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A B S T R A C T

The African Sahel region is known to be highly vulnerable to climate variability and change. We analyze rainfall
in the Sahelian Sudan in terms of distribution of rain-days and amounts, and examine whether regional climate
models can capture these rainfall features. Three regional models namely, Regional Model (REMO), Rossby
Center Atmospheric Model (RCA) and Regional Climate Model (RegCM4), are evaluated against gridded ob-
servations (Climate Research Unit, Tropical Rainfall Measuring Mission, and ERA-interim reanalysis) and rain-
gauge data from six arid and semi-arid weather stations across Sahelian Sudan over the period 1989 to 2008.
Most of the observed rain-days are characterized by weak (0.1–1.0 mm/day) to moderate (> 1.0–10.0 mm/day)
rainfall, with average frequencies of 18.5% and 48.0% of the total annual rain-days, respectively. Although very
strong rainfall events (> 30.0 mm/day) occur rarely, they account for a large fraction of the total annual rainfall
(28–42% across the stations). The performance of the models varies both spatially and temporally. RegCM4 most
closely reproduces the observed annual rainfall cycle, especially for the more arid locations, but all of the three models
fail to capture the strong rainfall events and hence underestimate its contribution to the total annual number of rain-
days and rainfall amount. However, excessive moderate rainfall compensates this underestimation in the models in an
annual average sense. The present study uncovers some of the models' limitations in skillfully reproducing the ob-
served climate over dry regions, will aid model users in recognizing the uncertainties in the model output and will help
climate and hydrological modeling communities in improving models.

1. Introduction

Most studies of Sahel rainfall have focused on annual, seasonal,
monthly and daily time scales (Eldredge et al., 1988; L'Hote et al., 2002;
Dai et al., 2004; Nicholson, 2005; Lebel and Ali, 2009; Fontaine et al.,
2011; Elagib and Elhag, 2011; 201; Diatta and Fink, 2014). However,
other rainfall properties are of vital importance for hydrology, agri-
culture, urban planning and management of natural hazards. Among
these, the number of rain-days, the rainfall intensity (amount per time
unit) especially for extreme events and the distribution of rain-days
over the season can be noted. Successful rain-fed agricultural and
water-resource systems, for instance, require detailed information
about the nature of rainfall over the season such as the onset of rainy
season, the spatial and temporal distribution of rain as well as its intra-
to-inter-annual variability. A few attempts have been made to in-
vestigate such rainfall characteristics over the Sahel region (see e.g.
Seleshi and Zanke, 2004; Tilahun, 2006; Elagib, 2010b; Sulieman and

Elagib, 2012; Sanogo et al., 2015).
Sulieman and Elagib (2012) found that around 61% of the annual

rainfall in El Gedaref, Sudan (14° 02′ N, 35° 24′ E) in 2009 was recorded
during only 7 days, each with a rainfall> 30 mm/day. This kind of
concentrated rainfall is less useful for rain-fed agriculture, compared to
when the corresponding amount is distributed over a reasonably longer
time. If severe rainfall (> 30 mm/day) coincides with the early stage of
the growing season when the soil is dry and bare, it likely generates
large overland flow (runoff), causing erosion of the fertile top layer of
the soil (e.g. Wickens, 1997; Taddese, 2001; El Tahir et al., 2010;
Elagib, 2011). Rainfall characteristics are also indicative of the under-
lying mechanism, i.e. whether it is due to large-scale circulation (slowly
moving weather systems) or to local convection. Examination of these
features can provide insights into the fluctuations of forcing and the
mechanisms that give rise to natural hazards, such as droughts and
floods. Knowledge of this behavior is very useful, for instance, for
modeling activities as it can reveal model deficiencies and limitations.
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In this regard, validation of satellite-based precipitation datasets in
ground data-sparse areas, such as tropical Africa, for studies of sub-
daily (diurnal cycle) is useful (Pfeifroth et al., 2016).

The objective of the present paper is to analyze these rainfall
characteristics in greater detail, with a focus on the Sudanese Sahel. The
Sahel zone of Sudan, stretching from 10° to 15°N and from 22° to 36°E,
is classified as arid to semi-arid. This region relies on rainfall as a source
of water for different purposes. Farming practiced away from the Nile
basin is largely dependent on rainfall for its irrigation. Similar to the
entire African Sahel, from the Ethiopian plateau in the east to the coast
of the Atlantic Ocean in the west, Sahelian Sudan has suffered from
drought conditions during the last four decades, manifested by a re-
duction in annual rainfall and increasing temperatures (see e.g. Hulme,
1990; Eltahir, 1992; Elagib, 2010a; Elagib and Elhag, 2011). Conse-
quently, these drought conditions have proved to be highly deleterious
to agricultural yield (Elagib, 2014). Regions having such limited water
resources are foreseen to be highly vulnerable to the impacts of climate
change and variability (IPCC, 2007b), especially that they are highly
dependent on rain-fed agriculture for the livelihood and food security of
the population (Batterbury and Warren, 2001; Balogun, 2011).

In the present study we evaluate the ability of three regional climate
models (RCMs) in simulating detailed features of Sahelian-Sudan rain-
fall, comparing model output to observations from both gauging sta-
tions and gridded precipitation products. While the hypothesis herein is
that RCM grid-averaged data are expected to differ from rain-gauge
point observations, there is a need to document these differences if the
model output is to be useful for local applications (Rivington et al.,
2006). Hence, the contributions from the present study can be sum-
marized as falling within two main themes. First, an evaluation of three
RCMs is carried out for one of the least studied regions, the Sahelian
zone of Sudan. This region can be seen as linking the western African
Sahel with East Africa as well as with the Indian Ocean. Second, the
study addresses novel evaluation approaches of RCMs and the Tropical
Rainfall Measuring Mission (TRMM), by comparison to point observa-
tions on rarely examined metrics: (1) the distribution of rain-days,
characterized according to rain amount per day, (2) the contribution of
these rain-day categories to the total annual rainfall, (3) the distribution
of rain-days over the months and (4) the monthly contribution to the
total annual rainfall.

