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Abstract

Extreme precipitation events have substantial socioeconomic effects due to
their frequency and intensity. However, predicting and mitigating its effects
is difficult due to their influence on society. The present study aims to inves-
tigate the predictability of extreme summer precipitation days (EPDs) over
West Africa (WA) from 1982 to 2022. Based on daily CHIRPS data spanning
41 years over WA, EPDs were defined using a 90%-percentile threshold at
each grid point. A set of Physics-based Empirical (P-E) models is established
using the selected predictors. The simultaneous lower boundary anomalies
linked to each EPDs index were also analyzed and found that the increased
EPDs over WA are accompanied by a Pacific Sea Surface Temperature (SST)
impact on monsoon flow and the warming of the SST in the Tropical Atlantic
Ocean and western tropical Pacific Ocean. The temporal correlation coeffi-
cient (TCC) skill of the cross-validated forecast is 0.80 when the P-E model
is constructed using data from 1982 to 2011. The independent forecast deter-
mines a significant TCC skill with a 95% level of 0.50 for the remaining pe-
riod.

Keywords
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1. Introduction

Extreme rainfall is considered a double-edged sword, as it can lead to the stagna-

DOI: 10.4236/gep.2025.134005 Apr. 10, 2025

80 Journal of Geoscience and Environment Protection


https://www.scirp.org/journal/gep
https://doi.org/10.4236/gep.2025.134005
https://www.scirp.org/
https://doi.org/10.4236/gep.2025.134005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Y. ). Forosani et al.

tion of dams and rivers, triggering various floods at global and regional levels
(Mubark et al., 2024). Its events are complicated with a high spatiotemporal vari-
ation of which its amplification may increase the intensity and frequency of flood-
ing, sometimes accompanied by severe weather such as lightning, hail, strong sur-
face winds, and intense vertical wind shear imposing heavy costs on aquatic and
terrestrial ecosystems, human societies, and the economy (Jones et al., 2004; Sa-
lack et al., 2018; Tabari, 2020). For example, severe flooding slaughtered more
than 800 people in Nigeria, Niger, Chad, and bordering countries between June
and October 2022 (carbon brief, 2022) trailed by other shocking floods in 2024
that slaughtered roughly more than 1000 people and displaced hundreds of thou-
sands across the region, particularly in Chad, Nigeria, Mali and Niger, according
to the United Nations (UN)
(https://apnews.com/article/floods-nigeria-niger-chad-mali-rains-climate-change-
397b303cdael7ef2a0076192c¢8c908ac).

Changes in extreme weather and climate events have significant impacts and

are among the most serious challenges to society in dealing with a changing cli-
mate (Thomas et al., 2008). Signifying changes in the climatology of extreme rain-
fall at a regional scale is challenging a monsoon region like WA where heavy rain-
fall is highly flexible both in space and time thus better attention to the interaction
between the coastal upsurge and the monsoon flow could help improve the sea-
sonal predictability of the summer monsoon in WA (De Coétlogon et al., 2023;
Panthou, Vischel, & Lebel, 2014). The reliable predictions on future events of ex-
treme precipitation are crucial for reducing the hazards of these events in WA
(Klutse et al., 2024). However, biases in simulating convective systems, shifting
climatic teleconnections, and uncertainty in regional processes all have an impact
on model reliability. The Guinea Coast region is deliberate to global climatology
as its large forest and mangroves could contribute to regulating instabilities and
the mechanisms that drive precipitation through global ocean-atmosphere inter-
actions (Ndehedehe et al.,, 2022). The Ocean regulates extreme precipitation
events by acting as a crucial moisture source, affecting the WAM and boosting
convective activities with peaks occurring in June to October. The precipitation
patterns correspond to the seasonal movement of the ITCZ and are linked to the
northward advance of monsoon currents over the land. In West Africa, one of the
two low-level westerly regimes important for moisture transport is WAM flow,
which is formed by the westward acceleration of the onshore flow across the Guin-
ean Coast (Akinsanola et al., 2015). The impact of these systems on climate zones
varies according to the months within the seasonal cycle. The intensified low-level
convergence over the warm oceanic region is accompanied by the ascent of moist
air, which is subsequently transported by the low-level circulation toward the
Guinea Coast (Worou, Fichefet, & Goosse, 2022). The Guinea Coast drives ex-
treme precipitation through moisture convergence and monsoon flow. The West
African monsoon (WAM) motivates the seasonal rainfall pattern in WA and dis-
plays main southwesterly winds during the summer monsoon months and north-

