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Abstract

The Republic of Djibouti is a small country in an arid context coupled with a

high variability of rainfall that generates flash floods causing severe damage to

the population and infrastructure. The mechanisms controlling extreme rain-

fall events in this part of the Horn of Africa remain poorly understood. In this

study, we document the atmospheric circulation patterns associated with such

events. To that end, we use rain-gauge data (a network of 36 stations on the

period 2013–2020), satellite-based rainfall estimates (CHIRPS, IMERG,

MSWEP and RFE) and atmospheric reanalyses (ERA5), all at the daily time-

scale, over their common period 2001–2020. A multivariate Agglomerative

Hierarchical Clustering of rainy days in Djibouti (≥10% of grid-points exceed-

ing 1 mm�day−1, according to all four satellite products) reveal four clusters,

which differentiate from each other by the intensity and spatial extent of rain-

fall. These clusters show a nonhomogeneous seasonal distribution, occurring

mainly in the March–April–May (MAM) and July–August–September (JAS)

seasons, and more rarely in October–November–December (OND). The atmo-

spheric circulation anomalies associated with the clusters are quite similar and

highly season-dependent. In MAM most clusters display an anomalous trough

over the Red Sea, from 700 to 200 hPa. In JAS, an anomalous low over the south-

ern Red Sea drives a thicker than normal monsoon flow at 700 hPa, while upper

northerlies prevail at 200 hPa. In OND, most rainy events result from moisture

advection from the Western Indian Ocean, favoured by positive phases of the

Indian Ocean Dipole. Some highly unusual atmospheric circulation patterns

(e.g., associated with tropical cyclones) can also result in intense rainfall events in

Djibouti. These findings provide new insights on the physical causes of extreme

events in the Horn of Africa, with applications to improved early warning and

skill evaluation of climate models for climate change projections.
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1 | INTRODUCTION

The Republic of Djibouti is a small country in the Horn of
Africa, known for its arid climate (Nicholson, 2014;
UNDP/UNSO, 1997), with erratic rains and no well-
defined rainy seasons (Nicholson, 1996, 2017). Several
reports (Ozer & Mahamoud, 2013; République de
Djibouti, 2011) emphasized the enhanced arid conditions
of the recent decades resulting in cattle mortality, water
shortages, food insecurity and rural out-migration. They
estimated that the 2008–2011 droughts caused an esti-
mated 3.9% loss in the 4-year gross domestic product of
the country. The eastern coastal region of the Republic
of Djibouti was the most affected by the increased drought
incidence in recent decades, with more than 80% of the
extremely and severely dry events (SPI-12/SPEI-12 < −1.5)
of the 1961–2021 period occurring during 2007–2017
(Assowe Dabar et al., 2022). By contrast, many examples
can be found of days with very high precipitation in
Djibouti City, which caused severe flash floods and wide-
spread destruction (Cherel et al., 2020; Said Chiré, 2015).
Cases of short-lived precipitation events resulting in major
flooding include 7 April 1989 (180 mm), 12 April 2004
(93 mm), 23 November 2019 (155 mm) and 20 May 2018
(110 mm) when tropical cyclone Sagar hit the country.
However, most of the atmospheric patterns driving intense
to extreme wet events in the Republic of Djibouti are still
unknown.

Many studies document interannual rainfall variations
in the Greater Horn of Africa (GHA), with reviews avail-
able in Camberlin (2018) or Palmer et al. (2023), but little
information is available on high-frequency (daily) rainfall
variations and their atmospheric drivers. Some studies
focusing on winter and spring/autumn transition seasons
in Ethiopia, Eritrea and the Arabian Peninsula highlight
the role of tropical–extratropical interactions, though it is
uncertain whether their conclusions can be extrapolated
to the Republic of Djibouti area. Habtemichael and Pedg-
ley (1974) found that the origin of spring rains (April
1970) in Eritrea is a strong southward bend in the subtrop-
ical jet stream to 10�N that provided a mechanism for the
temporary development of deep convection clouds, fed by
moisture from lower tropospheric southeasterly winds
flowing across the southern Red Sea. de Vries et al. (2016)
investigated the synoptic-scale dynamics of three extreme
precipitation events that occurred in Saudi Arabia
(in autumn, winter and spring) and found that all three
cases involved strong tropical–extratropical interactions,
whereby midlatitude forcing instigated an incursion of
tropical moisture over the Arabian Peninsula that fuelled
the heavy rainfall. Bekele-Biratu et al. (2018) studied sub-
seasonal variability of the Belg rains (February–May rain-
fall season) in Ethiopia and found that the interactions

between extratropical and tropical systems across the Red
Sea region play a major role in modulating the rainfall pat-
tern during this season. Samman and Gallus Jr. (2018)
investigated the synoptic patterns associated with the
development of heavy rainfall in five different regions of
Saudi Arabia. The study summarizes six major synoptic
features, the most important of which is the Red Sea
Trough (RST). The RST was found to substantially influ-
ence the precipitation in the country through the fall, win-
ter and spring seasons, by advecting moisture from the
Red Sea and the Arabian Sea towards the north. Atif et al.
(2020) described extreme precipitation events (EPEs) over
Saudi Arabia during the wet season and their associated
teleconnections. They found that EPEs there are associated
with midlatitude circumglobal wave trains (CGT), which
evolve a few days before the onset of EPEs and decay after-
wards. Ding and Wang (2005) and Saeed et al. (2011) dem-
onstrated that the CGT influences boreal summer regional
climates by modulating the Indian summer monsoon.

A notable feature is the paucity of studies document-
ing intense precipitation events or spells in the June–
September (JJAS) season over the GHA as a whole, and
Djibouti in particular. Contrary to West Africa where
mesoscale convective systems (MCS) often associated
with easterly waves explain a large proportion of the
intense rainfall events, no organized disturbances have
been clearly identified so far in the GHA during the JJAS
season, as easterly waves can hardly be traced back east
of 30�E (Jury, 2011; Mekonnen & Rossow, 2018). In a
part of the GHA which is very wet in summer, Jury
(2011) studied the meteorological scenario of Ethiopian
floods in 2006–2007 and found that most extreme events
(in July of 2006 and July of 2007) were associated with
anomalously strong southerly monsoon flow over the
western Indian Ocean. The Djibouti area is much drier in
summer, but Jury (2016) described a convective outbreak
over the southern Red Sea which leads to the initiation of
easterly waves and extreme precipitation events over
West Africa.

