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Abstract: Extreme climate events, either being linked to dry spells or extreme precipitation, are of
major concern in Africa, a region in which the economy and population are highly vulnerable to
climate hazards. However, recent trends in climate events are not often documented in this poorly
surveyed continent. This study makes use of a large set of daily rain gauge data covering Southern
West Africa (extending from 10° W to 10° E and from 4° N to 12° N) from 1950 to 2014. The evolution
of the number and the intensity of daily rainfall events, especially the most extremes, were analyzed
at the annual and seasonal scales. During the first rainy season (April-July), mean annual rainfall
is observed to have a minor trend due to less frequent but more intense rainfall mainly along the
coast of Southern West Africa (SWA) over the last two decades. The north-south seasonal changes
exhibit an increase in mean annual rainfall over the last decade during the second rainy season
(September-November) linked by both an increase in the frequency of occurrence of rainy days as
well as an increase in the mean intensity and extreme events over the last decade. The study also
provides evidence of a disparity that exists between the west and east of SWA, with the east recording
a stronger increase in the mean intensity of wet days and extreme rainfall during the second rainy
season (September-November).

Keywords: trends; rainfall regime; extremes; rainfall intensification; Southern West Africa

1. Introduction

Since about 1950, there has been strong evidence for extreme rainfall events becoming more
frequent than expected from natural variability alone across the globe [1,2]. The scientific community,
therefore, faces an urgency of informing society about expected changes in climatic conditions and
high impact weather events in the future. The predictions of more frequent floods [3] and an increased
frequency of extreme rainfall in many parts of the world due to global warming [4] send possible signals
of an intensification of the global hydrological cycle [5-7]. The economic damages caused by floods,
and likewise the number of people affected by them, have increased significantly in recent decades
globally [8,9]. Rainfall is of key socio-economic importance for tropical West Africa, located close to
the coast of the Atlantic Ocean roughly between 4° N and 25° N, as shown in Figure 2. Activities, such
as rain-fed agriculture, livestock rearing, and hydroelectric power production, among other things, are
exceedingly vulnerable to extreme precipitation events [10,11].

Various indices and measures have already been used in the literature to explore the frequency,
magnitude, and changes in rainfall extremes over seasonal and climatological time scales [12-14].
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Common approaches include the use of threshold definitions by the Expert Team on Climate Change
Detection and Indices (ETCCDI) at the World Meteorological Organization [12,15]. In the hydrology
community, extreme rainfall distribution (temporally or spatially) and information on the return level
associated to a return period is used in flood risk management [16].

Within the region of West Africa, a lot of work has been done in the Sahel region, with a focus
on the evolution of rainfall characteristics. Giannini et al. (2013) [17] and Sanogo et al. (2015) [18]
report a trend towards more intense rainfall events in the Sahel, which coincides with a decreased
frequency of rainfall events. Other recent studies from Panthou et al. (2013, 2014, 2018) [19-21] have
focused on the characterization of extreme daily rainfall events in West Africa and analyzed changes in
extreme rainfall and rainfall regimes in the Sahel region. Panthou et al. (2014) [20] concluded that
the contribution of the extreme rainy days in the annual totals has considerably increased from 19%
in the wet period to 21% during the last decade in the Central Sahel during the period 1950-2010.
Panthou et al. (2018) [21] found a general increase of daily rainfall intensity over the Sahel since the
beginning of the 1980s associated with an increase in extreme sub-daily intensities in South-West Niger
since 1990 (African Monsoon Multidisciplinary Analysis - Coupling the Tropical Atmosphere and the
Hydrological Cycle, AMMA-CATCH) Niger network, Galle et al. 2018) [22]. Taylor et al. (2017) [23]
also suggested that the number of extreme storms has increased during the last 30 years over the Sahel
region. They also indicate an increase in the vertical development of the Mesoscale Convective Systems
(MCSs) that are responsible for extreme rainfall in the Sahel, facilitating the convergence of humidity
and producing exceptional cumulative rainfall.