easterlies during the dry season, which is formed by the westward acceleration of
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the onto-land flow across the Guinean Coast (Akinsanola et al., 2015; Quagraine
et al., 2020). Variations in climate due to instabilities in the tropical oceans,
mesoscale convective systems (MCSs), climatic variability indices, and the WAM,
topography, SST and the intertropical discontinuity (ITD) significantly influence
precipitation patterns which mainly indicate their paths and their intensities
(Ebiendele & Adigun 2022; Maurer, Kalthoff, & Gantner, 2017; Vizy & Cook
2022). Skillful prediction of extreme precipitation events would be extremely ben-
eficial to calculate the characteristics of extreme precipitation and their sources to
mitigate the increasing threat from a warming climate (Li et al., 2021; Li & Wang,
2018).

Previous studies have shown that rainfall decreases from the Guinea coast to the
Sahel subregion (Akinsanola & Zhou, 2020; Ta et al., 2016), with the southern parts
of the region receiving high extreme precipitation, whereas areas north of the re-
gion show lower values of rainfall extremes. Also, (Akinyoola et al., 2019) added
that the increase in precipitation along the Guinea coast due to a rise in the absorp-
tion of mineral dust, which in turn raises Single Scattering Albedo, signifies the
increase in zonal wind characteristics. Higher precipitation is associated with the
seasonal northward migration of the inter-tropical convergence zone (ITCZ),
where the subsequent low-level south-westerlies bring moist air inland and con-
verge with the dry north easterly Harmattan winds at the ITD, south of which most
rainfall occurs (Berthou et al., 2019; Rodriguez-Fonseca et al., 2015). The changes
in precipitation and extremes in WA and Sahel are related to large-scale circulation
changes (Diatta et al., 2020). The study of (Klutse et al., 2024), shows that the mean
and extreme rainfall are expected to rise in most cities; however, biases in historical
models may lead to greater uncertainties in rainfall projection estimations. It re-
vealed that the potential increase in extreme rainfall over WA cities is due to cli-

mate changes.

2. Data and Method

2.1. Data

CHIRPS was commonly used in this study for computing the extreme precipita-
tion indices (Diedhiou et al., 2020). Daily CHIRPS data for 41 years from 1982 to

2022 with a spatial resolution of 2.5° x 2.5° were downloaded and interpolated to

1° x 1° latitude from https://www.chc.ucsb.edu/monitoring. High spatial resolu-

tion and long records make data dependable and suitable for rainfall variability
and extremes analysis (Diatta et al., 2020). Mean temperature, SST, Sea Level pres-
sure (SLP), and 850 hPa geopotential height are all downloaded from ERAS.
Global Precipitation Climatology Project (GPCP, V2.3) datasets from

https://psl.noaa.gov/data/gridded/data.gpcc.html.

2.2.P-E Model

Physically meaningful predictors are chosen, which is the main idea behind cre-

ating a P-E model. The initial phase employed lead-lag correlation between the
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predictand EPDs and anomalies such as SST, 2-m temperature, and MSLP based
on the target months/season to identify areas indicate significant correlation pat-
terns tested at 95% confidence level.