Tropical depressions and tropical cyclones develop
over the Arabian Sea in two separate seasons (May–June
and October–December), but those reaching the coasts of
the Arabian Peninsula and Northeastern Africa are a rar-
ity (Terry & Gienko, 2019). Several works analysed the
statistical distribution of tropical cyclones over the Ara-
bian Sea (Evan & Camargo, 2011; Tiwari et al., 2022), but
very few of them documented those which affected its
westernmost part (Cherel et al., 2020), and none studied
statistically their contribution to rainfall over the land
areas running from eastern Somalia to Yemen.

Among the previous studies dedicated to the analysis
of intense climate events over the complex region of the
GHA, none are at the scale of small, vulnerable territories
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like the Republic of Djibouti. The few studies done on
the region and on the Arabian Peninsula show that the
atmospheric mechanisms of rainfall are of at least three
different types (tropical–temperate interactions, convec-
tive outbreaks, tropical cyclones) and are more or less
organized depending on the season and the type of
drivers. Since it is unknown if the conclusions of those
studies can be extrapolated to Djibouti, the objective of
this paper is to document the atmospheric mechanisms
behind the intense rainfall recorded there. To that end,
the space–time patterns of daily rainfall distribution are
analysed in order to document the spatial extent and the
seasonal variations of the rain events in the country.
Then, the atmospheric circulation anomalies associated
with the rainfall events are extracted on a seasonal basis.

2 | DATA AND METHODOLOGY

2.1 | Description of the study area

The Republic of Djibouti is a small country (23,200 km2)
located near the southern extremity of the Red Sea in the
Horn of Africa. It is geographically bounded by latitudes
11�–12.5�N and longitudes 42�–43.5�E and bordered by
Eritrea to the north, Ethiopia to the west and south,
Somalia to the southeast, and it faces the Red Sea and the
Gulf of Aden to the east (Figure 1). The country has two
seasons: a relatively cold season (October–April) and a hot
season (May–September) (Beau et al., 1976). The mean
annual precipitation of Djibouti (150 mm�year−1) is under
10% of the mean annual potential evapotranspiration
(2000 mm�year−1; Houmed-Gaba, 2009). This led to clas-
sify the local climate as arid (UNDP/UNSO, 1997). The
annual accumulation of precipitation in the Republic of
Djibouti is influenced by the elevation and the proximity
to the Indian Ocean (Assowe Dabar et al., 2021). A maxi-
mum rainfall is observed in mountainous areas of the
Tadjourah district such as Randa (240–300 mm�year−1),
while lower annual precipitation is found in low altitude
zones such as Moulhoule and Khor Angar (northeast of
Djibouti, with less than 60 mm�year−1).

In Djibouti, the rainfall regime displays multimodal
patterns. Despite the low annual rainfall amounts,
Djibouti exhibits a strong spatial differentiation in terms of
rainfall regimes. The regionalization of long-term monthly
rainfall data (1946–2017) identified two main seasonal
rainfall regimes (EAST and WEST) across the Republic of
Djibouti (Abdou, 1990; Assowe Dabar et al., 2021). The
western seasonal rainfall regime presents two peaks, the
first one in MAM, hypothesised to be mostly associated
with tropical–temperate interactions, as in neighbouring
northeastern Ethiopia (Bekele-Biratu et al., 2018) and

Yemen (de Vries et al., 2016), and the second one in JJAS,
associated with the summer monsoon, albeit its reduced
activity over Djibouti due to its location in the lee of
the Ethiopian Highlands (Flohn, 1965; Pedgley, 1966). The
eastern seasonal rainfall regime also has two peaks, the
first one in MAM (just like the western regime) and
the second one in OND as part of the “short rains” of
equatorial East Africa (Camberlin, 2018; Yang et al., 2015).

2.2 | Data sources

In this study we used three different types of datasets:
observed rain gauge data, merged satellite rain-gauge
products and reanalyses.

2.2.1 | Observational rainfall data

An unpublished network of 36 rain-gauge stations
commissioned in 2013 by the National Meteorological
Agency of Djibouti (ANM) with daily rainfall data was
used in this work. This network of stations (see their
location in Figure 1) is quite representative of the differ-
ent parts of the country, including the East–West
differentiation noted above in the annual rainfall
regimes. A quality control was performed on the
observed data to detect outliers and systematic errors.
The data cover the period 2013–2021, over which the data
availability rate is at least 62.7% (Dorra) and peaks at
90.7% (Ali-Sabieh). Various data gaps occur during the
period September 2016–December 2020, with a gap rate
of 26.9% at all stations (Figure S1, Supporting Informa-
tion). Stations in the northern regions (Tadjourah and
Obock) have larger gaps (50.9%) compared to those in the
southern regions (Dikhil, Arta, Ali-Sabieh and Djibouti
with 16.3%).

Given the shortness of the record, this data set is used
only to evaluate the quality of gridded merged satellite-
rain-gauge products, and to assess the realism of the clus-
ters of daily rainfall events based on these products.

2.2.2 | Merged satellite rain-gauge products

A selection of four satellite-based rainfall estimates prod-
ucts is proposed in this study (Table 1). These products
were selected because they are among the most efficient
in the East African region (Cattani et al., 2020; Dinku
et al., 2018; Gebrechorkos et al., 2018; Kimani
et al., 2017), but also due to their high spatial resolutions
(ranging from 0.05� to 0.1� in latitude/longitude), which
makes them suitable for a small area like the Republic of
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Djibouti. In addition to satellite information, these prod-
ucts incorporate observed data (over the country only
Djibouti Airport station is available for calibration in any
of the rainfall estimate products that use observation as
input data), and one of them (MSWEP) also includes
reanalysis data.

The Climate Hazard Group Infrared Precipitation with
Stations version 2 (CHIRPS) is a quasi-global (ranging from
50�S to 50�N and all longitudes) gridded rainfall data
source with a spatial resolution of 0.05� (�5 km) at daily to
monthly timescales since 1981. This dataset is mainly
designed for monitoring droughts and other global environ-
mental changes in data scarce regions like East Africa. Due
to its high spatial and temporal resolutions and its exten-
sive quality control, CHIRPS is widely used for assessing
long-term rainfall variability and trends in climate (Assowe
Dabar et al., 2021; Williams et al., 2012). More details of
the product can be found from Funk et al. (2015).

