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Abstract

The frequency of flash floods resulting from heavy rainfall over West Africa

has increased in recent years with serious socio-economic consequences.

Therefore, the need to utilize numerical weather prediction models to forecast

heavy rainfall events reliably is also rising at many operational meteorological

centres in West Africa. This paper evaluates the performance of the Consor-

tium for Small-scale Modelling (COSMO) model of the German Meteorological

Services (DWD) in predicting rainfall over West Africa for high-impact rainfall

events that occurred between 19 and 26 August 2017. The paper aims to inves-

tigate the synoptic forcings modulating daily rainfall variability during that

period. Results show that COSMO simulates adequately the spatio-temporal

variability of rainfall distribution over West Africa, though with inherent

biases. COSMO displays a decreasing skill in producing spatial rainfall distri-

bution as rainfall amounts tend to 30 mm and above. Additionally, areas of

heavy rainfall, mostly about 100–300 km southwest of the core of the Africa

Easterly Jet (AEJ), often coincide with areas of decreasing mean sea level pres-

sure of at least 0.6 hPa and areas of increasing convective available potential

energy of at least 500 J/kg. Although not in all cases, the trough of the Africa

Easterly Wave (AEW) is always located to the east of these areas. We show that

not every storm, especially east of the prime meridian, is associated with an

AEW trough. COSMO is able to reproduce the atmospheric dynamics modulat-

ing the daily rainfall variability, in addition to capturing the daily propagation

of the AEW trough, and the core of the AEJ. However, the reproducibility skill

of the model in predicting atmospheric dynamics may not transform into the

predictive skill of the model in producing rainfall. Nevertheless, operational

forecasters may be able to determine likely areas of heavy rainfall by estimat-

ing the position of the AEJ core based on the position of areas of the least fall-

ing pressure from COSMO. Finally, the incorporation of the fractions skill
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score metric based on the neighbourhood approach could also assist opera-

tional forecasters to decide at which scale a severe weather alert can be issued.
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1 | INTRODUCTION

Rainfall is the most important atmospheric component in
operational weather forecasting over West Africa, and
the most difficult one to predict. This is because rainfall
affects not only everyday life, but also agriculture, hydrol-
ogy, civil defence, and a variety of other human and
socio-economic activities (Rakesh & Goswami, 2016). As
a result, reliable rainfall forecasting is critical in most
decision-making for socio-economic sustainability, in
agriculture, for example, rainfall forecasts can be utilized
in crop selection, sowing schedules, irrigation, and pesti-
cide application (e.g., Sivakumar, 2006).

West African rainfall, either on daily, decadal,
monthly, or seasonal timescale, is driven, intensified, and
sustained by consistent interactions between various
global drivers (Giannini et al., 2003; Hoerling et al., 2006;
Olaniyan et al., 2019; Zeng et al., 1999).

Some of these drivers, in this study and particularly
for operational practice, include the mean sea level pres-
sure (MSLP; Lavaysse et al., 2009); the African Easterly
Jet (AEJ; Afiesimama, 2007; Wu et al., 2010); Africa East-
erly Waves (AEWs; Diedhiou et al., 1999); and the con-
vective available potential energy (CAPE; Chen
et al., 2020; Gartzke et al., 2017; Olaniyan et al., 2015;
Ziarani et al., 2019). For instance, studies have shown
that the teleconnection between both the AEJ and AEW
is yet to be fully understood (Asnani, 2005; Cook, 1999;
Grogan et al., 2017). According to these studies, the AEW
derives its energy through the barotropic–baroclinic
instability from the AEJ. Consequently, the consensus is
that the AEJ has the strongest impact on the occurrence
of rainfall in West Africa. On the other hand, CAPE and
MSLP are widely used by West African National Meteo-
rological and Hydrological Services (WA-NMHS) to
quantify atmospheric instability that aids convection.
Studies have found a positive correlation between CAPE
and rainfall accumulation (e.g., Chen et al., 2020). With
the increased trust in and the utilization of climate
models by WA-NMHS, it is vital that models adequately
represent and capture monsoon complexes and the mod-
ulating mechanisms over the region. This paper aims to
examine how well the Consortium for Small-scale Model-
ling (COSMO) can reproduce these modulating mecha-
nisms. This analysis will establish the validity of using

COSMO over West Africa, especially for high-impact
weather such as heavy rainfall.

