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Abstract We use two CORDEX-Africa simulations
performed with the regional model RegCM4 to charac-
terize the projected changes in extremes and hydrocli-
matic regimes associated with the West African Monsoon
(WAM). RegCM4 was driven for the period 1970-2100
by the HadGEM2-ES and the MPI-ESM Global Climate
Models (GCMs) under the RCP8.5 greenhouse gas concen-
tration pathway. RegCM4 accurately simulates the WAM
characteristics in terms of seasonal mean, seasonal cycle,
interannual variability and extreme events of rainfall. Over-
all, both RegCM4 experiments are able to reproduce the
large-scale atmospheric circulation for the reference period
(i.e. present-day), and in fact show improved performance
compared to the driving GCMs in terms of precipitation
mean climatology and extreme events, although different
shortcomings in the various models are still evident. Pre-
cipitation is projected to decrease (increase) over west-
ern (eastern) Sahel, although with different spatial detail
between RegCM4 and the corresponding driving GCMs.
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Changes in extreme precipitation events show patterns in
line with those of the mean change. The models project dif-
ferent changes in water budget over the Sahel region, where
the MPI projects an increased deficit in local moisture
supply (E < P) whereas the rest of models project a local
surplus (E > P). The E-P change is primarily precipitation
driven. The precipitation increases over the eastern and/
or central Sahel are attributed to the increase of moisture
convergence due to increased water vapor in the bound-
ary layer air column and surface evaporation. On the other
hand, the projected dry conditions over the western Sahel
are associated with the strengthening of moisture diver-
gence in the upper level (850-300 hPa) combined to both a
southward migration of the African Easterly Jet (AEJ) and
a weakening of rising motion between the core of the AEJ
and the Tropical Easterly Jet.

Keywords Climate change - CORDEX - RegCM4 - West
African summer monsoon climate - Precipitation extreme -
Hydrological cycle - Dynamical downscaling

1 Introduction

The most prominent tools used to study climate change
due to increasing atmospheric concentrations of green-
house gases (GHG) are coupled Atmosphere/Ocean Global
Climate Models (AOGCMs) [Intergovernmental Panel on
Climate Change (IPCC), 2007]. While all previous stud-
ies based on AOGCM projections agree on a future GHG-
induced warming trend in West Africa, no consensus is
found about changes in the precipitation and water cycle,
and the uncertainties remain large (Druyan 2011). Though
AOGCMs can satisfactorily simulate the atmospheric gen-
eral circulation at the continental scale, they cannot capture
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the detailed processes associated with regional and/or
local climate variability and changes that are required for
regional and national climate change assessments (Giorgi
and Mearns 1999; Giorgi et al. 2009; Rummukainen 2010).
This is particularly true for heterogeneous regions such as
West Africa (WA), where local conditions associated with
topography (Diallo et al. 2014; Moufouma-Okia and Jones
2015), vegetation (Nicholson 2013), land-sea distribution
and landuse types (Sylla et al. 2013a; Zaroug et al. 2013)
have a significant effect on climate. For instance, Cook
and Vizy (2006); Xue et al. (2010) and Diallo et al. (2014)
pointed out that GCMs simulate poorly the main features
responsible for triggering and maintaining the West African
Monsoon (WAM) rainfall. In addition, the coarse-resolu-
tion climate information is not sufficient to support agricul-
tural applications at the local level (Giorgi et al. 2009; Oet-
tli et al. 2011); Vizy et al. 2013.