Rainfall Estimates v.2 (RFE) is a daily climatology data-
set centred over Africa (40�S–40�N and 20�W–55�E) with a
spatial resolution of 0.1� starting in 2001 and updated in
near real-time (within 2 days; Xie & Arkin, 1996). The

dataset guarantees a historical consistency over the whole
time period, allowed by the use of a single retrieval algo-
rithm based on calibrated 3-hourly infrared satellite.

Integrated Multi-Satellite Retrieval for Global Precipi-
tation Measurement v.6 (IMERG) is a global gridded
rainfall data source with a spatial resolution of 0.1�

(�10 km), available at a daily timescale since June 2000
and a data latency of about 3.5 months. More details on
the product can be found from Tan et al. (2019).

Multi-Source Weighted Ensemble Precipitation v.2.8
(MSWEP) is a global gridded rainfall data source with a
3-hourly 0.1� (�10 km) spatial resolution available from
1979 to present. MSWEP incorporates daily gauge observa-
tions, satellite and reanalysis estimates (Beck et al., 2017,
2019). Although this dataset incorporates several existing
rainfall estimate products, it is unsure whether it necessarily
improves rainfall estimates upon individual precipitation
products over a poorly sampled area such as the Republic
of Djibouti.

In this work, the four rainfall estimate products were
analysed over their common period of data availability,
2001–2020.

FIGURE 1 Location and elevation map of the Republic of Djibouti. The black dots and the grid represent respectively the rain stations

and the spatial resolution of the satellite products used in this work [Colour figure can be viewed at wileyonlinelibrary.com]

4 WABERI ET AL.
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2.2.3 | Reanalysis data

This study uses the ERA5 atmospheric reanalysis
(Copernicus Climate Change Service, 2017; Hersbach
et al., 2020), that is, the fifth generation of the European
Centre for Medium-Range Weather Forecasts (ECMWF)
atmospheric reanalysis of the global climate. ERA5 com-
bines vast amounts of historical observations into global
estimates using advanced modelling and data assimila-
tion systems. It provides hourly estimates of a large num-
ber of atmospheric, land and oceanic climate variables.
The data cover the Earth on a 0.25� (�30 km) grid, with
137 levels from the surface up to a height of 80 km, from
1940 to present (restricted to 2001–2020 for this work).
Here, we used several ERA5 atmospheric variables (geo-
potential height, specific humidity, air temperature, and
the three components of the wind: zonal, meridional
and vertical) at four different pressure levels (200, 500,
700 and 925 hPa). We also analysed total column precipi-
table water, outgoing longwave radiation flux (OLR) and
vertically integrated moisture transport.

2.3 | Methodology

A first aim of this paper is to document the space–time
patterns of daily rainfall distribution in Djibouti. Yet, the
availability of observed precipitation data there is limited
in time (2013–2021). To overcome this constraint, the
identification and classification of rainfall events is based
on satellite products (section 2.2.2) over their longer com-
mon period 2001–2020. The analysis consists of three
steps: (i) a comparison between the different rainfall

datasets, (ii) a clustering of the rainfall events and (iii) a
detection of the atmospheric patterns associated with the
clusters.

The first step exploits the network of 36 rainfall sta-
tions and the above four satellite products (CHIRPS,
IMERG, MSWEP and RFE). The general performance
of these products to correctly detect the occurrence of
rainy days (P ≥ 1 mm) and the corresponding amount
of rainfall is evaluated using standard statistical
parameters, as in similar previous studies (e.g., Dinku
et al., 2018 for eastern Africa; Camberlin et al., 2019 for
Central Africa; Satgé et al., 2020 for West Africa). For
rainfall occurrence, contingency table statistics include
the accuracy (true positive events/all events), the true
positive rate (or recall = true positive events/observed
rainy events), the false positive rate (or fallout = false
positive events/observed dry events), and the precision
(true positive events/estimated rainy events). These
statistics address complementary aspects of rain occur-
rence detection. For assessing the accuracy of the esti-
mates while accounting for matches due to random
chances, the Heidke skill score (HSS) is also computed,
with a HSS of zero meaning no skill, and a HSS of 1 for
a perfect accuracy. The observed and estimated rainfall
amounts from the satellite products were compared
using the Pearson coefficient of correlation (r), the
mean bias error (MBE) and the root-mean-square
error (RMSE).

All the comparisons are made between rain gauge
data and their nearest grid points from each satellite
product. As we seek to exclude local showers, only the
days with at least 10% of stations across the Republic of
Djibouti recording a minimum of 1 mm of rainfall are

TABLE 1 Main characteristics and references of some precipitation datasets

Acronym Full name
Data
source

Temporal
coverage

Temporal
resolution

Spatial
coverage

Spatial
resolution Latency References

CHIRPS v.2 Climate Hazards
Group InfraRed
v.2

S, G 1981–present Daily Global 0.05� 1 month Funk et al.
(2015)

IMERG v.6 Integrated Multi-
satellite Retrieval
for Global
Precipitation

S, G June 2000–present Half-hourly Global 0.1� 3.5 months Tan et al.
(2019)

MSWEP v.2.8 Multi-Source
Weighted
Ensemble
Precipitation
v.2.8

S, G, R 1979–2020 3 h Global 0.1� Few months Beck
et al. (2017,
2019)

RFE v.2 Rainfall Estimates
v.2

S, G 2001–present Daily Africa 0.1� 2 days Xie and Arkin
(1996)

Note: In the data source column, S, R and G, stands for satellite, reanalysis and gauge information, respectively.

WABERI ET AL. 5
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retained. This approach is duplicated for each of the four
rainfall products, separately (days with at least 10% of the
grid points with each a minimum of 1 mm of rainfall).
The satellite-estimated rain events are then analysed to
assess whether they correctly detect the observed events
over the common period 2013–2020. The analysis is then
extended to the longer period (2001–2020) using satellite
products only, since the observational times-series are
too short to detect robust space–time patterns. Only the
days where there is a consensus between the estimation
products are retained.

