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ABSTRACT: Rainfall characteristics are crucial in monsoon regions, in particular for agriculture. Crop yields indeed
depend on the rainfall seasonal amounts, but also on other rainfall characteristics such as the onset of the rainy season or
the distribution of rainy days. In the Sahel region, while the average amount of seasonal rainfall has been shown to be
marked by strong decadal variability, the modulation of rainfall characteristics has received less attention in the literature
so far. In this study, we show that the frequency of light, heavy, and extreme rainfall events and the mean intensity of rain-
fall events in Senegal exhibit a marked decadal variability over the 1918–2000 period, strongly similar to that of the mean
seasonal rainfall. The decadal modulations of these events show a strong and positive link with the Atlantic multidecadal
variability (AMV). Indeed, positive sea surface temperature anomalies over the North Atlantic and Mediterranean related
to a warm AMV phase are associated with negative sea level pressure anomalies over the northern Atlantic and a north-
ward shift of the intertropical convergence zone. We also find that the onset and cessation dates as well as the length of the
rainy season show relatively less decadal variability, which is more related to the interdecadal Pacific oscillation (IPO),
a positive phase of the latter leading to a late onset, an early cessation, and an overall shorter rainy season in Senegal.
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1. Introduction

The Sahel is a semi-arid region of North Africa located be-
tween latitudes 108 and 208N. The rainfall in this region expe-
riences significant variability at different time scales. Many
authors have described and studied the variability of Sahelian
rainfall at intraseasonal (e.g. Sultan et al. 2003; Maloney et
Shaman 2008; Gaetani et al. 2010; Janicot et al. 2011), interan-
nual (e.g. Losada et al. 2010; Rodrı́guez-Fonseca et al. 2011;
Mohino et al. 2011b; Rodrı́guez-Fonseca et al. 2015), and de-
cadal time scales (e.g. Folland et al. 1986; Palmer 1986; Giannini
et al. 2003; Mohino et al. 2011a) as well as future projections of
Sahel rainfall trends (e.g. Biasutti 2013).

The decadal variability of the seasonal amount of rainfall in
the Sahel is very high, representing approximately 50% of the
total year-to-year rainfall variance (Kitoh et al. 2020). Several
studies have highlighted the fundamental role of sea surface
temperatures (SSTs) for this decadal variability (Folland et al.
1986; Palmer 1986; Rowell et al. 1992; Giannini et al. 2003; Lu
and Delworth 2005; Mohino et al. 2011a). Mohino et al.
(2011a) have related the decadal variability of rainfall in the
Sahel during the twentieth century to the joint influence of
the Atlantic multidecadal variability (AMV), the interdecadal
Pacific oscillation (IPO), and the long-term global warming
(GW) SST trend. In addition, recent studies have suggested
that anthropogenic aerosols are the primary driver of the
forced Sahelian rainfall decadal variability in the late twentieth

century (Hirasawa et al. 2020; Marvel et al. 2020; Bonfils et al.
2020). However, the decadal variability of rainfall characteris-
tics in the Sahel over the historical period has received less at-
tention in the literature so far. This could be explained in part
by the unavailability of sufficiently long time series of daily
rainfall data. Nevertheless, rainfall characteristics have impor-
tant implications on Sahelian agriculture and are relevant for
effective planning. For example, the development and yield of
millet, sorghum, and maize depend on the rainfall amount, the
onset and cessation dates of the rainy season, and the seasonal
distribution of rainy days and dry spells (Misra and Misra 1991;
Le Houerou 1992; Sivakumar 1992; Oladipo and Kyari 1993;
Sultan et al. 2005). Moreover, some rainfall characteristics such
as extreme storms have shown strong changes in recent
decades (Taylor et al. 2017).

Among the few existing studies, Salack et al. (2014) showed
that at interannual time scales, dry spell occurrence over the
Sahel is linked to anomalously warm SSTs over the Atlantic,
Pacific, and Indian Oceans. When the global tropics and the
tropical Atlantic are warmer than normal, one can note more
dry spells. In contrast, dry spells decrease when concurrently
the equatorial South Atlantic is warmer than normal and, es-
pecially, the Indo-Pacific is cooler. Diakhate et al. (2019) have
shown that the occurrence of Sahel moderate daily rainfall
(i.e.,,75th percentile) is enhanced by positive SST anomalies
over the tropical North Atlantic and Mediterranean while
heavy and extreme daily rainfall (i.e., .75th and .95th per-
centiles, respectively) are linked to El Niño–Southern Oscilla-
tion (ENSO) and interannual variability of Mediterranean
SST. Their study, focused on the last 30 years, has shown that
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warm SSTs over the tropical North Atlantic lead to enhanced
low-level atmospheric instability over the Sahel. Superim-
posed on increased low-level moisture advection toward the
Sahel from the equatorial and northern tropical Atlantic, this
creates favorable conditions for the formation of horizontal
stratiform clouds and, hence, moderate rainfall events. In
contrast, extreme rainfall events are controlled by upper-level
instability and convective precipitation systems. Such a mech-
anism is consistent with ENSO’s remote influence. These re-
sults suggest that the climatic variability of the West African
summer monsoon is more subtle than what has been de-
scribed so far.

Furthermore, numerous studies based on daily rainfall data
across Africa have analyzed the trends in rainfall characteris-
tics over the last few decades. Focusing on the Sahel, Le
Barbé and Lebel (1997) and Le Barbé et al. (2002) have
shown that the rainfall deficit in the 1970–90 period is linked
to a significant decrease in the frequency of rainfall events
rather than intensity, particularly for extreme rainfall events
(Panthou et al. 2013; Panthou et al. 2014). Sanogo et al.
(2015) have shown that the average rainfall recovery in the
Sahel over the last decades is reflected both in more rainy
days and more extreme rainfall events. Sarr (2011) and Ly
et al. (2013) have shown that extreme rainfall events have be-
come more frequent in the Sahel over the 2001–10 decade,
compared to 1961–90. However, and as shown by Lebel
and Ali (2009), the recovery trend is not uniform over
the Sahel: over the 1990–2007 period, both the central
(118–168N, 108W–08E) and eastern Sahel (118–168N, 08–108E)
are experiencing rainfall recovery while the western Sahel
(118–168N, 208–108W) is still dry. Panthou et al. (2014) have
shown that over the decade 2001–10, the central Sahel rainfall
regime is characterized by a significant persistent deficit of rain-
fall occurrence compared to 1950–69, while at the same time
the occurrence of extreme rainfall has strongly increased.
Blanchet et al. (2018) have recently shown an increase in ex-
treme daily rainfall over both the central and western Sahel
since the 1980s, whereas Panthou et al. (2018) noticed that the
eastern Sahel is experiencing a stronger increase in extreme
rainfall compared to the western Sahel.

At the subregional scale, Hountondji et al. (2011) have
studied the trend in extreme rainfall events in Benin
(1960–2000). They showed a significant decrease in the annual
total rainfall while extreme rainfall was relatively constant.
New et al. (2006) have described a situation more prone to in-
creases in extreme rainfall in Nigeria and over western Niger
(Ozer and Ozer 2005), or the opposite in Guinea Conakry
(Aguilar et al. 2009) and eastern Niger (Ozer et al. 2009).
Lodoun et al. (2013) have shown a positive trend in the evo-
lution of the annual rainfall, the number of rainy days, the
daily rainfall intensity, and the onset and cessation dates of
the rainy season in Burkina Faso since the end of the 1980s.
Longueville et al. (2016) also showed a trend towards a recov-
ery of rainfall in the same country in recent years. Over Sene-
gal, using 1950–2007 daily precipitation data from 31 stations,
Sarr et al. (2015) have shown a significant negative trend in
the annual mean precipitation, the frequency of rainy days,

the intensity of rainy days, and the 90th percentile of rain-day
precipitation.

