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Abstract: Daily rainfall in southern West Africa (4-8° N, 7° W-3° E) is analyzed with the aim of
documenting the intense rainfall events which occur in coastal Ivory Coast, Ghana, Togo, and Benin.
The daily 99th percentile (P99) shows that the coastline experiences higher intensity rainfall than
inland areas. Using Tropical Rainfall Measuring Mission (TRMM) rainfall data for 1998-2014, a novel
way of classifying the intense events is proposed. We consider their space-time structure over a
window of 8° latitude-longitude and five days centered on the event. A total 39,680 events (62 at each
location) are classified into three major types, mainly found over the oceanic regions south of 5° N,
the Bight of Benin, and the inland regions respectively. These types display quite distinct rainfall
patterns, propagation features, and seasonal occurrence. Three inland subtypes are also defined.
The atmospheric circulation anomalies associated with each type are examined from ERA-interim
reanalysis data. Intense rainfall events over the continent are mainly a result of westward propagating
disturbances. Over the Gulf of Guinea, many intense events occur as a combination of atmospheric
disturbances propagating westward (mid-tropospheric easterly waves or cyclonic vortices) and
eastward (lower tropospheric zonal wind and moisture anomalies hypothesized to reflect Kelvin
waves). Along the coast, there is a mixture of different types of rainfall events, often associated with
interacting eastward- and westward-moving disturbances, which complicates the monitoring of
heavy precipitation.

Keywords: intense rainfall; equatorial waves; coastal climates; West Africa; Gulf of Guinea

1. Introduction

Heavy rainfall events constitute a major risk for West African urban areas, where poor drainage
facilities, deficient town planning, and rapid urban growth contribute to human and economic losses
at times of flooding. In the coastal countries facing the South Atlantic Ocean, the concentration of
human population and activities over low-elevation areas close to the shoreline causes a very high
vulnerability to flooding. Based on the Gridded Population of the World data [1], in Ivory Coast,
Ghana, Togo, and Benin, between 27% and 38% of the total population lives less than 50 km from the
Atlantic Ocean, including main cities like Abidjan, Accra, Lomé, and Cotonou (Figure 1). Their high
vulnerability is well illustrated by the case of Abidjan. The economic capital city of Ivory Coast, with its
more than four million inhabitants, ranks fifth among the 136 largest coastal cities of the world in terms
of flood-related annual economic losses, which amount to 0.72% of its gross domestic product [2].
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(a) TRMM mean annual rainfall and P99 of daily rainfall (all days)
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(b) TRMM mean annual rainfall and P99 of daily rainfall (wet days)
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Figure 1. Mean annual rainfall (contours in mm) and 99th percentile of daily rainfall (P99, shadings)
from TRMM data. P99 is computed from both wet and dry days (a) or from wet days only (b). The area
over which intense rainfall events are analyzed is boxed.

Although some flooding events result from the high water levels of the rivers coming down from
inland areas, most coastal (especially urban) floods are generated by heavy in situ rainfall. These
heavy rains can occur in any season, but they are much more frequent around June, in connection with
the mean rainfall regimes in Southern West Africa which display a main rainy season between May
and July. In the last 10 years, all the metropoles of West African southern coastal countries have been
severely affected by such events. In early June 2016, Accra was hit by severe floods caused by several
days of precipitation, culminating on 12 June with 185 mm. On 2-3 June 2015, Abidjan, Accra, Lomé,
and Cotonou all suffered destructive floods resulting from heavy rains exceeding 50 mm in 24 hours at
each of these four locations. For coastal cities, future changes in the frequency of extreme rainfall raise
great concerns [3,4], which are superimposed on those related to sea level rise [5].

A major issue for both the operational forecasting of intense rainfall events and a projection of their
future trends is to gain a better knowledge of the atmospheric dynamics and weather disturbances which
generate these events. Several studies have dealt with the mechanisms of intra-seasonal and synoptic
rainfall variability over West Africa, but in most cases, they did not specifically target the southern
coast. Mounier et al. [6] and Mekonnen et al. [7] found evidence of eastward-moving convectively
coupled Kelvin wave activity over West Africa in boreal summer, peaking around 10° N, with strong
850-hPa wind anomalies near the equator. Kamsu-Tamo et al. [8] analysed March-June convective
activity in Guinean West Africa. They found that while individual rain-producing systems were moving
westwards, their activity is strongly modulated at regional scale by eastward propagating signals
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(convectively coupled equatorial Kelvin waves and the Madden-Julian Oscillation [M]JO]). Over West
Africa as a whole, it is considered that westward-moving, mesoscale convective system (MCS) bring
most rainfall. Sometimes organized in the form of squall lines, they are often related to easterly waves.
Easterly waves over West Africa show two main periodicities, at 3-5 days and 6-9 days. The former
ones display two main tracks, at 15° N and 5° N, close to Guinean coast [9]. Schlueter et al. [10] found
a strong modulation of 3-hourly to daily rainfall by African easterly waves (AEWs) in Guinean West
Africa, but on longer timescales equatorial waves (including Equatorial Rossby waves, Kelvin waves
and the MJO) also markedly affect rainfall variations. Knippertz et al. [11] documented the mesoscale
weather systems across southern West Africa during a field campaign in June—July 2016. Several of
these weather systems could not be attributed unequivocally to the tropical waves and disturbances
described in the literature and deserve further study, including their effect on coastal rainfall.

In the coastal zone, besides organized convective systems, other rainfall types include light
showers in the morning, developing into strong afternoon thunderstorms while propagating inland [12].
In southern Benin, the rainfall contribution from propagating convective systems amounts to no more
than 50% of the annual rainfall [13], while in the coastal region of Ghana it is comprised between
2% and 32% [14]. There were few attempts to provide an exhaustive classification of rainfall types in
the region. Fink et al. [13], over central Benin, differentiated three main rainfall types: (i) advective,
long-lived organized convective systems moving westward, often outside the peak of the rainy season
(August); (ii) MCS, occurring in a moist tropospheric environment near the height of the rainy season;
(iii) events occurring south of a cyclonic vortex. This issue was further examined by Maranan et al. [15]
who carried out an objective classification of rainfall types over southern West Africa based on TRMM
precipitation radar. Seven types were distinguished. They include organized convective systems (MCS)
which strongly contribute to annual rainfall (56% in the coastal zone). Several types of weakly organized
systems are identified, which are the most frequent but of smaller size, shorter lived and which occur
in conjunction with a cyclonic vortex while the convective available potential energy (CAPE) is low
to moderate.

Some studies have investigated the role played by coupled air-sea dynamics in the South Atlantic
Ocean on rainfall in the region bordering the Gulf of Guinea [16-19]. Nguyen at al. [17] studied the
spring rains in Guinean West Africa, especially the heavy rainfall season lasting from 11 May to 26
June on average. They found that the coastal onset and its demise were mainly driven by changes in
sea-surface temperature (SST) between the equator and the Guinean coast. Leduc-Leballeur et al. [18]
noted that the cold SST south of equator and warm SST further north produce an increased coastal
convergence which intensifies the lower atmosphere local circulation (LALC) and enhances moisture
advection and precipitation on the coast for one or two days. Meynadier et al. [19] found that the
onset of strong southerlies at 2° N, due to an SST decrease associated with the equatorial cold tongue
development, in late May to early June, corresponds to the start of intense Guinea Coast rainfall,
which lasts about two weeks. However, it is still not well understood how these mechanisms relate to
easterly waves.

