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Abstract: Extreme precipitation is a great concern for West Africa country, as it has serious consequence
on key socio-economic activities. We use high resolution data from the Climate Hazards Group
InfraRed Precipitation Stations (CHIRPS) to determine the spatial variability, trend of 8 extreme
precipitation indices in West Africa and their relationship to remote indices. Spatial variability of
extreme is characterized by maximum precipitation over the orographic regions, and in southern
Sahel. The trend analysis shows a decrease of dry condition in Sahel and Sahara, and an increase
tendency of wet indices over western Sahel and southern Sahel. The correlation analysis reveals
that extreme precipitation in Sahel is strongly teleconnected to the Eastern Mediterranean Sea (EMS),
whereas western and western-north Sahel is associated with both Atlantic Meridional Mode (AMM),
Maiden Julian Oscillation phase 8 (MJO8), El Nifio 3.4 index (NINO.3.4), and Trans-Atlantic-Pacific
Ocean Dipole Index (TAPODI) but with different characteristics or directions. Guinean coast extreme
precipitation is highly associated with Atlantic zone 3 SST anomaly (ATL3), Northern Cold Tongue
Index (NCTTI), TAPODI but also with an opposite sign with NINO.3.4 and in somewhat with the MJO8.

Keywords: West Africa; extreme precipitation; teleconnection

1. Introduction

Extreme events usually lead to serious human and economic impacts, especially in the Sahel and
West Africa in general, due to a continuously growing population, high vulnerability and exposure,
and a lack of adequate adaptation plans. Ref. [1,2] amongst others have reported that extreme events
are very likely to change in intensity, frequency, and locations in the 21st century. Ref. [3] point out
evidence from observations gathered since 2015 of change in some extremes. Ref. [4] found a general
tendency of decreased annual total rainfall and the maximum number of consecutive wet days during
their study period in West Africa. They also stated a positive trend of cumulated rainfall of extremely
wet days. Using 35 years of satellite observations, Ref. [5] have shown a persistent increase in the
frequency of extreme storms over the Sahel region. Similar conclusions are done by [6], they found a
statistically significant increase in the number of wet days and a decrease in the number of dry days
over the Sahel. However, they state also that trends in the occurrence of extreme summer rainfall events
show significant decreases over West Africa, but local increases are found in West Sahel. More recently,
an increase of daily rainfall intensity over the Sahel starting in the 1980s associated with an increase
in extreme sub-daily intensities in south West Niger since 1990, is suggested by [7]. Ref. [8] have
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highlighted an increase in the 99th percentile daily rainfall threshold in Western Sahel. They have also
shown that in the most recent decade extreme rainfall is more extreme than in the 1960s.

Climate extremes are the result of natural climate variability and natural decadal or multi-decadal
variation in the climate provides the backdrop for anthropogenic climate changes [3]. It is the case
of West Africa and Sahel, where the change in precipitation and extremes are related to large-scale
circulation change. Numerous studies that tried for example to explain the severe drought in the 1970s
and 1980s have concluded that oceanic forcing was the main driver of the Sahel and West Africa rainfall
variability on interannual and decadal time scales, [9-18] amongst others. Ref. [19] has identified
aspects of anomalous Pacific SST variability that are most strongly linked to the Sahel. He stated that El
Nifio phase increases the likelihood of Sahel drought, and has shown that although a part of this link is
indirect and its main effect appears to be through a direct atmospheric teleconnection. Recently, Ref. [20]
have studied drought patterns over the Sahel and their relationship to low frequency climate oscillations
by testing seven climate modes with drought evolution; they found that the standard precipitation
evapotranspiration index (SPEI) is more associated with the Atlantic Multi-decadal Oscillation (AMO)
and the Pacific Decadal Oscillation (PDO). More specifically, Ref. [21] have highlighted the relationship
between several indices and rainfall variability in West Africa, for example, SST in the Mediterranean
Sea is linked to rainfall variability in the central Sahel, and Atlantic zone 3 (ATL3) has shown a
change in the relationship with West Sahel before and after the 1970s. They concluded the existence of
non-stationary behaviors in some associations. Evaluating the ocean forcing on interannual variability
of heavy and moderate daily rainfall in the Sahel, Ref. [22] have shown that the occurrence of moderate
daily rainfall events is enhanced by positive SST anomalies over the tropical North Atlantic and
Mediterranean, whereas heavy and extreme daily rainfall events appear to be influenced by the
El Nifio-Southern Oscillation (ENSO) and Mediterranean variability. More recently, Ref. [23] have
analyzed the influence of oceanic remotes forcing on Guinean coast intraseasonal rainfall variability,
they found a strong variability on different timescales that are driven by SST variations amplified
by land-atmosphere processes. Ref. [24] by studying the relationship between extreme precipitation
indices in Ghana and ocean SSTs patterns have demonstrated that wet indices over Ghana have
shown significant positive correlations with the Atlantic Ocean SST and negative correlations with the
Pacific and Indian basin SSTs. Change in extreme precipitation in West Africa has been highlighted
by [25] using regional climate models, whereas Ref. [4], based on stations located in the Sahelian band
have studied extreme precipitation patterns. Recently, Ref. [24] have used high-resolution satellite
data (Chirps) over Ghana to study extreme precipitation trends and their related teleconnections.
The add-value of our work is the extent of the extreme precipitation study overall the West Africa using
the high-resolution satellite data (Chirps) and combined with the study of the probability distribution
function to have more insights about the trends of extreme precipitation for very recent periods.
Besides, a wide range of teleconnection indices that may influence extreme precipitation variability in
West Africa has been tested.