Despite the above mentioned studies on the trends of rain-
fall characteristics and their variability at interannual time
scales, the decadal variability of rainfall characteristics in Sene-
gal remains poorly documented in the literature. In this work
we take advantage of a century-long record of daily rainfall
data collected in different stations across Senegal to study the
decadal variability of such rainfall characteristics and the po-
tential sources thereof. Such a long record increases the robust-
ness of the analysis by allowing the sampling of more events
and providing results that are less dependent on a specific
period.

To this aim, the paper is structured as follows: Section 2 de-
scribes the different datasets used, particularly the daily rain-
fall data and the methods used to evaluate its variability.
Section 3 presents an analysis of the daily rainfall data, in par-
ticular verifying the homogeneity of the data and the spatial
distribution of the time average of rainfall indices. Section 4 is
centered on the analysis of the decadal variability of rainfall
characteristics, their links with SSTs, and associated atmo-
spheric mechanisms. Section 5 proposes conclusions.

2. Data and methods

a. General presentation of the data

This study is based on a century-long dataset of daily rain-
fall collected at different stations over Senegal. Senegal is lo-
cated at the western tip of West Africa between longitudes
11.58–17.58W and latitudes 128–16.58N. The daily rainfall data
are provided by the Regional Centre for the Improvement of
Plant Adaptation to Drought [Centre d’Etude Régional pour
l’Amélioration de l’Adaptation à la Sécheresse (CERAAS)].
The dataset includes daily rainfall records from the network of
the former National Meteorological Agency in Senegal [now
Agence Nationale de l’aviation Civile et de la Météorologie du
Sénégal (ANACIM)] and other rain gauges managed by the
Senegalese Institute for agricultural research [Institut Sénégalais
de la Recherche Agricole (ISRA)]. The data have been col-
lected at 143 stations in Senegal over the period 1900–2014.
The stations are spread across the entire Senegalese territory
(Fig 1b), with a greater density in the western region and
along the north and western borders, which lies along the
Senegal River [additional information about the data can be
found in Salack et al. (2011)]. However, the data are some-
times not complete over the entire time period. A detailed
analysis of this database and the pre-processing it has required
is presented in section 3.

For validation purposes, the gridded monthly rainfall data
from the Climatic Research Unit (CRU) TS version 4.04 are
used. The CRUTS4.04 dataset spans from 1901 to 2019 at
0.58 3 0.58 spatial resolution (Harris et al. 2020). In addition,
we have defined a CRU* subdataset defined as the CRU
monthly rainfall at the closest CRUTS4.04 grid points to the
stations.

Gridded monthly SST, sea level pressure (SLP), and land
surface temperature (LST) data are also used to study the
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mechanisms explaining the changes highlighted by the above-
mentioned daily rainfall data. SST data are taken from the
Hadley Sea Ice and Sea Surface Temperature (HadISST) da-
taset. These are monthly reconstructions of SST provided by
the Met Office Hadley Center. The HadISST data have a hor-
izontal grid of 18 longitude 3 18 latitude and span from 1870
to present (Rayner et al. 2003). Monthly SLP data are also
taken from the Met Office Hadley Centre (HadSLP2). The
HadSLP2 data are based on numerous compilations of land
and marine pressure observations on a 58 latitude–longitude
grid from 1850 to 2004 (Allan and Ansell 2006). Note how-
ever that the amount of data is lower over most of the tropical
Pacific and Indian Oceans for a great part of the first half of
the twentieth century (Allan and Ansell 2006). LST data are

from Berkeley Earth Surface Temperature (BEST) dataset at
18 3 18 latitude–longitude grid spanning from 1750 to the pre-
sent (Rohde et al. 2013).

b. Statistical methods

The statistical significance of the correlations obtained is es-
timated using the Ebisuzaki (1997) non-parametric test, which
takes into account non-Gaussian and serially correlated data.

An empirical orthogonal function (EOF) analysis is also
used. It is based on the recursively subtracted EOF (RSEOF)
methodology. The RSEOF approach is particularly appro-
priate to EOF computations with datasets containing gappy
data. It includes a compromise between accuracy and fast
computation (Taylor et al. 2013). The RSEOF involves the

FIG. 1. (a) Number of valid stations per rainy season (JJAS) over the period 1900–2014 in Senegal. A station is considered valid if it has
recorded more than 80% of daily data over the season. (b) Location of stations recording daily precipitation data in Senegal over the pe-
riod 1918–2000. Stations where less than 50% of the total possible daily data have been recorded are represented with a black dot, stations
where more than 50% and less than 80% of the total possible daily data have been recorded are represented with a gray dot, and stations
where more than 80% of the total possible daily data have been recorded are represented with a red dot. The 22 homogeneous stations
used in this study are shown with big red dots; the two non-homogeneous ones are in small red dots. The grid shows the CRU grill cells
over Senegal. (c) Average seasonal amount of rainfall over the period 1918–2000 in Senegal. The black curve presents the average from
the 22 homogeneous stations; the thick gray curve presents the average from the same 22 stations extracted from CRU*; the thin gray
curve presents the average from the same 22 stations extracted from CRU* with gaps (see text for details); the gray dashed curve presents
the average from CRU over the entire country of Senegal; and the number of stations is represented by the red curve corresponding to
the axis on the right.
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diagonalization of the covariance matrix of rainfall indices
anomalies following a recursive procedure. At each iteration,
only the leading EOF mode is retained, and the dataset is pre-
pared for the next iteration by subtraction of that leading
EOF. In this work, the rainfall indices anomalies are not stan-
dardized before computation of the EOFs.

Decadal modulations of rainfall indices are assessed from
low-pass frequency filtering the time series using a Lanczos fil-
ter with a 13-yr cutoff period and 100 coefficients. Time series
are filtered after EOF analysis.

SST, LST, SLP, and monthly rainfall data are extracted
over the period 1918–2000. Annual anomalies of SST and
summer (June–September) anomalies of LST, SLP, and
monthly rainfall fields are calculated at each grid point, by
subtracting climatology prior to detrending. We used the an-
nual SST anomalies as the low-frequency variability of Sahel
rainfall was reminiscent of the AMV and we were aiming at
evaluating the low-frequency effect of the ocean.

3. Analysis of the daily database of Senegalese rainfall

a. Quality control and data homogeneity assessment

The first processing step of the daily rainfall series of the
143 stations is quality control. First, we removed unrealistic
rainfall values (such as negative ones). Then, we quantified
the yearly percentage of available daily data at each station
over the period running from June to September (JJAS),
with respect to the 122 days of the selected period. The pe-
riod JJAS is selected here as it covers the monsoon rainy
season of Senegal (e.g., Fall et al. 2006). The number of sta-
tions recording more than 80% of data per rainy season
(JJAS) from 1900 to 2014 is very small or even zero before
1918 and after 2000 (Fig. 1a). We identified and isolated
only 24 stations that have more than 80% of available data
over the entire 1918–2000 period (red dots in Fig. 1b). Data
from the 119 other stations (black and gray dots) are not
further considered in this study.