A short overview of regional climate models is given in Section 2,
followed by a description of data and methods in Section 3. The results
of the analysis are presented in Section 4, followed by a discussion in
Section 5. Finally, the conclusions are given in Section 6.

2. Overview of regional climate models (RCMs)

Global Climate Models (GCMs) are reasonably reliable in describing
the response of the climate system to various forcings, but usually have
too coarse spatial resolution to provide the detailed regional-scale in-
formation needed for example for hydrological applications, water-re-
source management or for agricultural or urban planning. A Regional
Climate Model (RCM) encompasses a limited area and can therefore
provide higher resolution at a reasonable computational cost. It relies,
however, on lateral boundary information from a global model. RCMs
have been developed as a dynamic downscaling tool, and have been
widely used to study past, present and future climate on different time
and space scales (e.g. Hudson and Jones, 2002; Liang et al., 2006; Sylla
et al., 2010; Tang et al., 2011).

Recently, the term “added value”, referring to the additional in-
formation provided by the RCMs, has prevailed among RCMs users
(Rummukainen, 2010; Feser et al., 2011), while recognizing that some
systematic errors from the driving global model are inherited in the
RCM. RCMs have also been used in sensitivity studies to examine the
response of regional climate to physical processes and changes in local
conditions (e.g. Moufouma-Okia and Rowell, 2010; Salih et al., 2013;
Liu et al., 2015). Thus, the fidelity of models in reproducing the

observed regional climate has received a great attention from the sci-
entific community. Many statistical techniques have been applied to
assess how well regional and global models capture the observed cli-
mate. Probability density functions (e.g. Perkins et al., 2007; Schoetter
et al., 2012), mean and root mean square errors (see e.g. Christensen
et al., 1997; Segele et al., 2009), correlations (Small et al., 1999) and
Taylor diagrams (Taylor, 2001) are examples of techniques used to
evaluate the model performance. Most assessments focus on how well
the models reproduce the mean annual and diurnal cycles, variability,
and the spatial pattern of the observed climate and on how much un-
certainty is involved in these predictions.

Model-simulated precipitation is usually evaluated against ob-
servation-based gridded data such as the Climate Research Unit (CRU)
datasets (New et al., 2000) and the Global Precipitation Climatology
Project (GPCP; Huffman et al., 1997). Reanalysis datasets, such as those
developed by National Center for Environmental Prediction (NCEP)
(Kalnay et al., 1996; Kistler et al., 2001) and by the European Center for
Medium Range Weather Forecasts (ECMWF) (e.g. ERA-Interim; Dee
et al., 2011), are also frequently used to evaluate simulated precipita-
tion and the associated atmospheric circulation. However, there are
issues that should be borne in mind when using either gridded or re-
analyzed precipitation datasets. Gridded observational data are a
combination of station records and statistical interpolation; one might
therefore expect some attenuation of local climate signals by the in-
terpolation (Schoof and Pryor, 2003; Szczypta et al., 2011). In re-
analysis, precipitation is usually not assimilated but comes solely from
the model forecast. This is a sub-grid scale process that needs para-
meterization in the model. Therefore, the quality of reanalyzed pre-
cipitation depends not only on the observational constrains, the as-
similation technique and the quality of the observations, both those
assimilated and those used as prescribed forcing (e.g. Sea Surface
Temperature, SST), but also depends on the physical parameterizations
in the model.

Zhang et al. (2013) showed that there is a degree of spatial mis-
match between the reanalysis data and observations - both in clima-
tology and variability - over Africa south of the equator. Evaluation
efforts also vary according to temporal coverage, climate variables and
regions of interest. For instance, models are known to simulate the
surface temperature more accurately than precipitation (IPCC, 2007a).
Kendon et al. (2012) state that: “if rainfall is more realistic in a climate
model, there is greater confidence in its projections of future change”.
Broadly speaking, a detailed evaluation of model performance versus
surface observations for Africa is rarely found in the literature, probably
due to the “currently limited availability of long and high-quality surface
instrumental climate records” (Washington et al., 2006; Brunet and Jones,
2011).

3. Data and methods

3.1. Observational data

In the present study, a large body of data from several sources is
used. Daily rainfall observed at six weather stations during the period
extending from January 1, 1989 to December 31, 2008 was obtained
from the Sudan Meteorological Authority. The arid and semi-arid cli-
matic zones of Sahelian Sudan are represented by three stations each.
The arid stations are Shambat (15.67°N, 32.53°E), Wad Medani (14.4°N,
33.48°E), and Kosti (13.17°, 32.67°E) whereas the semi-arid ones are El
Gedaref (14.03°N, 35.40°E), Kadugli (11.0°N, 29.72°E) and Nyala
(12.07°N, 24.88°E). The locations of the stations are shown in Fig. 1.
None of these datasets had missing observations during the study
period.

