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Abstract: This study investigates the changes in West African monsoon features during warm years
using the Regional Climate Model version 4.5 (RegCM4.5). The analysis uses 30 years of datasets of
rainfall, surface temperature and wind parameters (from 1980 to 2009). We performed a simulation at
a spatial resolution of 50 km with the RegCM4.5 model driven by ERA-Interim reanalysis. The rainfall
amount is weaker over the Sahel (western and central) and the Guinea region for the warmest years
compared to the coldest ones. The analysis of heat fluxes show that the sensible (latent) heat flux is
stronger (weaker) during the warmest (coldest) years. When considering the rainfall events, there
is a decrease of the number of rainy days over the Guinea Coast (in the South of Cote d’Ivoire, of
Ghana and of Benin) and the western and eastern Sahel during warm years. The maximum length of
consecutive wet days decreases over the western and eastern Sahel, while the consecutive dry days
increase mainly over the Sahel band during the warm years. The percentage of very warm days and
warm nights increase mainly over the Sahel domain and the Guinea region. The model also simulates
an increase of the warm spell duration index in the whole Sahel domain and over the Guinea Coast
in warm years. The analysis of the wind dynamic exhibits during warm years a weakening of the
monsoon flow in the lower levels, a strengthening in the magnitude of the African Easterly Jet (AEJ)
in the mid-troposphere and a slight increase of the Tropical Easterly Jet (TEJ) in the upper levels of
the atmosphere during warm years.

Keywords: RegCM4; warm years; West Africa

1. Introduction

In the boreal summer, the West African climate is influenced by the monsoon system, which
is organized around key elements such as the monsoon flow in the lower layers (a southwesterly
wind), the African Easterly Jet (AEJ) in the middle layers (an east–west wind at 700 hPa), the Tropical
Easterly Jet (TEJ) in the upper troposphere (an east–west wind at 200 hPa), and the Saharan heat
low [1]. This monsoon system is an ensemble of complex scale interactions between land and ocean
surface and atmospheric features. The beginning of the monsoon season over the region corresponds
to the rapid northward movement of the InterTropical convergence zone (ITCZ) at the end of June [2].
The monsoon flow provides the low-level moisture necessary for the formation of cloud convection
over land area. The African Easterly Jet is a thermal wind between the Sahara and the Gulf of Guinea [3].
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According to [4], this Jet (AEJ) transports moisture over the Sahelian regions, structures and reinforces
the convective systems that generate much of the rainfall in the Sahel. It is essential in the monsoon
circulation. The instabilities around the AEJ create the African Easterly Waves (AEWs), which are
associated with the variability of convective systems and thus with the variability of precipitation over
West Africa [5–7]. The Tropical Easterly Jet (TEJ) is a zonal wind generally located around 5–10◦ N; it
is fed on a large scale by the Indian monsoon via the upper branch of Walker’s cell (zonal transport
of energy, from east to west), and reinforced over Africa by the upper branch of Hadley’s cell [8,9].
It results from the thermal gradient between the Indian Ocean and Southeast Asia [10]. This jet (TEJ)
structures the high altitude divergence circulation. The presence of this jet favors also vertical shear
over West Africa, and therefore the generation of convective systems. Furthermore, most of the rainfall
over the West African region is provided by these convective systems [1]. The circulation of the
West African monsoon is therefore very complex because it involves different elements interacting
with each other. In the past, the Global Climate Models (GCMs) have been extensively used to
simulate this complex West African monsoon system [11,12]. However, these GCMs often have
problems in resolving fine scale features (vegetation variations, coastlines, complex topography),
which are the main factors for the physical response of the climate [13–17] because of their coarse
resolution. These models (GCMs) are generally supplemented by regional climate models (RCMs)
known for their high spatial resolution [18–20]. These regional climate models (RCMs) allow a better
representation of fine scale forcing and land surface heterogeneity (vegetation variations, coastlines,
complex topography), which are important aspects governing the variability of the West African
climate [1,17]. Numerous studies [1,9] show that these models (RCMs) reproduce well the dynamical
features and their relation to precipitation and temperatures patterns over West Africa, despite some
uncertainties related to model physics parameterization. After the 21st Conference of Parties, the Paris
Agreement committed the countries to hold the global temperature increases to “well below 2 degrees”
and to pursue efforts to limit warming to 1.5 ◦C above pre-industrial levels. However, the questions of
how a warm year is in West Africa or what are the implications of a 1.5 ◦C global warming at regional
scale remain unsolved in West Africa [21]. Understanding West African climate features in warm
years is fundamental for the region to implement sustainable mitigation and adaptation measures
to limit and combat adverse effects of climate change. This work is oriented in this perspective.
It investigates the West African monsoon behavior in warm years using the regional climate model
RegCM4.5. The overall question addressed is to know how the RegCM4.5 regional climate model can
help us to improve our understanding of the West African Monsoon (WAM) dynamics during warm
years. The paper is structured as follows. Section 2 describes the experimental design, methods and
the climate indices used following the guidelines of the Expert Team on Climate Change Detection
and Indices (ETCCDI) [22]. The results are presented in Section 3. The findings and conclusions are
summarized in Section 4.