1.1 | Predictive skill of COSMO

The predictive skills of COSMO over the years have been
investigated in different regions of the world for different
purposes. In Germany Hauck et al. (2011) analysed the
discrepancies between observed and modelled soil mois-
ture fields and their potential impacts on convective
precipitation forecasts. To achieve this, operational and
high-resolution simulations with the weather forecast sys-
tem GME/COSMO-DE were merged with soil moisture
monitoring data from the Convective and Orographically-
induced Precipitation Study 2007. They found that soil
moisture has a considerable impact on convection-related
parameters over complex and heterogeneous terrain. Over
Antarctica, Wacker et al. (2009) investigated a weather epi-
sode characterized by synoptic disturbances using COSMO.
By comparing the model simulations with observation, they
demonstrated that the model may show some inherited
biases, but it captured well the general meteorological con-
ditions including the timing and rainfall amounts. Similarly,
over Germany, Akkermans et al. (2012) used a regime-
dependent evaluation technique to assess the model
performance of two COSMO variants (COSMO-DE and
COSMO-EU), in distinguishing synoptic patterns. Using
COSMO-EU, a 7-km grid spacing model, they identified a
strong windward/leeward orographic effect. This way, they
concluded that COSMO-EU strongly overestimates precipi-
tation at windward sides and underestimates at crest and
lee sides.

Notwithstanding the different studies identifying the
performance of COSMO over different regions, few stud-
ies have focused on the performance of the 7-km COSMO
over West Africa. This is despite the study of Olaniyan
et al. (2015), which used COSMO at 7 km grid spacing to
study the daily evolution of the West African Monsoon
(WAM) over Nigeria for the first half of 2015. They con-
cluded that the model can qualitatively predict the daily
evolution of the WAM over Nigeria. The aforementioned
shards of research still leave fundamental questions
unanswered in using COSMO in operational weather
forecasting. First, can a better understanding of the
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teleconnection between synoptic processes and areas of
heavy rainfall contribute to better COSMO forecast inter-
pretation? Second, can the neighbourhood method improve
the COSMO forecasts in detecting areas of heavy rainfall?

Some National Weather and Hydrological Centres in
West Africa are collaborating with scientists globally as
part of the African Science for Weather Information and
Forecasting Techniques (African SWIFT) project (https://
africanswift.org/). The project collaboration aims to
develop sustainable African weather forecasting capabil-
ity (Parker et al., 2021).

Although convection-permitting (CP) ensembles fore-
casts were produced as part of SWIFT to get users more
acquainted with ensemble-based products during major
testbeds in the project, due to economic challenges,
adopting an operational CP ensemble forecast system
may not be currently feasible in West Africa. Therefore,
investigating the COSMO's predictive abilities over the
region will be of great operational benefit in the long
term, as COSMO is one of the operational numerical
weather prediction models used at the Nigerian Meteoro-
logical Agency and other West African weather services.
One of such operational benefits is the WMO Severe
Weather Forecasting Services (SWFP) in West Africa.

1.2 | Operational evaluation metrics

To evaluate the skill of COSMO, we implemented the
neighbourhood approach, a spatial verification method to
generate and to verify rainfall forecasts to overcome the so-
called ‘double penalty’ problem (Gilleland et al., 2009). Tra-
ditional verification scores (e.g., root mean square error or
contingency table score), when applied to high-resolution
forecasts and grid points, are inadequate because they could
penalize twice for not predicting the event where it is
observed (miss) and for predicting it where it has not been
observed (false alarm).

Here the neighbourhood method has been applied to
the COSMO deterministic model, for different
neighbourhood sizes and rainfall thresholds. This method
was introduced by Theis et al. (2005) to produce probabilis-
tic forecasts from a deterministic model using an inexpen-
sive approach. Fractions of grid points exceeding a fixed
threshold or a percentile have been calculated from either
forecasts or observations. The fractions skill score (FSS;
Roberts & Lean, 2008) has then been used as a verification
metric to compare these forecast fractions to assess the abil-
ity of the model to predict the location of rainfall. FSS is
sensitive also to the model bias, so a percentiles threshold
has been used to remove the effect of the bias and to focus
solely on the quantification of the displacement error
(Skok & Roberts, 2016).

Since its introduction, the FSS has become a widely
used verification metric to monitor the performance of
the different forecasting models, mainly for studies over
extra-tropical regions. Arguably, one of the reasons it
became a popular metric is because FSS can be used to
determine the spatial scale at which a forecast is deemed
to be ‘useful’. Using this as a metric makes the FSS easier
to interpret by the end-users. More precisely, the useful
scale is defined as the smallest scale at which FSS ≥0.5
(Skok & Roberts, 2016). Recently, the FSS has been used
for evaluating forecasting models in Tropical East Africa
(Cafaro et al., 2021; Hanley et al., 2021; Woodhams
et al., 2018). To the best of our knowledge, this study
would be the first to apply the FSS metric in the West
Africa domain from deterministic COSMO simulations.

1.3 | Current operational practice and
evaluation

For operational weather forecasts, many meteorological
centres, especially in developed countries, rely on numer-
ical weather prediction (NWP) systems (Baldauf et al.,
2011; Saito et al., 2006; Staniforth & Wood, 2008). Rain-
fall forecasts are simulated in most of these countries
using a high-resolution CP ensemble prediction system,
which has helped to increase the efficiency of high-
impact weather (HIW) forecasting (Cuo et al., 2011).