The present study aims to investigate first, the spatial variability and trends of extreme precipitation
indices over West Africa using the high-resolution Climate Hazards Group InfraRed Precipitation with
Station (CHIRPS) data during the summer season, and secondly the link between known remote indices
and rainfall extremes in West Africa is explored. The paper is organized as follows. Section 2 presents
the data and methodology used, while Section 3 is focused on results and discussion. A summary of
the main finding is presented in Section 4 that concludes this paper.

2. Data and Methodology

2.1. Rainfall Dataset and Remote Indices

The Climate Hazards Group InfraRed Precipitation with Stations data (CHIRPS) is widely used
in this study for calculating the extreme precipitation indices. The CHIRPS data consists of daily,
gauge-calibrated, infrared precipitation estimates [26]. The dataset spans from 1982 to 2016 with a
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resolution of 0.25° x 0.25° and is only available over land. High spatial resolution and long records make
CHIRPS data reliable and suitable for rainfall variability and extremes analysis. Some studies have
validated the CHIRPS data with various rainfall observation data, they conclude a good performance
for drought monitoring. Ref. [27,28] amount others have highlighted a general agreement with other
observational data on annual trends over Africa. Using rain gauge observations from the BADOPLU
database, Ref. [29] found a very similar statistical distribution for mean precipitation in AMJ and SON
seasons. Furthermore, they concluded that the comparison of the corresponding time-series between
the 2 datasets indicates that the distribution and to some extent the temporal variability, agree in both
seasons showing a better fit for mean precipitation and number of wet days and then good confidence
of the use of CHIRPS data in this region.

The remote indices consist of various climate and oceanic state indices in the Atlantic and/or in
the Pacific Ocean and the eastern Mediterranean Sea. Known remote indices suggested by several
authors (Table 1) in influencing either West Africa or Sahel regions have been tested. Details of climate
indices used in this study are consigned in Table 1, it includes the areas of action and the corresponding
references. SST based indices in bold (Table 1) are computed from Hadley Center Sea Ice and Sea
Surface Temperature (HadISST), by calculating anomalies for the climatological period 19792009,
smoothing the anomalies with a 5-month running mean (when needed) and normalizing the smoothed
anomalies over the climatological period. The other indices are downloaded from websites, links are
given in supplement materials (Table S1). The mean JJAS seasonal variability of these indices shows
different patterns and will be the base of the interpretation of teleconnection they may have with
extreme precipitation indices.

Table 1. List of tested remote or teleconnection indices in controlling extreme precipitation indices in
West Africa. Indices in bold are calculated from the HadISST.

Indices Full Name Reference
NINO.3.4 (5° S-5° N; 120°-170° W) El Nifo 3.4 index [30]
ATL3 (0°-20° W, 3° S-3° N) Atlantic Zone 3 SST anomaly [31]
TAPODI [(15° N-15° S, 75° W-10° . - . .
E)—(15°-15° N, 80° W-120° W)] Trans-Atlantic-Pacific-Ocean dipole index [32]
NAO [(35-45 N, 70 W-10 W)—(55-70 N, . R
70W=10 W)] North Atlantic Oscillation Index [33,34]

MJO Madden Julian Oscillation-Phase 8 [35]
AMM Atlantic Meridional Mode [36]
AMO Atlantic Multidecadal Oscillation [37]

EMS (15° E-36° E, 23° N-36° N) Eastern Mediterranean Sea SST anomaly Used in [21]
NCTI (4° W-8° W, 0.5° S-1° N) Northern Cold Tongue Index [38]
TSA (0°-20 S and 10 E-30 W) Tropical Southern Atlantic Index [39]
TNA (5.5 N-23.5N, 15 W-57.5 W) Tropical Northern Atlantic Index [39]
SAODI[(20° W-10" E, 0°-15 Southern Atlantic Ocean Dipole Index [40]

S)—(10-40° W, 25°—40° S)]

2.2. Methodology

2.2.1. Extreme Precipitation Indices

Extreme indices used in this study are derived from the Expert Team on Climate Risk and
Sector-specific Climate Indices (ET-CRSCI) that have defined a “core set” of 34 descriptive sector-specific
indices mainly for agriculture, health, and water resource applications, it includes also indices from the
ETCCDI [41,42]. These indices provide a good mixture of daily statistics to assess changes in temperature
and precipitation regimes in term of duration, intensity and occurrence [41,42]. The Climpact software
an R based software ([43]; https://github.com/ARCCSS-extremes/climpact2); has been used to compute
the 8 indices used in this study and listed in Table 2. We have computed three sets of extreme climate
indices: (1) absolute indices like RXnday (n = 1 and n = 5), SDII and PRCTOT; (2) threshold exceedance
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indices like R10mm and R20mm, which refer to the number of days when a threshold is surpassed;
(3) indices that highlight the length of wet and dry spell duration, for instance, CDD and CWD.
These indices are approved by the WMO and are widely used. The CDD and CWD indices depend
on the precipitation occurrence, whereas the Rkmm (k = 10, and k = 20) and the RXnday depend on
precipitation amount and the SDII and PRCPTOT are considered aggregated indices as they depend
on both the precipitation amounts and occurrence.