As a second step, a cluster analysis of the daily
rain events of the extended period (2001–2020,
N1 = 7229 days) is carried out in order to identify the
most recurrent rainfall patterns in terms of spatial dis-
tribution and intensity across the Republic of Djibouti.
To that end, all grid points data covering Djibouti from
the four satellite products (after regridding CHIRPS
data to 0.1� to match the spatial resolution of the three
other products) are concatenated. A square root trans-
formation is applied to this data in order to reduce the
skewness of the daily rainfall distributions before nor-
malizing the time-series separately for each satellite
product and each grid-point. From this transformed
dataset, a selection is made of the days where at least
10% of the grid points record (based on the raw data) a
daily precipitation amount of at least 1 mm in each of
the four satellite products (N2 = 768 days). Agglomera-
tive Hierarchical Clustering (AHC) is then applied to
the concatenated data (4 × N2 = 3072 observations). In
order to reduce uncertainties, only the days classified
in the same cluster by at least three satellite products
are retained (N3 = 541 days). The mean precipitation
and precipitation anomalies of the days in the different
clusters are displayed below for each satellite product
to characterize their spatial rainfall patterns. To assess
the robustness of the clustering, the observed mean
rainfall (spatial patterns and seasonal distributions) for
each cluster is computed, taking a subsample of the
N3 days over the period for which rain-gauge data are
available (2013–2020).

Finally, in order to document the atmospheric pat-
terns associated with intense rainfall days in Djibouti,
a composite analysis of the days associated with the
different clusters is carried out, by (i) computing daily
deseasonalized climate anomalies of the different
ERA5 variables and (ii) computing the average climate
anomalies for the different clusters with application
of the Student's t test to highlight the significant anom-
alies. Because the background mean atmospheric
circulation over the Republic of Djibouti strongly
changes along the year, the last step is carried out on a
seasonal basis.

3 | RESULTS AND DISCUSSION

3.1 | Comparison between observed
rainfall and satellite rainfall estimates

The performance of the satellite products (CHIRPS,
IMERG, MSWEP and RFE) in reproducing the intensity
and frequency of daily observed rainfall (P ≥ 1 mm) was
evaluated in Table 2. All the stations and seasons are
combined together (N = 92,257 observations). CHIRPS is
the best product in the detection of dry days (which
account on average for 95% of the days in Djibouti), as
shown by the low value of fallout (7.7%). It is also the
least biased product with an MBE of 0.18 mm overall
36 stations. IMERG presents the best balance between
recall (rainy day detection) and fallout (false positive
rate) as shown by the highest HSS (0.183) and precision
(12.8%). MSWEP is the best among the four products in
the detection of rainy days (recall = 72.7%), but it is the
worst in the detection of dry days (fallout = 12.6%). It
shows the highest correlation coefficient (r) and the low-
est RMSE, suggesting a slightly better skill at reproducing
rainfall amounts. Yet, RMSE values remain high for all
products (typically, 6–7 mm�day−1), suggesting that rain-
fall amounts are not well estimated. However, this is
partly related to the fact that gridded (areal) rainfall data
tend to underestimate gauged (point) rainfall, especially
in the case of extreme events. Finally, RFE does not stand
out as the best performing product for any criterion, but
still exhibits fair overall skills, and offers a coherence
throughout the study period that does not exist in any
other dataset.

Spatially, all statistical parameters indicate better per-
formance of satellite products in the vicinity of Djibouti
Airport station and worse performance in the remote
regions (e.g., the far west and northeast; not shown). This
is because Djibouti Airport is the only calibration point
for satellite products in the Republic of Djibouti.

In order to exclude very localized rainfall, we consider
hereafter a rain event as a day with at least 10% of the
stations or grid points recording at least 1 mm of precipi-
tation, provided that at least 90% of the rain gauges have
available data for that day. Figure 2a illustrates the time
distribution of such rainy events in the observed data and
satellite products over the period 2013–2020. It aims at
assessing how well the combined rainfall products repro-
duce the observed events and their seasonal distribution.
Table 3 provides statistics on the matching between
observed and satellite data depending on the season.

As observed in Figure 2 and Table 3, the wettest
season is JJAS (mainly from July to September), with
46% of the observed events of which 98% were detected
by at least one satellite product. The majority of these

6 WABERI ET AL.
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detections (73%) are consensually made by all four
products. The MAM and OND seasons have similar
numbers of rainy events, respectively, 25% and 23%.

Almost all of these events (97% and 100%, respectively)
are detected by at least one satellite product. Seventy-
seven percent of these detections are made consensually
in MAM against only 33% in OND. Finally, the JF sea-
son is the driest, with only 6% of the rain events. Thirty-
eight percent of these days are detected by at least one
satellite product, none of which is consensual.

We conclude from this analysis that large-scale rainy
events are likely to occur throughout the year, but are
unevenly distributed over the four seasons. While JF is
the driest season, more rainy days are found in JJAS.
During this season, wet days seem to run in an uninter-
rupted way for many consecutive days (Figure 2), but this
is due to many localized convective showers which fall
over scattered stations (not shown). Dry days over the
whole country are therefore quite rare at that time. Other
rain spells (especially in MAM) occur in short spells sepa-
rated by longer spells of totally dry weather, suggesting a
stronger synoptic control. The weaker consensus for rain-
fall detection in JF is probably due to a different nature

TABLE 2 Comparative statistics of daily rainfall frequency and

intensity between observed data and satellite products over the

Republic of Djibouti over the 2013–2020 period

CHIRPS IMERG MSWEP RFE

Accuracy 91.4% 91.4% 87.1% 89.7%

Recall 48.0% 58.7% 72.7% 52.2%

Fallout 7.7% 8.0% 12.6% 9.5%

Precision 11.0% 12.8% 10.3% 9.8%

HSS 0.153 0.183 0.151 0.137

r 0.10 0.13 0.16 0.09

MBE (mm�day−1) 0.18 0.34 0.27 0.45

RMSE (mm�day−1) 6.23 6.49 6.07 7.47

Note: In bold, the best performing satellite product for each skill score.