2. Model Description, Experimental Set Up and Data Used

2.1. Model Description and Experimental Set Up

The model description and the experimental setup are extensively described in [23]. Briefly, we
used the default version of the International Center for Theoretical Physics (ICTP-Italy-Trieste) regional
climate model RegCM4.5 as described in [24]. The RegCM4.5 is a hydrostatic, compressible, sigma-p
vertical coordinate model, which includes various options of physics parameterizations. The radiative
transfer calculations are carried out with the radiative transfer scheme of the Community Climate
Model (CCM3) [25], as implemented by [18]. Land surface processes are simulated using the Biosphere
Atmosphere Transfer Scheme 1E (BATS1E, [26]). The scheme of [27] is used to simulate fluxes from
ocean surfaces. Holtslag et al. [28] model is used to parameterize the planetary boundary layer. Large
scale precipitation processes have been solved using the subgrid explicit moisture scheme (SUBEX)
of [29]. Convection schemes used are those of [30] with the closure of [31] for the main land and [32]
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for the ocean as in [23]. Horizontal and vertical resolutions are respectively 50 km and 18 vertical
levels. The simulation domain (West Africa) as well as the considered subdomains (western Sahel,
central Sahel and the Guinea region) and the topography are represented in Figure 1. The simulation
domain mixes several climatic and ecological zones. Moreover, the three considered subdomains
(western Sahel, central Sahel and the Guinea region) have different surface conditions (forest over
Guinea region, arid and semiarid areas with short and tall grass savanna and trees over the western
and central Sahel). These regions are characterized by different rainfall regimes when considering the
annual cycle. The Guinea region is characterized by two rainy seasons, while the western and eastern
Sahel are characterized by a single wet season [2].
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Figure 1. Topography (m) of the simulation domain (West Africa) and the considered subdomains
(western Sahel, central Sahel and the Guinea Coast) from the Regional Climate Model RegCM4.

The simulation domain was large enough to properly minimize inconsistencies between boundary
conditions and the model. The model has been integrated from November 1979 to December 2009.
The RegCM4 model has been extensively used for the simulations of the West African monsoon
spatiotemporal variability [17,33–35].

2.2. Data and Methods

To initialize and drive the model, we used several datasets. The prescribed global sea-ice and
sea surface temperature (GISST) are from the Hadley Center for Climate Prediction and Research
Optimum Interpolation weekly 1◦ × 1◦ grid dataset [36], while the atmospheric initial and boundary
conditions (air temperature, relative humidity, geopotential height and horizontal wind component)
are from the European Center for Medium range Weather Forecast (ECMWF) reanalysis ERA-Interim,
available at the spatial resolution of 1.5◦ × 1.5◦ [37,38] over 32 pressure levels. These meteorological
reanalysis are used to describe the state of the atmosphere in areas such as West Africa where in
situ observations are insufficient. The ERA-Interim reanalysis have been used previously for various
studies [39–41]. Numerous studies show a good ability of these reanalysis products to reproduce the
main components of the West African monsoon system [42,43].