The time series from the 24 pre-selected stations are then
subjected to a homogeneity test. This step is needed to spot po-
tential artificial changes in a station (such as a displacement of
the station or modification of the instrument) that could have
significantly impacted observations and thereby the record. We
use the Alexandersson (1986) homogeneity test, based on the
comparison of the record from the station being tested (test
station) with surrounding stations (reference stations). It is a
relative homogeneity test that assumes invariance along time
of the normalized ratio between precipitation values at the test
station and those defined as a weighted mean of precipitations
from the reference stations.

In this work the reference stations are selected as those most
correlated with the test station over the entire 1918–2014 pe-
riod. In general, this corresponds to the closest stations. The
weight given to each station is the square of its correlation co-
efficient with the test station. Such a homogeneity test has
been applied to annual rainfall series in Alexandersson (1986)
and monthly rainfall series in González-Rouco et al. (2001).
We applied this test to the seasonal amount of rainfall at each

of the 24 pre-selected stations. Our assumption is that non-
climatic abrupt or gradual changes introducing discontinuities
or inhomogeneities (Ribeiro et al. 2016) in a station record
should be reflected in the time series of the seasonal amount
of rainfall. The seasonal amount of rainfall is calculated here
for each station, by considering only daily rainfall from the
JJAS seasons that have more than 80% of available data.
That is, a JJAS season having less than 80% of available data
(or with no rain) is considered as a season with no data re-
corded. Conclusions are insensitive to the choice of this
threshold, as similar results are obtained using 85% or 90%
thresholds (not shown). We varied the number of reference
stations between one and three. We limited the number of ref-
erence stations to three so as to avoid considering very distant
stations or stations with very small correlations. Yet, it is im-
portant to consider several stations in case the closest one is
itself heterogeneous. In parallel, we applied the same test by
considering for the reference the seasonal amount of rainfall
from the CRU* series taken at the location of the test station.
Therefore, we applied the homogeneity test four times for
each test station. First, the data of the test station are
compared with the reference station. Second and third,
they are compared with the weighted mean of precipitation
of first two and then three reference stations. Fourth, the
data from the test station are tested against those in the
CRU* grid cell to which the station belongs. The last test is
an alternative to the assessment of the homogeneity of sta-
tions that are isolated or very far from others (e.g., Matam
and Kedougou). In such cases indeed, even the “most
correlated stations” can be only weakly correlated. In addi-
tion, certain stations fall into the same CRU* grill cell. This
is the case for Foundiougne, Kaolack, Fatick, Diourbel, and
Bambey; for Mbao and Rufisque; and finally for Linguere
and Yangyang. Note that this latter test can also be seen as
a safety test in the case where instrumentation changed
simultaneously in all stations.

The results of the homogeneity test are reported in Table 1.
A station is considered as inhomogeneous when all four tests
performed result in a positive outcome (indicating heter-
ogeneous behavior; labeled “n” in Table 1) and homogeneous
(labeled “H” in Table 1) otherwise. Results show that 18 sta-
tions are initially homogeneous (names in bold), while six
stations present inhomogeneities. A second step of the homo-
geneity test consists in attempting to correct the record, that is,
to remove inhomogeneities in the stations. For this, the data of
the years (over JJAS seasons) showing inhomogeneities are set
to missing values (identified years given in the last column of
Table 1). Thus, the four tests are applied again after this first
“correction.” Four stations (Dagana, Yangyang, Linguere, and
Velingara) become homogeneous after correction, and two
stations (Bakel and Kedougou) remain inhomogeneous (in
italics). The inhomogeneities in these two stations could be ex-
plained by the fact that they are located in very remote and
less supervised areas. Thus, they are more exposed to changes
in the local environment. These two stations are not further
used in this study.

Once the temporal homogeneity of the individual stations
has been evaluated, we analyzed the spatial distribution of

J OURNAL OF CL IMATE VOLUME 355342

Unauthenticated | Downloaded 01/16/25 12:40 PM UTC



the remaining 22 stations. In Fig. 1c, we present the yearly
seasonal amount of rainfall (thick black line) as well as the
number of available stations per rainy season (JJAS) for
each year (red line) from 1918 to 2000. The beginning and
the end of the period are covered by fewer stations. In or-
der to check the impact of this reduced number on the de-
tected modulation of the seasonal rainfall amount, the
average seasonal amount of rainfall obtained from the 22
homogeneous stations is compared to the CRU* 22 homo-
geneous stations, the CRU* 22 homogeneous stations in-
cluding seasonal missing values, and the full regional CRU
rainfall over Senegal. The missing stations during the begin-
ning and the end of the study period are mainly located in
the south of Senegal (not shown). This results, on the one
hand, in a slight underestimation of the average seasonal
amount of rainfall during these two periods, visible in the
comparison of the complete CRU* time series (thick gray)
with the one including the missing stations (light gray). This
is consistent with the fact that there is on average less rain-
fall in the north of Senegal than in the south (Salack et al.
2014). Nevertheless, the analysis of the CRU* data shows
that this underestimation is relatively weak and does not
impact the decadal modulation of the seasonal amount of
rainfall (Fig. 1c). The mean seasonal amount of rainfall
over Senegal obtained from the average of stations (thick
black line) is also underestimated as compared to the aver-
age of CRU over the entire Senegal (dotted gray line)
(Fig. 1c). But again, this underestimation does not concern

the variability since both time series are significantly corre-
lated to 0.96 at the 95% level.

b. Rainfall indices

A set of rainfall indices is used to study the decadal vari-
ability of rainfall characteristics in Senegal (Table 2). Most
indices are defined by the Expert Team on Climate Change
Detection and Indices (ETCCDI), supported by the World
Meteorological Organization (WMO) Commission for Clima-
tology, the Joint Commission for Oceanography and Marine
Meteorology (JCOMM), and the Research Program on Cli-
mate Variability and Predictability (CLIVAR) and have used
in previous studies (e.g., Sillmann et al. 2013; Sanogo et al.
2015; Diakhate et al. 2019). Those indices are the number of
dry days (NDD), the number of rainy days (R1mm), the
simple daily intensity index (SDII), the number of heavy
precipitation days (R10mm), the number of very heavy pre-
cipitation days (R20mm), the number of wet days with rain-
fall above the 75th percentile (R75p), and the number of
very wet days (R95p). A dry day is defined as a day with less
than 1 mm of rainfall. A rainy day is defined as a day record-
ing at least 1 mm of rainfall. The SDII index is calculated as
the average rainfall from rainy days. The R10mm and
R20mm indices correspond to the number of days with daily
rainfall exceeding 10 and 20 mm respectively. The R75p and
R95p indices correspond to the number of days with daily
rainfall exceeding the 75th and 95th percentiles of rainfall
of rainy days, respectively. The 75th and 95th percentile

TABLE 1. Stations subjected to the homogeneity test: H indicates homogeneous; HC indicates homogeneous after “correction”; n
indicates non-homogeneous. See text for details.