The findings by Taylor et al. (2017) [23] for the Sahel raise the question of whether similar
mechanisms and trends in extreme rainfall could apply to Southern West Africa (SWA), just south
of the Sahel, where comparably little work on precipitation-related extremes has been done so far.
Most existing studies over SWA examined rainfall evolution during the 1950s to 1990s, using rain
gauges as the main source of information for trend detection. Accessing daily rainfall gauge data for
recent years is exceptionally difficult in West Africa. Due to this difficulty, most research tends to focus
on individual countries in the region. For example, Easterling et al. (2000) [24] observed a decrease
in maximum daily rainfall rates up to 1997 in the Sahel region of Nigeria in their analysis of heavy
precipitation events in different countries around the world, using the Palmer Drought Severity Index
(for both dry and wet seasons) and the number of days with precipitation. New et al. (2006) [25] used
daily rainfall data over Africa from only six stations in the Southern West African region (two in the
Gambia and four in Nigeria) and identified a rising trend in annual maximum daily rainfall at only one
observation site. Goula et al. (2012) [26] in their analysis of annual maximum daily rainfall time series
from 34 stations for the period 1947-1995 in the Ivory Coast, reported a downward trend in extreme
rainfall events based on three indices (annual maximum rainfall, number of days where precipitation
exceeded a 50-mm threshold, and the contribution of rainfall exceeding 50 mm in annual cumulations).
Bichet and Diedhiou (2018) [27] provide an analysis of trends in rainfall in the Guinea Coast based
on satellite estimates but supported by only a limited number of rain gauge data. Complementing
existing studies for individual countries in SWA, this study will therefore evaluate extreme rainfall
characteristics based on a novel rain gauge dataset that combines gauge data provided by West African
national weather stations at a daily timescale since 1950. The aim of this paper is to reconcile the
various results for rainfall trends in SWA and improve the spatial picture of rainfall regime changes in
that region. Thus, a thorough analysis of the characterization of extreme daily rainfall events over the
SWA was conducted, capturing recent trends sub-divisional differences and their impact over SWA.
This study, therefore, seeks to:

1. Report recent trends in extreme rainfall in Southern West Africa, based on long series of daily
rainfall covering the period 1950-2014 quite homogeneously over the 4° N-12° N and 10° W-10°
E domains;
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2. Compare the characteristics of recent rainfall regime changes in different sub-divisions in the
SWA region. The sub-divisions created from the Southern West African region is mainly based on
the differences in the configuration of rainfall patterns; and

3. Analyze separately the influence of each rainfall season in the sub-divisions of SWA, which shows
a bimodal distribution, and their contributions to rainfall trends over the study period.

The next section describes the climatological context of the study area, the rainfall dataset, and the
methodology used in the investigation of rainfall extremes. In Section 3, a statistical analysis of extreme
events is performed, and other results are discussed. Finally, Section 4 summarizes the primary results
of this study:.

2. Region, Data, and Methodology

2.1. Climate of Southern West Africa

The climate of the SWA region is driven by the annual West African monsoon that occurs during
boreal summer. It is characterized by two distinct rainfall patterns: A Sudanian climate, with one wet
and one dry season in the northern part (higher than roughly 9° N), and a Guinean climate, with two
wet (bimodal) seasons in the southern part, also called the forest zone (~4-9° N; e.g., [28]).

The unimodal Sudanian rainfall regime extends from mid-March to the end of October [29] and
peaks during the months of July and August (Figure 1a). The average annual rainfall is approximately
1200 mm, but it displays a marked regional north-south gradient (Figure 2).
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Figure 1. Seasonal cycle of rainfall over the Guinean climate: (a) Sudan and (b) Coastal and (c) inland

sub-divisions of SWA (Southern West Africa). The solid black line represents the mean rainfall while
the gray zone represents the 95% interval.

The Guinean climate exhibits different patterns over its coast and the inland region. The coastal
region displays a bimodal rainfall cycle exhibiting a clear major rainy season, which peaks in June
and a second—producing less rainfall—in September and October during the return of the rainbelt to
the south (Figure 1b). In this region, some areas receive in excess of 2000 mm each year. The inland
region also shows a bimodal distribution, however, with a somewhat higher minor peak in September
(Figure 1c). A local minimum is observed in August, marking the so-called “little dry season” [30,31].
This so-called Dahomey gap is a tract of savannah with relatively little rain, which stretches from the
coast of central Ghana and runs east through Togo and Benin.
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Figure 2. Long-term daily rainfall series used to quantify rainfall over six sub-divisions over the
SWA; mean annual rainfall totals over the West African region (shading) from rain gauge data are also
represented for the period 1970-2014.