The Global Precipitation Climatology Project (GPCP, [44]) observation data, with a spatial
resolution of 2.5◦ × 2.5◦, were used to assess the performance of the regional climate model RegCM4.5
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experiment in simulating the summer precipitation. These datasets are a combination of in situ
measurements and satellite estimates.

We used three (3) hydroclimatic indices and three (3) thermal indices recommended by the World
Meteorological Organization (WMO) Expert Team on Climate Change Detection and Indices [22]
summarized in Table 1. The method of [45] is used to calculate the rainfall and temperature normalized
anomalies over the West African domain (20◦ W–20◦ E; 5◦ N–17.5◦ N). This latter method is presented
in details in [23].

Table 1. Definition of climate indices [22].

Indices Indices Abbreviate Unit

Number of days with daily cumulative precipitation greater than 1mm
(number of wet days: R > 1 mm) R1mm Days

Maximum length of the consecutive wet days with daily rainfall greater
than 1 mm (maximum wet spell length) CWD Days

Maximum length of the consecutive dry days with daily rainfall below 1
mm (maximum dry spell length) CDD Days

Percentage of days with daily TX (maximum temperature) > 90th percentile
on running 5 day windows (=very warm days) TX90P %

Percentage of days with daily TN (minimum temperature) > 90th percentile
on running 5 day windows (=warm nights) TN90P %

Warm spell duration index: Annual count of days with at least
6 consecutive days when TX > 90th percentile WSDI Days

3. Results

We first validated the simulation of the standard version of the RegCM4 model before investigating
the West African monsoon behavior in warm years. For this step, the summer rainfall and the mean
surface temperature simulated by the model are respectively compared with the GPCP observation
data and the ERA-Interim reanalysis.

Figure 2 shows the mean surface temperature from June to September averaged over the period
1980–2009 for the ERA-Interim reanalysis and the standard version of RegCM4 model and their
difference (left) and the mean summer rainfall from June to September averaged over the period
1980–2009 for the GPCP observation and the standard version of RegCM4 model and their difference
(right). The ERA-Interim reanalysis exhibit a zonal distribution of the surface temperature (Figure 2a)
with the coldest temperatures (below 22◦C) located over the orographic regions (Guinean Highlands
(10◦ N, 13◦ W), Jos plateau (10◦ N, 7.5◦ E) and Cameroon Mountains (6◦ N, 12◦ E) and the highest
values found over the western part of the Sahara desert (above 34 ◦C). The RegCM4 model simulates
well the minima over the Guinean Highlands (10◦ N, 13◦ W), Jos plateau (10◦ N, 7.5◦ E) and Cameroon
Mountains (6◦ N, 12◦ E))(Figure 2c). The cold biases are simulated over the Guinean coast and the
central Sahel and the northern part of the Sahara desert. However the warmest bias is simulated over
the western and eastern Sahel (about 2.5 ◦C) (Figure 2e).

The low temperature biases simulated by the RegCM4 model show its ability to fully represent
the West African summer surface temperature.

The GPCP climatology exhibits a North–South gradient rainfall distribution. Additionally, rainfall
maxima are located in orographic regions: Fouta Jallon Mountains, Jos Plateau, and Cameroon
Highlands and minima are observed in the northern Sahel and over the Sahara desert (Figure 2b).
The RegCM4 model simulates well the summer rainfall spatial distribution especially the maxima
and minima positions (Figure 2d). The difference between the model and the GPCP observation is
generally weak over West Africa especially in the Western Sahel and the Guinea region (Figure 2f).
These low rainfall and surface temperature biases show the good ability of the RegCM4 model to
simulate realistically the West African climate during the summer period.
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The next step is to investigate changes in the West African monsoon features in warm years over
West Africa.
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Figure 2. Mean summer surface temperature (left) and rainfall (mm/day) (right) averaged from
1980 to 2009 over West Africa: (a) ERA-Interim, (b) Global Precipitation Climatology Project (GPCP),
(c,d) RegCM4, (e) RegCM4–ERA-Interim and (f) Relative bias of RegCM4 with respect to GPCP from
June to September (JJAS).