FIGURE 2 Temporal distribution of rain events (at least 10% of the grid points or stations with at least 1 mm) over the Republic of

Djibouti in (a) observations and satellite products (2013–2020) and (b) satellite products only (2001–2020). Red dots (panel a) indicate

observed rain events and shadings show rain events detected by satellite products (number of products in colour) [Colour figure can be

viewed at wileyonlinelibrary.com]

TABLE 3 Seasonal distribution of observed rain events (at least 10% of the stations with at least 1 mm) detected and undetected by

satellite products over the period 2013–2020

Season

Number of
rainy days
observed

Detected by
1 product

Detected by
2 products

Detected by
3 products

Detected by
4 products Undetected

JF 8 3 0 3 0 2

MAM 36 3 3 2 27 1

JJAS 66 4 3 10 48 1

OND 33 6 8 8 11 0

All 143 16 14 23 86 4

Note: In bold, the largest number of observed rain events detected by a set of satellite products in each season.
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of the rain-bearing systems at that time. While convective
rains dominate in summer and during the transition sea-
sons, rains associated with cold fronts prevail in winter
(Beau et al., 1976), and are hypothesised to be more diffi-
cult to capture by satellite products, because they mostly
rely on thermal infrared imagery. Testing this hypothesis
is not our scope here, because the JF season includes a
very small number of rainy events and will therefore be
discarded from the seasonal analyses of rainfall events
performed and discussed below.

Figure 2a shows that some events detected by the
satellite products do not coincide with observed rainfall
events. Overall, 42% (86 days) of the rain events detected
simultaneously by all four satellite products correspond
to observed rain events (“true positives”). This results in
an apparently high number of “false positives” (119).
However, 60% of those events recorded rainfall in at
least one of the gauges but were discarded because of
their smaller spatial extension (less than 10% of the rain
gauges). It is likely that some of the remaining 40%
could not be captured by the network (whose density is
weaker in the western and northern parts of the coun-
try), because they were associated with small-scale con-
vective cells.

Interestingly, the rate of true positives drops to 20.5%,
10.4% and 4.7%, respectively, for the simultaneous detec-
tion with 3, 2 and 1 satellite products, against 42% with
the four products. These results illustrate the relevance of
retaining only the events detected in a concordant way
by a majority of the rainfall estimate products for further
analysis.

3.2 | Multiproducts Agglomerative
Hierarchical Clustering of rainy events

Agglomerative Hierarchical Clustering (AHC) was
applied to the days when the four satellite products pre-
sent simultaneously at least 10% of the grid points with
1 mm of precipitation (768 days), over their common
period (2001–2020). Based on the Euclidean distance
between the clusters (Figure 3), we chose to retain four
clusters in the remainder of this work, and only the days
classified in the same cluster by at least three satellite
products (541 days). These choices appear as a good com-
promise to have a concise and yet robust view of the
diversity of rainfall events, and ensure consistency
between rainfall estimates. The corresponding rainy days
are unevenly distributed in the four clusters: 8% of the
days in cluster #1, 22% in cluster #2, 12% in cluster #3
and 58% in cluster #4. The monthly distributions of these
days show strong similarities reflecting the dominant
rainfall regimes over the country, with a main peak in

the mid- to late-summer (August–September) and a sec-
ondary one in spring (April or May). Few events occur in
JF, slightly more in OND in some clusters.

Figure 4 shows the spatial distribution of mean pre-
cipitation and mean standardized precipitation anomalies
for each satellite product and for each cluster. Cluster #1
is characterized by relatively heavy rainfall (13.5 mm on
average across the four products) and high positive rain-
fall anomalies over the whole country. It is identified as
the “intense cluster.” The patterns of rainfall anomalies
in the four satellite products show the largest positive
anomalies in the northern region and all around the Gulf
of Tadjourah. CHIRPS and MSWEP show the influence
of the topography, while IMERG and RFE produce more
rain in the southern region of the country. These differ-
ences reflect the systematic biases that some of these
products display over Djibouti (not shown). The cluster
#1 events are rare and almost as numerous in the MAM
as in the JJAS season, with peaks in April and August,
respectively (Figure 3).

Cluster #2 (Figure 4) exhibits higher rainfall intensi-
ties and anomalies in the southwestern region of the
country (and is therefore referred to as the “southwestern
cluster”). The anomaly patterns are very consistent across
the four products, in spite of some differences in the raw
rainfall amounts due to the uneven biases of the prod-
ucts. The temporal distribution shows a major peak in
July–September (Figure 3).

Cluster #3 (“eastern cluster”) is characterized by
localized rainfall in the eastern regions of Djibouti. This
includes the northeastern coast, where absolute rainfall
amounts remain quite low, and the mountain ranges to
the north of the Gulf of Tadjourah. Most occurrences are
found in August and September, but this cluster can also
be found until December on the one hand, and in April
and May on the other hand (Figure 3).

Finally, cluster #4 (“moderate rainfall cluster”) is
characterized by low-intensity rainfall and anomalies
over the whole territory (spatially averaged rainfall of
1.4 mm across the four products). It mostly occurs
between April and October, once again with a main peak
in August and September.

The observed rainfall associated with the days
ascribed to each cluster, but for the period 2013–2020
only, is plotted on Figure 5. Rainfall patterns are very
similar to the satellite estimates: intense rainfall
(7.1 mm�day−1�station−1) over all stations for the intense
cluster (#1), heavier rainfall in the southwest for the
southwestern cluster (#2), more intense rainfall in
the east for the eastern cluster (#3) and finally low rain-
fall (0.7 mm�day−1�station−1) over all stations for the
moderate rainfall cluster (#4). The monthly rainfall dis-
tributions well match those obtained from the four

8 WABERI ET AL.
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clusters. This confirms the robustness of our methodol-
ogy and the ability of the combined four products to
reproduce the actual rainfall patterns over the country.
There is also a good match between the satellite prod-
ucts and the observations for the four clusters in terms
of rain events intensity and spatial extension of the rains
(both are in decreasing order from cluster #1 to #4), but
with positive biases in the satellite estimates especially
in the spatial extension of rain events (Figure S2).

3.3 | Rain-bearing mechanisms

In this section, we document the atmospheric mecha-
nisms associated with the rainfall events ascribed to each
cluster. We split cluster occurrences by season because
Djibouti and more globally the East African region show
major seasonal changes in the background atmospheric
circulation, in particular the monsoons reversal related to
the shifts in the Hadley circulation (Camberlin, 2018).

3.3.1 | Mean atmospheric circulation

Figure 6 shows the seasonal mean wind patterns for dif-
ferent spatial domains (local, regional and large scale)
and at different atmospheric levels (near surface:
925 hPa; mid-troposphere: 700 and 500 hPa; and upper
troposphere: 200 hPa).