Despite significant progress in the use of NWP in
developed worlds, most countries, especially in West
Africa, lack the resources needed to create a robust oper-
ational NWP system. This is despite few countries with
limited capability to run parameterized deterministic
limited-area models. COSMO for example is a high-
resolution regional model used at the Nigerian Meteoro-
logical Agency (NiMet), which depends on the lateral
boundary and initial conditions from the German
Weather Services (DWD) for weather simulations
(Majewski et al., 2002).

Fundamentally, quantitative precipitation forecasts
with deterministic models according to various studies
(Clark et al., 2009; Maurer et al., 2017) have some under-
lying disadvantages. For instance, because of inherent
errors in modelling and observational systems, determin-
istic forecasts of atmospheric states even at a very high
spatial resolution are difficult beyond 12-h lead time
(Bongioannini et al., 2005; Clark et al., 2009; Cuo et al.,
2011). Despite these shortcomings, many operational cen-
tres in West Africa, such as NiMet and the Ghana Meteo-
rological Agency (GMet), still depend on high-resolution
deterministic models to provide daily rainfall forecasts
for decision-making. As a result, it is critical to establish
a rigorous assessment methodology that is adapted to
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best operational practices to reduce the inherent biases
by using deterministic models. Therefore, this study will
use a case study of storm events from 19 to 26 August
2017 to fill a research void over West Africa using
COSMO.

1.4 | The rainfall events of 19–27
August 2017

Between 19 and 26 August 2017, a sequence of mesoscale
convective systems (MCSs) passed over West Africa.
Heavy rainfall was triggered by the propagating systems
along their path, resulting in flooding in many areas
across the region. One such event is the worst flood event
since 2012 in Benue State in Nigeria, which was a result
of the overflow of river Benue (https://reliefweb.int/
report/niger/west-and-central-africa-2017-flood-impact-
18-oct-2017/). The socio-economic consequences of this
flooding event are enormous (https://www.vanguardngr.
com/2017/09/benue-flood-gov-ortom-raises-alarm/).
According to Nigeria's National Emergency Management
Agency, over 100,000 people were displaced, and over
4000 homes were destroyed in the state's 12 local govern-
ment areas. Other countries affected during these events
are the Niger Republic, with an estimation of 200 thou-
sand displaced people, Guinea with almost 3500 affected
people and 10 deaths, and Ghana, which has an

estimation of 3000 displaced people and recorded 7 deaths
(https://reliefweb.int/report/niger/west-and-central-africa-
2017-flood-impact-18-oct-2017). Furthermore, according to
several studies (Fischer et al., 2020; Kimberlain et al.,
2015; Kowaleski et al., 2020; Senkbeil et al., 2019), the
intertwining systems culminated in Hurricane Irma
(30 August–12 September 2017), the fifth most devastating
hurricane in US history (https://www.weather.gov/mfl/
hurricaneirma). This study, therefore, aims to evaluate the
performance of COSMO in reproducing the heavy rainfall
triggered by the MCSs that occurred between 19 and
27 August 2017.

2 | DATA AND METHODS

2.1 | COSMO set-up

This study is based on the COSMO model (Baldauf
et al., 2011). It is configured to have a horizontal grid
spacing of approximately 7 km with 50 vertical levels and
a terrain-following coordinate system (Lorenz grid stag-
gering). COSMO is a non-hydrostatic limited-area atmo-
spheric prediction model that takes into account a variety
of physical processes (Kober et al., 2015; Ritter &
Geleyn, 1992). Among these is the radiative transfer scheme
by Majewski et al. (2002), the deterministic Tiedtke parame-
terization of convection (Tiedtke, 1989), and the Mironow

FIGURE 1 Maps showing (a) topography of the COSMO-model domain, (b) wind flow at 600 mb (wind barbs: Red barbs are the areas

of jet streams), broken yellow and blue lines indicate the positions of the trough axes to the east (P1) and the west (P2) of the prime

meridian, respectively, determined from the 0 meridional winds (green contour) and the 0.5-kn meridional wind (red contour) based on

ERAI, (c) the 95th percentile of rainfall accumulation (mm), and (d) spatial distribution of rainfall accumulation (mm) from 19 to 26 August

2017 based on GPM-IMERG. COSMO, Consortium for Small-scale Modelling; GPM-IMERG, Integrated Multi-satellite Retrieval for Global

Precipitation Measurement.
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22-08-2017
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FIGURE 2 CAPE (a) based on ERAI on 19 August 2017, and (b) as simulated daily for 19 August 2017. CAPE tendencies based

on ERAI (c,e,g,i,k,m,o), and as simulated daily (d,f,h,j,l,n,p) from 20 to 26th August 2017. CAPE, convective available potential

energy.
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FIGURE 3 MSLP (a) based on ERAI on 19 August 2017 (the red contours indicate areas of low pressure and the blue contour indicating

areas of high pressure), and (b) as simulated daily by COSMO. Pressure tendency based on ERAI (c,e,g,i,k,m,o) and (d,f,h,j,l,n,p) as

simulated daily by COSMO (red contours indicate areas of falling pressure and the blue contours indicate areas of rising pressure) from 20–
26th August 2017. COSMO, Consortium for Small-scale Modelling.
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turbulence scheme (Mironov & Raschendorfer, 2001). The
scheme is based on prognostic turbulent kinetic energy clo-
sure at level 2 according to Mellor and Yamada (1982) and
the stochastic Plant–Craig convection parameterization
(Groenemeijer & Craig, 2012; Kain & Michael, 1990). The
microphysics scheme of COSMO includes riming processes
(graupel formation) and is formulated as a Lin-type one-
moment cloud microphysics scheme that predicts cloud
water, rainwater, cloud ice, snow, and graupel (Lin
et al., 1983).