2.2. Rainfall Data, Areas, and Periods of Study

For this study, we accessed daily rainfall data from over 200 stations along with detailed metadata
covering SWA from 10° W to 10° E and 4° N to 12° N. This network incorporates climate stations
gathered by the National Meteorological Agencies within the region with measurements available from
1950 to 2014. Rainfall is measured by either tipping buckets or from automatic rain gauges. Missing
data and temporal inhomogeneity were checked before using data in subsequent analyses.

From this large dataset, attention was paid to assess changes in rainfall characteristics over the
period 1950-2014 in order to analyze the decadal variability of the rainfall regime. We also aimed at
not only studying rainfall regime changes at the scale of the entire SWA but also within the study
region. Indeed, recent studies showed that contrasting rainfall trends can be observed inside climate
entities, such as, for instance, in the Sahel (see, e.g., [21,32-34]). However, it was not possible to select
one single dataset with a sufficient number of stations covering the entire period (1950-2014) and the
study region to allow a robust analysis in sub-domains.

Two complementary datasets were thus considered in this study. The first dataset was selected to
analyze rainfall changes over the entire study region covering the period from 1950 to 2014. It consisted
of 65 stations with less than 10% of missing data out of the 65 years. The method for data checking and
quality control is fully explained in Panthou et al. (2018) [21], where a criterion is used to classify a
year as missing. The annual aggregation of a missing year is achieved by attributing a flag value at
each of these steps:

e Ifits annual total is 2 (respectively 5) times the mean annual total of the whole series, then the flag
equals 1 (respectively 2), or else the flag = 0;

e  The same algorithm for the mean number of wet days;

o  The same algorithm for the mean intensity of wet days; and

e An interannual average of monthly totals is computed, and rainy/dry months are classified
according to a threshold of 90 mm. Then, the flag value is equal to the number of months that
have not recorded rains.
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The aggregated flag of a particular year is given by the sum of the four flags. If the aggregated
flag is <1, the year is marked as valid or else as missing. This procedure is somewhat strict but leads to
confidence in the quality of information available for a year qualified as valid.

The second dataset was designed to analyze spatial contrasts in rainfall changes by selecting
stations covering homogeneously six sub-divisions:

e  The coastal region, the southernmost sub-division of SWA from 4° N to 7° N;

e  The inland region, representing the middle sub-division of SWA from 7° N to 9° N;
e The Sudan region, the northernmost sub-division of SWA from 9° N to 12° N;

e  The West region of SWA (referred to as swaWEST) from 10° W to 3° W;

e  The central region of SWA (referred to as swaCENTRAL) from 3° W to 3° E; and

e  The East region of SWA (referred to as swaEAST) from 3° E to 10° E.

The optimization of the rain gauge network spatial coverage over these sub-domains is done at
the expense of the time record length. Here, we decided to focus the analysis on the most recent time
period by starting from 2014 and going backwards in time in the rainfall series while preserving the
maximum spatial coverage. The period 1970-2014 was retained as a good compromise between record
length and spatial coverage. The corresponding dataset consisted of 97 rain gauges evenly distributed
over the study region (Figure 2) with less than 10% missing years per station over the 45 years. These
daily missing values were excluded when computing the annual statistics.

2.3. Methodology

Our methodological approach builds on the recent study of Panthou et al. (2018) [21] achieved
over the Sahelian West Africa. Based on daily rainfall data, our rainfall regime analysis relied on
the investigation of four rainfall metrics: The spatial mean of annual rainfall totals (AR), the number
of rainy days (NWD), the mean wet day intensity (MWD), and the 90th, 95th, and 98th percentiles
of positive daily rainfall. The computed annual statistics do not take into consideration the zero (0)
rainfall events. These four metrics were computed at the seasonal scale, a season being defined from
April to July and September to November. They were also computed at the sub-seasonal scale for
the inland and coastal Guinean areas by separating the first season, defined from April to July, from
the second season, defined from September to November. The term NWD was used in this study
to denote a day on which a station recorded at least 1 mm of rainfall. As depicted in Panthou et
al. (2018) [21], the metrics were first computed at the station scale in order to derive regional mean
values by using a kriging approach. Because of the rainfall network spatial configuration and the
low density of its coverage, regional mean values are subject to uncertainties. Confidence intervals
were thus derived based on a spatial bootstrap method (as in [21]). The standard parametric ¢-test
(also sometimes referred to as the Student t-test) was further used to determine the significance of the
difference between recent and past trends in the extreme rainfall indices.