Table 2. List of used extreme precipitation indices.

Indices Indices Name Definition Unit
CDD Consecutive dry day Maxng:;llz;:lxghr;ir;%eiqf. g (I)rr::)c utive days
CWD Consecutive wet day Max"g‘;&i‘;ﬁ‘gﬂh‘;‘:fﬁei"f g‘;:f’rf)cu“"e days

Rxlday Max 1-day PR Maximum 1-day PR total mm

Rxbday Max 5-day PR Maximum 5-day PR total mm

R20mm Number of very heavy rain days Number of days when PR > 20 mm days

R10mm Number of heavy rain days Number of days when PR > 10 mm days

Daily PR intensity Annual total PR divided
SDII Daily PR intensity by the number of wet days (when total mm/day
PR > 1.0 mm)
PRCTOT  Annual total wet-day precipitation Precipitation from wet days (P > 1 mm) mm

2.2.2. Trend Analysis and Regression

The trends analysis of the extreme precipitation indices was computed using the non-parametric
Mann-Kendall (MK) trend test [44,45] as recommended by the World Meteorological Organization
(WMO) together with the Sen’s test [46]. The null hypothesis Hy is that the data independent
and randomly distributed, while the alternative hypothesis H; is that a monotonic trend exist.
The non-parametric Sen’s slope estimator estimates the trend magnitude of the variable-time by mean
of a nonlinear, and the Man-Kendal test (Z Kendall’s coefficient) informs on the significance of the
trend. This method is widely used in climate and hydrology [47-52]; amongst others.

The relationships between detrended precipitation extreme indices and remote indices time series
were performed using a regression method. The significance level of Pearson correlation coefficients is
computed to set a 95% confidence level according to a Fisher-test. The effective degree of freedom
(EDOF) is computed [18,53,54] to take into account the autocorrelation in the time series. Furthermore,
the standard degree of freedom is used for the significance level test of correlation between the areal
averaged (west Africa subregions) of extreme precipitation indices and remote indices.

3. Results and Discussion

3.1. Variability and Trends in Extreme Precipitation over West Africa

The spatial distribution of the extreme precipitation indices is first analyzed using the Chirps
dataset for the summer (JJAS) season and the period spanning from 1982 to 2016. Figure 1a shows the
spatial pattern of the CDD over West Africa, the highest mean values are observed in the northern
Sahel with a more pronounced occurrence in the Saharan band within mean more than 70 days of
CDD in JJAS. The central Sahel band presents less than 20 days of CDD whereas the southern Sahel
does show a spatial distribution of fewer than 5 days. We should note a similar CDD pattern to the
central Sahel is observed in the Guinean coast regions close to the coast. The summer JJAS season in
southwest Africa coincides with the second dry seasons and the CDD is found to be less than 15 days.
The highest values of the CWD are observed in regions with high orography around Guinean highlands,
Joss plateau, and West Cameroun highlands (Figure 1b). The Southern Sahelian band presents also a
better distribution of the CWD compared to other regions within mean 7 to 12 days of CWD around
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highland regions. The threshold exceedance precipitation indices (R10mm and R20mm) does show
a similar pattern to the CWD with maximum values located around the high orography but also in
countries at the South-West coast (Guinea, Sierra Leone, and Liberia). However, the spatial variation of
the R10mm is characterized by an increasing from the central Sahel to the coast in the southern West,
except in most parts of Ivory Coast and in western Ghana where the R10mm has decreased. As for
the CWD, the maximum is located around orographic regions. Similar behavior is observed with the
R20mm, with an increasing started from the southern Sahel to the coast. However, two maximums are
respectively located in the southern-west and the southern-east of Guinean coast region (Figure 1c,d).
Figure le,f present the mean distribution of RX1day and RX5day indices. An increasing pattern is
observed from the Sahel to the coast in the southern West Africa for both indices, but the intensity is
more pronounced with the RX5day, and as previously the highest rainfall values are observed near
highlands regions. The spatial distribution of the absolute precipitation index PRCPTOT shows also
the similar pattern with an increase from 75 mm to 160 mm, with the highest maximum in the Coast
of Sierra Leone, Guinea, and Liberia and the second maximum in the south of Joss plateau at the
coast (Figure 1g). The same pattern is also highlighted by the SDII which corresponds to the daily
precipitation annual index (Figure 1h). Using GPCP and TRMM datasets for model’s evaluation,
Ref. [25] have shown very similar patterns to our results. They found that the minimum of dry days
is located over the southern Sahel subregion in the two datasets, while the Guinean coast exhibits
in mean between 10 and 15 CDD for the period 1998-2005. They have shown also that PRCPTOT
maximum is located within the Guinean coast region of West Africa, especially over the Fouta Djallon
highlands, Jos plateau and Cameroun Highlands as observed in Figure 1g.