The model is run on a regular gridded domain of �14�

to 19�E longitude and 3� to 22�N latitude covering West
African countries, as shown in Figure 1a. With a 7-km hori-
zontal grid spacing, the model has 529 � 305 grid points.
COSMO is forced by 3-hourly initial and boundary condi-
tions derived from an interpolation analysis of the 13-km
Icosyhedral Non-hydrostatic Global Model (ICON) run by
the DWD (Ritter & Geleyn, 1992). The model is initialized
at 0000UTC each day of the case study period for 60 h and
output is provided at 3 h intervals.

FIGURE 4 Spatial distribution of daily accumulated rainfall above 30 mm (shaded) based on GPM-IMERG, the AEJ (zonal wind

[knots]; black contours) and AEW trough (meridional wind [knots]; coloured lines are 0.0 kn [dark green] and �0.5 kn [red]) at 600 mb

from (a) the 19 to (h) 26 August 2017 based on ERAI. AEJ, Africa Easterly Jet; AEW, Africa Easterly Wave; GPM-IMERG, Integrated Multi-

satellite Retrieval for Global Precipitation Measurement.
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2.2 | Precipitation and reanalysis data

Rainfall networks over Africa are sparse (Washington
et al., 2006; Woodhams et al., 2018). Therefore, satellite-
derived observed daily rainfall data from the Integrated
Multi-satellite Retrieval for Global Precipitation Measure-
ment (GPM-IMERG) (Skofronick-Jackson et al., 2017) is
used in this study. GPM-IMERG data are available every
30 min at 10-km grid spacing and covers the whole globe.
Although GPM has some inherent biases (Maranan
et al., 2020; Stein et al., 2019), several studies (Cafaro
et al., 2021; Stein et al., 2019; Woodhams et al., 2018)
have used GPM for model verification, especially over
Africa. Here, the GPM data are retrieved every 30 min
from 19 to 27 August 2017.

European Centre for Medium Range Forecasts
Reanalysis ERA-Interim (hereafter: ERAI) at 14 km grid
spacing every 6 h was used (Dee et al., 2011). The ERAI
reanalysis data are used to determine the teleconnections
between the global driving forcings and the daily rainfall
characteristic with an emphasis on heavy rainfall. Heavy
rainfall is classified in this study as daily rainfall amounts
greater than 30 mm. This threshold is in line with the
NiMet operational practice. The minimum of the 95th
percentile of the daily rainfall accumulation within the
period of interest corresponds to approximately 30 mm
(Figure 1c).

2.3 | Methods

From GPM-IMERG and COSMO, the 24-h daily rainfall
accumulation is computed using the World Meteorologi-
cal Organisation (WMO) operational standard. It implies
that the daily rainfall accumulation of present day (PD) is
the rainfall accumulation from 0600 UTC of the PD to
0600 UTC of the next day (ND). The sourced variables
from the ERAI and the COSMO simulations are the zonal
(u) and meridional (v) winds at 700, 650, and 600 hPa
levels, respectively, which are used to investigate the AEJ
and AEW. Also sourced are the MSLP and CAPE. The
daily mean horizontal wind is computed between the
0600 of PD and 0600 of ND as the mean wind for the PD
for ease of reference with the rainfall accumulation. The
zonal wind is used to determine the spatio-temporal posi-
tion of the AEJ. To determine the axis and the core of the
AEJ (hereafter, AEJ pool), only areas with the highest
zonal wind, plus 5 kn at 700, 650, and 600 hPa are
analysed, which is different from other studies that are
using predetermined threshold values of 10–12 ms�1 (20–
25 kn) (Afiesimama, 2007; Cook, 1999). In this study, the
AEW trough is used to identify the AEW. The AEW trough
location is determined using the meridional wind, where T
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the meridional wind at the level of the AEJ is equal to zero.
Here, based on common operational practices, that location
is defined as the wave trough where the wind shifts from
northerlies to southerlies (Figure 1b). Then, the mean posi-
tion of the wave trough is subjectively determined from the
upper longitudinal and the lower longitudinal positions of
the trough. The extent and interaction of daily atmospheric
instability are diagnosed using the CAPE and MSLP. Here,
we considered the highest daily CAPE value and derive its
daily variability (tendency) by computing the deviation of
the PD CAPE from that of the ND CAPE. The element of
the MSLP considered in this study is the pressure tendency,
which is the deviation of the PD MSLP from that of the ND
MSLP to indicate if the surface pressure of the ND is rising
or falling. Quantitative statistical metrics that address the
spatio-temporal discrimination, reliability, and resolution of
COSMO such as linear correlation and phase composite to
determine the performance of COSMO in producing the
global drivers in the ERAI reanalysis were utilized. For ease
of comparison, COSMO output was re-gridded to the ERAI
resolution (14 km).