Three different gridded rainfall datasets were also used: an updated
version of CRU TS3.10 (Harris et al., 2014), ERA-interim and TRMM
(TRMM 3B42 version 6, Huffman et al., 2007). These three datasets
vary substantially in the way they are constructed and also in temporal
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and spatial resolution. CRU provide monthly mean rainfall at a re-
solution of 0.5° × 0.5°, obtained through statistical interpolation of all
available rain-gauge data. CRU could thus be said to be the closest to
the actual direct observations, however, sacrificing temporal resolution
and adding some uncertainty, especially in data-sparse regions. ERA-
interim data are used at 0.5° × 0.5° where the precipitation is a product
from the ECMWF forecast model. Short model forecasts are initialized
by assimilated data where the best model and observational informa-
tion is optimized; model results from a previous short forecast are
corrected using observations. Precipitation is not assimilated, but is a
model product. Since everything in a model is being connected, the
model precipitation is consistent with other model variables, which are
assimilated. Both the CRU and ERA-interim data are available for the
whole study period (1989 through 2008). In contrast, TRMM has higher
spatial and temporal resolution, but is only available for a shorter
period, viz. from 1998 onward. TRMM is a daily-rainfall product that
combines rain-gauge and satellite data on a 0.25° × 0.25° grid. Hence,
TRMM is an observation product, but only indirectly. The satellite does
not measure precipitation directly but measures radiation and instead
relies on a retrieval algorithm.

In the following sections, the gridded datasets are used to evaluate
the general performance of the models in capturing the spatial dis-
tribution of rainfall across the region. The station data, on the other
hand, are used to evaluate rainfall features on a daily scale. Comparing
model output, which is inherently area-averaged, with single-point
observations is an unavoidable problem. There are however valid jus-
tifications for using point observations to evaluate model output at a

grid resolution of 50 × 50 km grid resolution. The argument here is
that the gridded data, which are area-averaged, are conceptually closer
to what is simulated by a model, while precipitation in reality often
occurs locally with large spatial variability. Although rainfall is difficult
to measure it is, however, most accurately captured at local observation
stations. Therefore, a true comparison of models to observations must at
some point incorporate direct observations of precipitation; such ob-
servations are only available from single-point stations. Local stations
are also better at capturing precipitation extremes. It all comes down to
assessing the representativity of the single-point station data. Therefore,
the representativity of the station data are also investigated using
TRMM, for both the annual cycle and the magnitude of the rainfall.
TRMM data are also used alongside the station data for the analysis of
more detailed characteristics of the rainfall.

3.2. Models

The RCMs used in this evaluation include the Regional Climate
Model - version 4 (RegCM4) from the International Center for
Theoretical Physics in Trieste, the Regional Model (REMO) from the
Max Planck Institute for Meteorology, and the Rossby Center regional
Atmospheric model (RCA) from the Swedish Meteorological and
Hydrological Institute. All three models are hydrostatic and were run at
a similar horizontal resolution over similar domains. RegCM4 solves the
primitive equations of the atmospheric motion using finite difference
over a terrain-following vertical sigma-pressure coordinate system with
18 vertical levels. In contrast, both REMO and RCA utilize semi-

Fig. 1. Average rainfall in mm/day during the main rainy months June to September (for the period 1989–2008), from CRU (a), ERA-interim (b), TRMM (c), RegCM4 (d), REMO and (e)
RCA (f). Three arid stations are Shambat, Wad Medani and Kosti, represented by an open square, triangle and circle, respectively. The semi arid stations El Gedaref, Nyala and Kadugli are
show by a filled square, triangle and circle, respectively.
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Lagrangian advection schemes and hybrid vertical coordinates with 27
and 40 vertical levels, respectively. For more details regarding these
models, the reader is referred to Giorgi et al. (2012) for RegCM4, Jacob
(2001) for REMO and Samuelsson et al. (2011) for RCA. Some in-
formation on the schemes and parameterizations used in the three
RCMs are provided in Table 1.

The setup of the model simulations follows the Coordinated
Regional Climate Downscaling Experiment (CORDEX) as discussed by
Jones et al. (2011) for the African domain. All three models have a
horizontal resolution of ~50 km and use the same lateral boundary
forcing from the ERA-interim reanalysis. Dynamic and thermodynamic
fields at the lateral boundaries are updated 6-hourly. The domain of the
RegCM4 experiment stretches from 22.75°W to 63.27°E and from
37.69°S to 40.85°N, the REMO domain extends from 28.16°W to

Table 1
Model specifications and parameterizations.

Model Vertical coordinates/# of levels Advection Convective scheme Radiation scheme Surface scheme

RegCM4 Sigma/18 Eulerian Grell et al. (1994)
Fritsch and Chappell (1980)

Kiehl et al. (1996) BATS1E Dickinson et al. (1993)

REMO Hybrid/27 Semi-Lagrangian Tiedtke (1989) Morcrette et al. (1986)
Giorgetta and Wild (1995)

Hagemann (2002)
Rechid et al. (2009)

RCA Hybrid/40 Semi-Lagrangian Kain and Fritsch (1990, 1993) Savijärvi (1990)
Sass et al. (1994)

Samuelsson et al. (2006)
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Fig. 2. Scatter plots of TRMM monthly rainfall against station data for 1998–2008. The red line shows the hypothetical 1:1 relation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Statistics of the correlation between the stations and TRMM datasets. The linear regres-
sion form is TRMM= a+ b× Station.

Station Kendall tau test Linear regression

tau p a p b p R2 p

Arid stations
Shambat 0.717 0.00 4.029 0.030 1.050 0.001 0.550 0.00
Wad Medani 0.856 0.00 4.167 0.290 0.858 0.00 0.790 0.00
Kosti 0.823 0.00 2.672 0.200 0.801 0.00 0.806 0.00

Semi-arid stations
El Gedaref 0.865 0.00 4.151 0.123 0.679 0.00 0.831 0.00
Kadugli 0.780 0.00 3.403 0.120 0.036 0.00 0.733 0.00
Nyala 0.783 0.00 6.629 0.010 0.576 0.00 0.662 0.00

A.A.M. Salih et al. Atmospheric Research 202 (2018) 205–218

208



66.88°E and from 49.28°S to 45.76°N, whereas RCA has a domain
stretching from 24.64.8°W to 66.26°E and from 45.76°S to 42.24°N. In
the present study, all plots will only display a smaller portion of the
domain, centered over Sudan.