Figure 2 shows the pattern from the Z and Sen trend test for extreme precipitation indices in
summer (JJAS) over West Africa. The shadings represent the Sen’s slope for the study period and black
dots correspond to points where the trend is statistically significant at a 5% significance level following
the Z Man-Kendall’s coefficient. The CDD index moderately decreases significantly in Central-east
Sahel and increases in Guinean coast regions (Figure 2a), a similar pattern has been depicted by [28],
who found a decrease in the total number of dry days in the Sahel. The highest decreasing values
are observed in Saharan areas. The number of CWD tends to slowly increase in West Sahel over
Senegal and shows sparse and unregular trends in Central Sahel, however, it decreases significantly in
the eastern Guinean coast around Joss and West Cameroon highlands but also the western coast of
Guinean coast band around Sierra Leone and Liberia as seen in Figure 2b. This result shows slight
discrepancy with [28], who have shown a uniformly positive trend of the number of wet spells and the
number of wet days in the Sahel with a maximum in the western part over Senegal. The discrepancy is
more observed in Central Sahel. Figure 2¢,d show the trends of the R10mm and R20mm over West
Africa. A positive and significant trend is observed over the whole Sahel (excepted in Niger) with a
low rate of increase of about 0.2 namely with R1I0mm. An opposite pattern is seen in the Guinean coast
region with less uniform behavior and less significant. The analysis of absolute indices RXnday spatial
distribution shows an alike-dipole pattern with an increasing trend in “central” Sahel, a decrease in
the southern Sahel or northern Guinean coast, and again an increase in coastal Guinean coast regions.
For the RX1day the increasing trend is higher in Guinean coast areas near to the coast (Figure 2e),
whereas the alike-dipole observed with the RX5day index is more pronounced and significant than the
RX1day (Figure 2f). The PRCPTOT index shows a different pattern than the previous absolute indices
with significant and high values of positive slope over the Sahel indicating an increasing tendency
(Figure 2g). The greatest increasing rate are located in western Senegal, in western Mali, and in
northern Burkina Faso. Guinean coast regions are characterized by a decreasing trend of the PRCPTOT
index with no significant values except in Sierra Leone and some little areas in Nigeria. We should not
also that the Benin and West part of the Ivory coast present a positive tendency with no significant
signal. The spatial distribution of the SDII index is represented in Figure 2h. The SDII index tends to
statistically significant increase in central and east Sahel and Guinean coast areas close to the coast
with a low trend. The decreasing areas are sparse and located in the southern Sahel, in Sierra Leone,
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and central Niger with the same range as the increasing rate. Our results show a similarly pattern
with [28] findings, who have reported an increasing of precipitation intensity over the southern-central
part of the West Sahel and a decreasing over part of Senegal and eastern Mali. Ref. [7] have suggested
a general increase of daily rainfall intensity over the Sahel since the beginning of the 1980s. Ref. [55] by
studying recovery rainfall over Sahel, have found an increasing of extreme rainfall events.
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Figure 1. Mean seasonal variability of extreme precipitation indices over West Africa. (a) CDD,
(b) CWD, (c) R10mm, (d) R20mm, (e) Rx1day, (f) Rx5day, (g) Prcptot and (h) Sdii.



Atmosphere 2020, 11, 999 7 of 23

e

S
f. Rx5day g
T

-16° -12° -8°

=

=

-1.0 -0.8 -06 -04 -0.2 0.0 0.2 04 06 08 1.0

-1.0 -0.8 -0.6 -04 -0.2 0.0 02 04 06 08 1.0

Figure 2. Seasonal (JJAS) Trends of extreme precipitation indices in West Africa from 1982 to 2016.
Stripping points represent significant trend, black shaded indicates values lower than —1 and white
shaded, values greater than 1. (a) CDD, (b) CWD, (c¢) R10mm, (d) R20mm, (e) Rx1day, (f) Rx5day,

(g) Prcptot and (h) Sdii.
3.2. Probability Distribution Functions in Extreme Precipitation Indices

The temporal variation in extreme precipitation is also investigated using the probability
distribution function (PDF) that tells about the probability of an event that will occur in a given
period interval. We then divide all indices into two 17 years sub-periods: 1982-1998 and 1999-2015.
Figure 3 shows the probability distribution function of all extreme precipitation indices into the two
periods averaged over Sahel (West Sahel+ Central Sahel +Eastern Sahel, as stated further in Figure 4a).
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Figure 3. Seasonal (JJAS) probability density function for extreme precipitation indices over Sahel from
1982 to 2015 for two periods: 1982-1998 and 1999-2015. (a) CDD (days), (b) CWD (days), (c) R10mm
(days), (d) R20mm (days), (e) Rx1day (mm), (f) Rx5day (mm), (g) Prcptot (mm) and (h) Sdii (mm/day).
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An overall analysis states that all indices except CDD tend to shift to the right from sub-period 1
to 2, this result indicates that extreme precipitation in the Sahel has been probabilistically increasing in
severity and frequency since the 1980s. We also note from the PDFs that the probability of occurrence
of wet-condition has increased since the 1999s (Figure 3b-i), in contrast, the probability of getting CDD
has decreased in Sahel (Figure 3a). Our results suggest more frequent extreme precipitation in the near
in the Sahel.