Therefore, here the predictors are expressed by:

Pred(t) = [TF (4, lat, lon) x TCC (lat, lon)], if [TCC (lat, lon) | > (95% confidence level),

where TF denotes the value of a predictor at lead time t and each grid, and TF
values at each grid during 1982-2022, and square brackets denote the areal mean
over the chosen regions. The purpose of weighing using the temporal correlation
coefficient (TCC) is to highlight the shape of the predictors (Zhou et al., 2023).
Because of their gradual seasonal fluctuations, we solely reflect the lower border
anomalies as predictor fields. Predictors are chosen primarily based on the under-
standing of the physical linkages between the predictors and predictand (Li &
Wang, 2016).

Then, stepwise regression was applied to select the best predictors that fit the
model (P-E) construction. The indices that pass the 99% confidence level in step-
wise regression were selected for model construction. Additionally, during analy-
sis, more than 14 indices were extracted from different climate parameters and
different months/seasons (excluding pointed season) to find out the potential pre-
dictors. Two kinds of precursory signals are explored to categorize potential pre-
dictors, which are Persistent signals derived from March, April, and May months
before the target season and Tendency signals from the short-term tendency of
May-June and April-May months from long-term tendency. If the chosen varia-
bles show a high correlation, the process will drop to a less significant variable. To
dull the overfitting issue, 3 years surrounding an aim year are excluded from the
training sample, and the regression model is constructed to predict the aim year.
To avoid the artificial preference brought on by the period overlay in predictor
selection and verification, all predictors are chosen from the 1982-2012 timeframe,
which is the training data for 2012-2022, and a stepwise regression model is con-
structed. Additionally, the Mean Square Skill Score (MSSS) represents the per-
centage reduction in the mean square error of the model prediction relative to the
climatological forecast, where a positive value indicates superior model perfor-

mance.

3. Results and Discussion
3.1.EPDs

Regional EPDs were determined if the number of grid points with extreme pre-
cipitation on that day was greater than the 90" percentile of entire summer days.
For each grid, a daily rainfall measure (daily rainfall > 0.1 mm) is calculated as
extreme if it is greater than the threshold. The gridded 90™-percentile value of the
series is used as the threshold for extreme daily rainfall to consider the specificity
of the precipitation at each grid point (Ta et al., 2016). Because it records extreme

precipitation events while excluding moderate ones. This threshold ensures sta-
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tistical strength, allows regional climate research, and concentrates on major dis-

asters.
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Figure 1. (a) Threshold of extreme precipitation days at the 90®
percentile (unit: mm/day), (b) Annual mean precipitation climatology
(in mm/day), (c) Ratio of threshold over climatological annual mean
precipitation for the period from 1982 to 2022.

Figure 1(a) shows that the threshold decreases from the southern coastal areas
near the tropical Atlantic to the northern ones in the Sahelian regions. The rain-
fall distribution over WA is majorly zonal, with the rainfall decreasing from the
coastal to the inland region (Ajibola & Afolayan, 2024). Mostly, it defines areas
of high values as, for instance, in the regions 5° N - 12° N and 4° N - 7° N, where
the maximum is more than 21 mm. Figure 1(b) shows that the annual mean rain-
fall is large in the south coastal areas, reducing towards the Sahelian areas. The
threshold and the annual mean rainfall express a similar trend, with the south-
west and southeast coastlines of WA receiving maximum precipitation, which
happens as the monsoon band advances north; the coast receives more rainfall
while the Sahelian regions of the domain receive less. The ratio of threshold to
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(@) EPDS in )y,

climatological annual mean precipitation during the whole period around 6° N -
15° N is practically higher and decreases both sides remarkably in the north (Fig-
ure 1(c)).

