the Nifio4 and Guinean Coast indices have a
non-stationary linkage, with significant negative correlations
in the early and last decades of the 1901-2016 period. As
for the Indian Ocean, a coupling is found in the 1970s, with
negative correlations (Fig. 7i).

Lagged correlations between the JJAS rainfall index
of the coast of Guinea and SST indices averaged over the
successive 3-month prior to JJAS are displayed in Fig. Slc
(Online Resource). Results show a robust negative (positive)
correlation with the meridional SST gradient in the tropical
Atlantic (tropical South Atlantic ) 8 (7) months in advance.
Indices of the South Atlantic ocean dipole and Atlantic Nifio
display the highest correlation (around 0.6) for the first 3
lags and their influence is notable 5 months in advance.

During the monsoon season, ATL3 positive phases lead
to a warming of the eastern equatorial Atlantic, which
decreases the surface pressure gradient between West Africa
and the Atlantic Ocean (Fig. S8c, Online Resource). Trade
winds are subsequently weakened, altering the northward
penetration of the monsoon flow into West Africa. Moist air
converges over the warm water at the equator, rises and is
advected to coastal Guinea, as shown in Fig. 10c. The con-
vergence of the moisture flux over the Guinean Coast (Fig.
S9c, Online Resource) contributes to increase its rainfall
(Giannini 2003; Polo et al. 2008; Rodriguez-Fonseca et al.

2015; Suarez-Moreno et al. 2018). In sum, the JJAS rain-
fall variability in the Gulf of Guinea is more driven by SST
changes in the equatorial and tropical South Atlantic due to
the Atlantic Equatorial mode and the South Atlantic Ocean
Dipole. A similar circulation feature is obtained when sur-
face and atmospheric fields are regressed onto the Guinean
Coast rainfall index (Fig. S12c, d, Online Resource).

4.4 Oceanic forcing of the post-monsoon (ON)
Guinean Coast rainfall

The post-monsoon season (October and November) accounts
for 15% of the Gulf of Guinea annual rainfall (Table 2). The
rainfall mean vary between 1 and 12mmday~' over the
coastal region, with maxima located in its easternmost and
westernmost sectors (Fig. 4d). The center of action of the
rainfall correlation pattern related to Guinea Coast rainfall
mode covers all the West African region, with positive val-
ues everywhere. However, correlation maxima stretch across
7° N and 12° N (Fig. 4h). The variability of the Guinean
Coast rainfall in ON is in phase with SST changes in the
eastern Mediterranean basin, the Red Sea and in very limited
tropical South Atlantic areas (Fig. 4i). Overall, the tropical
basins are weakly connected with the ON rainfall changes
in Guinea Coast.

For the 1901-2016 period, the eastern Mediterranean
SST and Guinean Coast rainfall indices present the highest
correlation value, 0.37 (Fig. 5). Warm (cold) phases of this
oceanic basin cause more (less) rainfall over West Africa,
as illustrated in Fig. 6r. During the first half of the twentieth
century, the coupling between MEDE and GCR is weak and
significant for only long timescales (above 35 years). This
connection strengthens from the 1950s, where their correla-
tion values are higher than 0.4 for all timescales above 10
years (Figs. 7r, 8r). During the 1950-1995 period, warm
phases of the eastern Mediterranean Sea in ON are associ-
ated with a warming of the equatorial and eastern tropical
South Atlantic and an increase of the rainfall in the Gulf of
Guinea (Fig. Sér, Fig. S4r, s, Online Resource). Neverthe-
less, prior to the 1950s, SST changes in the eastern Mediter-
ranean Sea are weakly and negatively correlated with SSTAs
in the tropical South Atlantic. A warming of the eastern
Mediterranean Sea is associated with a cooling of the eastern
equatorial Atlantic (Fig. S7r, Online Resource), potentially
cancelling their respective effect on the rainfall in the coastal
Guinea. As a consequence, the connection between the east-
ern Mediterranean Sea and the Guinean Coast vanishes over
that period. In addition, the correlation between the GCR
index and SST anomalies over the 1901-1950 period sug-
gests a strong coupling with SST in the Maritime Continent
area, where significant negative values appear. Elsewhere in
the tropical basins, the connections are weak, while positive
correlations are seen in the eastern Mediterranean basin.
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Those changes in the covariability between the different oce-
anic basin have been shown to produce non-stationarities in
the teleconnections processes (Sudrez-Moreno et al. 2018).