3.3. Teleconnection between Extreme Precipitation Indices and Remote Indices

The relationship between extreme precipitation indices and previously cited remote indices has
been analyzed. The remote indices consist of various climate, ocean, or both state signals. To remove
the influence of trend, the time series of extreme precipitation indices have been detrended and for
maintaining the data consistency no processing of trend for the remote indices has been done. Figure 4
shows the correlation between each remote index and the extreme precipitation indices averaged over
West Africa and West African subregions (Figure 4a). It's seen from Figure 4b that MJO08 and NINO.3.4
have a negative and significant influence on extreme precipitation in West Africa, whereas ATL3,
EMS, SAODI, TAPOD], and to lesser extent TSA do show positive and significant linkage to extreme
precipitation. By considering the West African subregions individually, it comes that the EMS is the
main driven teleconnection index for extreme precipitation in the Sahel (Figure 4c—e), besides, MJO08
and NINO.3.4 also show negative correlation respectively in West Sahel and Central Sahel with at least
four extreme precipitation indices as shown in Figure 4c,d. Extreme precipitation indices averaged
over western Guinean coast regions (Figure 4f) are influenced by several teleconnection indices (ATL3,
NINO.3.4, NCTI, SAODI, TAPOD], and TSA), and the most relevant is the ATL3 index with high
significant correlation. The other teleconnection indices also exhibit a very good relationship with
extreme precipitation indices except with SDII and RX1day indices. NINO.3.4 (NCTI, SAODI, TAPOD],
TSA) shows negative (positive) correlations except for CDD which presents a positive (negative) signal.
Figure 4g highlights the previous association in the east Guinean coast, and only three remote indices
do show significant association with extreme precipitation. The AMM and EMS are positively and
significantly associated with at least five extreme precipitation indices, whereas NINO.3.4 presents
negative and significant signals with the SDII, the PRCPTOT, the R10MM, and the R20MM.

In a second step, the spatial role of different teleconnection indices on the West African extreme
precipitation has been evaluated and presented in the following sub-sections. However, a distinction is
made between remote teleconnection indices that have been computed using areal averaged SSTs and
those that indicate oscillation variability modes.

3.3.1. Extreme Precipitation, Oceanic Modes, Atmospheric Modes and Coupled
Ocean-Atmosphere Modes

The correlation between oceanic, atmospheric, or coupled ocean-atmosphere modes and extreme
precipitation is first investigated. Figure 5 illustrates the spatial correlation between AMM and extreme
precipitation indices from 1982 to 2016. It appears that AMM does negatively impact the CDD index
in West Africa that is more pronounced in the north-western and the south-eastern Sahel, however,
the correlation is not significant and in some isolated areas the correlation is positive (Figure 5a).
In opposite, AMM seems to be significantly and positively correlated to CWD only in the Western Sahel
over Senegal and in the eastern-south Sahel (south of chad) as seen in Figure 5b. A similar pattern is
observed with the other extreme precipitation indices (Figure 5c—g), the correlation is significant only
in the previously cited areas and is more intense with the PRCPTOT index. These results are similar
to [21] who suggest a closer physical relationship between AMM and rainfall in the western Sahel.
We should note that the correlation between sdii index and AMM shows very sparse, low, and no
significant values (Figure 5h). The Atlantic Multidecadal Oscillation (AMO) does show similar patterns
that AMM, but the correlation values are not significant (not shown, see Figure S1 in Supplements
Materials) excepted in ivory coast for RI0mm, R20mm et PRCPTOT indices. These results suggest that
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the impacts of AMO on extreme precipitation variability are not well established as the significance
test failed in this region. Ref. [24] without insisting on the significance test, have found a positive
correlation between AMO and the annual wet-day rainfall total, whereas Ref. [21] found that AMO
shows a positive linear correlation to Sahel rainfall that stems from periods longer than 8 years.
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Figure 4. Correlation matrix between West Africa sub-regions extreme precipitation indices and remote

climate indices. (a) West Africa subregions delimitation, (b) correlation between averaged extreme

precipitation indices in West Africa and remote indices, (c-g) correlation between averaged extreme

precipitation indices in subregions and remote indices.
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Figure 5. Correlation patterns between AMM and extreme precipitation indices. Tipping points
represent significant correlation areas using EDOF. (a) CDD, (b) CWD, (c) R10mm, (d) R20mm,
(e) Rx1day, (f) Rx5day, (g) Prcptot and (h) Sdii.