More generally, the atmospheric patterns specifically associated with intense rainfall events in
West Africa in general, and Guinean West Africa in particular, are poorly known. The spatial patterns of
extreme rainfall distribution were analysed [20] as well as their recent trends [21,22], but these studies
did not consider the atmospheric circulation. Sossa et al. [23] found that intense daily rainfall events in
West Africa were modulated by the MJO in March-May and June-September. Although the expected
modulation of mean rainfall by the MJO is stronger during March-May, the modulation of the largest
events (i.e., daily rainfall above the 90th percentile) is comparable in both seasons. Crétat et al. [24]
found that intense rainfall events (percentile approach) occurring over West Africa west of 8° E are
clearly related to active 3-5-day AEWs in both observations and regional climate simulations. Case
studies of extreme rainfall events are available for Ouagadougou in Burkina Faso [25,26] and Abakaliki
in Nigeria [27] which show that the rains are associated with the passage of MCS, exceptionally high
atmospheric moisture and a lower-tropospheric vortex.
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An improved knowledge of the intense rainfall events in the coastal zone of southern West
Africa, especially the atmospheric mechanisms driving these events, is essential. This study therefore
addresses the following questions: (1) How distinct are heavy rainfall events of the coastal areas from
those of inland West Africa? (2) What is their spatial signature, e.g., do they occur as part of organized
disturbances? (3) What are the atmospheric dynamics associated with these intense rainfall events, in
terms of monsoon flow, upper wind anomalies and equatorial waves?

Here, a novel approach is used to classify intense rainfall events (defined as days above the 99th
percentile of daily rainfall amounts) by considering the space-time continuum in which they occur.
For each event at a given location, the spatial rainfall pattern over a window centered on this location,
on the day of the rainfall event as well as a few days before and after the event, is considered. Each
event is therefore described in terms of the rainfall environment in which it occurs over a time-sequence
of a few days, to account for the possible propagation of the rainfall systems.

The data and method used to identify and classify the intense rainfall events are described in
Section 2. Section 3 presents the results. They first include (Section 3.1.) the classification of the
events and the characteristics of each type of event (spatial pattern, seasonal distribution, interannual
variability). Then (Section 3.2.), the atmospheric anomalies associated with each type and their dynamics
over a five-day period are analyzed using an adaptive window centered on the location of the intense
rainfall events. A summary and a discussion close the article.

2. Data and Methods

2.1. Data Sets

Daily rainfall data are extracted from the Tropical Rainfall Measuring Mission (TRMM) Multisatellite
Precipitation Analysis (TMPA) 3B42 data base [28], version 7, available at a 0.25° resolution, for the
years 1998-2014, over the area comprised between 4° N and 8° N, 7° W and 3°E, which includes the
southern parts of Ivory Coast, Ghana, Togo and Benin, as well as the adjacent part of the Gulf of Guinea
(Figure 1). TMPA 3B42 is a multi-satellite product, incorporating microwave and infrared precipitation
estimates, calibrated with gauge data, developed by the Mesoscale Atmospheric Processes Laboratory
at NASA Goddard Space Flight Center. This data set was selected because of its relatively high spatial
resolution, an important requirement in a coastal region characterized by strong rainfall gradients, and
its overall good performance over Africa in general and West Africa in particular [29-31], as well as over
the study region (see below). Over Ghana, a comparison between TRMM rainfall estimates and rain
gauge data yielded high correlation coefficients and low biases [32]. TRMM data showed reasonable
performance in the estimation of heavy rainfall over India [33].

Given the uncertainties attached to climate extremes in gridded precipitation products [34],
TRMM data will be compared with two other satellite rainfall estimate products, PERSIANN-CDR and
CHIRPS, in order to assess their accuracy in reproducing the statistics of intense rainfall events and
their geography (Section 2.2.). The PERSIANN-CDR data set (Precipitation Estimation from Remotely
Sensed Information using Artificial Neural Networks—Climate Data Record [35]) provides daily rainfall
estimates at 0.25° resolution over the period 1983-2015. The full period is used in order to better
match the observed data, however the statistics of intense rainfall events for the time span common
with TRMM data are close to those obtained over the longer period (see Table 1 in Section 2.2.). The
CHIRPS daily rainfall estimates (Climate Hazards group InfraRed Precipitation with Station data [36]),
available at a 0.05° resolution from 1981 to now, are produced in two steps. The first step uses cold
cloud detection from infrared satellite images calibrated using TRMM precipitation estimates and a
long-term high-resolution rain gauge climatology. In the second step the estimates are merged with
daily rain gauge data to obtain the final CHIRPS product.

A set of daily rain gauge observations, covering the period 1951-2014, was also used to assess the
skill of the TRMM data set. Thirty-eight stations having at least 30 years of data are selected. Data
originate from the Global Historical Climate Network (GHCN [37]), from the Global Surface Summary
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of the Day (GSOD, compiled by NOAA), and from the national meteorological services of Benin, Togo,
Ghana and Ivory Coast.

ERA-interim reanalysis data [38] from the European Centre for Medium-Range Weather Forecasts
(ECMWE), at a 0.75° latitudinal and longitudinal resolution and a daily time-scale (average of the
0000, 0600, 1200, and 1800 GMT observations), are used to document the atmospheric circulation
associated with the intense rainfall events. Zonal and meridional winds and specific humidity are
taken at 925 hPa, 700 hPa, and 200 hPa. The vertically integrated convective available potential energy
(CAPE) is also examined.

Table 1. Values of P99 (mm/day, computed from both wet and dry days) averaged from the 38 stations
(OBS) and the nearest grid-point of three rainfall estimation products (TRMM, PERSIANN and CHIRPS),
and corresponding skill scores (absolute bias and RMSE, in mm). For PERSIANN and CHIRPS, bracketed
values indicate the mean for the period 1998-2014 instead of the full record.

OBS TRMM PERSIANN CHIRPS
Mean 55 49 29 (28) 40 (39)
Bias -6 -26 -15
RMSE 11 27 17

2.2. Definition of Intense Rainfall Events

The local percentiles were used to select the intense events at a daily timescale, in accordance with
other studies carried out at continental or sub-continental scale [39-41]. Along the coast, mean annual
precipitation shows a large range of values, from less than 900 mm at Lomé (Togo) to over 2000 mm at
Axim (Ghana) and Tabou (Ivory Coast). A single threshold is therefore unsuitable to identify intense
rainfall events all across the region. We take into account this variability by including dry days in
the computation of the percentiles, which has an additional advantage for the purpose of this study,
that of enabling to retain the same number of intense events for all the grid-points. Hence, at each
grid-point, the 99th percentile (P99) computed from all days (365 days X 17 years) was the threshold
retained to define local intense events. The same choice was made by Sossa et al. [23], although at a
lower threshold.

Figure 1 shows the spatial patterns of mean annual rainfall (MAR) and P99 of daily rainfall, using
TRMM data. The region is relatively wet, but more so over the Atlantic ocean and in the coastal areas
orientated at a right angle with the southwesterly monsoon flow (1500 to 2500 mm.yr~!) [42]. Inland
areas are somewhat drier. The coastal stretch along southeastern Ghana, Togo, and Benin is even drier
(700-1000 mm.yr~!) due to coastal upwelling and low-level wind divergence during the monsoon
season [43]. The 99th percentile displays quite similar patterns, with higher values over the Atlantic
Ocean and along the coast (55-80 mm), except in southeastern Ghana and southern Togo where P99
values are close to those found inland. This is despite the lower annual rainfall characteristic of this
part of the coast, suggesting a higher relative intensity along the coast. Kpanou et al. [44] underlined
the higher daily rainfall intensity along the coastline of southern West Africa compared to inland
areas. Some spurious patterns, with strong gradients over short distances, appear in the Bight of Benin
(Figure 1). Such patterns could be related to the different algorithms used to retrieve rainfall amounts
over land and sea, with a special difficulty in near-coastal areas. This is an additional reason why
in this study of intense events it is desirable to use the 99th percentile computed at each grid-point,
rather than a fixed threshold or the 99th percentile computed on wet days only (possibly biased by
an improper wet days to dry days ratio). This choice enables us to have exactly the same number of
events (62) at each location, therefore indirectly removing biases in the TRMM estimates.