Regional Climate Models (RCMs) are often used to
dynamically downscale AOGCMs output or global anal-
yses of observations (i.e. reanalysis). They can better
describe fine-scale physical processes and greater detail
of local land surface and topography (Giorgi and Mearns
1999; Sylla et al. 2013a). Significant efforts have been ded-
icated to the simulation and the characterization of atmos-
pheric water cycle components worldwide either for the
current or the future climate (Music and Caya 2009; Mari-
otti et al. 2008; Mariotti 2010; Prasanna and Yasunari 2011;
Bhaskaran et al. 2012; Alpert et al. 2013; Otieno and Anyah
2013; Siam et al. 2013). Nevertheless, RCM-based studies
focusing on the characterization of the atmospheric water
cycle over the West African region have been limited (e.g.
Van Den Hurk and Van Meijgaard 2010; Sylla et al. 2012).
For instance Van Den Hurk and Van Meijgaard (2010)
investigated land—atmosphere interactions at climatological
time scales using different diagnostic in experiments with
the RACMO2.1 RCM, while Sylla et al. (2012) found wet-
ter conditions over the different West African highlands in
the middle and late twenty-century from RegCM3 driven
with the ECHAMS output. They associated these wetter
conditions to an enhancement of the atmospheric hydro-
logical cycle.

To fill this gap, a number of recent international projects
such as the ENSEMBLES-African Monsoon Multidisci-
plinary Analysis (AMMA) (Van der Linden et Mitchell
2009), the West African Monsoon Modeling and Evalua-
tion (WAMME) (Druyan et al. 2010; Xue et al. 2010) and
the ongoing COordinated Regional Climate Downscaling
EXperiment (CORDEX; Giorgi et al. 2009) have focused
on the application of RCMs over West Africa or the whole
African continent. Work from these projects investigated
the performance of RCMs in reproducing the key current
mean climatology of the region (Hernandez-Diaz et al.
2012; Nikulin et al. 2012; Panitz et al. 2013; Gbobaniyi
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et al. 2013; Diallo et al. 2014; Kluste et al. 2016), pro-
jected changes in mean seasonal climate and higher order
statistics (Laprise et al. 2013; Bouagila and Sushama 2013;
Paeth et al. 2011) and processes underlying differences in
change signals between RCMs and driving GCMs (Saeed
et al. 2013; Mariotti et al. 2014). In particular Paeth et al.
(2011) emphasized the large uncertainty still present in
RCM projections over the region. Clearly, more detailed
analysis is needed to better understand the processes char-
acterizing the simulated changes in the hydrologic cycle
over West Africa.

Therefore, in this work we extend the analysis of Mari-
otti et al. (2014) of two RCM projections over an all-Africa
CORDEX domain and undertake a more detailed analy-
sis focusing mainly over the West Africa region. The pur-
pose of the present paper is to understand the dynamical
processes associated with the projected changes in mean
and extreme precipitation and how these are related to
the atmospheric water balance characteristics of different
areas in the WAM region. Note that the investigation of
structural bias of these simulations and an analysis of the
added value of downscaling low-resolution AOGCMs over
the present climate (historical runs) are presented in Cop-
pola et al. (2014) and Diallo (2015), respectively. Also, we
recall that, the analysis presented here, does not intend to
provide comprehensive scenario projection with associated
uncertainties, but rather to quantify whether RCMs produce
different projections signals than their driving AOGCMs,
using a single RCM driven by two different AOGCMs.

The paper is organized as follows: Sect. 2 presents the
model configuration; experimental design as well as the
method including the satellite and gauge based observa-
tional datasets used for validation and comparisons. Results
and discussions are presented in Sect. 3, where the seasonal
mean, annual cycle and interannual variability of precipi-
tation, the large scale atmospheric circulations as well as
the rainfall extreme events are validated, before provid-
ing an overview of projected change in mean precipitation
extremes, atmospheric water budget and moisture transport.
Finally, summary and main conclusions are given in Sect. 4.