The rainfall forecast from the COSMO is used to
objectively evaluate the skill of the modelled daily evolu-
tion and rainfall distribution. For the evaluation, COSMO
is re-gridded to 10-km grid spacing to be compared with
GPM. We then compute the linear correlation and biases
to assess model reliability. Additionally, this study uses

FSS by utilizing the neighbourhood method for testing
potential improvement in the model spatial skill in
predicting heavy rainfall. The FSS is computed for
selected areas on selected days using rainfall threshold
exceeding 95th percentile, within an increasing
neighbourhood of 30, 50, 70, 110, 150, 210, 270, and
310 km.

3 | RESULTS

3.1 | Rainfall teleconnection

The observed maximum daily CAPE on 19 August, as
shown in Figure 2a, ranges from 1500 to 3000 J kg�1.
However, the daily variability of CAPE tendency differs
over different areas with positive CAPE tendency, mov-
ing westwards (Figure 2c,e,g,i,k,m,o). On 21–22 August,
for instance, the increased CAPE tendency, as shown in
Figure 2e,g, which covers almost the entire area north of
10�N, shifts westward, covering areas such as Senegal,
Guinea, Sierra Leone, and Liberia. Similarly, in
Figure 2k,m,o, the CAPE tendency increases east of the
prime meridian on 24 August and covers most of Nigeria
on 25 August. The area of positive CAPE tendency moves
westwards to cover areas of the west of the prime merid-
ian. The CAPE tendency becomes less positive over

(c)

(a)

(d)

(b)

FIGURE 5 Synthetic analysis showing the interaction betweenmodulating drivers (CAPE,MSLP, AEJ Core, AEW through positions 1 and

2 (P1 and P2), and areas of heavy daily rainfall distribution on (a) 21 August 2017, (b) 22 August 2017, (c) 25 August 2017, and (d) 26 August 2017.

AEJ, Africa Easterly Jet; AEW, Africa EasterlyWave; CAPE, convective available potential energy;MSLP,mean sea level pressure.
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FIGURE 6 Map showing the

COSMO bias of CAPE based on ERAI

from (a) the 19th to (h) 26th August

2017. CAPE, convective available

potential energy; COSMO,

Consortium for Small-scale

Modelling.

FIGURE 7 Map showing the correlation between COSMO and (a) ERAI CAPE, (b) ERAI MSLP, and (c) GPM-IMERG daily rainfall

accumulation. CAPE, convective available potential energy; COSMO, Consortium for Small-scale Modelling; GPM-IMERG, Integrated

Multi-satellite Retrieval for Global Precipitation Measurement.
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Nigeria on 26 August. The spatio-temporal characteristics
of the surface pressure (Figure 3c,e,g,i,k,m,o) suggest that
most areas of falling or rising pressure coincides with
areas of increased or decreased CAPE tendency. The few
areas of exception are over north-western Nigeria, north-
eastern Benin, and southern Mali on 21 August
(Figure 3e).

The position of the AEW trough at 600 hPa is shown
in Figure 4 and is consistent with the position at 650 and
700 hPa. At all three levels, two wave troughs of varying
speed move across West Africa from the east to the west.

The first wave trough on 20 August is located at approxi-
mately 17�E. Although not observed at 600 hPa, the sec-
ond wave trough located approximately 4�E at both
650 and 700 hPa (not shown) is shallower than the first
trough. By 24 August (Figure 4f and Table 1), the first
wave trough on 20 August has moved to about 4�E, and
another wave trough was observed at approximately
17�E. On average, the trough (P1) moves westward with
a daily speed of about 444 km day�1.

The spatio-temporal characteristic of the AEJ
(Figure 4) is consistent at 600, 650, and 700 hPa, except

FIGURE 8 Map showing the MSLP bias between COSMO and ERAI from the (a) the 19th to (h) 26th August 2017 with the red lines

indicating a positive bias and the blue lines a negative bias. COSMO, Consortium for Small-scale Modelling; MSLP, mean sea level pressure.
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on 24 August at the 700 hPa level (not shown). Figure 4
also shows the position of the AEJ core, which includes
isolated wind speed maxim north of 16�N on 23 and
24 August (Figure 4e,f), respectively. Despite the similari-
ties in strength and position of the AEJ core at 600, 650,
and 700 hPa, there are also unique deviations. For
instance, on 22 August (Figure 4d), the AEJ axis is
linking two AEJ cores extending from Senegal to
Burkina Faso at both 600 hPa and 650 hPa (not shown).
On the contrary, the second AEJ core over Senegal is
absent at 700 hPa (not shown). Likewise, the observed
incursion of a deep pool of AEJ over northern Nigeria at
700 hPa (not shown) on 24 August is observed as a

maximum at both 600 hPa (Figure 4f) and 650 hPa (not
shown) on the same day. At all three levels, the observed
AEJ pool generally as shown in (Figure 5) lies between
two AEW troughs with the core of the jet sometimes
overlapping with the areas of most increasing CAPE, to
the south of the least falling pressure, shifting in concert
with the westward movement of the troughs.