A comparison is made between the TRMM data and both raingauge observations and other
satellite rainfall estimation products (PERSIANN and CHIRPS) (Table 1 and Figure 2a). Although
the periods covered do not completely overlap, there is a fair agreement between the different data
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sets. Compared to the observation, TRMM data reflect quite well the distribution of mean annual
rainfall amounts, although there is some under-estimation along the Ivorian coast (Figure 2a). With
respect to intense rainfall events, the mean P99 for the grid-points nearest to the 38 raingauges
(49 mm) compares favorably with the observation (55 mm). TRMM underestimates P99 along the
Ivorian coast, but elsewhere the agreement is very good (Figure 2a). The bias for PERSIANN is
considerably larger (Table 1). CHIRPS has a smaller bias, but still higher than that of TRMM. The error
(root-mean-square-error, RMSE) is also much lower for TRMM than for both PERSIANN and CHIRPS.
A temporal analysis is additionally carried out to find out whether the intense events extracted from
TRMM match daily rainfall at station level. It is found that intense days in TRMM show a sharp rainfall
peak at the rain gauges (31 mm on average over 8 stations with records overlapping those of TRMM,
while the average rainfall is 5 mm 2 days before and 2 days after). These results suggest that TRMM
is one of the best available products to study the space-time patterns of intense rainfall events over
the region, although a bias exists along the Ivorian coast and the patterns over the ocean cannot be
suitably validated.

(a) P99 (all days) & observed mean annual rainfall
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Figure 2. Spatial distribution of observed mean annual rainfall (color squares) and values of the 99th
percentile (P99) of daily rainfall (values in mm). (a) P99 computed using all days (wet and dry); (b) P99
computed using wet days only, with values above 80 mm in red.

The higher intensity along the coastline is even better shown when calculating P99 on wet days
only. From TRMM data (Figure 1b), it exceeds 70 mm all along the coast, even in the drier sector in
southeastern Ghana. Observations (Figure 2b) also delineate the coast, whose rain gauges all record a
P99 (wet days only) above 80 mm, contrasting to most inland stations.

In order to emphasize the specificity of the coast, Figure 3 shows scatterplots of MAR versus P99
for the 38 rain gauges. Coastal stations (circles) stand out by having higher P99 values than inland
stations (crosses), for a given mean annual rainfall amount. This is found when using both all days
(Figure 3a) and wet days only (Figure 3b) as a base of calculation of P99. This confirms that the frequency
of intense rainfall events is higher along the coast. The same conclusion arises based on the 95th centile
(not shown). These heavy coastal rains are concentrated in the May-July season, with a strong peak in
June, in agreement with other studies [39,44].
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Figure 3. Mean annual precipitation and 99th percentile of daily precipitation at the 38 stations
(observed data, 1951-2015): (a) all days; (b) wet days only.

2.3. Classification of the Rainfall Events

A classification of all intense rainfall events is made based on the spatial distribution of rainfall
in order to assess whether coastal events (and oceanic events) show features distinct from those of
inland West Africa. An intense rainfall event is defined at grid level as a day recording more than
P99, and is identified by DO, its day of occurrence and L, its geographical coordinates (in latitude and
longitude). All events, whatever their location and season, are subject to the classification. A given
calendar day may appear several times if it is characterized by intense rainfall at several grid-points,
but the classification is meant to describe local precipitation occurrence and not to provide statistics on
discrete rainfall disturbances.

Each event is described by the rainfall amount (square-root transformed in order to reduce skewness
of daily precipitation distributions) at all grid-points within a spatial window centered on L. Based on
sensitivity tests and the size of mobile disturbances in the region, the longitudinal and latitudinal extent
of this window was set to 8 degrees, i.e., roughly 900 km, giving a surface area of about 770,000 km?.
Similarly, a temporal window is defined which extends both before and after the day of occurrence
DO of each intense event. With similar consideration of the lifetime of disturbances in the region, the
window was set to 2 days before (D-2) and 2 days after (D2) the reference day DO. Therefore, each event
is depicted by rainfall amounts at each grid-point within the spatial window and on each day of the
above-defined temporal window, i.e., N = 4805 values (5 days X 31 latitude bands x 31 longitude bands).
Note that contrary to studies focusing on mesoscale convective systems (e.g., Mathon and Laurent [45])
the size of the rain area is not explicitly defined, and a given convective cluster may be described as two
separate events if several grid-points record a rainfall amount exceeding P99. However, the clustering
will implicitly take into account the size of the cloud system by considering rainfall amounts over a
large spatial window around each grid-point.

Because of the use of the local P99 (defined from both wet and dry days) as a threshold, the
number of events is the same for each grid-point (62 days; i.e., 0.01 x 365 days x 17 years). Therefore,
all grid-points have the same weight in the analysis, each grid-point being represented by 62 intense
events, which amounts to a total of 39,680 events to be classified. A clustering algorithm is then used to
classify the events by comparing their similarities in terms of space-time rainfall patterns, as depicted by
the 4805 observations, therefore taking into account the possible propagation of the rainfall structures.
The k-means method, adapted to large data sets, is retained [46]. The squared Euclidean distance is
used to assign the intense events to each cluster.

The number of clusters is set to three, based on the robustness of the associated spatial rainfall
patterns. A classifiability index [46,47] has also been computed but it shows very little variation between
successive solutions (i.e., number of classes). A five-cluster solution displays a modest local peak in the
index. However, since three of these clusters mostly depict land areas, with many similarities in the
space-time rainfall patterns and the atmospheric dynamics, the three-cluster solution will be preferred
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in the main analysis. In order to get more detail on the rainfall types which affect land areas, the cluster
mostly depicting land pixels is further divided into three subtypes using the same method. Note that
the resulting subtypes are very similar to those obtained from a direct five-cluster solution applied to
the whole data set, but the two-step approach makes easier the presentation of the results.

Each cluster will be depicted by (i) rainfall maps (in relative geographical coordinates around
each grid-point) for each day of the 5-day sequence, enabling to show the spatial pattern of the rainfall
field associated with the intense event from two days before to two days after the event; (ii) plots
showing the seasonal distribution of the events and their interannual variations; (iii) a map showing
the number of intense events pertaining to the cluster.

2.4. Atmospheric Patterns Associated with Each Cluster of Intense Events

Daily composite anomalies of ERA-interim atmospheric fields are computed from deseasonalised
data, for each class of intense rainfall events (with the Student’s t-test being used to assess the statistical
significance at P = 0.999). Deseasonalisation is carried out by computing the average for each calendar
day of the period 1998-2014, removing this average from the actual values and dividing by the
corresponding standard-deviation. Note that the annual cycles of the averages and standard-deviations
are smoothed out using a low-pass filter prior to deseasonalisation.

Since the reference point of each event shifts in space, the atmospheric patterns are plotted in
relative coordinates around each grid-point for which intense rainfall events are analyzed, over a
2000 km square-window, and from two days prior to the event to one day after. However, a map in
geographical coordinates can also plotted by considering the average latitude and longitude of all
events included in a given cluster.