2 Model description, simulation design
and observation dataset

2.1 Model description and simulation design

In this study we used the Regional Climate Model ver-
sion 4.2 (hereafter, RegCM4) in the same configuration
described in Mariotti et al. (2014). RegCM4, developed at
the Abdus Salam International Centre for Theoretical Phys-
ics (ICTP) is described by Giorgi et al. (2012), while a full
description of RegCM4 simulations for CORDEX-Africa is
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given in Coppola et al. (2014). Earlier version of this model
were described and documented by Giorgi et al. (1993a,
b), Giorgi and Mearns (1999), Pal and Coauthors (2007).
RegCM4 is a compressible primitive equation, sigma verti-
cal coordinate model with dynamics based on the hydro-
static version of the National Centre for Atmospheric
Research/Pennsylvania State University’s Mesoscale Mete-
orological Model version 5 (NCAR/PSU’s MMS5; Grell
et al. 1994). The model includes multiple options of phys-
ics parameterizations. Therefore based on previous works
(e.g. Diallo et al. 2010; Sylla et al. 2013a; Mariotti et al.
2011; Diallo et al. 2015) as well as a series of preliminary
experiment tests, the following options are used: a modi-
fied radiative package of the NCAR Community Climate
Model version 3 (CCM3; Kiehl et al. 1996), the nonlocal
vertical diffusion scheme of Holstag et al. (1990) to rep-
resent the boundary layer processes, the subgrid explicit
moisture (SUBEX) resolvable scale precipitation scheme
of Pal et al. (2000) and the scheme of Zeng et al. (1998) to
represent fluxes from ocean surfaces. Note that, RegCM4
introduces several improvements over RegCM3 including
coupling with one-dimensional lake model, new land sur-
face, planetary boundary layer and air-sea flux schemes, a
mixed convection and tropical band option, modifications
to the pre-existing radiative and boundary layer schemes
and a full upgrade of the model code (Giorgi et al. 2012).
The RegCM4 simulations analyzed here was the object
of a first analysis presented in Mariotti et al. (2014) over
Africa, which focused on the intra-seasonal characteristics
of African monsoon climates. In fact, RegCM4 was inte-
grated over the recommended CORDEX domain for Africa
(Giorgi et al. 2009; Jones et al. 2011—see Fig. la) with
a horizontal grid spacing of 50 km and 18 vertical levels

600 800

35W 20W 15w 10W  SW 0 SE  10E 1SE 20E 25E

1000 1200 1400 1600

for the period 1970-2100. In these experiments, Mete-
orological and 6-h lateral boundary conditions (LBCs) as
well as sea surface temperatures (SSTs) necessary to run
the model are taken from two different Atmospheric Ocean
Global Climate Models (AOGCMs) under historical, i.e.
current-climate (reference; RF) and future Representa-
tive Concentration Pathways 8.5 (RCP 8.5) emission sce-
nario corresponding to a high greenhouse gas emissions
pathway compared to the scenario literature (IPCC 2008).
One AOGCM is the Earth system version of the Max-
Planck-Institut fiir Meteorologie coupled global climate
model (MPI-ESM-LR, MPI hereafter; http://www.mpimet.
mpg.de/en/science.htm), with the atmospheric compo-
nent operating at T63 with a quadratic transform grid of
~1.9°, and 47 vertical levels. The second one is the Had-
ley Global Environmental 2—FEarth System (HadGEM?2-
ES, HadGEM2-ES hereafter, https://verc.enes.org/models/
earthsystem-models/hadgem?2-es), with atmospheric reso-
Iution of N96 (approximately 1.875° x 1.25°), with 38
vertical levels and an ocean resolution of 1° (increasing to
1/3° at the equator) and 40 vertical levels. The first 5 years
are discarded as model spin up allowing land-surface con-
ditions to adjust while the period 19762005 is analyzed as
reference period, i.e. present-days (RF) for models evalua-
tion and on the other hand the period 2071-2100 is referred
as the future period, i.e. late tewnty-first century. The dif-
ference between mean seasonal climatology of future and
present days simulations is used to represent the model
responses to GHGs forcing.