Locally (near Djibouti) during the JF, MAM and
OND seasons at 925 hPa, easterly winds prevail, as part

of the trade winds from the northwestern Indian Ocean.
These easterlies are channelled by the Gulf of Aden and
Red Sea, resulting in southeasterlies along the Red Sea.
The JJAS season is characterized by a complete low-level
wind reversal. The main southwesterly monsoon flow
heads towards the Indian subcontinent. It is connected to
the African monsoon west of Ethiopia, which continues
as a northwesterly flow along the Red Sea.

At 700 hPa a belt of easterlies/northeasterlies pre-
dominates, shifting northward from boreal winter to
summer, but quite persistent over Djibouti. North of 18�–
20�N, as part of the extratropical circulation, westerlies
persist throughout the year, except in JJAS.

In the mid-troposphere (500 hPa), despite nuances,
the atmospheric circulations for the JF, MAM and OND
seasons are similar, with a steady subtropical jet stream
centred around 30�N and a trough over the Arabian
Peninsula. The same feature dominates in the upper tro-
posphere (200 hPa). However, in JJAS, the westerlies
weaken and shift northward. Easterly winds strengthen
in the Tropics, taking the form of the strong Tropical
Easterly Jet (JET) which blows over the Djibouti area
from its origin in South Asia.

3.3.2 | Anomalous atmospheric circulation

In this subsection, in order to understand the atmo-
spheric mechanisms that cause rainfall in the Republic of
Djibouti, we analyse the anomalous atmospheric circula-
tion for each cluster (except for the “moderate cluster” #4

FIGURE 3 Multiproducts (CHIRPS, IMERG, MSWEP and RFE) Agglomerative Hierarchical Clustering of rain events in Djibouti over

the period 2001–2020. The left panel shows the classification tree with the rainfall events (detected by the satellite products) on the x-axis

and the Euclidean distances between them on the y-axis. The left panels show the monthly occurrence of the selected days of the four

clusters [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Spatial distribution of rainfall for the 4 clusters (panels a–d) in the satellite products over their common period 2001–2020.
In each panel, the different rows correspond to the different satellite products and the columns show the standardized average rainfall

anomalies (left column) and the average rainfall (right column, in mm) [Colour figure can be viewed at wileyonlinelibrary.com]
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which is made up of very low-intensity, scattered rain-
fall events) and each season (except for the very dry JF
season). Analysis concentrates on the 700 and 200 hPa
pressure levels which are fairly representative of the
mid and upper tropospheric circulations, respectively.

The 925-hPa pressure level is notanalyzed due to the
influence of the topography. It generally displays
weaker and less consistent anomalies (Figure S3). While
this study remains focused on the daily timescale, rela-
tionship between the interannual variations in the

FIGURE 5 Spatial and temporal distribution of observed rainfall (2013–2020) for the days classified in each of the previous clusters.

Each row corresponds to a different cluster and the columns (left to right) correspond respectively to the standardized average rainfall

anomalies, average rainfall and the monthly occurrence of cluster days [Colour figure can be viewed at wileyonlinelibrary.com]
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frequency of rain events (for each cluster) and large-scale
drivers of tropical and extratropical circulations was also
examined (ENSO [Niño3.4 index], Indian Ocean Dipole,
North Atlantic Oscillation). Results were barely or non-sig-
nificant (Figure S6 and Table S1), except where otherwise
specified. Similarly, the distribution of the rain events with
respect to the different phases of the Madden-Julian Oscil-
lation (indices from Wheeler & Hendon, 2004) failed to
show any robust and coherent pattern.

Figure 7 shows the significant anomalies of daily
geopotential height and wind speed of the intense,
southwestern and eastern clusters for three aforemen-
tioned seasons and at 700 hPa. Figure 8 shows the
200 hPa level. From a quick look, the atmospheric circu-
lation anomalies appear more season dependent than
cluster dependent.

In MAM, the three clusters show an anomalous
trough over the central Red Sea from 700 to 200 hPa. It
results in westerly to southwesterly wind anomalies in

both the mid- and upper-troposphere along its southern
and eastern flanks, including over Djibouti. This Red Sea
trough is part of a circumglobal wave train (CGT) identi-
fied by previous studies (e.g., Almazroui et al., 2018;
Branstator, 2002; Ding & Wang, 2005; Saeed et al., 2011,
2014) which extends from the Arctic Ocean towards
Europe and South Asia. This wave train shows well
in the composites of Figures 7 and 8. The CGT modulates
the midlatitude cyclone activity which brings cold air in
the upper troposphere over Arabian Peninsula during
wet seasons. Further, its pattern also facilitates upper air
divergence through the jet stream, which helps to
develop mesoscale convective systems (MCS) as discussed
by Branstator (2002). The CGT accounts for a large por-
tion of intense rainfall events in Saudi Arabia (Atif
et al., 2020). Kiladis and Weickmann (1997) showed that
in tropical regions located within upper westerlies, wave
energy propagating from the midlatitudes drives convec-
tion ahead of upper-level troughs. Djibouti lies at the

FIGURE 6 Seasonal mean wind fields (m�s−1) at different pressure levels (200, 500, 700 and 925 hPa) [Colour figure can be viewed at

wileyonlinelibrary.com]
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margin of upper westerlies in JF and MAM (Figure 6).
The wave pattern is quite similar for the three clusters
(Figures 7 and 8), denoting that the dominant driver of
most MAM rainfall events is associated with an activa-
tion of the Red Sea trough. However, the wave train has
a more northerly direction for cluster #3 (“eastern”) than
for clusters #1–2 (“intense” and “southwestern”), whose
wave trains trace their origin over the Mediterranean and
Europe (Figure 8).

The JJAS events, at 700 hPa, bear some similarities
with MAM, showing a cyclonic anomaly associated with
an anomalous low over the southern Red Sea, but con-
trary to MAM it is loosely related to the midlatitude cir-
culation (Figure 7). This low drives an anomalous
southwesterly flow over the Gulf of Aden, suggesting a
thicker than normal and northward-shifted Indian mon-
soon flow at 700 hPa (especially for the southwestern
cluster). In the upper troposphere (200 hPa; Figure 8),
the circulation anomalies are very different from those of

the MAM season, with large similarities between the
three clusters. Northerly anomalies prevail from
the southern Red Sea to Kenya, veering to easterlies over
Central Africa. Such an upper tropospheric outflow from
summer hemisphere convection areas towards the winter
hemisphere was found in many tropical regions with an
upper easterly flow (Kiladis & Weickmann, 1997), which
is the case of Djibouti in JJAS (Figure 6). It is a response
to anomalous convection rather than its driver.