The NAO is a prominent mode of variability and is associated with change in wind strength and
direction, heat and moisture transport, and strength of storms (namely in mid-latitude). Therefore,
its influence on extreme precipitation in West Africa has been tested. The results show that the NAO
index has no significant influence on extreme precipitation in West Africa (not shown, Figure S2).

The correlation behavior between the Madden Julian Oscillation phase 8 (MJOS8) and extreme
precipitation indices shows different patterns from an index to another. Figure 6 shows the spatial
distribution of the correlation between MJOS8 and extreme precipitation indices. MJOS8 exhibits a
positive relationship with the CDD index (Figure 6a) in most parts of West Sahel and especially in the
southern Sahel but the correlation is sparse and not significant (except in southern chad). However,
with the CWD the correlation is negative and significant in the southern Sahelian band, namely in
western and central Sahel as observed in Figure 6b. The MJOS8 is also negatively correlated with some
wet indices (R10mm, R20mm) but the correlation test is only significant in southern West Africa and
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western Sahel (Figure 6¢,d,g), and for occurrence indices like Rx1day and Rx5day, the significance of
the correlation is located in the northern West Africa (Figure 6e,f). The PRCPTOT index seems to be
closely linked to the MJO8 with a significant negative correlation in all West Africa except in the central
Sahel as presented in Figure 6g. The sample daily intensity index (sdii) reveals a positive association
with the MJOS in the all Sahel that is no significance, and negative association in the Guinean coast
area with significance signal around Ghana and southern Nigeria. On average, it is observed that the
M]JO8 has a more pronounced and direct negative significant link with the wet indices in western and
southern West Africa. In the Sahel, the MJO is well negatively linked to the CWD index and failed to
influence the other indices.

MJOs MENENNNNNTIETT .
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Figure 6. Correlation patterns between MJO8 and extreme precipitation indices. Tipping points
represent significant correlation areas using EDOF. (a) CDD, (b) CWD, (c) R10mm, (d) R20mm,
(e) Rx1day, (f) Rx5day, (g) Prcptot and (h) Sdii.
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3.3.2. Correlation between SSTs Teleconnections and Extreme Precipitation

We now investigate connections between SSTs based indices and extreme precipitation variability,
is included also ENSO signal. Figure 7 describes the correlation pattern between ATL3 and extreme
precipitation indices variability. The wet-indices are positively well linked with ATL3 in the
western-north Sahel and Guinean coast with a more distributed significance in the Guinean coast
(Figure 7b-h). As expected, the cdd index is negatively and significantly correlated with ATL3 in
the Guinean coast only (Figure 7a). These results are consistent with [21] findings and comforted
by [23], that the ATL3 is in phase with the Guinean coast rainfall and the western Sahel in recent
years. The extreme precipitation in the central Sahel does show a sparse and sometimes negative
correlation with the ATL3 that is not significant. A similar pattern is observed with the TSA index,
which is not a surprise as the ATL3 is partly located in the TSA delimitation region and frames
the so-called cold tongue which is the key feature of the tropical Atlantic variability (not shown,
Figure S3 in Supplements Materials). The TNA oceanic mode has been also evaluated unfortunately,
it does show some signal with extreme precipitation in the western Sahel and very low and sparse
correlation. However, these correlations are not significant, except in Senegal where some indices show
little significance positive signal (not shown, Figure S4 in Supplements Materials). This finding is in
opposition to [22] conclusions, they argue the role of TNA on the enhancement of the occurrence or
moderate daily rainfall events in the Sahel. The index of SST intraseasonal oscillation on the northern
front of the cold tongue called NCTI ([38]) has been associated with extreme precipitation indices in
West Africa as shown in Figure 8. From the analysis, it appears that the NCTI is significantly and
negatively (positively) linked to dry-index (wet-indices) as displayed in Figure 8a (Figure 8b—g) in the
Guinean coast region and more specifically, areas directly or very close to the coast are more linked to
NCTI influences. However, the sdii index seems to be indifferent to the NCTI impact. In the other
regions of West Africa, the correlation is not significant with a negative and sparse signal in almost the
Sahelian region.

The role of SST mode in the eastern Mediterranean on the extreme precipitation variability in
West Africa is also evaluated. The correlation between the EMS and the extreme precipitation indices is
displayed in Figure 9. The EMS shows strong, positive, and significant correlations with wet-indices in
all the Sahel band, but these correlations are more pronounced in central and eastern Sahel as shown in
Figure 9c—g. These results support the findings by [56] in the entire Sahel region, furthermore, Ref. [21]
show evidence of a strong, positive, and significant correlation between EMS and rainfall in the central
Sahel that stems on the interannual time scale. A similar conclusion is highlighted by [22] who suggest
the influence of SST in the particular Mediterranean Sea on the enhancement of occurrence of moderate,
heavy, and extreme daily rainfall events in the Sahel.