3. Regional Rainfall Trends and Sub-Regional Contrasts at the Seasonal Scale

3.1. Regional Rainfall Trends

The Southern West Africa (SWA) mean annual rainfall total (AR) displays a reduction in the
rainfall amount between 1960 and 1980 with a slight increase at the end of the 1980s, with annual totals
far below what was observed in the 1950s (Figure 3a). A similar pattern to that of AR is depicted in the
number of wet days (NWD), with a decrease from the mid-1960s to 1980, which was followed by a
slight upward trend after 1980. From 1960 to the mid-1970s, the mean intensity of wet days (MWD)
depicts a similar pattern over the entire region with a sharp decrease and a clear increasing trend
from the 1980s through to 2014. It should be noted that the relative recovery observed over 1980 to
2014 in MWD is larger than the increase in NWD. Events above the 90th percentile (q0.9) increased
from the 1980s to 2000s, recording extremes close to that observed in the 1950s. It is worth noting that
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MWD tends to increase with increasing q0.9. The other tested percentiles displayed similar temporal
patterns as observed in q0.9 (analysis of the 95th (q0.95) and 99th (q0.99) percentiles is displayed in
the Appendix A). In all following figures, we kept the 1950-2014 curves as a comparison with the
period 1970-2014.
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Figure 3. Plots of the 11-year moving averages of (a) mean annual rainfall total (AR) (mm); (b) number
of wet days (NWD) (days); (c) mean intensity of wet days (MWD) (mm/day); and (d) 90th percentile
(q0.9) (mmy/day) for coastal, inland, and Sudan sub-divisions.

3.2. South—North (Coastal-Sudan) Disparity

An analysis was made to understand the behavior of the rainfall regime of daily indices across the
south-north sub-divisions for the period between 1970 and 2014 (Figure 3). Rainfall patterns over all
sub-divisions seem to observe similar trends in mean annual rainfall (AR) and number of rainy days
(NWD) as portrayed over the entire region. Nevertheless, changes in mean intensity (MWD) were
observed during the mid-1990s, with the coastal and inland regions showing an increment in MWD
and the Sudan region observing a slightly downward trend. These observed changes in MWD are
noticeable over the coastal region, as seen in the extreme index (q0.9). The inland and Sudan regions
do not observe clear changes in extreme events. Extreme rainfall above the 90th percentile observed
a steady increase in the coastal region from 1990, while the inland and Sudan regions observed an
increase between 1970 and 1990, followed by a stabilization through to the current years.

Decadal differences observed at these subregions show that the coastal region is observed to be
wetter, with about 5% more rainfall over the recent decade (2005-2014) as compared to an early decade
(1970-1979) (Table 1). The inland region observed 4% more rainfall over 2005 to 2014 as compared
to 1970 to 1979 and a 1% decrease in rainfall in the Sudan region over 2005 to 2014 as compared to
1970 to 1979, although all these changes are not significant. The differences observed in the last two
decades also show a non-significant increase of the rainfall amount, with wetter conditions of 4% more
rainfall over 2005 to 2014 as compared to 1995 to 2004 over the coastal region, a decrease of 1% in the
mean annual rainfall in the inland region over 2005 to 2014 as compared to 1995 to 2004, and the Sudan
region recording a 1% increase in rainfall amounts over the last two decades.
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Table 1. Relative variation of some key statistics of the rainfall regime: (1) Over 2005 to 2014 as
compared to 1970 to 1979, and (2) over 2005 to 2014 as compared to 1995 to 2004. These two differences
are separated by a semicolon (1; 2). Stars indicate the significance level of the T-Student test: 10% (*),
5% (**), and 1% (***).

Number of Wet ~ Mean Intensity of Extreme/Annual

Sub-Division Annual Totals Days Wet Days Totals
Coastal 5%; 4% 1%; 2% 6% **; 3% 6%; 2%
Inland 4%; —1% —1%; —2% 6% **; 2% —3%; —7%
Sudan —1%; 1% —3%; 1% 4% **; 0% 10% **; 4%