Test stations

No. of reference stations

CRU* station

Years for which data were
set to missing values to reach

the homogeneity test1 2 3

Mbao H n H n }

Rufisque H H H H }

Thies H n H H }

Tivaoane H H H H }

Foundiougne H H H H }

Bambey H H H H }

Ziguinchor H n n H }

Fatick H H H H }

Diourbel H n n H }

Louga H H H H }

Kaolack H H H H }

Sedhiou H H H n }

Dagana HC HC HC n 1933, 1996, 1997
Yangyang HC n n n 1945
Linguere n n n HC 1946, 1978
Kolda n n n H }

Podor n n n H }

Velingara n n n HC 1934
Makacoulibentan n n n H }

Tambacounda n n H H }

Matam n n n H }

Bakel n n n n 1967, 1984
Kedougou n n n n 1926, 1954, 1995, 1996
Kidira n H H n }
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thresholds are defined locally at each station. We computed
all these indices from the daily record of the 22 homoge-
neous stations focusing over the rainy season (JJAS) in
Senegal. The seasonal amount of rainfall (TOTSR) over
Senegal is used here for comparison with the other indices
and previous works.

Additional indices are also defined in order to characterize
the rainy season temporally. These are the onset date, cessa-
tion date, and the length of the rainy season. There are vari-
ous definitions of the onset and cessation dates of the rainy
season in the literature (e.g. Sivakumar 1988; Marteau et al.
2009; Marteau 2010; Liebmann et al. 2012; Dunning et al.
2016). Sivakumar (1988) and Marteau (2010) for example have
used definitions tuned to capture onset and cessation dates
of the rainy season over West Africa specifically, whereas
Liebmann et al. (2012) and Dunning et al. (2016) used onset
and cessation date definitions valid over all of Africa. In this
study, we only compared the two regional definitions [i.e.,
those of Sivakumar (1988) and Marteau (2010)] to assess the
onset and cessation dates of the rainy season in Senegal and
the uncertainty coming from these definitions. According
to Sivakumar (1988), the onset date of the rainy season in the
Sahelian and Sudanese regions is the date after 1 May when
at least 20 mm of rainfall has been collected over 3

consecutive days, with no dry sequences of more than 7 con-
secutive dry days during the following 30 days. The cessation
date of the rainy season is the date after 1 September follow-
ing which no rain occurs over a period of 20 days. Here, the
onset date and the cessation date are calculated over the peri-
ods from May to August (MJJA) and from September to No-
vember (SON), respectively. As for the former indices, only
MJJA and SON periods having more than 80% of available
data are considered. The length of the rainy season is the dif-
ference in days between the cessation date and the onset date.
Note that therefore, as stated above, there is no unanimous
definition of the onset and cessation dates of the rainy season
over West Africa and thus results are, to some degree, depen-
dent on the chosen definition. As an estimate of the uncer-
tainty arising from this definition, we also evaluated the
indices related to the timing of the rainy season based on the
criterion provided by Marteau (2010), slightly modified
here to account for missing data: the onset date is the date
of the first rainy day of a sequence of 4 consecutive days
cumulating at least 20 mm, with no dry sequences of more
than 10 consecutive dry days during the following 20 days.
The cessation date is defined as the date of the last day
(11) of the last sequence of 4 consecutive days accumulat-
ing at least 20 mm, with no dry sequences of more than 10
consecutive dry days in the previous 20 days. The main dif-
ference here with Marteau’s (2010) definition is that in
both cases, the sequence of 4 consecutive days is not neces-
sarily “wet.” This criterion is thus less restrictive but more
adapted to the very sparse rainfall events on the north of
Senegal. These somewhat different definitions yield earlier
onset and cessation dates across Senegal than those based
on Sivakumar (1988) (not shown).

In the following, only results from Sivakumar’s (1988)
definitions will be shown and a comparison of results
from the two methods will be discussed in the conclusions
(section 5).

All the rainfall indices are computed at each station se-
parately. The calculation for all of Senegal is done by taking
the average of stations for each year. That is, for a given year
and a given index, we take the sum of the values computed at
each individual station divided by the number of available sta-
tions for a specific year.

c. Spatial distribution of the time-mean values of the
rainfall indices

The time average of each index and for each station is cal-
culated over the period 1918–2000 so as to give a general view
on the spatial distribution of these quantities. The highest sea-
sonal amounts of rainfall (TOTSR) are observed in southern
Senegal with more than 800 mm per rainy season (Fig. 2a). In
northern Senegal, the mean values of TOTSR are less than
400 mm per year. Similar results have been shown by Salack
et al. (2014) over Senegal, using the same daily rainfall data-
base but focusing on the period 1950–2010. Because of this
shorter period of study, they have been able to use daily rain-
fall data from 31 stations over Senegal. The mean number of
dry days (NDD), number of rainy days (R1mm), and intensity

TABLE 2. Definition of the rainfall indices used in this study.
I: Rainfall indices based on ETCCDI definitions. II: Rainfall
indices based on Sivakumar’s (1988) and Marteau’s (2010)
definitions.

Group Abbreviation Definition Unit

I TOTSR Seasonal amount of rainfall mm
NDD Seasonal number of days

when daily rainfall is less
than 1 mm

days

R1mm Seasonal number of days
when daily rainfall is at
least 1 mm

days

SDII Total seasonal rainfall divided
by the cumulated number
of rainy days in the season

mm day21

R10mm Seasonal number of days with
daily precipitation above 10
mm

days

R20mm Seasonal number of days with
daily precipitation above 20
mm

days

R75p Seasonal number of days with
rainfall amount above the
75th days percentile of
rainfall of rainy days

days

R95p Seasonal number of days with
rainfall amount above the
95th days percentile of
rainfall of rainy days

days

II SDrs Onset date of the rainy season day
EDrs Cessation date of the rainy

season
day

Lrs Length of the rainy season days
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of rainfall events (SDII) are shown in Figs. 2b–d. The mean fre-
quency of daily rainfall exceeding 10 and 20 mm (i.e., R10mm
and R20mm) and frequency of daily rainfall above the 75th and
95th percentiles of rainfall of rainy days (i.e., R75p and R95p)
are shown in Figs. 2e–h. Figures 2c, 2e, and 2f show that the

mean values of R1mm, R10mm, and R20mm are greater in the
south than in the north of Senegal. We note on average more
than 50 days of R1mm, 30 days of R10mm, and 20 days of
R20mm per year in the south against less than 30 days of
R1mm, 15 days of R10mm, and 10 days of R20mm per year in

FIG. 2. Spatial distribution of the mean values of (a) TOTSR, (b) NDD, (c) R1mm, (d) SDII, (e) R10mm, (f) R20mm,
(g) R75p, and (h) R95p rainfall indices computed over the period 1918–2000 for each station.
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the north. The mean values of R75p and R95p also show spatial
distributions characterized by values 4 times stronger in the
south of Senegal compared to the north (Figs. 2g,h). The mean
values of SDII are also higher in the south of Senegal compared
to the north (Fig. 2d). Conversely, the mean values of NDD are
more pronounced in the north of Senegal where more than
95 dry days per year (still over JJAS season) are observed
(Fig. 2b). Note that figures scaled in terms of percentage of the
mean precipitation at the station located most southwestward
(Ziguinchor) confirm that the north–south gradient is of similar
amplitude for each frequency index (not shown).