3.3. Methods of rainfall analysis

Rainfall is grouped into five classes as described by Elagib (2010b).
Weak (W) is defined as 0.1 to 1.0 mm/day, moderate (M) is> 1.0 to
10.0 mm/day, moderately strong (MS)> 10.0 to 20.0 mm/day, strong
(S)> 20.0 to 30.0 mm/day and very strong (VS) > 30.0 mm/day. The
analysis is focused on four features:

• The number of rain-days in each class relative to the total annual
rain-days.

• The number of rain-days in each month relative to the total annual
rain-days.

• The relative contribution of each rainfall class to the total annual
rainfall.

• The relative contribution of each month to the total annual rainfall.

The distribution of rain-days is considered only for the wet months,
extending from 1 April to 31 October. This detailed analysis was per-
formed for the station and TRMM datasets but not for CRU and ERA-
interim, since daily data are not available for CRU, and since ERA-in-
terim showed a tendency to underestimates the daily rainfall over the
region, as shown in Section 4.1.

Since the rainfall probability distribution for such a region is skewed
and cannot be described by a normal distribution (e.g. Tilahun, 2006;
Abtew et al., 2009), the median is used as a statistical measure rather
than the mean to avoid undue influence of outliers. For the same
reason, the non-parametric Wilcoxon-Manny rank sum test, which does

not assume any particular distribution of the data (Ibrahim et al.,
2012), is used to examine whether the difference between the model
output and observations is statistically significant or not. This test ex-
amines the difference in ranking of observations between the two da-
tasets. We use a test in which the null hypothesis is that the two datasets
are from the same continuous distribution with equal median.

Our analysis deals with the nature of model errors by examining
their probability density functions (PDF). The relative PDF of the errors
in the number of rain-days and the monthly rainfall amount (for April
to October only) was established for the whole study period. It is ex-
pected that the nature of the constructed PDF will make it possible to
discriminate between random and systematic errors. Precipitation in
the models is generated by two components: resolvable, large-scale
processes, such as large-scale ascent associated with synoptic scale
weather events (large-scale precipitation) and by convective ascent,
which has to be accounted for by the convection parameterization
(convective precipitation). Following the analysis of the nature of er-
rors, possible sources of these errors can be explored.

4. Results

4.1. The spatial distribution of rainfall

Fig. 1 shows the spatial distribution of average daily rainfall during
the main monsoon period June through September from CRU, ERA-
interim, TRMM, RegCM4, REMO and RCA. All the gridded data and the
model results agree on the general regional rainfall pattern, but they
differ in details. There are two areas of larger precipitation; one larger
in southwestern Sudan and Chad and one smaller to the east, over the
Ethiopian highlands. All three gridded data sets feature both of these,
but with large differences. In CRU and TRMM the relative magnitudes
between these two areas are similar, whereas the absolute values are
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higher in CRU than in TRMM. ERA-Interim is different; not only is the
precipitation in general lower but it also has much lower precipitation
in the southwestern region than over the Ethiopian highlands. Both
CRU and TRMM show higher rainfall amount over Sahelian Sudan than
ERA-interim. Nikulin et al. (2012) found that TRMM underestimates the
rainfall compared to CRU and GPCP, consistent with these results, yet it
provides a better estimate than ERA-interim. There is a positive rainfall
gradient from north to south, with 0–1 mm/day in most of the region
north of 16°N, and reaching 5–7 mm/day south of 10°N. While the
magnitudes differ, all gridded data captures this gradient. It is also
worth noting how similar the large-scale patterns are in both CRU and
TRMM, although the latter has a much higher spatial resolution. These
results also illustrate the problem with the gridded precipitation data;
asking the question on how much precipitation there is, obviously the
results differ depending on which data source one chooses.

In the RCMs, the area of the southwestern rainfall maximum is
smaller than in the gridded data, with the possible exception for ERA-
Interim where the values on the other hand are very low. The RCMs also
capture rainfall maxima associated with the topography in the
Ethiopian highland (~4.5 km above mean sea level a.m.s.l.) and in
Jebel Marra (~2 km a.m.s.l.) in western Sudan. The topographical ef-
fects are more pronounced in the regional models, giving annual
averages of 12–14 mm/day, compared to the gridded data with
7–10 mm/day. Rainfall in elevated regions is difficult to capture by the
models, due to numerical and resolution problems, but also by the
gridded datasets due to lack of observations. All models are forced by
ERA-interim reanalysis; hence, any differences between them must
have to do with how the precipitation and dynamics work in the three
different models. Given the uncertainty in the actual values and pat-
terns of precipitation discussed above, it appears that especially
RegCM4 and RCA provide a more realistic spatial distribution of the
rainfall than ERA-interim; also see the discussion on “added values”

above and in Rummukainen (2010) and Feser et al. (2011).

4.2. Annual cycle and correlation of rainfall

Fig. 2 shows a scatter plot of the monthly rain-gauge and TRMM
data for the six stations. In general, the agreement between the two
distinct sets is good although some systematic differences appear. For
example, there is a clear tendency for TRMM to underestimate the
highest values for most of the stations. Table 2 shows the statistics of
the correlation between the stations and TRMM datasets. The Kendall
tau rank correlation test and linear regression show a strong positive
correlation between the two datasets. The average correlation statistic
as per the Kendall tau test is 0.8. A mixed tendency is indicated for both
groups of the stations by the determination coefficient, R2. On average,
the station data explain 72 and 74% of the variations in the TRMM data
for the arid and semi-arid stations, respectively. However, not un-
expectedly, substantial scatter characterizes the station with the lowest
rainfall, i.e. Shambat, with R2 of only 0.55. Therefore, it can be con-
cluded that TRMM corresponds somewhat to both the arid and semi-
arid station data, except in the extreme arid part; however, more ana-
lysis is needed to test and calibrate this relationship.