Trends of NWD between 2005 and 2014 and 1970 and 1979 show an insignificant increase of 1% in
NWD in the coastal region and decrease of 1% and 3% in the inland and Sudan regions, respectively
(Figure 3 and Table 1). The recent two decades experienced an overall insignificant trend, with an
increment in NWD of 2% and 1% in the coastal and Sudan regions, respectively, with the inland region
still observing a decrease of 2% in NWD. On the other hand, it is observed that the mean rainfall
intensity (MWD) shows a 6% significant increase over 2005 to 2014 as compared to 1970 to 1979 over
the coastal and inland region, and the Sudan region recording a 4% significant increase. Over the last
two decades (i.e., 2005-2014 and 1995-2004), there have been no significant changes over the region,
with the coastal region realizing a 3% increment in MWD, the inland region recording an increment of
2%, and the Sudan region recording no changes in MWD. Considering the contribution of extreme
rainfall to annual rainfall, a significant increase of 10% is realized in the Sudan region over the last
decade as compared to 1970 to 1979, with the coastal region observing a 6% increment (Table 1). The
inland region, on the other hand, observed a 3% reduction in this index, although this is not significant.
Changes in the last two decades show no significant trend, although the inland region observed a
decline of about 7% in the contribution of extreme events to annual rainfall while the coastal and Sudan
regions depicted an increase of 2% and 4%, respectively.

3.3. East—West Disparity

The mean annual rainfall totals (AR) were first analyzed for the general behavior of annual rainfall
over the swaEAST, swaCENTRAL, and swaWEST (Figure 4). Due to similarities in the swaCENTRAL
over all mean trend of the whole SWA region, this discussion focuses on the disparity between the
swaEAST and swaWEST. AR depicts a decrease from the 1970s to the start of 1990 in all sub-divisions.
All three sub-regions observed an increase after 1990, although swaWEST seems to have observed a
decrease from 2000 with a slight increase at the end of that decade. NWD displays a similar evolution
as in AR, with a decrease between 1970 and the late 1980s in all sub-regions followed by a slight
recovery through to the current decade, while swaEAST displayed a decrease in the number of events
from the late 1990s. The mean intensity of wet days (MWD) tended to display an interesting behavior,
with swaEAST and swaWEST displaying a ‘mirror” pattern after a steady trend between 1970 and
1990. swaEAST depicts an increase surpassing the events in the 1950s while swaWEST displays a
decrease from the 1990s. An overall similar pattern is observed with the 90th percentile index, showing
an increase in extreme rainfall over swaEAST from 1990 onwards. As a result, extreme rainfall is
now roughly above levels observed in the 1950s (Figure 4). The swaWEST region, on the other hand,
displays a continuous decrease from 1990 to the late 2000s, after which a sharp increase is observed.
From these observations, it can be said that swaWEST remains drier (5% less rainfall over 2004 to 2014
than over 1970 to 1979) while the swaEAST recorded a wetter decade (7% more rainfall over 2004 to
2014 than over 1970 to 1979). These differences in behavior between the swaEAST and swaWEST also
hold in the evolution of NWD and MWD. In NWD, the West observes a decrease from 1970 to the end
of the 1980s, followed by an increase of about 3% above the mean average of the 1970-1979 period
(Table 2). The Eastern sub-region, on the other hand, recorded a decrease (2% fewer wet days over
2004 to 2014 than over 1970 to 1979). Consequently, while MWD has significantly increased (10%) over
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swaEAST in the recent decade compared to the 1970s, the swaWEST recorded a significant 5% decrease
in mean intensities after a steady trend in the 1970s. Similar patterns persisted in observations made
with 0.9, with the east region experiencing an increasing trend after the 1980s and the west region
recording a significant decrease after the 1980s. It can be noted that the trends observed in the mean
rainfall intensity correlate well with thee trends in extreme events over the SWA region.
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Figure 4. Plots of the 11-year moving averages of (a) mean annual rainfall total (AR); (b) number of
wet days (NWD) (days); (c) mean intensity of wet days (MWD), and (d) 90th percentile (q0.9) for east,
west, and central sub-divisions.

Table 2. Relative variation of some key statistics of the rainfall regime: (1) Over 2005 to 2014 as
compared to 1970 to 1979, and (2) over 2005 to 2014 as compared to 1995 to 2004. These two differences
are separated by a semicolon (1; 2). Stars indicate the significance level of the T-Student test: 10% (*),
5% (**), and 1% (***). (swaEAST: East region of SWA, swaWEST: West region of SWA, swaCENTRAL:
central region of SWA, SWA: Southern West Africa).