Figure 3 shows the mean distributions of indices related to
the timing of the rainy season (i.e., SDrs, EDrs, and Lrs). The
mean onset (SDrs) and cessation (EDrs) dates of the rainy
season are presented in terms of dates. As with the former
indices, a meridional gradient is observed in the spatial distri-
bution of SDrs and EDrs (Figs. 3a,b). Latest onset dates of
the rainy season are found in the north of Senegal, where the

monsoon can start as late as the end of July or the beginning
of August. In the southern part of the country, the mean onset
date is generally around the mid of June. The mean cessation
date of the rainy season (EDrs) in the north is the beginning
of October whereas it can reach the end of October in the
south of Senegal. The meridional gradient of SDrs and EDrs
has implications in terms of the length of the rainy season
(Lrs). The average length of the season is less than 70 days in
the north of Senegal while it can exceed 120 days in the south
(Fig. 3c). These results are in agreement with Sivakumar
(1992).

d. Temporal covariability of the rainfall indices

Prior to the analysis of the decadal variability of rainfall in-
dices, we proceeded to an intercomparison of the indices de-
fined above, in order to identify their temporal covariability.
For this, we calculated their cross-correlations at each station
separately as well as for the regionally averaged indices
(Fig. 4). The TOTSR index is considered here as the refer-
ence. Figure 4 shows significant positive correlations be-
tween TOTSR and the R1mm, SDII, and R20mm indices in
more than 17 out of the 22 stations as well as in terms of re-
gional average. In addition, R10mm shows significant posi-
tive correlations with SDII, R1mm, and EDrs. R75p also
shows significant positive correlations with R20mm and
R95p. Lrs is significantly positively correlated with R20mm
and R95p. Conversely, NDD is significantly negatively cor-
related with SDII. One can also note negative correlations
between SDrs and almost all other indices. However, only
the correlations with R1mm and Lrs are significant in more
than 17 out of the 22 stations and in terms of regional
average.
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FIG. 3. As in Fig. 2, but for (a) SDrs, (b) EDrs, and (c) Lrs indices.

FIG. 4. In-phase correlation coefficients between the regionally
averaged rainfall indices (colors). Asterisks indicate correlations
significant at the 95% confidence level. Circles indicate that 17 of
the 22 correlations among the same indices computed for each sta-
tion individually are significant at the 95% level.
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4. Spatiotemporal variability of Senegalese summer
rainfall characteristics at decadal timescales

a. EOF analysis of rainfall characteristics

In order to analyze the decadal variability of the rainfall
characteristics in Senegal, we performed an empirical orthog-
onal function (EOF) analysis, following the RSEOF approach
described in section 2b applied to the raw interannual data.
For all indices, the first EOF is significantly separated from
the second one according to the North et al. (1982) rule of
thumb, unlike the second and third ones. Therefore, only the
first EOF and its associated principal component (PC) is con-
sidered here.

Figures 5 and 6 show the first EOF patterns and corre-
sponding PCs of the seasonal amount of rainfall (TOTSR),
the number of dry days (NDD), the number of rainy days
(R1mm), the mean intensity of rainfall events (SDII), the
number of heavy and very heavy daily rainfall events (i.e.,
R10mm and R20mm), and the number of daily rainfall events
exceeding the 75th and 95th percentiles of rainfall of rainy
days (i.e., R75p and R95p). In the following, for simplicity,
R1mm and R10mm are named the frequency of light rainfall
events, R20mm and R75p are named the frequency of heavy
rainfall events and R95p is named the frequency of extreme
rainfall events. Figure 7 shows the EOF patterns and corre-
sponding PCs of indices related to the timing of the monsoon
season (i.e., SDrs, EDrs, and Lrs). In Table 3, the percentages
of variance explained by the EOFs of each rainfall indices are
reported.

The first EOFs of the seasonal amount of rainfall, the light
rainfall events, or the number of dry days explain around
50% of the total variance of each index respectively, whereas
only 40% of the total variance is explained for the heavy rain-
fall events and 20% for the extreme rainfall events and the
mean rainfall intensity. In the case of the monsoon timing
(SDrs, Lrs, and EDrs), the explained variances of the first
mode range from 30% to 40%.

Figures 5a1–d1, 6e1–h1, and 7a1–c1 show that the first EOF
patterns of indices show anomalies with a uniform sign over
the full domain, suggesting a uniform mode of variability over
Senegal. Most indices nevertheless show a north-to-south
increase in EOF loads, consistent with the mean values shown
in Fig. 2. The index of mean rainfall intensity (SDII) rather
shows high loads to the east. Yet the analysis of SDII remov-
ing the two easternmost stations shows that the time varia-
bility of the resulting EOF is unchanged, the two low-pass
filtered PCs being significantly correlated to 0.88 at the 95%
level (not shown). Another exception concerns those indices
related to the timing of the monsoon season, which tend to
show higher loads near the western coast. The PCs associated
with the first EOFs of indices related to the timing of the
monsoon season show less decadal-to-multidecadal variability
than those related to the amplitude or frequency of rainfall
events: the variance of the low-pass filtered PC with a cutoff
period of 13 years is about 20% of that of the raw PC for the
former ones while the corresponding ratio lies between 43%
and 54% for the amplitude or frequency of rainfall events.
The PC of the seasonal amount of rainfall shows that the

decadal variability of TOTSR is characterized by a wet period
from the 1930s to the 1950s, followed by a long dry period
from the 1970s to the 1990s (Fig. 5a2). This decadal variability
is consistent with the well-known monsoon variability of the
entire Sahel region (e.g., Rowell et al. 1992; Giannini et al.
2003; Mohino et al. 2011a). The first PC of indices related to
the intensity and frequency of rainfall events also shows a
marked decadal variability (Figs. 5b2–d2 and 6e2–h2), which
is close to that of TOTSR. This supports Biasutti’s (2019) re-
sult concerning a strong link between the seasonal rainfall
amount and frequency of rainy days over the Sahel during the
second half of the twentieth century. The corresponding PCs
of SDrs, EDrs, and Lrs also show decadal variability, but it is
relatively weaker, as indicated above (Table 3, Figs. 7a2–c2).
Note that the time evolution of all indices contains a strong
linear trend that accounts for about half of the variance of
each low-pass filtered index respectively (not shown).

b. Sources and mechanisms of decadal variability of
frequency and intensity of rainfall events

As detailed in section 1, several studies have highlighted
the role of North Atlantic SST modulations for the low-
frequency variability of the seasonal amount of rainfall
(TOTSR), in particular at the scale of Sahel (Giannini et al.
2003; Mohino et al. 2011a) but also of Senegal (Wade et al.
2015). To investigate the possible sources of the decadal vari-
ability of rainfall indices in Senegal, we computed the correla-
tions of the low-pass filtered PCs of the indices characterizing
the frequency of rainy events with the annual anomalies of
SST. We also considered the summer (JJAS) anomalies
of SLP, as well as the low-pass filtered (JJAS) anomalies of
rainfall over the land to investigate possible teleconnection
mechanisms. In addition, to identify associated land surface
temperature (LST) changes, we calculated correlations of the
low-pass filtered PCs of rainfall indices with the summer
anomalies of LST. Note that the conclusions are insensitive to
the choice of filtering of SST, LST, and SLP anomalies (not
shown). To remove the influence of a possible centennial
trend in the PCs and concentrate on decadal to multidecadal
variability, all fields and time series have been linearly de-
trended prior to computations.