Figure 3 shows the temporal evolution of the standardized anomalies of summer surface
temperature and rainfall averaged between June and September (JJAS) over West Africa (20◦ W–20◦ E;
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5◦ N–17.5◦ N) from the RegCM4 model. The anomalies are relative to the reference period 1980–2009
(summer mean of the 1980–2009 period). Regarding the surface temperature anomalies, the model
exhibits two phases: a hot period from 1980 to 1987 followed by an alternation between hot years and
cold years from 1988 to 2009. For the purpose of this study, we chose the nine warmest years (1980;
1982; 1983; 1984; 1987; 1990; 1996; 2006 and 2009) and the nine coldest years (1985; 1988; 1989; 1992;
1999; 2003; 2004; 2005 and 2007) over West Africa as diagnosed in Figure 3. A Warm/Cold year refers to
a year with temperatures anomalies above/below 0.5◦ Cover West Africa (Figure 3). When considering
the rainfall anomalies, a persistence of dry years is noted from 1980 to 1986 followed by a wet period
from 1988 to 1989 and then, there is an alternation between very wet years and very dry years in the
region from 1990 to 2000 followed by a second wet period from 2001 to 2008. This confirms previous
results of [46–48]. These authors showed that the period after 1993 seems to be a turning point for
the Sahel with the succession of very wet years and very dry years. Moreover, [46] noted that while
there is a tendency of persisting drought in the western Sahel, the eastern Sahel is experiencing a
gradual return to wetter conditions. Furthermore, [49] showed that over West Africa, the rainfall
deficits are associated partly with a decrease of the number of rainy events during the core of the
rainy season. Rainfall over West Africa is also strongly linked to patterns of land and ocean surface
temperature [50–52].

There is a strong negative correlation (r = −0.60) between rainfall and temperature anomalies
time series (Figure 3). This implicates that rainfall and surface temperature are in opposite phase: years
with stronger surface temperature correspond generally to dry years with less precipitation; while
years with lower surface temperature anomalies are associated with wet years.
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Figure 3. Interannual variability of June to September (JJAS) rainfall and surface temperature
normalized anomalies from 1980 to 2009 for the RegCM4 model over West Africa (20◦ W–20◦ E;
5◦ N–17.5◦ N).

The intraseasonal variability of rainfall over West Africa is mainly due to the south–north
movement of the intertropical convergence zone (ITCZ). The rainy season over West Africa has
three distinct phases: the pre-onset (installation phase), the onset (period of heavy rain over the Sahel
region) and the withdrawal to the south of the rain band [53,54].

Figure 4 displayed the annual cycle of surface temperature (left) and rainfall (right) over the
western Sahel (18◦ W–10◦ W; 12.5◦ N–17.5◦ N), the central Sahel (10◦ W–10◦ E; 12.5◦ N–17.5◦ N) and
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the Guinea Coast (10◦ W–10◦ E; 5◦ N–12.5◦ N) for the average of the warmest years and the average
of the coldest years from the RegCM4 model. The model simulates a bimodal regime of surface
temperature with maxima (above 30 ◦C) in April–May and October over the Sahel (western and
central) (Figure 4a,c). In the Guinea Coast, the maxima are found in February–March–April and
October–November (Figure 4e). There is a minimum simulated in August over the three regions
(Figure 4a,c,e). Higher temperatures are recorded during the warmest years over the three subdomains
in March–April–May.

The annual cycle of rainfall shows a rainfall peak in August over the Sahel and a rainy season
which starts early (in April) over the western Sahel and central Sahel (Figure 4b,d). Over the Guinea
Coast (Figure 4f); the annual rainfall cycle has two peaks (two rainy seasons) around May and August.
The second rainy season (around July–September) is the wettest (Figure 4f). The rainfall amount is
weaker over the three subdomains for the warmest years compared to the coldest years. Moreover, the
rainy season seems to start and end at the same period for the warm period and the cold period over
the Guinea Coast (Figure 4f).
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To better explain changes on surface temperature and rainfall, the spatial distribution of sensible
heat flux and latent heat flux are displayed in Figure 5. The maxima of sensible heat flux (≥90 W·m−2)
are found over the Sahel (Figure 5a,c). The minima (<50 W·m−2) are simulated over the Guinea Coast
and the Atlantic Ocean (Figure 5a,c). The sensible heat flux is stronger during the warmest years, in
coherence with the surface temperature increase.