Figure 10 shows the association between low (high) wet-indices and warm (cold) NINO.3.4 over
West Africa, but also low dry-index and cold NINO.3.4 However, these correlations show various
behavior, for example, the cdd index gives a positive relationship with the NINO.3.4 in Guinean
coast with a significance level in areas close to the coast. In the Sahelian region, it’s sparse and not
significant with a positive value in the western Sahel and negative eastern Sahel around the west of
Niger (Figure 10a). The wet-indices present negative association in the Guinean coast, in the western
Sahel and in some areas in the northern Sahel as shown in Figure 10b-h. The strongest influence of
ENSO on wet-indices is located over the Guinean coast except for the sdii which is more pronounced
and significant in the western Sahel. These findings seem to be in agreement with [24], and with
previous studies by [21] and earlier by [57]. Ref. [58] attribute the negative correlation of ENSO in the
Guinean coast by the positive pacific SSTs coinciding with subsidence over the tropics. Similar results
have been highlighted previously by [59], they suggested that over West Africa, El Nifio events tend
to result in enhanced northeasterlies/reduced monsoon flow, coupled to weakened upper easterlies,
and hence dry conditions over West Africa in July-September.

The influence of remote teleconnection on extreme precipitation indices could be linked to
well-known influence of tropical/Atlantic sea surface temperature anomalies on West African rainfall.
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Positive SST anomalies in the eastern equatorial pacific are found to coincide with negative rainfall
anomalies over West Africa ([58]). A similar influence pattern on extreme precipitation is observed
with NINO.3.4 By contrast, Ref. [58] showed also that positive SST anomalies in the eastern equatorial
Atlantic are accompanied with negative rainfall anomalies in the Sahel and positive rainfall anomalies
in the Guinean region. The analyses of the influence of ATL3, NINO.3.4 and EMS on West African
extreme precipitation, show a complementarity. EMS is strongly linked to extreme wet-indices in
Sahelian region, Ref. [56] has stated that warmer than average SSTs in Mediterranean Sea are often
associated with wetter conditions over the Sahel, whereas cooler than average SSTs tend to favor drier
conditions. Ref. [56] concluded to an atmospheric response to thermal Mediterranean forcing, a warmer
SST leads to an increasing evaporation that enhance moisture content in the lower troposphere that is
advected southwards into the Sahel by low-level mean flow and vice-versa.
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Figure 7. Correlation patterns between ATL3 and extreme precipitation indices. Tipping points
represent significant correlation areas using EDOF. (a) CDD, (b) CWD, (c) R10mm, (d) R20mm,
(e) Rx1day, (f) Rx5day, (g) Prcptot and (h) Sdii.
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3.3.3. SSTs Dipole-Like Indices and Extreme Precipitation

In this section, we highlight the impact of SSTs dipole-like indices on extreme precipitation
variability. Figure 11 represents the correlation patterns between the Atlantic-pacific dipole index
called TAPODI [32] and extreme precipitations indices. The positive (negative) phase of the TAPODI is
characterized by warm (cool) sea surface temperature anomalies (SSTAs) in the tropical Atlantic and
cool (warm) SSTAs in the tropical eastern Pacific Ocean. An opposite pattern of NINO.3.4 correlation
to extreme precipitation is observed in West Africa; with negative (positive) and significant association
between cdd index and TAPODI in Guinean coast (central Sahel) as shown in Figure 11a. For the
wet-indices, the association with TAPODI is positive and significant both in the Guinean coast and in
the western Sahel except with cwd where the significance of the relationship is only observed in the
Guinean coast (Figure 11b-h). The strength of the correlation is more felt with absolute indices as annual
total wet-day precipitation. Ref. [32] argue that the positive TAPODI composites are characterized
by strong moisture convergence to the Guinean coast and the Sahel, and suggest the strengthening
of westerly anomalies as earlier suggested by [60]. Further, they hypothesized the westerly origin
over the equatorial eastern pacific as due to the temperature gradient between the Atlantic and the
pacific. A quasi-similar correlation structure is observed when using the SAODI proposed by [40]
which characterizes a dipole-like SST in the southern Atlantic Ocean (not shown, see Figure S5 in
Supplements Materials), however the correlation coefficients the significance areas are stronger with
the TAPODI signal. In a recent study, Ref. [23] without testing the impact of TAPODI, have observed a
positive correlation between the SAODI and the Guinean coast rainfall index, but also tends to create a
dipole pattern in West Africa with a band of positive correlation in Guinean coast and negative values
in the Sahel. This result is well highlighted by our findings (see Figure S5 in Supplements Materials).