After a series of preliminary experiments, two differ-
ent RegCM4 physics configurations were selected when
nesting within the different AOGCMs in order to optimize
the model performance (Mariotti et al. 2014). Their main
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Table 1 RegCM4 configurations for the Africa-CORDEX simulations analysed in this paper

HA_RegCM4 MPI_RegCM4
Number of levels 18 18
Horizontal resolution 50 km (0.44°) 50 km (0.44°)

Radiation scheme

Bondary layer scheme (PBL) scheme
Land surface scheme

Large-Scale Precipitation scheme
Ocean scheme

Convection scheme

Initial and lateral boundary conditions
Historical period (reference)

Future climate projection under RCP8.5

NCAR CCM3 (Kiehl et al. 1996)
Holstag PBL (Holstag et al. 1990)
CLM3.5 (Oleson et al. 2008)
SUBEX (Pal et al. 2000)

Zeng (Zeng et al. 1998)

MIT-Emanuel (Emanuel 1991) over Ocean/
Grell (Grell et al. 1994) over Land.

HadGEM2-ES
01st January 1970 till 31st December 2005
01st January 2006 till 31st December 2100

NCAR CCM3 (Kiehl et al. 1996)
Holstag PBL (Holstag et al. 1990)
BATS (Dickinson et al. 1993)
SUBEX (Pal et al. 2000)

Zeng (Zeng et al. 1998)

Grell (Grell et al. 1994) for both Ocean and
Land.

MPI-ESM-LR
01st January 1970 till 31st December 2005
01st January 2006 till 31st December 2100

emission scenario

characteristics and physical parameterizations are presented
in Table 1 and will be briefly described in the following.

For the HadGEM2-ES driven RegCM4 experiments
(HA_RegCM4 hereafter), the land surface processes in
RegCM4 are represented by the Community Land Model
version 3.5 (CLM 3.5; Oleson et al. 2008) while convective
precipitation is described by a mixed convection schemes
employing the MIT convection parameterizations of Ema-
nuel [Emanual (1991); Emanuel and Zivkovic-Rothman
(1999)] over ocean and the scheme of Grell et al. (1994)
over land areas.

For the MPI driven RegCM4 simulation (MPI_RegCM4
hereafter), RegCM4 was integrated over the same domain.
In fact in MPI_RegCM4 simulation, the land surface pro-
cesses are represented by the Biosphere—Atmosphere
Transfer Scheme (BATS; Dickinson et al. 1993) whereas
convective precipitation is represented via the scheme of
Grell et al. (1994) over both land and ocean areas. Our
present study focuses on the West African region (Fig. 1b)
which has a complex topography, namely Cameroun Moun-
tains (CM; Cameroun), Joss plateau (JP; Central Nigeria)
and Guinea highlands (GH; Guinea) and is mainly char-
acterized by the West African monsoon systems. In addi-
tion the regional analysis is performed over four selected
sub-regions (Fig. 1b), which are here referred to as Western
Sahel (WS), Sahel, Guinea and whole West Africa. Note
however, that for the regional analysis such as the seasonal
cycles and interannual variability as well as time series
plots, both modeled and observed precipitation values were
calculated taking into account land-only grid points.

2.2 Validation data

The reliability of climate experiments results is mainly
based on the skill of climate models in reproducing the
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observed mean climate. Generally, Africa lacks high qual-
ity observation datasets at suitable temporal and spatial
resolution necessary for rigorously assessing the skill of
climate models simulations. For instance when compar-
ing TRMM, GPCP and FEWS, Sylla et al. (2013b) pointed
out significant discrepancies between these products whilst
Nikulin et al. (2012) as well as Diallo et al. (2013a) found
large differences between gauge-based observations and
satellite products.