In OND, cluster #1 contains too few events for a com-
posite to be computed. At 700 hPa, the “southwestern”
and “eastern” clusters again show patterns reminiscent of
those of the two previous seasons (Figure 7), with a
trough over the northern Red Sea and an anomalous
southerly flow over Djibouti. The connection with the
extratropical circulation is not as clear as in MAM.
The 200 hPa anomalies are weak for the “southwestern”
cluster, but better defined for the “eastern” cluster, with
uniformly positive anomalies in the Tropics, and an

FIGURE 7 Composite analysis of geopotential height (shadings) and wind speed (arrows) at 700 hPa for the intense, southwestern and

eastern clusters in the MAM, JJAS and OND seasons. Only the significant anomalies (p < 0.05, Student's t test) are displayed [Colour figure

can be viewed at wileyonlinelibrary.com]

WABERI ET AL. 13

 10970088, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8299 by C
ochrane France, W

iley O
nline L

ibrary on [12/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


anticyclonic anomaly over the Gulf of Aden, driving
enhanced easterlies along the equator.

Figure 9 illustrates significant anomalies of precipita-
ble water, vertically integrated moisture transport and
outgoing longwave radiation flux for each cluster.
Although the atmospheric circulation anomalies are
again partly season- and cluster-dependent, there is a
common pattern across all the composites of enhanced
precipitable water and moisture convergence over the
Republic of Djibouti, the latter mainly fed by a flow from
the Indian Ocean.

In MAM, convergence between a southerly moisture
flow from the Indian Ocean and a westerly flow from
Ethiopia and Sudan is observed over the GHA. This
drives a southwesterly moisture flow towards the
Persian/Arabian Gulf, along the southeast margin of
the RST shown in Figure 8. This convergence is associ-
ated with rising air in the mid troposphere (at 500 hPa;
see Figure S4). A tilted band of positive precipitable

water and negative OLR anomalies is clearly shown
between equatorial Africa and Iran while passing through
Djibouti (Figure 9). This feature is characteristic of the
tropical plumes (Knippertz & Martin, 2007), which are
elongated high-level cloud bands, often associated with
thunderstorms and atmospheric disturbances, which con-
nect the Tropics and extratropics. This confirms that
tropical–extratropical interactions are at the origin of most
of the rainfall in Djibouti during this season.

In JJAS, the precipitable water and OLR anomalies
do not show the tilted, elongated pattern of the MAM
season anymore. Instead, Djibouti lies in a region of
shear between the southwesterly moisture anomalies
linked to the Indian monsoon (bringing moist air from
the Indian Ocean), and the easterly anomalies found over
the Red Sea and Sudan. Enhanced convection as sug-
gested by the negative OLR anomalies is found over a
region including Yemen and the northern Ethiopian
Highlands, though they are more localized for the eastern

FIGURE 8 Composite analysis of geopotential height (shadings) and wind speeds (arrows) at 200 hPa for the intense, southwestern and

eastern clusters in the MAM, JJAS and OND seasons. Only the significant anomalies (p < 0.05, Student's t test) are displayed [Colour figure

can be viewed at wileyonlinelibrary.com]
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cluster. Cluster #2 additionally shows distinct moisture
convergence over Djibouti between the southerly flow
form the Indian Ocean and the westerly flow from
Central Africa.

In OND, most rainy events result from moisture
advection (Figure 9) from the Western Indian Ocean
favoured by positive phases of the Indian Ocean Dipole
(Saji et al., 1999): 41% of the 29 rain events in the intense,
southwestern and eastern clusters in OND, occurred in
the positive phase of the IOD and only 17% in the nega-
tive phase. OLR and precipitable water show very strong
anomalies over Djibouti and East Africa. The pattern is
slightly reminiscent of that of MAM, with a tilt from
southwest to northeast, but it is not as elongated as that
of the tropical plumes found in MAM, as the spread does
not extend beyond Arabia. Moisture convergence is also
found over Djibouti between the flows from the Indian
Ocean and those coming from the west via Sudan (cluster
#2) and the north via the Red Sea (cluster #3).

3.3.3 | Case studies

The methodology used in the previous sections does not
allow us to assess whether all days presenting similar
rainfall conditions (and therefore regrouped into a sin-
gle, coherent class) all result from similar rain-bearing
mechanisms. In order to further stress that point, this
subsection focuses on two selected case studies (12 April
2004 and 19 May 2018), both ascribed to the intense
rainfall cluster for MAM. These days were chosen
because they correspond to high-impact weather events
(e.g., Marsigli et al., 2021), which were identified as pri-
marily important by the World Meteorological Organi-
zation due to their increasing intensity and frequency
under climate change. In order to quantify to which
extent they differ from the average atmospheric circula-
tion anomalies associated with intense rainfall days in
MAM, Figure S5 shows the distance between the anom-
alous atmospheric pattern of each day and the MAM

FIGURE 9 Composite analysis of precipitable water (shadings), outgoing longwave radiation flux (contours) and vertically integrated

moisture transport (arrows) for the intense, southwestern and eastern clusters in the MAM, JJAS and OND seasons. Only the significant

anomalies (p < 0.05, Student's t test) are displayed [Colour figure can be viewed at wileyonlinelibrary.com]
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cluster centroid for the 700 and 200 hPa fields, on the
x-axis and y-axis, respectively.