We should note that the coupling influence of eastern equatorial Pacific and Atlantic oceans seem
to have also a key influence on precipitation as revealed by [60], who suggest that a zonal atmospheric
coupling associated with differences of SST anomalies between the eastern Pacific and the Atlantic
could enhance impacts on West African monsoon dynamics.
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Figure 8. Correlation patterns between NCTI and extreme precipitation indices. Tipping points
represent significant correlation areas using EDOF. (a) CDD, (b) CWD, (c) R10mm, (d) R20mm,
(e) Rx1day, (f) Rx5day, (g) Prcptot and (h) Sdii.
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Figure 9. Correlation patterns between EMS and extreme precipitation indices. Tipping points represent
significant correlation areas using EDOF. (a) CDD, (b) CWD, (¢) R10mm, (d) R20mm, (e) Rx1day,
(f) Rx5day, (g) Prcptot and (h) Sdii.



Atmosphere 2020, 11, 999 18 of 23

NINO34MENENENNNNNIIETT T

I I
-1.0 -09 -0.8 -0.7 -06 -05 -04 -03 -02 -0.1 00 01 02 03 04 05 06 07 08 09 1.0

Figure 10. Correlation patterns between NINO.3.4 and extreme precipitation indices. Tipping points
represent significant correlation areas using EDOF. (a) CDD, (b) CWD, (c) R10mm, (d) R20mm,
(e) Rx1day, (f) Rx5day, (g) Prcptot and (h) Sdii.
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Figure 11. Correlation patterns between TAPODI and extreme precipitation indices. Tipping points
represent significant correlation areas using EDOF. (a) CDD, (b) CWD, (c) R10mm, (d) R20mm,
(e) Rx1day, (f) Rx5day, (g) Prcptot and (h) Sdii.

4. Conclusions

Using satellite rainfall data from CHIRPS spanning from 1982 to 2016, the spatial variability and
trends of 8 extreme precipitation indices and their relationships with several climate/ocean patterns
over West Africa during summer, have been analyzed. The spatial variability of CDD over West Africa
ranges from more than 70 days in northern Sahel and Sahara band to 20 days in the central Sahel and
less than 5 days in most parts of southern Sahel. The highest values of CWD are observed around
high altitude regions, whereas the southern Sahel exhibit better the CWD distribution with 10 days in
mean compared to other West African regions. A similar spatial pattern to CWD is observed with the
R10mm and R20mm indices, however, the decreasing shift of the signal to southern West Africa is
more pronounced with the R20mm than the R10mm. The spatial patterns of the Rx1day and Rx5day
exhibit a decreasing rainfall from the Sahel to Guinean coast that is stronger in the Rx1day than the
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Rx5day. The absolute index (PRCTOT) and the mean precipitation amount on wet days related index
(SDII) do follow the same spatial variability as previously indicated, with a respective range of 75 mm
to 200 mm and 5 mm/day to more than 15 mm/days (out of the orographic regions). The trend analysis
reveals that the CDD decreases in Sahel and Sahara (highest) and increases in the Guinean coast
with a significant trend. As for the CWD, it increases a little bit in Western Sahel over Senegal and
decreases with a low rate but significant in the eastern Guinean coast. The R1I0mm and R20mm give a
positive trend in the Sahel region which is more observed with the R10mm index, an opposite pattern
is observed in the Guinean coast region. The two absolute indices (RX1day and RX5day) do show a
double dipole-like pattern when moving from the Sahel to the coast, with a positive trend in central
and northern Sahel, a negative trend in Guinean coast and again a positive trend in areas directly to
the coast in the Guinean coast region. A statistically significant and positive trend has been detected
for the PRCTOT in all the Sahel band, however, some constant trend is observed in the western Sahel,
a similar trend is exhibited by the SDII with a significant behavior located in the central Sahel. Ref. [6]
have highlighted a statistically significant increase in the number of wet days and a decrease in the
number of dry days over the Sahel.

From correlation analysis, extreme precipitation of all Sahel is strongly teleconnected to the EMS,
whereas western and western-north Sahel is associated with both AMM, MJO8, NINO.3.4, and TAPODI
but with different characteristics or directions. Guinean coast extreme precipitation is highly associated
with ATL3, NCTI, TAPODI but also with an opposite sign with NINO.3.4 and in somewhat with
the MJO8. The influence of the teleconnection patterns in West Africa do not act in isolation and
their interaction could more affect the precipitation variability as highlighted by [18] or [19]. Further
analyses are still needed to assess the climate and ocean large scale influence on extreme precipitation
variability. Highlighting the contribution of each identified remote indices in influencing the extreme
precipitation will an added value for extreme events forecasts. Indeed, statistical regression technique
for seasonal precipitation including extreme precipitation forecasting in West Africa must consider
different teleconnection indices for which the influence of the predictors may change. The combined
influence of multiple teleconnection affects the accurate seasonal forecasting of (extreme) precipitations
and contributes to increase social vulnerability in West Africa. Therefore, it is crucial for West African
policy makers to consider implementing adaptation strategies and mitigation measures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/9/999/s1,
Table S1: Remote indices downloaded online, Figure S1: Correlation patterns between AMO and extreme
precipitation indices. Tipping points represent significant correlation areas using effective degree of freedom.
Figure S2: as for Figure S1 but for NAO. Figure S3: as for Figure S1 but for TSA. Figure S4: as for Figure S1 but for
TNA. Figure S5: as for Figure S1 but for TAPODL
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