Based on this, the model mean climate is validated
against observational datasets from different sources:
(1) the monthly mean precipitation dataset at 0.5° x 0.5°
resolution from the University of Delaware (UDEL, ver-
sion 2.01; available from 1900 to 2010; Legates and Will-
mott 1990); (2) The 0.5° resolution monthly mean of pre-
cipitation from the latest version of the Climate Research
Unit version 3.2 from the University of East Anglia (CRU
TS3.2; http://badc.nerc.ac.uk/browse/badc/cru/data/cru_ts/
cru_ts_3.20/data/; available from 1901 to 2011; Har-
ris et al. 2013); (3) the monthly mean precipitation at the
2.5° x 2.5° horizontal resolution from the Global Pre-
cipitation Climatology Project version 2.2 (GPCP V2.2,
Adler et al. 2003; available from 1979-to present) and iv)
the monthly mean precipitation at 0.25° x 0.25° resolution
from the Tropical Rainfall Measuring Mission (TRMM
VB42V47, available from 1998 to present; Huffman et al.
2007). The large-scale atmospheric fields, which include
the zonal and meridional wind as well as the mean sea level
pressure (mslp) simulated by models, are compared with
the pseudo-observed European Center for Medium-Range
Weather Forecast (ECMWF; 1.5° x 1.5° resolution; Dee
et al. 2011) reanalysis data ERA-Interim. In addition data-
sets from the National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/
NCAR) atmospheric reanalysis project 2 (R-2) with a
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horizontal resolution of 2.5° x 2.5° (Kanamitsu et al. 2002)
and available from 1948 to present are also used in this
study.

We employ the satellite-based daily precipitation data
at 0.25° x 0.25° horizontal resolution from the Tropical
Rainfall Measuring Mission (TRMM VB42V47; Huffman
et al. 2007; hereafter referred to as TRMM and available
from January 1998-to December 2009) and the One-Degree
Daily (1DD) data of GPCP V1.2 (Horizontal resolution is
one degree in longitude and latitude; hereafter referred to
as GPCP and available from October 1996 to December
2009) compiled by Huffman et al. (2009) to evaluate the
model’s performance to reproduce the present-day daily
precipitation extreme indices. The reference period for the
model evaluation is 19762005, while for the extreme indi-
ces assessment the reference period is compared, against
the 1998-2009 period corresponding to the common period
across the two satellite-estimate data. We recall that, for
the interest of comparisons, we have interpolated both the
validation datasets and model outputs onto the GPCP grid
through a bilinear interpolation method.

2.3 Methodology

In this paper for the model’s assessment, precipitation
and large scale circulations parameters (wind and mean
sea level pressure) climatology, as well as rainfall interan-
nual variability and daily precipitation extreme indices, are
only analyzed for the main peak of the WAM season, i.e.
June—July—August—-September (JJAS). However, the sea-
sonal cycle considers the monthly climatology averaged
over the Sahel, West Sahel, Guinea and entire West Africa
as shown in Fig. 1. The precipitation interannual variabil-
ity over different sub-regions are assessed using the coef-
ficient of variation, i.e. the standard deviation divided by
the mean precipitation, in order to remove the depend-
ence of the precipitation standard deviation from the mean
(Giorgi 2002). In addition, we should keep in mind that,
the regional average values are obtained after first calculat-
ing the coefficient of variation at the individual grid point
and then averaging over the region’s area. Note, however
that the assessment of mean seasonal biases of surface
variables obtained from these simulations are presented in
Coppola et al. (2014).

2.3.1 Precipitation indices

Four mains indicators of climate extremes based on daily
precipitation are evaluated for their direct impacts on water
resources and agricultural productivity. Their definitions as
detailed below follow that of Tebaldi et al. (2006), Diallo
et al. (2015) and Sillmann et al. (2013a, b) and are calcu-
lated on JJAS seasonal basis.

e Frequency (Freq): defined as the number of days with
rainfall amount >1.

e Heavy precipitation day’s event (R10mm): defined as
number of days with daily precipitation greater than or
equal 10 mm (Rg,, > 10 mm).

e Maximum 5 day precipitation (RX5day): defined as the
maximum of 5 day precipitation accumulations.

e Consecutive dry days (CDD): defined as the maxi-
mum number of consecutive dry days with daily rain-
fall below 1 mm, i.e. days with rainfall amount <1 mm
(Rgay < 1 mm). The CDD is the length of the dry spell.

The SDII (Simple daily intensity index: mean daily pre-
cipitation intensity during wet days), RX5day and R10mm
express the intensity and the precipitation frequency.