The spatial distribution of latent heat flux shows the maxima (≥90 W·m−2) over the southern
Sahel and the Guinea region (Figure 5b,d). The latent heat flux is weaker over the northern Sahel for
both warmest and coldest years (Figure 5b,d). The analysis of the difference between the contrasted
years shows generally a strengthening (weakening) of the sensible (latent) heat flux over the Sahel and
the Guinea region (Figure 5e,f) during the warmest years in consistence with the surface temperature
and rainfall variability over these regions (Figure 4). Overall, the sensible heat flux tends to increase
(decrease) during warm (cold) years; while the latent heat flux decreases (increases) during warm
(cold) years. Increase (decrease) of sensible (latent) heat flux over the Sahel and the Northern part of
the continent in warm years may contribute to decrease the meridional gradient of boundary-layer
entropy leading to a weak monsoon circulation [55,56] in the warmest years.
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The Climate Change Science Program (CCSP, [57]) concluded that the changes in extreme weather
had significant impacts to the society and the natural environment in coping with a changing climate.
The Intergovernmental Panel on Climate Change [58] concluded that the global warming will cause
an increase of extreme weather events which will affect the populations with an increase of their
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vulnerability particularly in low income countries such as those of West Africa. Likewise, the human
health is sensitive to high values of warm extreme [59].

The temperature and precipitation events and extremes analyzed in this study are based on
indices from ETCCDI and are shown in the Table 1. The precipitation indices are: R1mm (the rainy
days), CWD (the consecutive wet days) and CDD (the consecutive dry days). The maximum duration
of the consecutive wet days (CWD) and the consecutive dry days (CDD) are known to be crucial for
agriculture in the West African regions. Figure 6 shows the changes in the precipitations extremes
during warmest years. The analysis shows a decrease of the number of rainy days (R1mm) during
warm years over the Sahel (western, central and eastern) and over the Guinea Coast (Figure 6a).
The length of consecutive wet days (CWD) decreases over the western and eastern Sahel (Figure 6b),
while the consecutive dry days (CDD) increase mainly over the Sahel (western, central and eastern)
(Figure 6c) in consistence with [60]. These results are consistent with recent studies comparing
incidences of 1.5 ◦C and 2 ◦C global warming level [61,62] and showing a reduction in mean rainfall for
the models with enhanced warming level. They confirm also the significant increase of the length of
consecutive dry days over the Western Sahel (Senegal) found in most global models [61] and regional
models [62].
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The temperature indices considered in this study are: TX90P (the very warm days), TN90P
(the warm nights) and WSDI (the warm spell duration index). The warm days, warm nights and warm
spell duration index pose a serious threat to human health and welfare. Figure 7 shows the changes
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in the temperature extremes during warm years. There is an increase of the percentage of the very
warm days (Figure 7a) and of the warm nights (Figure 7b) over the Sahel and the Guinea Coast during
warm years. Over the Atlantic Ocean (Figure 7b,d), the model also simulates a slight decrease of the
frequency of these two warm extremes. The RegCM4 model simulates an increase of the Warm Spell
Duration Index in the whole Sahel domain and over the Guinea Coast (Figure 7f). These results are in
agreement with intensification of thermal extremes over Sahel and of heat waves in the Guinea Coast
with increase of global temperature found in [61] and comparing changes in temperature extremes
between 1.5 ◦C and 2 ◦C global warming over West Africa.Atmosphere 2019, 9, x FOR PEER REVIEW    10 of 16 
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In the following section, the wind dynamics are analyzed in order to better interpret the synoptic
variability associated with the changes in precipitation and temperature events and extremes during
warm years. Figure 8 shows the June to September (JJAS) difference between the average of the
warmest years and the average of the coldest years for the zonal wind at the monsoon level (925 hPa),
at the African Easterly Jet level (700 hPa) and at the Tropical Easterly Jet level (200 hPa) over West Africa.
The RegCM4 model simulates a decrease of the monsoon flow over the Guinea Coast and over the
whole Sahel region during the warmest years (Figure 8a). At 700 hPa, the model simulates an increase
in the magnitude of the African Easterly Jet (AEJ) over the whole Sahel band (Figure 8b) in consistence
with previous studies [63] that showed a strengthening of the AEJ during dry years. At 200 hPa, an
increase of the Tropical Easterly Jet (TEJ) is noted during warm years (Figure 8c). There is a significant
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difference between wet and dry years in the atmospheric circulation over the Sahel [64,65]: in wet (dry)
years the AEJ tends to be weaker (stronger) than normal and is located more northward (southward),
while the TEJ and the low-level monsoon flow tend to be stronger (weaker). Warm years lead to dryer
Sahel conditions.Atmosphere 2019, 9, x FOR PEER REVIEW    11 of 16 
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Figure 9 shows the vertical cross-section of the JJAS vertical velocity (omega) for the warmest years
and the coldest years, averaged over the Sahel (between 10◦ W and 10◦ E). The first updraft region
(Figure 9a) was observed over the Guinea region in the lower and middle layers (between 925 hPa
and 600 hPa) and the second area is located in the middle layers between 25◦ N and 30◦ N during
the coldest years. The first updraft corresponded to the InterTropical Convergence Zone (ITCZ),
while the second referred to the heat low [66]. Downdraft is observed between the equator and the
latitude 20◦ N for both warmest and coldest years. The convection tends to be stronger in both updarft
regions during the coldest years suggesting that this period may be favorable for convection and then
a rainfall increase.