The first case (12 April 2004) is among the closest
days to the centroid of the intense rainfall cluster in
MAM season. This day is part of a 4-day spell of torren-
tial rains in Djibouti (11–14 April 2004 with 108 mm
recorded at Djibouti Airport station) resulting in flash
floods in many areas, predominantly affecting the
Ambouli Wadi catchment (one of the country's largest),
whose aquifer supplies Djibouti City's drinking water
(Omar et al., 2023). It is estimated that approximately
300 people died; 600 houses were destroyed and another
100 inundated; 3000 persons were made homeless; and
the lives of a total of 100,000 persons were affected
(World Health Organization, 2004). Figure 10 shows
that, on 12 April 2004, a trough was located over the
Red Sea and Arabia at 200 and 700 hPa, a feature that
more broadly characterizes the intense rainfall cluster

when it occurs in MAM (see Figures 8 and 9). The devel-
opment of a tropical plume is also observed (see TCW
and OLR anomalies), associated with rising motion and
a strong moisture flow from East Africa to Arabia. This
causes convergence of humidity and very high precipita-
ble water anomalies over Djibouti which are the causes
of the rains of that day. Therefore, these elements (Red
Sea trough, tropical plume, humidity convergence over
Djibouti, …) indicate strong similarity between the syn-
optic atmospheric circulation of this day and that of the
centroid of the intense cluster in the MAM season.

Another high-impact weather event is that of
19 May 2018. By contrast to the previous case study, this
day is among the most dissimilar ones with respect to
the centroid of the intense cluster in MAM. It coincides
with the passage of the tropical cyclone Sagar which hit
Djibouti on 19–20 May 2018 (with 110 mm recorded at
Djibouti Airport station), causing severe flooding,

FIGURE 10 Composite analysis of precipitable water (shadings of (a) and (b)), geopotential height (shadings of (c) and (d)), outgoing

longwave radiation flux (contour lines of (c) and (d)) and wind speed (arrows) corresponding to the 12 April 2004 and 19 May 2018 at

700 and 200 hPa pressure levels [Colour figure can be viewed at wileyonlinelibrary.com]
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destruction of infrastructure (50% of Djibouti City was
affected), houses (5–10,000 families or 25–50,000 people)
and impoverishing the means of subsistence of the com-
munities (Cherel et al., 2020; United Nations, 2018).
For that day, Figure 10 shows a (clockwise) cyclonic
rotation at 700 hPa over Djibouti, together with an anti-
clockwise rotation at 200 hPa, which are characteristic
features of tropical cyclones in the Northern Hemisphere.
The presence of very high amounts of precipitable water,
with moisture originating from the Indian Ocean, is also
noted. Thus, the synoptic pattern responsible for the heavy
rains in Djibouti is quite different from that of the centroid
of the intense cluster for the MAM season. Although some
similarities persist with the centroid (e.g., 700 hPa west-
erlies over equatorial Eastern Africa), this weather event
does not seem to involve direct energy or mass transfers
between the tropical and the extratropical circulations.
Nonetheless, tropical–temperate interactions remain the
main driver of most intense rains over Djibouti in MAM,
since tropical disturbances such as that found on 19 May
2018 are very unusual features, to date, in the Gulf
of Aden.

4 | CONCLUSION

This study provides for the first time a description of the
atmospheric drivers of rainfall events at daily timescale
in the Republic of Djibouti. For this purpose, we have
exploited multiple data sources: 36 rain gauges, 4 gridded
datasets of satellite rainfall estimates and ERA5 atmo-
spheric reanalysis data.

A thorough evaluation was undertaken both in
terms of occurrence and intensity of daily rainfall
between the estimations of the satellite products and the
rain gauges data over their common period (2013–2020).
The analysis shows that the most robust way to detect
observed rainfall events is to use all four satellite prod-
ucts in consensus. Despite the overall good performance
of the consensus detection, it has some non-negligible
limitations, especially during the rather dry JF season.
This could be due to the nature of the rain-bearing sys-
tems in this season (cold fronts) which can be difficult
to capture with the infrared imagery used by satellite
products.

A multiproduct Agglomerative Hierarchical Cluster-
ing of the daily rain events detected in consensus by the
four satellite products over their common period (2001–
2020) shows the existence of four clusters of rain events
in Djibouti (intense, southwestern, eastern and moder-
ate). These clusters are distinguished, among other
things, by the intensity, spatial pattern and extension of
their rainfall event. The composite analysis of the days

ascribed to each cluster shows that the atmospheric cir-
culation anomalies are more season dependent than clus-
ter dependent, but there are nonetheless significant
differences between clusters.

Our analyses identify a diversity of atmospheric rain-
bearing mechanisms in Djibouti. The rains in the MAM
season are mainly forced by upper-tropospheric wave
trains which activate the Red Sea trough and favours
tropical–extratropical interactions illustrated by the tropi-
cal plumes. Finally, in the OND season, most rainy
events result from moisture advection from the Western
Indian Ocean favoured by positive phases of the Indian
Ocean Dipole. Relationships between the frequency of
events in each cluster and both ENSO and the North
Atlantic Oscillation have also been examined, but did not
show consistently significant results. This is partly due to
the JJAS season, the rains are associated with anomalies
in the monsoon flow (enhanced southerlies, converging
with enhanced westerlies across Ethiopia) resulting in
stronger convection around the southern Red Sea.
Upper-tropospheric anomalies are merely a response to
the anomalous convection, to the short period of time
under investigation (20 years), which does not enable to
document interannual variations with sufficient statisti-
cal robustness.

The differences between the clusters consist of second-
order variations around these general patterns, which
involve for instance in MAM different pathways for the
upper-tropospheric wave trains. Nevertheless, the impor-
tance of these quite subtle variations is such that they can
directly influence the geography, intensity and frequency
of the seasonal rainfall events. For example, a meridional
(tilted) orientation of the wave trains results in the MAM
rainfall events being located in the eastern (southwestern)
part of the country. A strong implication is that, besides
the identification of the broad-scale atmospheric patterns
favourable to rainfall occurrence over the country, a skilful
prediction of the location of the most intense rains
requires a close understanding, monitoring and eventually
forecasting, of such second-order circulation anomalies.
Finally, some heavy rainfall events demarcate markedly
from the canonical atmospheric patterns described above.
This includes the rare occurrence of tropical cyclones
reaching the Gulf of Aden.

The above description of the atmospheric mecha-
nisms at the origin of the rains in Djibouti can be useful
for meteorological applications such as an improved pre-
diction of the rainy events of the country. Given the vul-
nerability of Djibouti and the East African region to
climate change, it is crucial to consider future changes in
the regional climate, in order to improve resilience and
define robust adaptation strategies. In order to obtain
realistic rainfall projections, it is nonetheless essential to
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understand their physical causes and verify their correct
representation by climate models.
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