Time-longitude cross-sections (from 6 days before the event to 4 fours after) are also plotted in
order to better show the propagative features attached to each cluster.

3. Results

3.1. Classification of Intense Rainfall Events

The seasonal distribution of the intense rainfall events over the whole study area (Figure 4) shows
two peaks, the main one in June and a secondary one in October. This bimodal distribution almost
replicates that of the mean monthly rainfall amounts, with the main rainy season from April to June, a
drop in August (little dry season) followed by the small rainy season (September-October) and the
main dry season (boreal winter). As much as 25% of all intense events occur in the single month of
June, and this proportion is even higher along the coast (47% of the 62 intense events at Abidjan, 33% at
Accra, based on observed data). The contribution of intense events to the monthly total precipitation
also peaks in June (29.7% on average over the region). Due to the northern shift of the ITCZ in boreal
summer, August records almost no intense event on the coast but quite a number in the north, at the
limit of Sudanian climates which display a summer maximum [43].
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Figure 4. Mean monthly rainfall and number of intense rainfall events averaged over the study area
(4-8° N, 7° W=3° E TRMM data).
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The spatial patterns of the intense rainfall events were stratified in three main classes, each one
showing quite a distinct geography, although some overlaps do exist. Cluster 1 is the most frequent one,
with over 20,302 events which occurred mainly over the continent, at a rate of 2-3 events per year per
grid-point (Figure 5, central panel). The five-day sequence resulting in the intense event on DO starts
by dry conditions on D-2 (Figure 5, upper panels) then the appearance of weak rains to the north-east
of the target grid-point a day before the event. The central day of the sequence displays an oval rain
area, with rainfall over 12 mm on average over a 600 X 300 km longitude X latitude zone. A day after
the event, rainfall over 6 mm is still found in the west and southwest, while dry conditions return
on D2. This sequence suggests the occurrence of westward or southwestward moving disturbances.
The frequency of these disturbances is quite even from March to October, although with a decrease in
August (Figure 5, lower panels).

mm
Rain D-2 Rain D-1 Rain DO Rain D1 Rain D2
300 300 300 300 300 <0
e
E o &1‘3 0 L] 0 0 0 L] 10
5 -6 : y
-300 -300 /> 8001°° O\ {-300 &|-300 0
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Annual frequency f=1194/yr

7°N
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nb events/yr
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Total nb events n=20302 Monthly frequency
" 15 : :
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= 5 5
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el
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JFMAMJJASOND JFMAMJ JASOND

Figure 5. Typing of intense rainfall events: cluster 1. Top panels: spatial rainfall patterns, in relative
coordinates (km around the grid-point where the event occurs, denoted by a black square), for each day
of the 5-day sequence (2 days before to 2 days after the event). Central panel: geographical distribution
of the number of intense events pertaining to the cluster. Bottom panels: seasonal distribution of the
events (right) and interannual variations of the number of events (left).

Cluster 2 (8279 events) depicts intense events occurring mostly over the Atlantic Ocean south of
5° N (Figure 6, central panel). They have a very distinct seasonal distribution (Figure 6, bottom panels),
with a sharp June maximum (45% of all events belonging to this cluster), 10%-15% of the events in
both May and July, a weak secondary maximum in September (9%) and almost no event during the
main dry season from November to March. These rainfall events are embedded in a persistent (from
D-2 to D2), zonally elongated rain belt (Figure 6, upper panels) covering the Gulf of Guinea north of
the equator, and bounded to the south by dry conditions associated with the equatorial upwelling
zone which develops in boreal summer in the Atlantic Ocean. The intense event starts on D-1 by a
rainfall enhancement within the rain belt and to the east of the target point. The rain belt broadens to
the north and intensifies on D0. Rainfall activity decreases moderately on D1, although quite heavy
rains (about 15 mm) still occur. A further decrease is noted on D2. This cluster shows some evidence
of a westward propagating disturbance, although less distinctly than in cluster 1. There is a large
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interannual variability in the frequency of these intense rainfall events. For instance, none occurred in
June 2004 while over 300 grid-points-days were found in June 2000, 2002, 2003, 2010, 2013, and 2014.

nb events/yr

6°W 4°W 2°W 0° 2°E
Total nb events n=8279 Monthly frequency
400 60
2000 £
. 300 g 40
2005 o8 =
- 200 ¢ =
c
2010 L 100 & 20
I o © 0
JFMAMJJASOND JFMAMJJASOND

Figure 6. Same as Figure 5 but for cluster 2.

Cluster 3 has a preferred location over the Bight of Benin and nearby coastal areas (Figure 7, central
panel). Over these regions, cluster 3 events occur about 2 days/year/grid-point on average, while they
may also be found elsewhere in the region but less than once a year. The seasonal pattern is very distinct,
with almost 79% of the events from April to June (Figure 7, bottom panels). Cluster 3 differs from
cluster 2 in that it occurs in an otherwise relatively drier context, slightly to the north of the rain belt
covering the equatorial Atlantic Ocean. The intense events are initiated on D-1 with a spiral-like pattern
of rainfall encircling the target point, involving a rainfall increase to the south and the east. Rainfall
further increases on D0, with heavy rainfall (>20 mm) over an extensive area (at least 600-800 km wide).
Rainfall decreases on D1 from the north, although the activity remains significant in the south, especially
the southwest. On D2, while there is a further decrease in the southwest, rainfall again picks up in the
southeast. This pattern shows clear evidence of a westward moving disturbance, with an asymmetrical
shape. Note that fewer of these events are found after 2008, but the short period of study does not
enable a thorough trend analysis.

Remarkably, by comparing the three clusters, it is found that the coastal zone exhibits a mixture of
different types of intense rainfall events: type 1 and type 2 along the Ivorian and western Ghanaian
coasts, type 1 and type 3 along the eastern Ghanaian, Togolese and Beninese coasts (Figure 8). This
suggests that the coast distinguishes itself from the rest of the region by experiencing a combination of
different types of disturbances at the origin of intense rainfall events, with an additional separation
between the western and the eastern coast. Note that when the clustering is repeated on the coastline
pixels only (those located at less than 30 km inland from the coast), the three-cluster solution is
remarkably similar (not shown) to that obtained over the full region. This first indicates that the rainfall
types found at the coast are not unique to this environment, and second that the clusters we extracted
are fully relevant to describe the patterns of intense events at the coast.
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Figure 7. Same as Figure 5 but for cluster 3.
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Figure 8. Percentage of intense local rainfall events pertaining to each cluster.

A Hovmoller (time X longitude) plot is constructed (Figure 9) to illustrate the zonal propagation
of rainfall structures on seven representative intense rainfall events around Accra, Ghana. These events
all recorded daily rainfall over the local P99 in the area 5-6° N, 0.5° W-0.5° E (red squares on Figure 9).
Three-hourly TRMM data are extracted along 5-6° N. This region is mainly affected by cluster 3 events,
and some cluster 1 events. Most of the sample events are clearly associated with westward-propagating
disturbances. This is evident for events A, C, D, E, and F. Most of these disturbances originate around
the Cameroon Highlands near 10° E, and cannot be traced down to the west beyond 5-12° W, with a
lifetime of about 24-36 hours. However, event C shows evidence of an origin further east around 20° E,
and event D singularizes by propagating over a very long-distance, over five days, from the Ethiopian
Highlands (35° E) to beyond 30° W. For event B, the story differs. While a short-lived westward-moving
disturbance is still found, it is embedded in a larger-scale rainfall structure propagating from west to
east. Some evidence of this eastward-propagating disturbance can actually be found about three days
before near 30-20° W. A weak eastward-moving disturbance is also noticeable for event G. Other cases
of a modulation of rainfall activity with a propagation to the east can be found in Figure 9, though the
signal is spatially discontinuous and does not always give birth to an intense rainfall event over Ghana.
This combination of westward- and (less clearly) eastward-moving structures is not easily seen on the
clusters, since the small number of clusters initially retained smoothed out the weakest signals.
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Figure 9. Hovmoller diagram of 3-hour TRMM 3B42 rainfall along latitude 5-6° N for a sample of
intense rainfall events in the region around Accra, Ghana (daily rainfall above the 99th percentile in the
area 5-6° N, 0.5° W-0.5° E). The intense rainfall events are shown as red squares and labelled.