Figure 8 shows that an increase in TOTSR in Senegal is
related to a large SST warming over the North Atlantic
Ocean and the Mediterranean Sea and SST cooling over the
tropical Indian and Pacific Oceans (Fig. 8a). Such SST pat-
tern shows similarities with the AMV, and this is consistent
with the previous studies cited above. The decadal variabil-
ity of frequency and intensity of rainfall events is related to
similar patterns of SST as for TOTSR albeit with some dif-
ferences (Figs. 8b–h).

Over the North Atlantic, R1mm and, especially, NDD
show less significant positive correlations with SST in the
tropical and extratropical parts. This differs from R10mm and
the heavy and extreme rainfall indices, which show patterns
closer to that of the AMV (Figs. 8b,c,e–h). A possible expla-
nation to this could be linked to the role of the Atlantic Ocean
as a moisture source for Sahel rainfall (Nieto et al. 2006).
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FIG. 5. Leading EOF anomalous patterns of (a1) TOTSR (mm), (b1) NDD (days), (c1) R1mm (days), and
(d1) SDII (mm day21). The number inside the parentheses is the explained variance of the first EOF for each index.
(a2)–(d2) The corresponding principal components of all indices are in black curves (standardized anomalies). The
raw interannual PCs are the dotted curve. The solid black curves show the low-pass filtered time series (see text for
details). The gray curve superimposed to the PCs of all indices corresponds to the leading principal component of the
seasonal amount of rainfall over West Africa (08–308N, 208W–108E) computed from the CRU dataset. The PCs of all
indices are normalized (no units).
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A warmer Atlantic can provide more moisture and enhance
the occurrence of heavy and extreme rainfall (e.g., Giannini
et al. 2013). R1mm and NDD are less concerned by this excess
of moisture supply. The mean rainfall intensity (SDII) index
shows a pattern much more centered in the central North

Atlantic Ocean and barely significant along the coasts of North
America and Europe (Fig. 8d). The exact reason for this differ-
ence is not clear, although it could be partly related to the
lower spatial coherence that the variability of SDII shows over
Senegal (Moron et al. 2006).
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FIG. 6. As in Fig. 5, but for (e) R10mm (days), (f) R20mm (days), (g) R75p (days), and (h) R95p (days).
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A decrease (increase) of NDD (R1mm) seems to be also
related to SST warming over the western Mediterranean
(Figs. 8b,c), while an increase of SDII and R95p seems to be
more influenced by SST warming over the eastern Mediterra-
nean (Figs. 8d,h). This relation of eastern Mediterranean SST
and rainfall intensity, particularly for extreme events, could
be connected to the eastern Mediterranean’s role as an impor-
tant provider of moisture for Sahel rainfall (Nieto et al. 2006).
Warmer SSTs over the eastern Mediterranean could increase

the overall moisture reaching the Sahel and, thus, the inten-
sity of rainfall events.

Over the Indian and Pacific tropical oceans, SST cooling
is associated with an increase of the frequency of light
and heavy rainfall events in Senegal at decadal time scales
(Figs. 8c,e,f,g). The relation between a decrease of the num-
ber of dry days (NDD) and a cooling over tropical Pacific and
Indian Oceans is even stronger (Fig. 8b), while the Pacific
seems to have no significant influence on the mean intensity
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FIG. 7. As in Fig. 5, but for the (a) SDrs (Julian days), (b) EDrs (Julian days), and (c) Lrs (days) indices.

TABLE 3. Amount of total variance explained by the principal components of each index. The first row of each index indicates the
total amount of variance explained by the raw PC. The second row indicates the amount of variance at the decadal timescale
(i.e., variance of the low-pass filtered PC) entailed by each PC (ratio of the variance of the filtered time series to the variance of the
unfiltered time series) for each index.

Rainfall indices TOTSR NDD R1mm SDII R10mm R20mm R75p R95p SDrs EDrs Lrs

Variance explained by each PC (%) 53 48 55 19 52 41 38 22 31 41 37
Decadal variance of each PC (%) 54 43 51 45 53 53 49 47 22 14 27
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of rainfall (SDII) and on the extreme rainfall events (R95p)
at these time scales (Figs. 8d,h). A possible explanation for
the connection of the different rainfall indices with Indian
and Pacific tropical SSTs could be that a warming of remote
ocean basins warms the tropical upper troposphere over the
Sahel, which increases the threshold for convection and
reduces precipitation (Rowell 2001; Giannini et al. 2008;
Giannini and Kaplan 2019).

An increase in TOTSR over Senegal is also associated with
prominent low pressure anomalies over the tropical and mid-
latitude North Atlantic and the Mediterranean Sea (Fig. 9a).
The low pressure anomalies over the North Atlantic and
Mediterranean Sea are related to SST warming over both
basins, consistent with the warm phase of AMV (Ruprich-
Robert et al. 2017) and in agreement with Fig. 8a. During a
warm AMV phase, SST warming over the North Atlantic and
little to no SST cooling over the South Atlantic create an in-
terhemispheric SST gradient reflected in an anomalous SLP
gradient. This hemispheric differential warming creates an ex-
cess of energy input into the atmosphere in the Northern
Hemisphere. In the equator, this excess is transported to-
wards the south by the northward shift of the southern Had-
ley cell (e.g., Schneider et al. 2014; Biasutti et al. 2018). This
northward shift of the Hadley cell is related to a northward
shift of the intertropical convergence zone (ITCZ), and

therefore an increase in rainfall over the Sahel (Folland et al.
1986; Rowell et al. 1995; Ward 1998; Knight et al. 2006; Zhang
and Delworth 2006; Ting et al. 2009; Martin and Thorncroft
2013; Monerie et al. 2019) and a decrease of rainfall over
northeastern Brazil (Knight et al. 2006) (Fig. 9a). The spatial
coherence of the seasonal rainfall in the Sahel at decadal time
scales is consistent with the results of Wade et al. (2015).

Moreover, a warmer eastern Mediterranean has been
shown to lead to a farther northward migration of the West
African monsoon system due to strengthened southwesterly
flow (Rowell 2003; Fontaine et al. 2010, 2011) and weakened
northeasterly wind (Peyrillé et al. 2007). An increase in rain-
fall in the Sahel is associated with low pressure anomalies
over the eastern Mediterranean (Fig. 9a), in accordance with
Raicich et al. (2003). Figure 9a also shows significant low pres-
sure anomalies over western Europe and in the Caribbean re-
lated to the AMV warm phase, in agreement with previous
findings from Sutton and Hodson (2005).