2.3.2 Water budget analysis

To understand the change in the hydrological cycle we
employed the atmospheric water budget equation suggested
by Peixoto and Oort (1992) and expressed as:

oW DY=(E—-P
<at>+<>—< _p) n

where E is evaporation, P is the precipitation, W is the
atmospheric water vapor storage, D is the divergence of
the vertically integrated moisture flux and angled brackets
denotes the area average. The terms W and D are defined by:

1 Ps
W=f/ qdp

1 Ps
D=V.0 where Q= - / qvdp
8 Jpt

q is the specific humidity (g/kg), V is the horizontal wind
vector (m/s), P, is the pressure (hPa) at surface level, P, is
the pressure at the top of the atmospheric layer considered
and g (N/kg) is the gravitational acceleration. In JJAS, over
WA, the monsoon flow occurs primarily below 700 hPa
and the African Easterly Jet (AEJ) is centered at 600 hPa.
This motivates a decomposition of the atmospheric column
moisture transport into an integral from the surface pres-
sure level to 850 hPa, i.e. 1000-850 hPa (bottom level here-
after) and from 850 to 300 hPa (upper levels hereafter).

On longer time interval like monthly or seasonal in near
equilibrium conditions, the change in storage of water
vapor term i.e. % is usually small compared to the magni-
tude of large-scale convergence and evaporation (Oki et al.
1995; Trenberth 1999; Senevirante et al. 2004). Thus Eq.
(1) describing the atmospheric water budget can be approx-

imately written as,

(E—P) = (V.0) 2)
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Equation (2) is therefore an indicator of water vapor sources
(evaporation exceeds precipitation) and sinks (precipita-
tion exceeds evaporation) (Chen et al. 1988). We obtain E,
P as well as low and upper level Q from our simulations
and calculate their difference over different JJAS seasons.
Moreover we also used the meridional wind (v-wind) and
the vertical wind (omega) profile as well as the AEJ, i.e.
the zonal wind at 600 hPa to seek the associated change
in atmospheric dynamic to the late twenty-first century
change in hydrological cycle. It is noteworthy that the
assessments of certain hydrological cycle components are
presented in Diallo (2015). Thus to avoid repetition and for
brevity, in this paper after the model evaluation, we then
focused on the projected change in rainfall extreme events
and the hydrological cycle components as well as possible
mechanisms underlying changes over the WA region.

3 Result and discussion
3.1 Model evaluation

In this section, we present a brief assessment of the two
RegCM4 (MPI_RegCM4 and HA_RegCM4) reference
simulations and the two driving Earth System Models
(ESMs; HadGEM2-ES and MPI-ESM) historical simula-
tions in reproducing the main features of the WAM mean
precipitation, atmospheric circulation, rainfall interannual
variability and different hydroclimatic indices (defined in
Sect. 2.3.1).

3.1.1 Mean rainfall and low-level circulation patterns

Figure 2a-h shows the mean JJAS seasonal precipita-
tion climatology from CRU, UDEL, GPCP, TRMM,
HadGEM2-ES, MPI, HA_RegCM4 and MPI_RegCM4.
Data from CRU, UDEL and all models are averaged for the
period 19762005 whilst the GPCP average corresponds
to the period 1979-2005 the TRMM data over 1998-20009.
Note that, the periods for the different datasets are slightly
different, however, recently Giorgi and coauthors (2014)
argued that this is not likely to affect the first order com-
parison presented here, which is based on statistics over the
entire periods. Table 2 summarizes the JJAS quantitative
metrics of differences across models and observation esti-
mates calculated for the whole West Africa, Guinea, Sahel
as well as West Sahel sub-regions. The spatial distribution
of precipitation from observations (CRU, UDEL, GPCP
and TRMM; Fig. 2a—d) locate the Intertropical Conver-
gence Zone (ITCZ, i.e. band of high rainfall intensity) in a
wide zonal band between 6° and 14°N with rainfall intensi-
ties decreasing either going northward or southward of this
band. Observations show three peaks of rainfall maximum
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around the Guinea highlands, Jos plateau in central Nigeria
and Cameroon Mountains. Close examination of observa-
tions shows some spatial pattern differences between them.
For instance GPCP has a narrower area of maximum along
the coastlines of Cameroun/Nigeria highlands whereas
CRU and UDEL show a discontinuity in the band of high
rainfall intensity.