Figures 2(a)-(c) illustrates the monthly climatological EPDs from July, Au-
gust to September (JAS) change with the seasons. August month is when signif-
icant climatological EPDs values occur frequently, with the region of maximum
precipitation shifting northward in accord with the ITD. The North Atlantic
ITCZ rainfall belt is positioned around 7° N, and rainfall intensities decrease
both northward and southward with precipitation peaks along the ITCZ. Sub-
stantial rainfall (day precipitation surpassing 50 mm) largely occurs in the
southern coastal area of the study area, as shown in Figures 2(d)-(f). The largest
center of EPDs appears in August around 10°N, while the large values of EPDs
are in the southern part of WA. The monthly variation of EPDs performed well
in the JAS and was reasonably high in August. However, Figure 3 shows the
corresponding annual variations of the monthly mean precipitation, implying
that JAS may be counted as the summer rainy season for WA. Alike climatolog-
ical mean precipitation, the monthly EPDs are focused on JAS. This makes it
easier to know and forecast the changeability of EPDs across WA. The time se-
ries of EPDs-WA is displayed in Figure 4, the demonstrations of the EPDs time
series. The related seasonal mean precipitation averaged over WA and the EPDs
are seen to show highly consistent year-to-year deviation. The seasonal EPDs
and seasonal mean rainfall across WA may have relatively similar sources of
predictability. This may indicate that an area-independent extreme precipita-

tion varies in the perspective of global warming.

(b) EPDs in August (c EPI?s‘in‘qutler‘nqerI L

20°N -
15°N -
10°N -
5°N |

ol b b |

b b b |

0°

20°N -

6 7
days
(€) RF {>50 rpm) in August

8 9 10 11 12 13 14

(f)‘ RIF (|>‘50‘ n]ml) ip $ept¢rr ber

15°N -
10°N -
5°N -

TT T T[T T
NS NI B
TT T T T[T T
RN NI B
T T T T

0° T
20°W

T I T
10°wW

L LA I B N B B I B LA B B B B

0°  10°E 20°E 20°W 10°W  0°  10°E 20°E 20°W 10°W  0° 10°E 20°E
00 02 04 06 08 10 12 14 16
days

Figure 2. Monthly climatological extreme precipitation days and days with heavy precipitation. Extreme pre-
cipitation days (unit: day) during: (a) July, (b) August, and (c) September. Days with heavy precipitation
above 50 mm: (d) July, (e) August, and (f) September for the period from 1982 to 2022.
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Figure 3. Climatological monthly annual cycle precipitation (blue
bar) and monthly extreme precipitation days (red bar) averaged over
the West Africa domain at the boundary (20° W - 20° E, 0° - 20° N).
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Figure 4. Standardized anomaly annual precipitation (RF, blue line),
extreme precipitation days (EPDs, black line), and mean temperature
(MT, red line) at two meters, averaged over West Africa domain.
Anomaly was computed based on the study period 1982-2022.

3.2. Physical Interpretation of Regional EPDs Indices

Figure 5(a) shows the global distribution of precipitation anomalies during the
JAS period, a significant positive correlation between EPDs and precipitation.
WA appears to have a notable precipitation anomaly with a large zone of sup-
pressed rainfall near 10° N, which shows that the JAS rainfall anomaly in WA is
more closely linked to EPDs. Figure 5(b) displays the mean sea level pressure
(MSLP) and wind anomalies at 850 hPa. The intensity of equatorial westerlies and
the Saharan easterlies are clearly observed in the 850 hPa. The wind vectors in the

tropics are important as they reflect the strength and direction of the trade winds,
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which influence moisture transport and WAM. The westerlies over the Atlantic
Ocean bring moisture to the region. Negative pressure anomalies, particularly
over the tropical Atlantic, enhance the land-ocean pressure gradient, intensifying
southwesterly monsoon winds and moisture transport, thereby strengthening
convection and increasing extreme rainfall over WA during JAS. Figure 5(c)

shows the temperature anomalies at 2 meters above the surface (2 mT) and SST,
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Figure 5. Spatial correlation between extreme precipitation days (EPDs) and atmospheric
and oceanic variables in July-August-September from 1982 to 2011. (a) Precipitation, (b)
Mean Sea level pressure (shading), and wind vectors at 850 hPa. (c) Sea surface temperature
and two-meter air temperature over the continent. Areas with black dots indicate corre-
lation values significant at a 95% confidence level.
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the tropical Atlantic and parts of the western pacific have significantly warm SSTs
which could be linked with the increased EPDs in the region since the warming
up in these oceanic regions is associated with an intensification of extreme pre-
cipitation events. A thermal low-pressure system over the Sahara Desert attains
maximum intensity in summer, increasing the meridional temperature differen-
tial and generating a greater pressure differential between the Gulf of Guinea and
the Sahara, which is linked to WAM, which leads to significant inland moisture
penetration and improved representation of ITCZ rainfall.