In order to refine the classification of the rainfall events over the land areas, mostly depicted by
cluster 1, the corresponding events are further classified in 3 subtypes (1A to 1C; Figure 10). Pattern
1A shows daily rainfall events of relatively small size (zonal extension of 300 km, and meridional
extension of 200 km based on the area receiving over 12 mm.day~!), short-lived and with little evidence
of any propagation (rainfall on D-2 and D-1 is absent or low, except for moderate rainfall to the east on
D-1, and rainfall on D1 and D2 is again very low). It therefore mainly corresponds to a rain system
generated locally, or a small size, weak rainstorm drifting from the east. These events are the most
frequent ones (9262 out of the 20,302 cluster 1 events) and occur almost throughout the year except for
the driest periods (November—February and August). They are found throughout the land regions
except for the coastline, with a maximum occurrence near the Ghana-Ivory Coast border. Such events
can be seen as local convective storms, possibly related to the effect of sea-breeze.
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Figure 10. Sub-types (a) 1A, (b) 1B, and (c) 1C of daily rainfall distribution patterns associated with
cluster 1 (mainly land areas). Small panels: rainfall maps centered on the grid-point where the event
occurs (black square), for each day of the 5-day sequence (2 days before to 2 days after the event).
Larger panels: geographical distribution of the number of intense events pertaining to each subtype
and monthly frequency of each subtype.

Pattern 1B (Figure 10, central panels) depicts long-lasting events which start on D-1 with enhanced
rainfall to the east / north-east of the target grid-point, then expand and intensify on DO over a large



Atmosphere 2020, 11, 188 14 of 26

area (rainfall over 12 mm.day~! everywhere except along the southern boundary), and finally evacuate
to the west on D1. These events can be seen as major rainfall disturbances (e.g., squall lines) originating
from outside the region and drifting westward. They are fairly widespread (many events also occur
over the ocean), but distinct maxima are found close to the Togo / Akwapim Hills (near the Ghana-Togo
border) and in west-central Ivory Coast (also a region of higher elevation). These events have quite a
uniform distribution between June and September, and are virtually absent from the rest of the year,
which is consistent with the occurrence of squall lines.

Pattern 1C (Figure 10, bottom panels) also depicts moving disturbances, but generated locally on
DO (day D-1 is mostly dry), then evolving into a large-scale active disturbance (above 20 mm.day ')
which drifts to the southwest over the ocean on day D1. These events have a distinct preferred location
over land at a distance of 50 to 200 km from the coastline (hence possibly initiated by the sea breeze)
and are particularly frequent in western Ghana. Their occurrence clearly peaks from April to June,
with a secondary maximum in September—October.

Table 2 summarizes the contribution of the different types of events to the local number of intense
rain days at a few locations in southern West Africa. Inland (Kumasi), as expected, the contribution of
cluster 1 (mainland type) is overwhelming (especially that of large-scale disturbances 1B and 1C, over
27% each). Along the coast (the three other stations), there is a mix of different types of events, with
40%—48% of type 1 events at all locations, while type 3 is equally very frequent at Accra and Cotonou
on the shores of the Bight of Benin. Type 2 events only have a high contribution at Abidjan. These
results further demonstrate the interface character of the coast in terms of rainfall structures associated
with intense events.

Table 2. Mean annual number of days for the different types of events at major towns of southern
West Africa (the total number is 3.6 events per year for each location). Abidjan, Accra and Cotonou are
coastal towns while Kumasi is located inland.

Type Abidjan Accra Cotonou Kumasi
1 18 1,5 15 2,7
1A 0,6 0,3 0,6 0,6
1B 0,3 0,3 0,3 1,0
1C 0,8 0,9 0,5 1,1
2 1,0 0,5 0,4 0,2
3 0,9 1,7 1,8 0,7

3.2. Atmospheric Circulation Associated with Intense Rainfall Events

Deseasonalised ERA-interim data are used to analyze atmospheric anomalies associated with the
main types and subtypes of intense rainfall depicted in Section 3.1. Sequential composites (from two
days before to one day after the events) are produced at 925, 700, and 200 hPa using three variables:
the zonal and meridional components of the wind and specific humidity. The composite is computed
over an approximately 2000-km square window centered on the grid point P where the intense event is
located (see Section 2).

For cluster 1 (intense events over the African mainland), weak low-level positive humidity
anomalies appear on D-3 (not shown) and D-2 (Figure 11, bottom). In the mid-troposphere (700 hPa,
Figure 11, middle panels) a distinct tilted ridge, orientated from the NE to the SW and associated
with dry air, is found slightly east of the target grid-point P on D-2. This ridge shifts westward on
D-1, being replaced by strong northeasterly anomalies and moister than normal conditions in the east.
The lower troposphere also becomes moister east of P, with northerly wind anomalies appearing in the
northeast. These wind and humidity anomalies strengthen and shift westward on D0. At 925 hPa,
a SW-NE tilted shear line separates northerly anomalies (to the north of point P) from westerly to
southwesterly anomalies (south and east of P). Positive humidity anomalies are also found on DO in
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the mid- and upper troposphere. At 700 hPa, they are accompanied by northeasterlies ahead of a tilted
trough, while an upper anticyclonic outward flow is clearly seen at 200 hPa (Figure 11, top panels).
A day after the intense rainfall event, the moisture signal is weaker and shifted to the west. In the
low- and mid-troposphere, as the trough moves westward, it gives way to southwesterly anomalies.
This sequence of events is quite typical of easterly waves occurring at relatively low latitudes over
West Africa. During June-September, Diedhou et al. [9] found at 5° N and 15° N a similar association
between a 700 hPa trough, resulting in southerly wind anomalies typical of an easterly wave, and a
positive rainfall anomaly slightly west of the trough, moving westward.
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Figure 11. Composite anomalies of wind (vectors) and specific humidity (shadings) associated with
intense rainfall events over the continent (cluster 1), from 3 days before to 1 day after the event. Blank:
non-significant anomalies (P = 0.999). Units: normalized anomalies on deseasonalised data. Vertical
axes are latitudes and horizontal axes are longitudes, scaled in kilometers from the grid-point where
the rainfall event occurs (P, black square). Dashed lines show the approximate location of 700 hPa
ridges (R) and troughs (T).