A similar general structure is observed for a decrease of
NDD and for an increase of SDII, R1mm, R10mm, R20mm,
R75p, and R95p (Figs. 9b–h). Nevertheless, for a decrease
(increase) of NDD (SDII and R95p), the low pressure ano-
malies are much weaker in the extratropical North Atlantic
(Figs. 9b,d,h), compared to the other indices. In addition, an
increase of the seasonal amount of rainfall and the extreme

FIG. 8. Correlation maps of annual anomalies of SST over the ocean and JJAS anomalies LST over the continents
with the low-pass filtered PCs of (a) TOTSR, (b) NDD, (c) R1mm, (d) SDII, (e) R10mm, (f) R20mm, (g) R75p, and
(h) R95p rainfall indices. Contours (for SST) and stripes (for LST) indicate significant correlations at the 95% confi-
dence level. The low-pass filtered PCs of indices as well as the SST and LST fields are all linearly detrended.
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rainfall events over Senegal is associated with low pressure
anomalies over the entire Mediterranean Sea (Figs. 9a,h),
whereas for a decrease of the number of dry days and, espe-
cially, an increase of the mean intensity of rainfall events, the
frequency of light and heavy rainfall events, the low pressure
anomalies are restricted to the eastern Mediterranean only
(Figs. 9b–g). Such connection of the intensity and extreme
events occurrence to the eastern Mediterranean SLP anomalies
with little to no role of the extratropical Atlantic SLP anomalies
could be linked to the aforementioned role of this area as a
source of humidity for Sahel rainfall, which, when warmer, could
induce both an enhancement of moisture content ready for
strong rainfall events and a reduction of Mediterranean SLP.
Moreover, there are little to no significant correlations with the
SLP over the Indian and Pacific tropical oceans (Figs. 9a–h),
which could be due to the lack of available SLP data over those
regions in the earlier record (Allan and Ansell 2006).

Regarding rainfall, all indices show significant positive correla-
tions across the Sahel and negative ones over northeastern Brazil
(Figs. 9b–h), which is consistent with the aforementioned north-
ward shift of the Atlantic ITCZ as a response to the

interhemispheric SST pattern. In addition, most indices show
positive correlations with rainfall over central Europe, which is
consistent with the overall AMV pattern obtained for SSTs in
the North Atlantic (Knight et al. 2006). A notable exception is
the SDII index, which also showed an SST pattern with little to
no loads along the coasts of western Europe (Fig. 9d).

Correlations of the rainfall indices with surface tempera-
tures are much less extended over land than over the ocean
(Fig. 8). An increase in TOTSR in Senegal is accompanied by
decreasing temperatures throughout the Sahel and in the
highlands of Ethiopia (Fig.8a). Giannini et al. (2003) indeed
showed that a positive rainfall anomaly in the Sahel leads to
an increase of the soil moisture and a decrease of local land
surface temperatures because the incident energy flux is used
more to evaporate moisture rather than to heat the surface.
In addition, a reduction in surface temperatures over these re-
gions could also be associated with enhanced cloud cover and
reduced shortwave radiation reaching the surface. The fact
that the anomaly also emerges over the eastern part of the Sa-
hel is consistent with the latitudinal coherency of TOTSR at
the decadal time scale noted above (Fig. 9a).

FIG. 9. Correlation maps of JJAS anomalies of SLP and the low-pass filtered (JJAS) anomalies of rainfall over the
continents with low-pass filtered PCs of (a) TOTSR, (b) NDD, (c) R1mm, (d) SDII, (e) R10mm, (f) R20mm,
(g) R75p, and (h) R95p rainfall indices. Colors are for rainfall (only shown where significant at the 95% confidence
level) and contours are for SLP (negative values are in dashed contours and positive values are in solid contours; the
contour interval is 0.2, and the zero contour is not shown; stippling indicates significant correlations at the 95% confi-
dence level). The PCs of indices as well as the SLP and rainfall fields are all linearly detrended.
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An increase of the frequency of light rainfall events (R1mm
and R10mm) and heavy rainfall events (R20mm and R75p) in
Senegal is also accompanied by a decrease of temperatures in
the Sahel and Ethiopia regions (Figs. 8c,e,f,g). The decrease
of temperatures is more pronounced for the light (R1mm and
R10mm) than for the heavy (R20mm and R75p) rainfall
events. Conversely, an increase of the number of dry days
(NDD) is associated with a widespread increase of tempera-
tures over land, from Senegal to Ethiopia, over the northern
part of the Gulf of Guinea and in central Africa (Fig. 8b)
while an increase of the frequency of extreme rainfall events
(R95p) and the mean intensity of rainfall events (SDII) is as-
sociated with a weak, even insignificant decrease of tempera-
tures in these regions (Figs. 8d,h). In addition, as the number
of extreme rainfall events over a season is low, one can expect
that R95p might have a weaker effect on land surface temper-
atures than the other indices, when integrated over the sea-
son. Beyond this difference, the pattern of correlations with
surface air temperatures is remarkably similar between indi-
ces, showing that the same mechanism could be at play.

The correlations with LST fields also show a significant in-
crease of land temperatures over eastern Europe, northern
Mexico, the southern United States, East Asia, and over the
Mediterranean and surrounding regions (Figs. 8a,c–h). The
increase is more significant for the heavy and extreme rainfall
events than the light ones. As commented above, these events
also have an SST pattern more similar to the AMV, in partic-
ular with stronger anomalies on its tropical North Atlantic
part (Sutton and Hodson 2005; Ruprich-Robert et al. 2018;
Monerie et al. 2021). The warm temperatures over the east of
the Mediterranean surrounding regions may be a response to
SST warming in the eastern Mediterranean Sea (Fontaine
et al. 2010). Note, however, that the changes in Medite-
rranean SSTs can also be directly impacted by anthropogenic
forcings such as aerosols (e.g., Nabat et al. 2014) and green-
house gases (e.g., Park et al. 2016). This may also modulate
land temperatures around the Mediterranean Sea.

c. Sources and mechanisms of decadal variability of the
timing of the Senegalese monsoon season

In the following, we present results related to the timing
of the rainy season: the onset date (SDrs), cessation date
(EDrs), and the length of the rainy season (Lrs) in Senegal
(Figs. 10 and 11).

Quite distinctly from the rainfall frequency indices, the SST
anomalies related to decadal changes in the timing of the
rainy season show widespread signals in the tropical Pacific
and Indian oceans, while correlations are very weak and
mostly statistically insignificant in the tropical Atlantic
(Fig. 10). The overall pattern is reminiscent of the IPO (e.g.,
Mohino et al. 2011a), suggesting that a positive IPO leads to
late onset, an early cessation, and an overall shorter rainy
season.

Cooler continental surface temperature over Africa, espe-
cially over the Sahel and Ethiopia, are related to a longer
rainy season (Fig. 10c), consistent with the local mechanism
described in section 4b, where a longer rainy season could

provide more rainfall locally and thereby explain the cooler
anomalies. Although the patterns in Fig. 10 are similar, the partic-
ular connection of the length of the rainy seasonwith local surface
temperatures seems to come froman earlier onset of themonsoon
season (Fig. 10a) rather than a later cessation (Fig. 10b). Figure 10
also shows a decrease in surface temperature over other tropical
areas, such as northern South America, Southeast Asia, and west-
ern Australia that could be due to the effects of IPO on these re-
gions (e.g., Dong andDai 2015).