Fig. 3 assesses TRMM and RCM results in reproducing the annual
cycle of rainfall over the six selected stations. For the two arid stations
at Wad Medani and Kosti (Fig. 3b and c, respectively) there is a good
agreement between TRMM and the stations data, while at Shambat
(Fig. 3a), TRMM overestimate precipitation during the peak season
(July through September). In the semi-arid region, there is a pro-
nounced underestimation of the rainfall amount and a systematic un-
derestimation of the peak of the annual cycle. However, the TRMM and
the station data agree on the lengths of the rainy season and on the
rainy months.

The performance of the models varies from one station to another. A
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clear disagreement with observations in the seasonality of rainfall is
demonstrated by RCA, displaying a strange double-peak behavior for
four of the six stations, especially pronounced at Nyala (Fig. 3f). The
two peaks consistently occur in May and August. However, the ob-
servations show August as the single wettest month, whereas May is
normally a month with little rain. RCA also tends to display a prolonged
rainy season. While REMO also tends to have an extended rainy season,
it has less rainfall than RCA. REMO also underestimates the monthly
magnitude of the rainfall for Shambat, Kosti, El Gedaref, Kadugli and
Nyala (Fig. 3a, c, d, e and f, respectively). Although the observed values
at these stations vary between 130 and 200 mm (excluding Shambat),
REMO's peak stays well below 100 mm.

For the timing of peak of the rainy season, RegCM4 agrees with the
observational data for most of the stations, but less so regarding the
amount of rainfall. The model overestimates the rainfall at the start of
the rainy season (June) and underestimates it at the end of the season,
for all the stations. The rainfall in RegCM4 drops sharply in September
while the observed precipitation continues to be large until October. In
general, RegCM4 simulates the observed annual cycles reasonably well,
except at El Gedaref (Fig. 3d) and Kadugli (Fig. 3e) where it under-
estimates the rainy-season peak by about 16% and 13%, respectively.

4.3. Frequency of rain-days within classes

Fig. 4 compares the median of the rain-day frequencies within each
of the five precipitation classes, for the models and the TRMM and
station data. Several common features characterizing the observed
rainfall can be noted. First, most of the rain-days occur in the M class
(> 1.0–10.0 mm/day), accounting for between 46% and 50% of the
total number of rain-days. Second, the W class accounts for between
15% and 22% of the rain-days. The prevalence of days with light rain
can be attributed to rainfall suppression by atmospheric dust frequently

occurring over the dry region (Hui et al., 2008; Elagib, 2010b). Third,
the least frequent type of rain-days occurs in the VS class. Overall, the
difference between the TRMM data and the station observations is most
pronounced in the M and W classes.

Starting with the dominant M class, RCA yields an overestimation
across the region, by between 10 and 30%, while REMO's performance
is very good within the semi-arid zone, but yields an overestimation for
the arid stations. RegCM4 shows the best performance among the
models, almost exactly matching the observations at all the stations. For
the weaker W-class, RCA shows a reasonable performance while REMO
and RegCM4 overestimate the frequency of rain days for all stations,
except at Shambat (Fig. 4a), where there is slightly underestimation in
REMO. For the stronger MS and S classes, both REMO and RCA un-
derestimate the rain-days for all the stations except Shambat where
they slightly overestimate the rain-days in the MS class; these two
models have no rain days in the S-class at most of the stations. In
contrast, RegCM4 results are closer to the observations, but still do not
capture the frequency for MS-class and also deviate considerably for the
S class. Finally, none of the models reproduces the observed frequency
of rain-days in the VS class.

In summary, all models have difficulties reproducing the few
number of days with strong or very strong precipitations, i.e. for the S
and VS classes, but they also underestimate the MS days. They generally
compensate for this by having more days in the W and M classes. Here,
RegCM4 has too many days in the W class throughout but does better
for the M class. REMO and RCA often underestimate the W-class while
overestimating the number of days in the M-class. Some
models do better for some stations, for example, RCA largely over-
estimate the W class for all stations except Shambat, whereas REMO
does the same but only at Wad Madeni and Kosti. It is notable that with
the exception of showing at least a few days in the S and WS classes, the
TRMM does not seem to generally outperform the models as compared
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to the station data for this particular metric.

4.4. Contribution of rain-day classes to total annual rainfall amount

The median contribution of the classes to the total annual rainfall
amount is given in Fig. 5. From the station observations, one can see
that the VS rainfall class contributes the most to the total annual
rainfall, with as much as 28–42% across the stations. Recent studies
conclude that the annual rainfall in this region is highly dependent on
heavy rainfalls, thus the VS class yields a large contribution to the total
annual rainfall in this region (Elagib, 2010b; Sulieman and Elagib,
2012; Mahmoud et al., 2014). In TRMM, the lead contributor is the M
class, accounting for 38–40% of the total, whereas the VS class con-
tributes anywhere from 0% in Shambat (Fig. 5a) to 28% in El Gedaref
(Fig. 5d).