Intense rainfall events occurring south of 5° N over the Atlantic Ocean (cluster 2, Figure 12) show
atmospheric features quite different from those associated with cluster 1. Positive moisture anomalies
are already found a few days before the event, particularly in the low-troposphere southeast of the
reference grid-point P in association with anomalous northeasterlies (D-2). There is further evidence of
moisture convergence on D-1 in the low-level meridional wind flow, with strongly enhanced moisture
content at the latitude of P. A southward flow is found in both the middle and upper troposphere
from the latitude of point P. The low-level southwesterlies strengthen on D0, south of a cyclonic vortex
centered 400 km to the north of P. At 700 hPa, the vortex is also very clear, and it shifts westward on D1,
being located about 900 km northeast of P in both the low and mid troposphere. The upper tropospheric
northerly anomalies strengthen and moisten on D0, which is suggestive of the outflow associated with
deep convection. Together with the low-level south-westerlies, this indicates an enhanced meridional
circulation south of the rainfall event. The prior (D-1) 700 hPa northerly anomalies could also denote a
strengthened low atmosphere local circulation cell (LALC) as depicted by Leduc-Leballeur et al. [18].
However, south of P, the replacement of the 700 hPa easterly anomalies (D-1) by westerly anomalies



Atmosphere 2020, 11, 188 16 of 26

(D0) also suggests the role of an eastward-moving wave, possibly a Kelvin wave, whose role on
convection over the Gulf of Guinea has been earlier demonstrated [7,8].
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Figure 12. Same as Figure 11 but for cluster 2.

For cluster 3 (intense events in the Bight of Benin, Figure 13), at 925 hPa, a gradual build-up
of positive moisture anomalies is found south and east of the target area from D-3 (not shown) to
D-1, with a strong maximum about 800 km east of point P. Like for cluster 2, it is associated with a
change from easterly anomalies (D-3) to strong westerly and northwesterly anomalies (D-1), with a
clear zonal moisture convergence at D-2 and meridional moisture convergence at D-1 slightly south
of P. The westerlies persist on DO and expand to the north, advecting moisture towards the target
grid-point. At 700 hPa (Figure 13, middle), anomalous westerlies develop at D-2 southwest of point P
and spread all over the region situated south of P. North of P northeasterly anomalies develop on D-1,
ahead of a cyclonic vortex which moves westward and nearly reaches the target point on D0, then is
found 800 km west of it on D1. A large 700 hPa positive moisture anomaly shifts from east to west
between D-1 and D1. At 200 hPa (Figure 13, top), weak northerly anomalies prevail before the intense
event. On DO they are quickly replaced by a strong outward flow, in all directions from the reference
grid-point, accompanying strongly positive moisture anomalies. This suggests an upper-level response
to a deep convective cell associated with the intense rainfall. These features show many similarities
with cluster 2, especially the combination between eastward and westward propagative systems, the
latter associated with a cyclonic vortex. However, this vortex is found at both 925 and 700 hPa in
cluster 2, while for cluster 3 it is clearly defined at 700 hPa only. Note that all the three clusters are also
associated with significant (P = 0.999) positive anomalies of CAPE (Figure S1), building east of point
P while strengthening from D-2 to D0, with relatively minor variations between the clusters. These
anomalies range from 0.4 to 0.8 standard-deviations, which during the month of June (a peak month
for the number of intense events) roughly corresponds to a 30% CAPE increase.
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Figure 13. Same as Figure 11 but for cluster 3.

In order to further show the propagation features associated with the three types of events,
time-longitude plots are drawn for a sequence of 11 days encompassing the wet event (the time-span is
larger than above in order to better show the propagation speeds). The plots (Figure 14) show the
deseasonalised zonal wind (vectors), meridional wind (contours) and specific humidity anomalies at
925, 700, and 200 hPa, for intense events belonging to cluster 1 (mainland, along latitudes 7-8° N),
cluster 2 (Atlantic Ocean, along latitudes 4-5° N), and cluster 3 (Bight of Benin, along latitudes 4-5° N),
respectively.

There are both similarities and differences between the three types of events. An identical feature
is at 700 hPa (Figure 14, central panels) the westward propagation of moisture and meridional wind
anomalies (as well as geopotential height, not shown). The propagative signal, in the form of a
ridge-trough system, is found two days before the event around 2000 km east of the reference grid-point
P, and two days after the event around 1500 km west of P (red arrows on Figure 14). This suggests a
propagation speed of about 9 to 10 m/s, highly consistent with the values found for African easterly
waves [48-50]. The wavelength, about 4000 km, is also quite typical of AEWs. However, while for
cluster 1 (and cluster 3 to some extent) the northeasterly wind anomalies accompany the positive
moisture anomalies, shifting westward from D-2 to D+2, for cluster 2 the pattern is different (Figure 14b).
A gradual strengthening of the convergence between westerly and easterly wind anomalies is found
prior to the event, with only a limited westward shift, and westerly anomalies become widespread
after the rain burst.

A major contrast between the three clusters is found in both the upper and the lower troposphere
(Figure 14, top and bottom panels, respectively). At 200 hPa, while for cluster 1 (mainland events)
an attenuated westward propagation of both moisture and wind anomalies is reminiscent of what is
observed at 700 hPa, for clusters 2 and 3 (oceanic events) the wind propagation is unclear or of very
short duration after DO.
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Figure 14. Time-longitude plots of zonal wind (black vectors), meridional wind (contours) and specific
humidity (shading) anomalies, for intense rainfall events belonging to cluster 1 (7-8° N, panel a), cluster
2 (4-5° N, panel b) and cluster 3 (4-5° N, panel c). Time varies from 6 days before (d-6) to 4 days
after (d4) the intense rainfall event (d0). The x-axis shows distances west and east of point P where

the intense event occurs (black square). Positive meridional wind anomalies are in red (southerlies)

and negative anomalies in blue (northerlies). Large arrows show approximate westward (red) and

eastward (green) propagations based on zonal wind and humidity anomalies.
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At 925 hPa, for clusters 2 and 3 (Figure 14b,c), the period leading to the intense event is
characterized by a persistent positive moisture anomaly near the longitude of the wet event. Strong
negative geopotential height anomalies (not shown) also predate (2-5 days) the rain burst, over a wide
area covering much of the Gulf of Guinea. Westerly wind anomalies gradually build up from the west,
then spread eastward. A closer inspection of the plots, especially for cluster 3, reveals a combination of
westward and eastward propagation features. While 925 hPa meridional wind anomalies clearly show
a westward propagation (the intense precipitation occurs in the trough, when northerly anomalies are
replaced by southerly anomalies), zonal wind anomalies and to some extent moisture anomalies show
an eastward propagation (green arrow on Figure 14). The propagation speed is about 17 m.s~!. This
eastward propagation is also quite well defined in the 925 hPa moisture field of cluster 2. This is in
line with typical patterns associated with convectively coupled equatorial Kelvin waves (CCEK) [51].
Mekonnen et al. [7], based on filtered July-September cloud brightness temperature and velocity
potential at 7-12° N, found that CCEK waves were propagating at 14 m.s~! over tropical Africa, a
value close to that obtained from our unfiltered data. Kamsu-Tano et al. [8] estimated CCEK phase
speed at 13 m.s~! over the Gulf of Guinea, and Mounier et al. [6] at 15 m.s~. This is quite consistent
with the values found in this study.

As different sub-types have been defined for the rainfall events occurring mostly over land
(Section 3.1.), the corresponding days have been composited to find out whether the three clusters
correspond to different atmospheric dynamics. We present the atmospheric anomalies from a fixed
map (by considering the average geographical location of all the events), which does not strongly differ
from the plots expressed in relative geographical coordinates but enables to better differentiate the
patterns between the ocean and land surfaces. Figure 15 shows day(, and composite anomalies from
d-2 to d1 for each cluster are displayed as Supplementary Materials Figures 52-54.