The interaction between the forcings resulted in accu-
mulated rainfall of greater than 120 mm (Figure 1d) in
many areas across West Africa between 19 and 27 August.
As depicted in Figure 4, daily accumulated rainfall
greater than 30 mm is observed over different regions
each day but with similar attributes at all levels. Areas of

FIGURE 9 Spatial position of the AEJ core (zonal wind, knots) at 600 mb based on ERAI in black contour and as simulated daily by

COSMO model in red contour from (a) 19 to (h) 26 August 2017. AEJ, Africa Easterly Jet; COSMO, Consortium for Small-scale Modelling.

12 of 21 OLANIYAN ET AL.Meteorological Applications
Science and Technology for Weather and Climate



rainfall greater than 30 mm lie and move ahead of the
AEW trough; they are observed to occur within the AEJ
pool but frequently south of the AEJ axis (Figure 4d),
including the AEJ entrance (south-east; Figure 4h) and
the AEJ exit (southwest; Figure 4c,f).

Furthermore, as depicted in Figures 2–4, areas of
heavy rainfall may not always be connected with areas of
falling pressure (Figures 3e and 4e), but they are fre-
quently linked with increasing buoyancy (CAPE).

Additionally, areas of widespread rainfall amount greater
than 30 mm are areas where falling surface pressure and
increasing CAPE tendency coincide.

3.2 | Synoptic forcings

The COSMO model simulations can reproduce the daily
spatio-temporal characteristics and variability of CAPE

ERAI COSMO 

20-08-2017 

21-08-2017 

22-08-2017 

23-08-2017 

24-08-2017 

25-08-2017 

26-08-2017 

Dates 

19-08-2017 

(a)
(b)

(c) (d)

(e) (f)

(g)
(h)

(i) (j)

(k) (l)

(m)

(o) (p)

(n)

FIGURE 10 AEW based on ERAI (c,e,g,i,k,m,o), and (d,f,h,j,l,n,p) as simulated daily by COSMO from 19 to 26th August 2017. The

coloured lines are 0.0 kn (0 m/s) (green) and �0.5 kn (�0.25 m/s) (red) and represent the AEW wave trough at 600 mb. AEW, Africa

Easterly Wave; COSMO, Consortium for Small-scale Modelling.
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and MSLP, with underlying biases (Figures 6 and 7). For
instance, the model generally overestimates the atmo-
spheric buoyancy (CAPE) over many areas south of lati-
tude 16�N (Figure 6a–h). The reason for the positive bias
may be connected to the method and type of parameteri-
zation used in COSMO (Baldauf et al., 2011). The daily
variability is also not consistent between ERAI and the
model. For example, the model reduces the buoyancy

(CAPE) over areas south of 12�N in Nigeria, major areas
in Burkina Faso, across Guinea, Liberia Sierra-Leone,
and the Ivory Coast (Figure 2d,f,h,j,l,n,p). On the other
hand, daily variability in CAPE tendency from 24 to
26 August is well captured by the COSMO over many
areas across West Africa (Figure 2d,f,h,j,l,n,p). Despite
the inherent deviations between COMSO simulations
and ERAI, the model simulations (Figure 8a) have a

(GPM) COSMO 

20-08-2017 

21-08-2017 

22-08-2017 

23-08-2017 

24-08-2017 

25-08-2017 

26-08-2017 

19-08-2017 

Dates 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

(m)

(o) (p)

(n)

FIGURE 11 Spatial distribution of daily rainfall accumulation above 5 mm based on GPM-IMERG (c,e,g,i,k,m,o), and (d,f,h,j,l,n,p) as

simulated daily by COSMO from 19 to 26th August 2017. COSMO, Consortium for Small-scale Modelling; GPM-IMERG, Integrated Multi-

satellite Retrieval for Global Precipitation Measurement.
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correlation skill of above 0.5 in many places across West
Africa, but a higher correlation skill over Nigeria, Togo,
Ghana, and Ivory Coast. With a correlation skill of above
0.8 (Figure 7b), the model can reproduce the variability
of the MSLP. This is despite a bias range of �1 to +1 hPa
in areas south of 16�N (Figure 8). The daily evolution,
the westward propagation, and the strength of both the
AEJ and AEW trough are adequately captured by
COSMO as depicted in Figures 9 and 10. However, the
model also displays distinct differences at various
levels. Despite being generally stronger, the model also
spatially displaced the AEJ core about 200–600 km

behind the observed AEJ, as shown in Figure 9, and
occasionally about 200 km above the observed AEJ
(Figure 9f). Similarly, the average location of the AEW
trough as simulated by the COSMO usually lags behind
the observed AEW trough, as shown in Figure 10 and
Table 1.