REMO captures part of the VS class contribution at the extremely
arid station Shambat and the two southernmost semi-arid stations
Nyala and Kadugli. RCA fails to capture the contribution of this class to
the total rain amount, and hence, this model is only able to estimate less
than a quarter of the contribution at the northernmost part of the re-
gion. These results agree with the previously described lack of rain days
in the stronger classes in RCA and REMO. RegCM4 performance in this
class varies widely among the stations, between poor results for
Shambat to being almost perfect at Kadugli. RCA and REMO grossly
overestimate the contribution of the M class across the region. While
the observed contribution of this class varies from 17 to 28% across the
six stations, the corresponding range in the models is 36–48%, 43–70%
and 41–83% for RegCM4, REMO and RCA, respectively. The con-
tribution of the MS class as recorded at the stations varies from 17 to
30%, which is reasonably well captured by REMO and RCA for most of
the stations, except Shambat and El Gedaref (Fig. 5a, d). Similar con-
clusions can be drawn for the S class in REMO and RCA, except at

Shambat. RegCM4 closely captures the contribution of the MS class at
three stations (Fig. 5c–e), underestimates it for two stations (Fig. 5b and
f) and overestimates it significantly at one station (Fig. 5a). Considering
the W class, it is the smallest contributor in terms of annual rainfall
amount, as demonstrated by both the observed and simulated data,
despite the fact that it accounts for 15–22% of the number of rain-days.

4.5. Contribution of months to rain-days and rainfall amount

Figs. 6 and 7 show the same type of statistics as in Figs. 4 and 5, but
now distributed over the different months instead of over the different
classes. Fig. 6 shows the number of rain-days in each month relative to
the total annual rain-days for both observations and models, con-
sidering only the seven wet months from April to October, since the rest
of the year is essentially rain free. There is a pronounced July–August
peak observed at all the stations, except at Kadugli (Fig. 6e) where the
rain-days are spread more evenly over the months. Kadugli is the
southernmost station in the region, where the rainy season is somewhat
longer and less varying, compared to the other stations (see Fig. 3e). In
the northernmost part of the region, August is the rainiest month, ac-
counting for between 40 and 50% of the rain-days (Fig. 6a and b).

All the models and TRMM agree with the station observations that
the highest frequency of rain-days occurs in July and August. They,
however, mostly underestimate the peak of rain-days, especially in
August compared to the observations. RegCM4 captures the July rain-
fall reasonably well for three of the station (Fig. 6b, d and e), but differs
substantially for the other three. The deviation from the observations
reaches 17% for Shambat (Fig. 6a). In most cases, REMO and RCA
overestimate the rain-days at the beginning (April–May) and end
(September–October) of the season. These differences are statistically
significant at the 95% confidence level across most of the stations.
Although some positive and negative deviations from the observations

0

20

40

60

R
ai

n 
da

ys
 (

%
)

[a]Shambat Observed
RegCM4
REMO
RCA
TRMM

0

20

40

60
[d]El Gedaref Observed

RegCM4
REMO
RCA
TRMM

0

20

40

60

R
ai

n 
da

ys
 (

%
)

[b]Wad Madeni

0

20

40

60
[e]Kadugli

Apr May Jun Jul Aug Sep Oct
0

20

40

60

R
ai

n 
da

ys
 (

%
)

[c]Kosti

Month
Apr May Jun Jul Aug Sep Oct

0

20

40

60
[f] Nyala

Month

Fig. 6. Median frequency of the rain-days in the month expressed in percentage of the total rain-days.

A.A.M. Salih et al. Atmospheric Research 202 (2018) 205–218

212



occur, the RegCM4 results are somewhat closer to the observations at
the beginning (May) and toward the end (September) of the season.

Regarding the contribution of monthly rainfall amounts to the total
annual rainfall (Fig. 7), the results in general match those in the pre-
vious section. A given month with more rain-days generally yields the
larger contribution to the total amount of rainfall. From the observa-
tions, the rainfall in July, August and September contribute most to the
annual amount by 18–30%, 20–32% and 15–19%, respectively, and
TRMM and the station data mostly agree in magnitude. For July, the
contribution simulated by RegCM4 stays relatively close to the ob-
served value. In contrast, REMO and RCA underestimate the July
contribution at most of the stations. For instance, the July contribution
from RCA at Nyala is estimated to be only ~9% while the corre-
sponding value from the observations is ~27% (Fig. 7f). The observed
maximum contribution for August is well captured by REMO and RCA;
however, RegCM4 overestimates it. In September, REMO under-
estimates the observed contribution by about 7% at Nyala and over-
estimates it by about 2% at Shambat. RCA provides a better estimate of
the contribution in September, at least at the three arid stations, with
no significant differences at 95% confidence level from the observa-
tions. REMO also significantly overestimates the contribution of Oc-
tober by 2–10% at three stations (Fig. 7c–e).

5. Discussion

The focus of this study is the analysis of some detailed features of
the rainfall in the Sahelian Sudan and to evaluate the performance of
three RCMs in terms of their ability to capture these details. Regional
and global climate models are fundamental tools for understanding the
behavior of the climate system. To fulfill this task, they should exhibit
an ability to reproduce the observed climate, not only the averages, but
also the whole PDF of the observed climate (Perkins et al., 2007). The

analysis carried out in this study has successfully explored the potential
of such models for estimating several rainfall variables and the fre-
quency of occurrence of rain-days.