Cluster 1A (rainfall events of relatively small size) is associated with weak wind and specific
humidity anomalies, whatever the level (Figure 15, left panels). The most prominent wind signal is a
north-easterly anomaly at 700 hPa shifting westward from South Cameroon (D-2, Figure 52) to Ghana
and Ivory Coast (D0). A persistent positive humidity anomaly is also found over the study region from
D-2 to D1 at 925 hPa, also detectable in the mid- and upper-troposphere on DO and further west on D1.

By contrast, cluster 1B is associated with a large-scale atmospheric disturbance, characteristic of
an easterly wave. On DO (Figure 15), a cyclonic flow is found at 700 hPa, centered over southern Ghana
(about 0°), and is accompanied by very strong positive humidity anomalies over the same region.
Low-level winds are characterized by enhanced south-westerlies over the Gulf of Guinea, converging
with weaker northerly anomaly winds over the continent, over a large region showing positive humidity
anomalies. An anticyclonic outflow is present in the upper troposphere, with the strongest wind
anomalies to the south of the region. The sequence of four days (Supplementary Materials Figure S3)
provides evidence of a westward shift of this disturbance. At 700 hPa, a south-west/north-east tilted
ridge gradually shifts westward between D-2 and D1. The system’s wavelength is about 4000 km. The
925 hPa flow mirrors that of 700 hPa, and a very high moisture content is already present over the Gulf
of Guinea two days prior to the event, caused by a marked weakening of the south-westerly monsoon.
The upper tropospheric anomalies are mainly a response to the convective outburst.

Cluster 1C shows some similarities with cluster 1B, although the wind and moisture anomalies are
weaker (Figure 15, right panels). A few other specific features are to be noted: the upper tropospheric
outflow, which starts on DO, peaks on D1, almost 24 hours later than for cluster 1B (Figure S4).
The alternating 700 hPa tilted ridge-trough pattern characteristic of cluster 1B is more elusive in cluster
1C, suggesting the absence of a true easterly wave. Another difference is the low-level wind over the
Gulf of Guinea, where easterly anomalies recede to the east from D-2, giving way to westerly anomalies
which swamp the whole Gulf of Guinea on D0 and reach Central Africa on D1. This suggests the
occurrence of a westerly wave near the equator, a pattern which is absent from cluster 1B. Compared to
type 1B, whose circulation pattern seems to be relatively independent from the land-ocean interface, it
can be surmised that type 1C is more hybrid, with more interaction between the ocean and the continent.
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200hPa

700hPa

925hPa

Figure 15. Composite anomalies of wind (vectors) and specific humidity (shadings) associated with
rainfall events of clusters 1A, 1B and 1C at the time of the event (day DO0). The locations of all events
being different from each other, the composite is based on the average location. Blank: non-significant
anomalies (P = 0.999). Units: normalized anomalies on deseasonalised data.

4. Summary and Discussion

In this study, a novel approach was tested to define the rainfall and atmospheric patterns associated
with intense rainfall events at daily scale over the southern part of West Africa. The aims were to
demonstrate the singularity of the coastal band along the Gulf of Guinea in terms of intense rainfall
occurrence and rainfall types and to contribute to isolate the mechanisms which drive the heavy rains.

The coastal belt of Ivory Coast, Ghana, Togo, and Benin differentiates from the interior by a higher
mean rainfall intensity, which is evident from the 99th centile (P99) computed from both observations
and rainfall products. This is conspicuous over Ivory Coast, where the very wet coastal belt stands out
on mean annual rainfall maps, as well as over the drier coastline from Ghana to Benin, where P99 (on
wet days) is about 90-100 mm while it generally ranges between 70 and 80 mm inland. The seasonal
distribution of these events replicates the bimodal rainfall regime, with a main peak in June (25% of all
intense events over the whole region), particularly sharp along the coast.

Intense events were extracted by considering P99 at each grid-point in the region between 4-8°
N and 7° W-3° E. A cluster analysis was carried out to classify these rainfall events based on their
spatial pattern (8° square window) and temporal evolution (two days before to two days after the
event). Three main types were distinguished (Table 3) with a very distinctive geographical signature:
the first one (type 1) for the land areas, the second one (type 2) for the Gulf of Guinea south of 5°N
and the last one (type 3) for the Bight of Benin. They all show some form of westward propagation,
within different precipitation contexts and with rainfall structures of different shapes. For instance,
type 2 intense events are embedded in a zonal belt of heavy rains (generally oceanic), while type 3
occurs on the northern rim of this belt as an initially spiral-shaped, westward propagation disturbance.
Over land, three subtypes are delineated depending on the size and propagation pattern of the rain
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zone: (i) relatively isolated, short-duration events (1A); (ii) large-scale long-lived westward-moving
disturbances (1B); (iii) locally generated rain cells north and ahead of an intensifying westward-moving
disturbance (1C). We did not find evidence of a rainfall type specific to the coastline. Rather, the
coastline gets intense events associated with a variety of the above rainfall types. While continental
types still account for over 40% of the events (1.5 events a year at Accra and Cotonou, 1.8 at Abidjan),
ocean types dominate. Type 2 (once a year on average at Abidjan) is slightly more frequent than type
3 on the western coast, west of the Cape of Three Points in Ghana. Type 3 is most common on the
eastern coast (1.7 events a year at Accra, 1.8 at Cotonou). Since oceanic precipitation is on average
more intense, this could help to explain the higher coastal intensity compared to inland areas. P99
maps (Figure 1) actually show that these higher coastal intensities are a mere extension of those of the
oceanic domain.

Table 3. Summary of the rain types and associated atmospheric patterns.

Rainfall Types Rainfall Pattern Most Frequent Location (and season) Atmospheric Pattern
Oval-shaped, westward to
. Land areas
1 southwestward- moving . Easterly wave
- (Whole year except winter)
disturbance
Isolated, small-size and short Land areas, especially Very weak anomalies — low-level moisture convergence
A duration event Ghana-Ivory Coast border and westward-moving easterly wind anomal,
(March-June + October) ° 8 y Y
Large-scale, westward-moving Mostly land areas, Eastern Ghana and Clearly defined easterly wave and low-level
1B disturbance Central Ioory Coast westward-moving vortex, upper tropospheric outflow
(June-October) 8 - upp posp
Isolated;i;rtlzgslrl';l Z:md ofa Land areas, 50-200 km the Less-well defined easterly wave, eastward-moving low
1c Ghana, Togo and Benin coast level zonal wind anomalies over G. of Guinea (likely

southwestward-moving
disturbance

(April-June + September-October)

Kelvin wave), upper tropospheric outflow

Westward propagating cyclonic vortex
(mid- and low troposphere) to the north
Kelvin wave to the south (low troposphere zonal
wind and moisture anomalies)
Southward upper-tropospheric outflow

Zonal band, very persistent,
2 with secondary
westward-moving disturbance

Ocean (south of 5°N)
(May-July, sharp peak in June)

Westward propagating cyclonic vortex
(mid-troposphere) to the north
Kelvin wave to the south (low troposphere zonal
wind and moisture anomalies)
Upper-tropospheric outflow

Westward-moving disturbance
north of a persistent rainband

Ocean (Bight of Benin)
(April-June)

The six rainfall types and subtypes all show quite distinctive associations with ERA-Interim
atmospheric fields (Table 3, right part). A common feature to all types is the existence of westward-
propagating signals in the 700-hPa wind field. Besides this, the continental and oceanic types strongly
demarcate from each other. If we except the small-scale, short-lived rainfall systems whose atmospheric
signature is weak (type 1A), continental types are clearly related to easterly waves, identified by
westward propagating meridional wind anomalies (9-10 m.s~! phase speed and about 4000 km
wavelength) and associated variations in zonal wind and atmospheric moisture. Quite similar but
weaker propagative signals are found for oceanic rainfall types, but they occur to the north of the rain
event and are more distinctly associated with a closed cyclonic vortex. This vortex is found in both the
lower and mid-troposphere for the Gulf of Guinea type (type 2), and restricted to mid-troposphere for
the Bight of Benin type (type 3). The oceanic types were also distinct by the occurrence of eastward
propagating signals south of the rain event. The characteristics of these signals, mostly found in the
low-level zonal wind and moisture anomalies, implying enhanced moisture convergence around the
time of the rain event, are consistent with those of Kelvin waves. However, some rainfall events
occurring over the continent (type 1C) also show a similar but weak eastward-propagating signal,
superimposed on the westward propagating signal to the north.