Figure 6(a) shows the warm Pacific SST anomalies from March to September
contribute to increased EPDs during the time with a peak from June to September.
The warm tropical Atlantic SST anomalies from May to September are associated
with a higher frequency of EPDs in WA, particularly during July to September
when WAM is most active (Figure 6(b)). A strong correlation between precipita-
tion and oceanic regions along the African monsoon route significantly improves
seasonal rainfall forecasts in the region (Hamatan et al., 2004; Hounkpe et al.,
2021).
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Figure 6. Zonal cross-section correlation between sea surface temperature (SST) averaged
over 5° S - 5° N reshaped in monthly and extreme precipitation days during 1982-2011.
(a) Pacific Ocean and (b) Atlantic Ocean. Areas with black dots indicate correlation values
significant at a 95% confidence level.

For EPDs-WA, three predictors are chosen. The first predictor, which features
the SST anomalies during MAM,, is correlated to EPDs. The positive correlations
in the north Africa and western parts of the Pacific Ocean are linked to extreme
precipitation. Negative correlations seen in the southeastern Pacific imply that
cooler SST's in this region correspond with more extreme precipitation in this re-
gion (Figure 7(a)). The warming in the western Pacific and cooling in the central

and southeastern regions enhance WAM in ensuing JAS (Figure 8(c)) through
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atmospheric circulation (Figure 8(b)). The associated westerlies transport warm

moisture into WA foremost to deepen precipitation over the region (Figure 8(a)-

(b))
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Figure 7. Correlation map between extreme precipitation days and (a) Sea surface tem-
perature (SST) during March-April-May mean, (b) SST during May-June mean and (c)
SST during April-May mean, from 1982 to 2011. The regions indicated by black boxes
show the location of predictors X1 (120° - 160" E, 10° S - 45° N), X2 (0° - 50° W, 20" S-
10° N) and X3 (0° - 50° W, 25° S - 10° N). Areas with black dots indicate correlation
values significant at a 95% confidence level.

The second and third predictors feature high SST anomalies over the tropical
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Atlantic during MJ and AM, respectively (Figure 7(b), Figure 7(c)). The high SST
anomalies cause anomalous warming in the Atlantic Ocean and convergence over
WA through ocean-land interaction (Figure 9(c), Figure 10(c)). The trade wind
transferred the warm moisture to WA and hence increased extreme precipitation
over the region (Figure 9(a), Figure 10(a), Figure 9(b), Figure 10(b)). The low-
level southwesterly monsoon flow at around 850 hPa is the key driver of moisture
from the Atlantic Ocean to the continent (Akinsanola & Zhou, 2020).
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Figure 8. Correlation map between predictor X1 and March-April-May mean (a) Pre-
cipitation, (b) Mean Sea level pressure (shading) and wind vectors at 850 hPa, and (c)
Geopotential height (contour line), sea surface temperature (over Oceans) and two-me-
ter air temperature (over the continent) during 1982-2011.
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Figure 9. Correlation map between predictor X2 and May-June mean (a) Precipitation,
(b) Mean Sea level pressure (shading) and wind vectors at 850 hPa, and (c) Geopotential
height (contour line), sea surface temperature (over Oceans) and two-metre air temperature
(over the continent) during 1982-2011.