3.3 | Daily rainfall

The daily spatial rainfall distribution in the COSMO sim-
ulations and the GPM is shown in Figure 11. COSMO

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIGURE 12 Daily rainfall bias between COSMO and GPM-IMERG from (a) 19 to (h) 26th August 2017. COSMO, Consortium for

Small-scale Modelling; GPM-IMERG, Integrated Multi-satellite Retrieval for Global Precipitation Measurement.
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can capture the daily spatial rainfall distribution with
contrasts in patterns over different regions for each day.

COSMO has also shown considerable biases. For
instance, as shown in Figure 12, areas where the model
overestimates and underestimates the observed rainfall
greater than 30 mm are mostly areas where COSMO dis-
plays spatial deviations.

Forecast fractions calculated from GPM and COSMO are
shown in Figure 13 for the daily rainfall accumulation
exceeding 30 mm on 21 August 2017. Just from a visual

comparison, it seems that by increasing the spatial scale from
30 to 310 km, the resemblance of the observed and predicted
rainfall pattern increases. In other words, the spatial dis-
placement between the two fields decreases with the spatial
scale. FSS values, shown in Figure 14, confirmwhat a human
forecaster would gauge by eye. FSS has been calculated for
different increasing spatial scales of 30, 50, 70, 110, 150, 210,
270, and 310 km and different sub-regions and days for the
probabilistic forecasts of rainfall accumulation exceeding the
95th percentile. FSS for Nigeria on 21 August 2017 shows

 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIGURE 13 (a) Observed rainfall accumulation based on GPM-IMERG and the forecast fraction probability on 21 August for rainfall

threshold of 30 mm based on neighbourhood size of (b) 50, (c) 70, (d) 110, (e) 150 km, (f) 210, (g) 270, (h) 310 km, respectively. GPM-

IMERG, Integrated Multi-satellite Retrieval for Global Precipitation Measurement.
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that the useful scale is reached at around 270 km, whereas
FSS values over northern Nigeria for 25 August increase with
neighbourhood size but remain below the 0.5 thresholds up

to 310 km. The cases of Sierra Leone-Liberia on 26 August
and of Senegal-Guinea-Sierra Leone on 22 August 2017 are
the most skillful, with FSS values greater than 0.5 at all spa-
tial scales. In other words, the forecast skill is shown to be
higher in the regions west of the prime meridian and higher
east of the primemeridian.

4 | HEAVY RAINFALL EVENT IN
AUGUST 2015

Several flash floods occurred over West Africa between
17 and 22 of August 2015 as a result of the passage of a
series of MCSs. In Nigeria, for example, floods affected
37,610 hectares of farmland, 5495 houses, and 25,950
people in 12 local government areas of Kebbi. Other
affected Nigerian states include Bauchi, Adamawa,
Anambra, Benue, Delta, Kaduna, Kebbi, Niger, Ondo,

FIGURE 14 The fractions skill score based on the 95th

percentile over the selected regions (see legend) of different

neighbourhood sizes in km.

2017 2015 

(b)(a)

(d) (c) 

(f)(e)

(h) 

(j) 

(l) (k) 

(i) 

(g) 

FIGURE 15 The synthetic

analysis shows the main drivers of

the heavy precipitation events

occurring on (a) 25 August 2017 and

(b) 17 August 2015. The legend is the

same as in Figure 5. The COSMO FSS

is based on the 10th (black line), 25th

(red line), 50th (green line), 75th

(blue line), and 90th (cyan line)

percentile over West Africa on

(c) 25 August 2017 and (d) 17 August

2015. The correlation between

COSMO and MSLP is shown in

(e) for 21–26 August 2017 and (f) for

17–22 August 2017. The spatial
position of the AEJ core at 600 hPa is

shown in (g) on 25 August 2017 and

in (h) on 17 August 2015. The

longitude-time (days in August 2015

and 2017) plots displaying the AEW

through as dashed red lines are

shown in (i,j) based on ERAI and (k,

l) COSMO data for 21–26 August

2017 and 17–22 August 2015. AEJ,

Africa Easterly Jet; AEW, Africa

Easterly Wave; FSS, Fractions Skill

Score; COSMO, Consortium for

Small-scale Modelling; MSLP, mean

sea level pressure.
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Sokoto, Taraba, and Zamfara, with approximately
50 reported deaths and over 100,000 displaced (https://
reliefweb.int/disaster/fl-2015-000155-nga). Burkina Faso is
another affected area in West Africa with distinct loss of
property (https://reliefweb.int/disaster/fl-2015-000106-bfa).