All of the three models under consideration here have been shown
to display weaknesses, especially with respect to estimating the stron-
gest rainfall events although these events in reality account for a con-
siderable portion of the total amount of rain annually. Across this re-
gion, the rainy season during the boreal summer is generally
characterized by convective rainfall, associated with the annual march
of the ITCZ (Salih et al., 2013; Nicholson, 2013). Thus, the role of large-
scale processes in rainfall, which is a dominant mid-latitude feature (Pal
et al., 2007), is expected to be small. Hence, the poor results observed
for the strong rain events raise questions regarding the convective
parameterizations in these models. We can only speculate on the un-
derlying reasons for these problems. For example, atmospheric con-
vection occurs over many different scales, i.e. from isolated convection
at short-time scales over self-organizing convective systems to long-
lived convection organized by larger-scale motions such as the ITCZ (e.g.
Bechtold et al., 2014). Depending on the convection scheme used, dif-
ferent types of convection may be favored and not all convection
schemes are optimized and tuned for the type of organized convection
occurring in the ITCZ. The models also compensate to some degree for
the lack of VS rainfall by having more frequent events in the M rainfall
class. This is a well-known behavior in almost all atmospheric models
(e.g. Ahlgrimm and Forbes, 2014) and is here particularly pronounced
in RCA and REMO. This has been shown to occur due to very delicate
balances in the process descriptions, but can also be viewed from the
context of tuning coarser-scale models against monthly averaged ob-
served rainfall. What the models fail to reproduce as convective pre-
cipitation seems to be tuned by generating large-scale precipitation.
Moreover, there is a general tendency of the RCMs toward producing
more rainfall in the W to M rainfall classes than in the stronger ones;

0

20

40

60

C
on

tr
ib

ut
io

n 
(%

) [a]Shambat Observed
RegCM4
REMO
RCA
TRMM

0

20

40

60
[d]El Gedaref Observed

RegCM4
REMO
RCA
TRMM

0

20

40

60

C
on

tr
ib

ut
io

n 
(%

) [b]Wad Medani

0

20

40

60
[e]Kadugli

Apr May Jun Jul Aug Sep Oct
0

20

40

60

C
on

tr
ib

ut
io

n 
(%

) [c]Kosti

Month
Apr May Jun Jul Aug Sep Oct

0

20

40

60
[f] Nyala

Month

Fig. 7. Median contribution of monthly rainfall amount to the total annual rainfall amount.

A.A.M. Salih et al. Atmospheric Research 202 (2018) 205–218

213



both REMO and RegCM4 simulate more rain-days within the W rainfall
class. Ibrahim et al. (2012) drew similar conclusions in an analysis of
five RCMs over Burkina Faso in the western part of the Sahel region.
They found that “the RCMs generally produce too frequent low rainfall
values (between 0.1 and 5 mm/day) and too high extreme rainfalls
(more than twice the observed values)”.

Pursuing our analysis in this direction, the PDF of error in the
monthly number of rain-days and amounts was examined (Figs. 8 and
9). Ideally, the PDF of errors should display a narrow Gaussian shape
with a peak at or near zero. Such a shape indicates that the error is
small, random and unpredictable. However, the PDFs in Fig. 8 show
quite flat and, sometimes, positively-skewed distributions of the errors
in the number of rain-days. Moreover, the peak is more often positive
than negative. Errors range between −15 and 30 days, with negative
errors representing an underestimation and vice versa. In RegCM4, the
error distribution for arid stations, such as Kosti and Wad Medani, and
for the semi-arid stations at El Gedaref and Kadugli (Fig. 8b, c, d and e,
respectively) indicates relatively random, although sometimes large
errors. The performance of RegCM4 for most stations is characterized
by a broad error distribution. Such a tendency toward overestimating
the number of rain-days per month is consistent with the over-
estimation of moderate rain-days at the expense of underestimation of
very strong rainfall events. Both REMO and RCA show a tendency to-
ward systematic overestimation of the number of rain-days, whereas
RegCM4 is only associated with such systematic errors at the north-
ernmost part of the region, i.e. the extremely arid station in Shambat
(Fig. 8a).

In terms of the monthly rainfall amount, the peaks of the PDFs are
close to zero but vary from station to station with typical errors of±
200 mm (Fig. 9). The performance of RegCM4 over Wad Medani, Kosti,
El Gedaref and Kadugli (Fig. 9b, c, d, and e, respectively) appears
reasonably random, but REMO and RCA show a persistent

overestimation tail in the PDF. As for the rest of the stations, the errors
in RegCM4 show similar behavior, like REMO and RCA displaying a
broader distribution.

Although the errors in the monthly amount (Fig. 9) are distributed
around zero, with negative and positive values, as if they are randomly
distributed, the distributions are very wide and the probability of pro-
ducing a relatively large error (± 20–50 mm/month) is high at some of
the stations. This is likely due to simulation of too early onsets of the
rainy season by the models (Fig. 2). All models have rainfall in April,
which is generally a dry month at most of the stations. In general, the
onset of the rainy season in this region is characterized by erratic and
variable behavior, hence leading to discrepancies in the monthly rain-
fall amount between the models and the observations.

As the convective schemes are expected to be a potential source of
model errors (Perkins et al., 2007), we investigated this by separately
examining the two components of rainfall, i.e. convective and total.
Fig. 10 compares the annual cycle of the observed rainfall with the
convective and total rainfalls in RegCM4 and RCA; no separate in-
formation for convective rainfall was available from REMO. The dif-
ference between the total and convective rainfalls must be due to the
large-scale precipitation. RegCM4 shows that convective rainfall dom-
inates, especially at two of the arid stations (Fig. 9a and c), with a slight
contribution from the large-scale component only during the wettest
months (July and August). For all of these stations, the performance of
the model is acceptable although an earlier rainfall peak is noticeable in
June. Nevertheless, at the other two semi-arid stations, a large devia-
tion of the model results from the observations is present, with an un-
derestimation at one station (Fig. 10d) and a slight overestimation of
the total rainfall at the other one (Fig. 10e). Hence, RegCM4 performs
reasonably well in simulating the rainfall in this region of Africa
whenever the convective rainfall is correctly simulated. This is because
convective precipitation is the main contributor to the total annual
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precipitation. According to Taylor and Lebel (1998), when the Sahelian
soil becomes moist, convective activity tends to persist for a longer
time.