R Number of Wet  Mean Intensity of Extreme/Annual
Sub-Division Annual Totals Days Wet Days Totals
swaEAST 7%*; 4% —2%; 1% 10% ***; 2% 14% ***; 5%
swaWEST —5%; —1% 3%; 3% —5% **; 2% =17% ***; —=8%
swaCENTRAL 4%; 2% —2%; 0% 6% **; 2% 9%; 2%

The observed disparity is also evident when taking into account the contribution of extreme
events to annual rainfall, which increased significantly by 14% in the east and decreased significantly
by 17% in the west (Table 2). It should be pointed out that the swaEAST region (which observed similar
trends as that of the central region) displays a clear contrast in recent trends to that of the swaWEST
region. An increment in an index in the east corresponds with a reduction in an index at the west, and
vice versa. Comparisons made between the last two decades (i.e., 2005-2014 and 1995-2004) show
slight changes in patterns; however, these changes are not significant. It is realized that the swaEAST
region observes an increase across all indices while swaWEST records a decrease in all indices, with an
exception in the number of rainy days, which realizes a nonsignificant increase.
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3.4. Disparities between the Two Rainy Seasons (AM]] and SON) in the SWA Coastal and Inland Regions.
The analysis of rainfall variabilities over the forest zone (region exhibiting bimodal distribution),
with a focus on the two rainfall seasons was carried out. Two general comments can be drawn from
Figure 5. First of all, seasonal rainfall indices (AR, NWD, MWD, and q0.9) over the AM]J]J continues
to record higher values in the coastal region as compared to other sub-seasonal divisions (Figure 5).

Second, rainfall indices for the coastal region display higher values than for the inland region, with the
exception of the MWD and q0.9 indices for the SON period.
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Figure 5. Plots of the 11-year moving averages of seasonal rainfall total; mean intensity of wet days
(MWD) (mm); number of wet days (NWD) (days), and 90th percentile (q0.9) for April-May-June-July

(AM]]) (a,c,e,g) and September-October-November (SON) (b,d,f,h) rainfall seasons for coastal, inland,
and Sudan sub-divisions.
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Annual rainfall (AR) reached its lowest values in the late 1980s over the coastal region. It increases
afterwards to averages observed in the mid-1970s. The inland region recorded a steady even trend
throughout the period in the first rainy season. The SON rainfall season, on the other hand, has
experienced an increase in annual rainfall over the inland region from the mid-1980s, with the coastal
region realizing an increasing trend in the 1990s.

For NWD in AMJ]J, both regions observed an initial decrease during the 1970s, and remained
fairly stable, depicting a general decrease in the frequency of occurrence of wet events over the forest
zone of the SWA region during AM]J]J. Nevertheless, the SON season recorded an increase in NWD
after a downward trend from 1970 to the late 1980s.

It is worth noting the increasing trend of MWD in the AM]J]J rainfall season over both the coastal
and inland sub-domains from the 1970s to the recent decade. In the SON season, the inland sub-division,
MWD observed a gradual increase until the start of the last decade and then, a sharp gain was recorded
during the last decade. The coastal sub-division witnessed an unstable trend, with the 1980s recording
high intensities compared to the 1970s. The index reached its lowest values in the mid-1990s; it sharply
increased afterwards.

During the AM]J season, the 0.9 index observed an increment from the late 1980s in the coastal
sub-division, with the inland sub-division realizing a fairly steady trend over the whole period. The
pattern realized over the SON season for the q0.9 index depicts the trends observed in the MWD index
for the same season.

4. Discussion

To summarize, the detection of long-term variabilities in the evolution of rainfall of tropical
regions like Southern West Africa (SWA) from observations has been a challenge and also a necessity
since climate models often do not agree on this issue. The use of advanced statistical tools remains,
therefore, a potent source to obtain relevant information on the detection of significant changes in the
rainfall regime using rain gauge daily data, which still remains an imperative source of information.

Based on rain gauge data from 97 stations for the period 1970-2014, this paper suggests a trend
towards more intense rainfall in the SWA while the occurrence of rainfall events seem to be stable.
In recent studies, Maranan et al. 2018 [34] pointed out the latitudinal dependence of total rainfall
on convective systems, with local thunderstorms dominating the rainfall fraction at the coast [35,36]
and long-lived, organized convective systems dominating in the Sudanian region further north. Over
the SWA region, a regime of wetter conditions has been observed since the mid-1990s, amidst more
occurrences of extreme events.