Consistently, the correlations of the decadal variability of
indices related to the timing of the monsoon show distinctly
different correlation patterns with SLP and mean rainfall
anomalies (Fig. 11) than what was found in section 4b. Rain-
fall anomalies show weak correlations mainly restricted to the
Sahel region. This suggests the early onset, late cessation, and
increased rainy season are only and moderately related to a
local increase of the total seasonal rainfall amount. This could
be due to the fact that the definition of the onset and cessation
dates of the rainy season used in this study are specifically
adapted for West Africa (section 3b). This result is also con-
sistent with the cooler Sahel surface temperature previously
noted (Fig. 10). There are no clear correlations over Brazil,
suggesting that in this case the decadal variability is not re-
lated to an ITCZ meridional shift, which is consistent with the
lack of an interhemispheric SST gradient in the Atlantic
(Fig. 10). While correlations with SST anomalies were promi-
nent over the tropical Pacific and Indian Oceans (Fig. 10), the
SLP signals are mainly restricted to the African and tropical
Atlantic sectors (Fig. 11). Such results could again be related
to the lack of available SLP data over most of the tropical

FIG. 10. As in Fig. 8, but for the (a) SDrs, (b) EDrs, and (c) Lrs
rainfall indices.

B AD J I E T A L . 535315 AUGUST 2022

Unauthenticated | Downloaded 01/16/25 12:40 PM UTC



Pacific and Indian Oceans for a great part of the twentieth
century (Allan and Ansell 2006). In striking contrast with
Fig. 9, Fig. 11 shows a lack of significant signal over the North
Atlantic, which is consistent with the overall SST pattern in
the region (Fig. 10). Conversely, SLP correlations are statisti-
cally significant over the Mediterranean Sea and especially
over the Sahara, north of 208N. The results suggest that the
link between the negative phase of the IPO highlighted in
Fig. 10 and a longer rainy season, due to both an earlier mon-
soon onset and a later cessation, could be linked with negative
SLP anomalies over the Sahara. In this regard, Lavaysse et al.
(2009) showed that the Saharan heat low onset was nearly
coincidental with the onset of the WAM. However, whether
the negative SLP anomalies in Fig. 11 are related to a stronger
Saharan heat low (Biasutti et al. 2009) or a northern shift of it
(Shekhar and Boos 2017) cannot be addressed without further
analysis of modelled or reanalysis mid-tropospheric data, which
is beyond the scope of the present work.

5. Conclusions

We analyzed the decadal variability of a set of rainfall indices
over Senegal during the twentieth century and the possible oce-
anic teleconnection mechanisms associated with it. We focused
on the ETCCDI indices related to the frequency and the mean
intensity of rainfall events, as well as rainfall indices related to
the timing of the rainy season. The analysis of the decadal vari-
ability of indices is based on a century-long dataset of daily rain-
fall collected at different stations over Senegal.

The quantification of available daily data at each station allows
us to identify and isolate 24 stations that have more than 80% of
available data over the entire 1918–2000 period. The assessment
of the homogeneity of the recordings of the 24 pre-selected sta-
tions showed that 18 stations were initially homogeneous, an ad-
ditional four stations were homogeneous after one correction,
and two stations remained inhomogeneous after correction. The
two latter were omitted for the rest of the study.

The time average of the total summer rainfall over the pe-
riod 1918–2000 confirms that the highest values of TOTSR
are observed in the south of Senegal and the weakest ones to
the north, in agreement with Salack et al. (2014). A similar
spatial pattern is observed for indices representing the fre-
quency of rainfall events of more than 1 mm and 10 mm (the
frequency of light rainfall events), more than 20 mm and
above the 75th percentile (the frequency of heavy rainfall
events), and above the 95th percentile (the frequency of ex-
treme rainfall events), as well as the mean intensity of rainfall
events (SDII). Conversely, the number of dry days is, rather
logically, highest in the north and lowest in the south of the
country. In addition, a late onset date (SDrs) and an earlier
cessation date (EDrs), leading to a shorter rainy season (Lrs)
are observed in the north of Senegal compared to the south.

The main mode of variability of the various stations shows
that rainfall indices exhibit the same sign load throughout Sene-
gal, even though some of them (e.g., the total seasonal rainfall
and the 95th percentile of rainfall of rainy days) present a north-
to-south increasing pattern, whereas others (e.g., the onset date
of the rainy season) rather show an east–west gradient. The de-
cadal variability of total seasonal rainfall, as well as the frequency
and intensity of rainfall events is characterized by a wet period in
the 1930s and 1950s followed by a dry period in the 1970s and
1990s, similar to the decadal signal of rainfall in the Sahel during
the twentieth century, shown by previous studies (e.g., Giannini
et al. 2003; Mohino et al. 2011a). However, for the first time, we
show that the rainfall indices related to the timing of the rainy
season (SDrs, EDrs, and Lrs) exhibit comparatively fewer de-
cadal modulations than those related to the amplitude and fre-
quency of rainfall events.

The teleconnection mechanism explaining the decadal vari-
ability of the rainfall characteristics in Senegal share common
features among the different indices analyzed. The warm
SSTs over the North Atlantic Ocean and Mediterranean Sea
related to a warm phase of the Atlantic multidecadal variabil-
ity (AMV) are associated with a decrease in pressure over the
northern Atlantic, a northward shift of the intertropical con-
vergence zone (ITCZ), and an increase of the seasonal rain-
fall amount and the frequency and intensity of rainfall events.
The decadal changes in the timing of the rainy season (i.e.,
SDrs, EDrs, and Lrs) however seem to be more related to the
interdecadal Pacific oscillation (IPO), in which a positive
phase leads to a late onset date, an early cessation date, and
an overall shorter rainy season in Senegal. Note however that
the somewhat different definitions of the onset and cessation
dates of the rainy season based on Marteau’s (2010) criteria
contain slightly more decadal modulations (from 20% to 25%
on average) than those based on the definitions of Sivakumar
(1988). In addition, the oceanic teleconnections associated

FIG. 11. As in Fig. 9, but for the (a) SDrs, (b) EDrs, and (c) Lrs
rainfall indices.
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with the decadal changes are stronger over the North Atlantic
and Mediterranean Sea and slightly weaker over the Pacific
and Indian Oceans with this alternative definition (not
shown). This suggests that the results related to the timing of
the monsoon season are sensitive to the definitions of onset
and cessation dates of the rainy season (Bombardi et al. 2020)
and may require further analysis to test their robustness.

The increase in total seasonal rainfall (TOTSR), frequency
of light rainfall events (R1mm and R10mm), and heavy rain-
fall events (R20mm and R75p) in Senegal is accompanied by
a significant decrease of land surface temperature (LST) over
the Sahel, while the increase in frequency of the extreme rain-
fall events (R95p) and mean intensity of rainfall events
(SDII) is associated with a modest or even not significant
decrease of temperatures over the Sahel.

An in-depth understanding of the associated mechanism
was here limited by the lack of observations. Future studies
using reanalysis or model simulations are needed. Further-
more, Wang et al. (2021) recently showed that the intensity
and frequency of extreme rainfall events have significantly
increased in all monsoon regions. If climate simulations prove
useful to represent these rainfall characteristics, it would be
very interesting for local users to use them to assess the future
evolution of the WAM using climate scenarios.
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the sensitivity of field reconstruction and prediction using
empirical orthogonal functions derived from gappy data.
J. Climate, 26, 9194–9205, https://doi.org/10.1175/JCLI-D-
13-00089.1.

Ting, M., Y. Kushnir, R. Seager, and C. Li, 2009: Forced and
internal twentieth-century SST trends in the North
Atlantic. J. Climate, 22, 1469–1481, https://doi.org/10.
1175/2008JCLI2561.1.

Wade, M., J. Mignot, A. Lazar, A. T. Gaye, and M. Carré, 2015:
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