To put the paper's key findings to the test, we com-
pare the results of the HIW event in August 2015 to those
of the HIW event in August 2017, which is the focus of
the paper. The synthetic analysis (Figure 15a,b) shows
that the spatio-temporal characteristics of rainfall and the
modulating drivers for both events are consistent.
COSMO is able to predict the modulating drivers in both
years in a consistent way. For example, as shown in
Figure 15c,d, the model FSS improves significantly with
increasing neighbourhood size over West Africa. The
model also demonstrates strong correlation skill in
predicting MSLP over West Africa irrespective of the year
(Figure 15e,f). Additionally, as shown in Figure 15g–l,
COSMO is consistent in both years in predicting the
longitudinal propagation and intensity of the AEJ and
the AEW through. The comparison with only one addi-
tional case is not sufficient to generalize the results,
but this comparison supports the idea that the results
are not just valid for the case in August 2017. Ana-
lysing many heavy rainfall events will be the focus of a
follow-on study.

5 | CONCLUSIONS

This study investigates the large-scale drivers of the
heavy precipitation events over West Africa between
19 and 27 August 2017. The study analysed the dynami-
cal drivers used in operational practice and their individ-
ual and collective teleconnection in modulating areas of
heavy rainfall across West Africa. The study assesses the
performance of COSMO in predicting areas of heavy
rainfall and the associated atmospheric dynamics to
reduce the model's inherent biases as a deterministic
model. The study suggests that all modulating rainfall
dynamics, the AEJ, as well as CAPE and MSLP tenden-
cies, move in concert but ahead of the AEW trough. The
position of these drivers is sequential. They are in order
of lowest decreasing pressure, highest increasing CAPE,
and AEJ core (Figure 5). In a northeast to southwest ori-
entation, the position of the drivers could sometimes be
such that areas with the least falling pressure are imme-
diately ahead of the AEW trough, followed by areas of
the most rising CAPE, and finally the AEJ core. This sug-
gests that every driver has a unique modulating effect.
While areas of heavy rainfall are not often associated
with falling pressure, for example, they are frequently
associated with areas of increasing CAPE. Similarly,

consistent with previous studies (e.g., Payne &
McGarry, 1977; Rowell & Milford, 1993), regions of heavy
rainfall are often found within the AEJ pool ahead of the
AEW trough that precedes it. The AEW trough appears to
be a distinct dynamic feature associated with areas of heavy
rainfall west of the prime meridian. While areas of heavy
rainfall east of the prime meridian are mostly associated
with the combined interaction of most atmospheric dynam-
ics (AEJ, CAPE, MSLP, and AEW), the contribution of
AEWs east of the prime meridian is not as salient for the
location of heavy rainfall as to the west of the prime merid-
ian, which is consistent with Bolton (1984).

The results of assessing the model's skill in simulating
synoptic-scale drivers revealed that COSMO can capture
the large-scale dynamics over West Africa. Although the
reproducibility of the AEJ and AEW trough exhibits spa-
tial deviation by lagging behind the observed positions,
COSMO can predict their daily evolution and intensity.
While the model correlation skill in predicting CAPE and
CAPE tendency is good and consistent over Nigeria,
COSMO is able to predict the spatio-temporal evolution
of MSLP and the pressure tendency with correlation skill
greater than 0.85 in most places.

In simulating daily rainfall variability, the study showed
that the COSMO forecasts reduce in skill as rainfall value
tends to 30 mm. Despite the displayed spatio-temporal
biases, most areas still have a correlation skill greater than
0.5. The results of correcting these biases (spatial displace-
ment and underestimation) revealed a considerable
improvement in the FSS as the neighbourhood size
increases. Generally, the ability of COSMO to predict MSLP
tendency is advantageous to operational forecasters. There-
fore, the use of the COSMO for operational forecasting to
assess areas of heavy rainfall could have two implications as
a result of this study. First, forecasters could determine
likely areas with heavy rainfall by estimating the position of
the AEJ core from the knowledge of the position of areas of
the least falling pressure from the COSMO forecast. Second,
the neighbourhood forecast fraction could provide an addi-
tional tool. Forecasters can utilize this method to produce
probabilistic forecasts from a deterministic model with no
additional costs, with the advantage of having the assess-
ment of the spatial uncertainty related to the event. Also,
the FSS metric has been shown to give credits to forecasts
that spatially look closer to observations by the human eye;
therefore, the FSS is a metric that should be easy to inter-
pret by local forecasters. Furthermore, it could help them to
decide at which scale the forecasts should be issued for
severe weather alerts.

In this study, we recognize that it would be interest-
ing to investigate different cases during the monsoon sea-
son, as well as other seasons. However, such a thorough
examination is beyond the scope of this paper and will be
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the subject of a subsequent paper. This paper focuses on
the heavy precipitation event between 19 and 26 August
2017 and was chosen as a cross-cutting case study as part
of the GCRF-African SWIFT project. We have found that
the sequence and location of CAPE and MSLP tendency,
the AEJ core, and the position of the AEW through can
be used by forecasters who have only access to fairly
coarse model simulation with parameterized convection
to predict the occurrence of heavy rainfall events.
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