In summary, this study shows an increase (a decrease) of thermal extremes indices (rainfall)
during warmest years over the Sahel and the Guinea region in consistence with the IPCC special report
on the regional impacts of global warming at 1.5 ◦C and 2 ◦C [21]. This special report concluded that
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climate-related risks for natural and human systems are higher for global warming of 1.5 ◦C than
at present.Atmosphere 2019, 9, x FOR PEER REVIEW    12 of 16 
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4. Conclusions

This work investigates the West African monsoon features in warm years using the Regional
Climate Model RegCM4.5. Regarding the temperature variability, the RegCM4.5 model shows two
phases: a hot period from 1980 to 1987 followed by an alternation between hot years and cold years
from 1988 to 2009. The observed interannual rainfall anomalies show a persistence of dry years
from 1980 to 1986 and a wet period from 2001 to 2008.The rainfall amount is weaker over the three
subdomains for the warmest years compared to the coldest years. The analysis of energy fluxes shows
that the maxima of the sensible heat flux are found over the Sahel region. The minima are simulated
over the Guinea Coast and the Atlantic Ocean. The sensible heat flux is stronger during the warmest
years in agreement with the surface temperature increase. The spatial distribution of the latent heat
flux shows the maxima over the southern Sahel and the Guinea region. This flux tends to be weaker
during the warmest years. Overall, the sensible heat flux tends to increase (decrease) during warm
(cold) years; while the latent heat flux decreases (increases) during warm (cold) years.

A decrease in the number of rainy days is noted during warm years over the Sahel (western,
central and eastern) and over the Guinea Coast. The length of consecutive wet days decreases over the
western and eastern Sahel while the consecutive dry days increase mainly over the Sahel (western,
central and eastern).

The percentage of very warm days and of warm nights increases over the Sahel and the Guinea
Coast during warm years. The model also simulates an increase of the warm spell duration index
in the whole Sahel domain and over the Guinea Coast in warm years. Regarding the synoptic
variability, warm years are associated with a weak monsoon flow, an increase of the AEJ and the TEJ.
This configuration at synoptic scales associated with warm years is known to lead to drier conditions
over the Sahel.

Changes noted in warm years may have serious implications on the economies of countries of
the West African region, which are not strong enough to cope with adverse climate effects. Indeed, an
increase in the frequency of thermal indices and extreme rainfall events may induce a higher demand
on domestic energy consumption for cooling and a lower performance of agricultural crops. This study
can be considered as a support for the West Africa policymakers to implement measures contributing
to the mitigation and adaptation of the global warming especially in the context of what the 1.5 ◦C
or 2 ◦C global temperature reduction goals can really mean for the regional climate conditions as
in West Africa. Despite the results obtained, additional works are needed to better understand the
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West African monsoon features in warm years for the present-day but also in the future using climate
change scenarios.
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