This intensification in rainfall events is mainly due to the increase in mean intensities of wet
days. This is more pronounced in the coastal and inland regions than the Sudan region, which shares
boundaries with the Sahel. This extends the results obtained by Sanogo et al. (2015) [18], and suggests a
trend towards more intense rainfall in Southern West Africa in the last decade, with a seemingly steady
occurrence of rainfall events. These trends appear to be similar to patterns observed over the Sahel
region, with Panthou et al. (2014, 2018) [20,21], Sanogo et al. (2015) [18], and Taylor et al. (2017) [23]
indicating a similar intensification of rainfall events. A similar analysis of precipitation extremes in
tropical Singapore has recently been reported with some methodological and meteorological similarities
(Li, X et al., 2018) [37].

One notable outcome in the analysis of seasonal trends is the change observed between the two
rainfall seasons over the study region. Amidst a steady trend in annual rainfall in recent years over the
AM]J] rainfall period, the intensity of the events has been increasing significantly in both the coastal
and inland regions. This is in agreement with Taylor et al. (2017) [23], indicating that the intensification
signal of mesoscale convective systems (MCSs) emerges above the strong decadal variability of total
rainfall even in Southern West Africa during the boreal spring, aiding unusual cumulative rainfall. The
recent intensification of the rainfall regime generates concern of the likely changes in the spatial extent
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and organization of MCSs. The second rainfall season also realizes similar trends in rainfall regime as
compared to the AM]]J season, although the coastal region recorded a unique pattern during the 1990s.

5. Conclusions

Over the past 45 years, it was observed that the rain gauge dataset depicted different trends in
mean annual rainfall for the two rainfall seasons. A clear rainfall increase was observed during the
second rainfall season (SON) in all subregions. This agrees with observations made by Bichet and
Diedhiou (2018) [27] and Sanogo et al. (2015) [18]. The intensification, as observed by Sanogo et al.
(2015) [18], in mean annual rainfall in recent years is a result of more intense and more frequent rainfall
events. Considering the north-south disparities over the studied region, it was observed that the
insignificant trend in mean annual rainfall during the AM]]J rainfall season occurs in combination with
more intense but less frequent rainfall events.

Analyses of the east-west disparities over the region showed a slight decrease in mean annual
rainfall over the west as a result of less intense and less extreme rainfall events in recent years, although
the frequency of rainfall events increased over both rainfall seasons. These east-west disparities
observed using the rain gauge dataset were also slightly visible in Bichet and Diedhiou (2018) [27]
but with a much lower magnitude in the trend, with no significant trend and located more in the
western part of the SWA (in the Sudanian region of Senegal). This raises the question of the possibility
that the trend we identified might come from the low density of the rain-gauge network in the Ivory
Coast. It is worth pointing out here that the satellite remote sensing data used in Bichet and Diedhiou
(2018) [27] still remain very uncertain. Therefore, trends identified by Bichet and Diedhiou (2018) [27]
cannot be used as an absolute reference. Moreover, it is worth noting that we excluded an effect of
data quality, as the trend was quite consistent between all rain-gauges and over the region. Figure 6
shows that analyses at the station levels—despite the noise that this analysis can produce (Panthou et
al. 2014) [20]—confirmed that a majority of stations display a decreasing trend in extreme rainfall over
Ivory Coast and confirmed the trend detected at the regional scale.
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Figure 6. Map of the trends of extreme rainfall (90th percentile (q0.9)) at station levels over SWA from
1970 to 2014; red (blue) circles indicate an increase (decrease) in the trend of extreme rainfall. The plus
(minus) sign indicates the significance at a 5% level of significance.

Analyses of rainfall changes using rain gauge data showed disparities over the SWA region
between north-south and east-west sub-divisions. These zonal and meridional contrasts observed
raise many questions about the atmospheric mechanisms involved over the SWA region. Atmospheric
dynamics modulating the zonal and meridional disparities of the West African Monsoon need further
investigation to understand the causes of the differential intensification observed across the region.
This is to build on the known fact that the interannual variability of El Nifio-Southern Oscillation,
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ENSO [38], and the Atlantic Nino [39] have an important impact on the rainfall in the region while
one-third of the intraseasonal variability of the West African monsoon is related to the MJO [40,41].
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Figure A1. Plots of the 11-year moving averages of 95th percentile (q0.95) (a,c,e) and 99th percentile
(q0.99) (b,d,£) for whole year, April-July (AM]]) and September-November (SON) rainfall seasons for

coastal, inland, and Sudan sub-divisions.
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