RCA differs markedly from RegCM4. Across all the semi-arid sta-
tions (Fig. 10d, e and f), the total rainfall comes from convection only,
whereas in the arid region, except at Shambat (Fig. 10a), large-scale
precipitation plays a significant role but only during July–September.
The convective rainfall at the three arid stations always remains more
or less at 50 to 75 mm/month during May through September. June
through September is the heart of the rainy season, and rainfall during
these months is expected to be caused mainly by convection. The
clearly unrealistic double peaks in May and August/September in the
annual cycle of RCA rainfall seems to come mainly from the convection
scheme. Although it is unclear why all the rainfall at four of the stations
is due to convection alone, several potential factors for the erroneous
convective activities in RCMs can play a role. For example, an un-
realistic surface energy balance might reduce/increase boundary-layer
buoyancy, hence hindering/enhancing convective activity (Yin et al.,
2013). Errors in the description of the surface properties and/or in
terrain height differences could constitute a further explanation of this
behavior.

6. Summary and conclusions

In this study, the rain-days in Sahelian Sudan were grouped into five
rainfall-amount classes, using high-quality observational data. The
corresponding frequency of occurrences and contribution to both the
total annual number of rain-days and the annual amount of rainfall are
examined. These observations reveal that most of the daily rainfall
across the region is classified as “weak to moderate” rains, which re-
present 60–75% of the rain events. The moderately strong rain-days
account for 10%–18% of the total annual rain-days, whereas the strong
rain-days contribute only< 6%. Although the latter type of rain-days
(> 30 mm/day) is the least recurrent across the region, it contributes
significantly to the total annual rainfall amount, about 28–42%.

The performance of three RCMs in producing the observed details of
rainfall in Sahelian Sudan was also evaluated. The three models vary in
terms of their formulations and physical parameterizations. One model
has an Eulerian advection core while two have semi-Lagrangian ad-
vection schemes, and they also differ in the formulation of the model
physics, i.e. convection, radiation, boundary layer, cloud microphysics
etc. Our evaluation covers a wide span of timescales, i.e. from daily
through monthly to annual scales of the simulated rainfall.

The ability of the models to simulate the observed spatial distribu-
tion of the rainfall and its annual cycle at six stations spread over
Sahelian arid and semi-arid environments were examined. RegCM4 was
shown to yield an annual rainfall cycle in close agreement with the
observations at four stations, but its results deviate from stations data
for two semi-arid stations. RCA featured a strange double peak, with
one early unrealistic secondary maximum in May and the main max-
imum in August; this is the rainiest month. REMO clearly under-
estimates the rainfall at five stations while RCA overestimates it at the
most arid location. Regarding the spatial distribution, both RegCM4
and RCA have better simulated the observed pattern than ERA-interim
does. Compared to CRU, both REMO and TRMM slightly under-
estimated the rainfall amount over Sahelian Sudan.

All the three models failed to capture the observed rain-day fre-
quency of the stronger rain classes, with RegCM4 being the closest to
the observations for the MS rain-day class at one station only. RegMC4
was also the closest to the stations in reproducing the occurrences of
moderate rain-days at five stations. The results from REMO are partly
closer to the observation over the semi-arid locations. The behavior of
this model regarding the contribution of the classes to the total rainfall
amount involves large errors, showing both over- and under-estima-
tions. However, the underestimation of both the number of rain-days
and rainfall amount in the VS class by REMO is outweighed by

overestimating the rainfall in the M class. Other studies, for the western
African Sahel (e.g. Ibrahim et al., 2012), have also shown the tendency
of RCMs toward overestimating the weak to moderate rainfall, but in
contrast to our results, there was also a tendency to overestimate the VS
rainfall.

For all the stations, the PDF of error in the number of rain-days,
especially in REMO and RCA, is positively skewed. The PDF of the error
for RegCM4 over two arid stations, however, tends to take the shape of
a normal distribution. The spread of error distribution in the monthly
rainfall amounts is large (± 200 mm), most likely due to inter-annual
variability, especially during the onset of the rainy season. The modeled
rainy season starts earlier and ends later in comparison to the ob-
servations at most of the stations. In RegCM4, most of the rainfall over
this region occurs as convective rainfall. RCA produces relatively small
amounts of convective rainfall, which also starts too early, i.e. in April.
This is likely responsible for the unexpected double-peak behavior.
Later, during the main wet season (June to September), rainfall induced
by large-scale activities starts to become a significant part of the total
rainfall. For the two climate regimes (arid and semi-arid), the perfor-
mance of RegCM4 is somewhat similar to the observations, however,
with positive and negative deviations from the observed climate. REMO
consistently underestimates the annual cycle whereas RCA shows
varying behavior over the region.

The results from this study can serve two different communities.
First, concerning the development of climate models, the findings un-
derscore an urgent need for careful model improvements in order to
overcome, or at least reduce, the uncertainty in the emerging results to
match the observed regional climate. Climate is a strongly coupled
system, and any errors related to cloud representation can result in
unrealistic representation of rainfall. The latter might influence the
energy budget of the models and, hence, other variables such as surface
temperature. Second, the output from RCMs has a wide range of
modeling applications in many fields, such as hydrology, agriculture,
water-resource management, wind energy, etc. The present study pro-
vides an insight into the limitations of RCMs. Hence, the users of such
products should be aware of these limitations. Modeling issues, such as
unsatisfactory reproduction of the observed climate variability in the
Sahel zone, imply uncertainties in future climate projections for this
region. They have largely hindered the quantification of future vul-
nerability of this area and the associated problems affecting the deci-
sion-making process (Challinor et al., 2007; Dessai et al., 2009; Conway
and Schipper, 2011; Ben Mohamed, 2011).
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