Furthermore, the Atlantic Equatorial mode displays posi-
tive correlations with rainfalls located along the coast of
West Africa, while the indices of Nifio3 and CINDO show
significant positive correlations stretching from the north-
ern limit of the Guinean Coast to Sahel (Fig. 6p, g, s). The
influence of ATL3 is noticeable only for shorter timescales
over the 1995-2016 period (Fig. 7s). The influence of Nifio3
is significant for longer samples (above 35 years) starting
before 1970 (Fig. 7p) whereas for shorter samples, no robust
link is found.

Several studies show that warm phases of the eastern
Mediterranean Sea in summer are associated with a rising of
moist air over the basin, which in turn is transported south-
ward by the local wind circulation. This leads to a moisture
convergence in the Sahel and Coast of Guinea, with a sub-
sequent increase in rainfall (Fontaine et al. 2009; Gaetani
et al. 2010). Regression analysis over the 1950-1995 period
during ON reveals that warm situations of the eastern Medi-
terranean Sea (Fig. S8d, Online Resource) lead to a rising of
moist air over the eastern basin, which is then transported by
low-level northeasterlies (between 700 and 850 hPa) toward
West Africa (Fig. 10d). In addition, moist air from the Atlan-
tic Ocean is brought by the low-level westerlies, southeaster-
lies and northerlies (in the West flank of the North Africa).
Those winds increase the moisture supply to West Africa.
Analogously, the regression of the circulation fields onto the
Guinean Coast rainfall shows an important warming in the
eastern Mediterranean basin (Fig. S13a), and the presence
of a cyclonic circulation over northern Africa which trans-
ports equatorward moisture by its western flank into West
Africa (Fig. S13b,d). A low-level eastward component of the
moisture flux is also present in Fig. S13c, resulting in more
rainfall over West Africa.

In conclusion, only changes of the eastern Mediterranean
SST have a strong and stationary correlation with the inter-
annual Guinean Coast rainfall in the post-monsoon season.
Anomalous warming over the Mediterranean Sea strength-
ens the Saharan Heat Low (SHL) which is in accordance
with Diakhaté et al. (2019) hypothesis. Moreover, the mari-
time extension of the SHL induces over the tropical North
Atlantic, a cyclonic circulation that provokes in its south-
ern flank a strong low-level westerly jet (Grodsky 2003; Pu
and Cook 2010; Liu et al. 2019) which transports humidity
toward the coastal Guinea, leading therefore to an increased
rainfall. This mediterranean influence is noticeable 2 months
in advance, as shown in Fig. S1d (Online Resource), and is
the most robust of the lagged correlations between the SST
indices and the ON GCR index. Note that, in this season, the
linkages between the Nifio3, MEDE and the Guinean Coast
rainfall are similar to the one obtained with the Sahelian
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rainfall. Moreover, Sahelian rainfall linkages with the Indian
Ocean and Nifio3 are more significant than in the Guinean
Coast case (Fig. 8p-1).

5 Conclusion

This study has analyzed the interannual variability of rainfall
in the Guinean Coast region and its links with SST changes
over the 1901-2016 period. Unlike numerous studies, our
analysis is not restricted to the monsoon season (which
only accounts for 58% of the annual rainfall in this region)
and highlights how the links between rainfall and SST vary
according to the season.

Our results show that the JJAS Atlantic influence on
the Guinean Coast rainfall is stronger than the impact of
all other basins and for all other seasons. The Harmattan
(DJF) Guinean Coast rainfall interannual variability has been
highly influenced by SST changes in the tropical basins over
1925-1970. Variability of the Indo-Pacific warm pool, El-
Nifio and Atlantic equatorial mode are anticorrelated with
the interannual Guinean Coast rainfall. In DJF, years of
larger than average SST in the IPWP are associated with pos-
itive SST anomalies in the eastern tropical Pacific. The SST
imprint of those conditions appears like an El-Nifio event
which leads to an eastward/westward propagation of Kelvin/
Rossby waves through the atmosphere. This enhances a high
level wind convergence over the Guinean Coast, followed
by a downward motion of the air column (Rowell 2001),
stabilizing the Guinean Coast atmosphere and reducing its
rainfall. Moreover, after the 1980s, the connection between
the IPWP and the equatorial Atlantic has weakened. This
might have reduced the remote effect of IPWP SST changes
on the Guinean Coast rainfall.