The comparison of the above results with other studies on rainfall types is not always straightforward
because of methodological differences in the definition of these types, and because the most intense
rains are not necessarily related to deep convective systems. Maranan et al. [15] classified rainfall
types and found that very deep convective systems occur predominantly during the so-called “coastal
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phase” (March-June). They showed that on the coastline itself this category of events peaks in March.
This is not necessarily inconsistent with our study which shows that the prominent months of intense
events for types 2 and 3 (dominant on the coast) are May and June, since some of the rains belonging
to these clusters may be of a warm type. However, the upper-tropospheric outflow suggests that
deep convection is often associated with the intense events retained in our study. The positive CAPE
anomalies are less indicative, since previous studies found that very high CAPE values can be associated
with both intense and non-intense events [15,52].

On the whole our results are in line with earlier findings that MCSs associated with easterly waves
have a decreasing contribution to local rainfall (and intense precipitation) from north to south over
Western Africa. Gaye et al. [53] found that squall lines only contributed to a minor part (10%-30%) of
rainfall amounts in the Guinean zone (5-8° N) during July-September 1986 and 1987. Crétat et al. [24]
found that a large percentage of the intense rainfall events occurring over Benin, Togo, Ghana, and
northern Ivory Coast are associated with AEWs, but this percentage quickly decreases towards the
Gulf of Guinea.

Besides the “classical” AEWSs, whose signature distinctly accounts for many intense rainfall events
occurring inland, evidence was also found of less documented rainfall structures associated with other
atmospheric patterns. Many rainfall events occurring over the Gulf of Guinea, including the Bight of
Benin, display a cyclonic vortex at 925 and/or 700 hPa. Over central Benin, Fink et al. [12] noted that
some rainfall events, accounting for 9% of summer rainfall in 2002, occurred south of a closed cyclonic
vortex. They suggested that these events denote “monsoon rains”, of low intensity but persistent as
the vortex is often quasi-stationary. While the intensity of the rains associated with our rainfall types 2
and 3 suggests other mechanisms, both show the distinct low- to mid-tropospheric vortex to the north
of the rains. Although still possibly connected to easterly waves (the 700 hPa westward propagation
speeds are consistent), these events differ from the “canonical” AEW pattern by showing persistent
low level westerly wind anomalies and, at least for type 2, no mid-tropospheric enhancement of the
African Easterly Jet, contrary to type 1 events and to characteristic features of the convectively active
part of an AEW. Knippertz et al. [11] also found cyclonic and anticyclonic vortices during the 2016
DACCIWA field campaign that could not be readily associated with AEWSs, and which explain some of
the rainfall variability. For instance, they note the passage of a westward-propagating cyclonic vortex
on 12-13 June 2016, related to an intense MCS [27], with a strong increase in rainfall over the ocean.

Our study also emphasizes the role of Kelvin waves, whose signature can be identified even
without any prior data filtering. Kelvin waves were documented to move eastward from Amazonia [54]
or even the Pacific Ocean [6] towards the Gulf of Guinea, and to have a noticeable effect on rainfall
in West and Central Africa. This effect is particularly strong in boreal spring when the ITCZ is close
to the equator [8,10], but it is still distinct in boreal summer [7]. Our results suggest that Kelvin
waves contribute to the occurrence of intense rainfall events, especially over the Gulf of Guinea and
nearby areas, interacting with AEWs or other westward-moving disturbances (e.g., vortex-type). This
is manifest for types 2 and 3 rainfall events. Type 1C was identified as a highly localized intense
rainfall event occurring ahead (west of) a large-scale westward-propagating disturbance. However, we
found evidence of an interaction with an eastward propagating disturbance in the low-level wind flow
over the Gulf of Guinea. The anomalous wind flow is actually highly similar to that shown over this
region by Mekonnen et al. [7] in their maps of Kelvin-filtered 850 hPa winds regressed against satellite
brightness temperature (their Figure 3). The pattern is also very consistent with the maps obtained
by Schlueter et al. [55]. This suggests that events 1C are related to a Kelvin-wave propagation along
the equator interacting with a westward-moving disturbance. Schlueter et al. [10] found that over the
Guinea Coast region (5° W-5° E, 5-10° N), during the transition season (April to June plus October),
AEWs and Kelvin waves were the two equatorial waves which have the strongest impact on rainfall
anomalies, with mean modulation intensities of 5.7 and 4.2 mm.day~! respectively. The present study
shows that the modulation signal seems to be particularly strong for intense rainfall events.
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It was uneasy in this study to find direct evidence of the role of enhanced southerlies from
the South Atlantic Ocean on intense rainfall events. Leduc-Leballeur et al. [18] showed that coastal
precipitation increase in May-June was a local process, induced by strong southerlies between the
equator and the coast (as a result of cooler SST south of the equator and warmer north of the equator),
which increase coastal convergence and drive a lower atmosphere local circulation cell. Our study
suggests that, at least for the most intense rainfall events, changes in meridional winds are strongly
related to zonally propagating waves, especially easterly waves. This does not mean that changes
in southerlies have no impact on heavy precipitation in the region, but the dominant mechanism
involves equatorial waves. For cluster 2 (intense events mostly over the ocean), the enhanced 925
hPa southerlies and 700 hPa northerly anomalies, a day before the event, are however reminiscent of
the strengthened low atmospheric local circulation (LALC) described in Leduc-Leballeur et al. [18].
However, it is postulated that the LALC is mostly associated with lasting rains, producing a high
rainfall accumulation over a spell of a few days, but seldom delivering very high 24-hr rainfall (the
target of the present paper) unless it combines with an equatorial wave.

Given that in the present study the infra-daily timescales were not resolved, it was not possible to
assess the role of diurnal coastal circulations on the genesis of the rainfall events. This is certainly an
important issue which needs to be considered in further studies. Southern West Africa is affected by
well-developed sea and land breezes which interact with the large-scale southwesterly monsoon in a
complex way [56], depending on the orientation of the coastline [57].

Finally, this study demonstrated that the simple detection of major rainfall structures monitored
over a five-day window enables the identification of different types of rainfall systems associated
with quite distinct atmospheric signals. Even without any filtering of the data, it was possible to
recognize different wave signatures (AEWs, Kelvin waves). The analysis also showed how these
rainfall types project geographically on southern West Africa, enabling a better knowledge of the
mechanisms attached to intense rainfall events in the various parts of the region. While projections
for West Africa found contrasted future trends in AEWs frequency [58,59] and an increase of rainfall
intensity [40,60], more focused high-resolution studies need to be carried out for the coastal area in
view of its specificity in terms of rainfall intensity.
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11/2/188/s1.
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