3.3. Predictability of EPDs over WA

A series of stepwise regression equations were constructed for each EPD indicator
based on physical predictors. As displayed in Figure 11, the cross-validated re-
forecast and independent forecast EPDs indices generated by the P-E models ef-
fectively capture the interannual variation of observed EPDs indices, representing

that the P-E models hold strong predictive capability for EPDs in the region of
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WA. For EPDs-

(0.57) when the

pendent forecast demonstrates significant TCC skill with a 95% level) of 0.50
(0.24) for the following decade (2012-2022). Table 1 shows that three predictors
of EPDs over WA are independent of each other, which increases the accuracy of

the prediction.
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lation map between predictor X3 and April-May mean (a) Precipitation,
(b) Mean Sea level pressure (shading) and wind vectors at 850 hPa, and (c) Geopotential
height (contour line), sea surface temperature (over Oceans) and two-meter air temper-

ature (over the continent) during 1982-2011.
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Standardized Anomaly

Table 1. The temporal correlation coefficient between EPDs and individual predictors (in-
dices) from 1982 to 2011.

Indices X1 X2 X3
TCC 0.71 0.55 0.50
p-value 1.24E-5 0.0018 0.0051

Note: All correlation values are significant at a 99% confidence level (p-values < 0.01).

EPDs Prediction [West Africa]
274 e b b b b
’ Observation TCC = 0.80 MSSS = 0.57 TCC =0.50 MSSS = 0.24

—— Simulation
1|—— Prediction

EPD Pred = 0.1046 + 0.7284*X1 + 1.0199*X2 - 0.7585*X3
27 e e R s e e — L

1982 1986 1991 1995 2000 2004 2009 2013 2018 2022
Year

Figure 11. Time series of extreme precipitation days (EPDs, black line) during 1982-2022, simulated
EPDs (blue line) during 1982-2011, and forecasted EPDs (red line) during 2011-2022.

4. Summary

These findings intend to increase predictions of summer EPDs over WA:

I) The correlations between SST anomalies in the equatorial Atlantic and pre-
cipitation over the Gulf of Guinea are prevailing appearances. The SST shows pos-
itive significant values, suggesting that anomalous warming in the Atlantic Ocean
between 40° W and 0° W is linked to both a strengthening of the anticyclone of
Saint Helena and an increase in extreme precipitation events to the WA. Ocean
atmosphere dynamics can boost the prediction of extreme rainfall events in WA.

II) Summer extreme precipitation thresholds and mean rainfall marked a defi-
nite decreasing trend from the south coast to northern WA, emphasizing signifi-
cant regional variability. This is because, as a coastal region, the south of WA is
influenced by the monsoon and evaporation at the Atlantic Ocean’s level, which
are known to be the rainiest areas and to have the longest rainy season in WA (Ta
et al., 2016; Tore et al., 2022).

III) A strong correlation between summer EPDs and mean rainfall demon-
strates comparable backgrounds and predictability sources, which means the pre-
diction skill for EPDs is substantially determined by the ability to predict summer
mean rainfall.

IV) The low SLP anomalies in the equatorial Atlantic and dipolar SST anoma-
lies contribute to atmospheric circulation and influence the existence of extreme

precipitation events in WA. Significant negative SLP anomalies in the equatorial
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Atlantic enhance moisture convergence over WA.

V) The cross-validated forecast (independent forecast) of EPDs for 1982-2012
(2012-2022) accomplishes a substantial TCC skill of 0.80 (0.50) for WA. These
excellent skills derived from the P-E models suggest an assessment of the lower
bound of predictability for summer EPDs over WA for the present forecast year.

VI) La Nina increases the monsoon flow and increases EPDs over WA. The
study of (Mohino et al., 2023) backed up by stating that the Pacific SST effect
shows a large impact in the monsoon season and after the monsoon withdrawal,
unlike the Indian SST effect.

The study is fundamental for understanding extreme weather occurrences and
their prediction. This information can facilitate the development of early warning
systems, educate people about the sources of predictability of EPDs over WA, and
address the lack of W A-specific climate research. This information will enable au-
thorities to plan for probable floods and other meteorological disasters, advising
decision-makers on appropriate mitigation and adaptation measures for extreme
climate events. We encourage developing adaptation and mitigation methods
based on geography, as extreme rainfall occurrences vary greatly throughout ge-

ographies.
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