The pre-monsoon (MAM) and the monsoon (JJAS)
rainfall variability of the Guinean Coast are mainly associ-
ated with the South Atlantic Ocean Dipole and the Atlantic
Nifio. Those SST modes are negatively correlated with the
pre-monsoon Guinean Coast rainfall, with the strongest
impact displayed by the SAOD. Their linkages with the
rainfall fluctuations in coastal Guinea are stationary from
1901 to 1980. Afterwards, an inversion of the correlation
occurs and is potentially due to the strengthening of the
El-Nifio remote effect. Contrary to the MAM season, the
Atlantic Nifio and the South Atlantic Ocean Dipole are
both positively correlated with the JJAS Guinean Coast
rainfall index. Those SST-rainfall interannual interre-
lations are stationary over the 1901-2016 period, and
stronger than in the previous season. The Atlantic Nifio
and the Guinean Coast rainfall indices have the highest
correlation value for that period. Positive phases of the
SAOD and ATL3 modes are associated with negative (pos-
itive) Guinean Coast rainfall anomalies in the pre-monsoon
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(monsoon) season. Similar physical mechanisms explain
the linkages between those Atlantic modes and the Guin-
ean Coast rainfall. In summer, when the SAOD or ATL3
index is above normal, positive SSTAs in the eastern tropi-
cal Atlantic lead to a surface winds convergence at the
equator and a strong ascent. Moist air is then advected into
the Guinean Coast, increasing the rainfall. In the case of a
positive phase of the SAOD, the surface wind divergence
in the South West Pole strengthens the convergence in the
ATL3 area (Nnamchi and Li 2011). In MAM, the surface
convergence zone due to the anomalous warming of the
tropical South Atlantic in positive phases of the SAOD,
is shifted south of the equator. This leads to anomalous
subsidence over the coast of Guinea, and a reduction of
its rainfall.

The post-monsoon Guinean Coast rainfall regime is more
correlated with SST changes in the eastern Mediterranean
Sea on interannual timescales. The analysis of their indices
shows that they have a positive correlation which is strong
and stationary over the 1950-2016 period. The Guinean
Coast rainfall increase (decrease) coincides with a zonal
incoming (outgoing) low-level moisture flux induced by a
strengthening (weakening) of the low level westerly jet in
the southern flank of a cyclonic circulation over the tropical
North Atlantic, driven in turn by a decrease (increase) of the
mean sea level pressure anomalies. This cyclonic circulation
over the tropical North Atlantic appears as a maritime exten-
sion of the strengthened Saharan Heat Low associated with
the anomalous warming in the eastern Mediterranean sea.
Interestingly, the robust linkages drawn out provide notable
different lagged correlations which are important for the sea-
sonal rainfall forecasting in the coastal Guinea. For DJF, the
influence of the IPWP can be predicted 2 months in advance.
For the MAM rainfall, the tropical South Atlantic and the
meridional SST gradient in the tropical Atlantic present
noticeable correlations 2 months in advance. Five months
early, the JJAS rainfall is in phase with SST changes in the
Atlantic Nifio area, while for the ON rainfall, the influence
of the eastern Mediterranean Sea can be forecasted 2 months
ahead.

Further analyses are still needed to better assess the
large-scale oceanic influences on the interannual, decadal
to multidecadal variability of the Harmattan, pre-monsoon
and post-monsoon rainfalls in the coastal Guinea. It would
be particularly valuable to further investigate the time-
lagging influence of the oceanic basins, which could be
done e.g. via statistical methods like the extended maxi-
mum covariance analysis. Finally, our results provide
observationally-based diagnostics that could be used for
the evaluation of historical simulations performed with
climate models. Conversely, SST sensitivity experiments
are needed to identify the mechanisms behind those sta-
tistical relationships. From this perspective, the Global

Monsoons Model Intercomparison (GMMIP) simula-
tions performed in CMIP6 (Zhou et al. 2016) should help
address this issue.
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