Both ESMs (Fig. 2e, f) reproduce the general geographi-
cal patterns of the observed rainfall distribution (PCC
greater than 0.70, see Table 2), though MPI shows a slight
overestimation of the intensities over the ITCZ (Fig. 2f)
whereas HadGEM2-ES fails to move the precipitation
far enough northward over the Sahel (Fig. 2e), in accord-
ance with the underestimation of the temperature gradient
between the Sahara and the Gulf of Guinea (not shown, see
Coppola et al. 2014 and Diallo 2015). A common feature
among the ESMs is the bias maxima off the coast in the
eastern Atlantic and the Gulf of Guinea, probably resulting
from their failure to fully transport the moisture from the
ocean inland. In fact, a similar bias was reported by Laprise
et al. (2013). In their study, they associated the wet bias in
ESMs over the Gulf of Guinea to the simulated SST biases
in this region leading to a rainfall reduction over Sahel as
illustrated in Fig. 2e. HA_RegCM4 and MPI_RegCM4
(Fig. 2g, h) reasonably reproduce the main band of high
rainfall and replicate better the orographic rainfall in com-
plex terrain compared to the driving ESMs, especially over
the Guinean highlands and Jos plateau, resulting in a bet-
ter PCC over Guinea and MAB not exceeding 11 % over
Sahel (Table 2). The RegCM4 simulations exhibit therefore
important improvements compared to the driving ESMs,
highlighting thus substantial added value in the use of
RegCM4 (e.g. Coppola et al. 2014; Diallo et al. 2015).

This indicates that although the large-scale environment
plays an important role in regional climate model (RCM)
simulations, the RCM internal dynamics is a keys ele-
ment for rainfall simulation due to a better representation
of smaller scale topographic forcing and local land surface
processes. In addition, HA_RegCM4 is found to perform
better compared to MPI_RegCM4 and has a spatial pattern
which is largely more consistent to that of different obser-
vations. Thus, the differences between the two RegCM4
simulations may likely arise either from the driving bound-
ary conditions or/and to the difference in land surface
scheme which is an important element in simulating the
West African monsoon (e.g. Steiner et al. 2009; Ruti et al.
2011). Furthermore, the tendency of models to simulate
higher/lower precipitation may probably arise from a poor
simulation of the large scale circulation patterns.

Figure 3a—f displays the mean climatological pattern
of JJAS mean sea level pressure (mslp) superimposed to
the low-level 925 hPa winds obtained from ERA-Interim,
NCEP reanalysis, HadGEM2-ES, MPI, HA_RegCM4 and
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Fig. 2 Mean JJAS rainfall

(in mm/day) from: a CRU, b
UDEL, ¢ GPCP, d TRMM, e
HadGEM2-ES, f MPI, g HA _
RegCM4, and h MPI_RegCM4.
The means is calculated using
the 19762005 period except for
GPCP and TRMM, for which
the 1979-2005 and 1998-2009
periods are used respectively
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MPI_RegCM4. The data for the NCEP reanalysis and the  17° and 27°N coinciding with the area of maximum 2 m
models are averaged for the period 1976-2005 whereas  temperature in observations (not shown) and corresponding
in ERA-Interim the average covers the period 1979-2005.  to the Saharan heat low (SHL). The southwesterly winds
Both the NCEP and ERA-Interim reanalysis have areas of  driven by the surface pressure gradient between the Gulf of
low mean sea level pressure over the Sahara desert between  Guinea and Sahara reach north of 20°N in the reanalysis.
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Table 2 Mean Absolute Bias (MAB) and the Pattern Correlation Coefficient (PCC) between simulated precipitation and the CRU observation

Sahel West Sahel

Guinea West Africa

Mean Bias (%) PCC Mean Bias (%)

PCC Mean Bias (%) PCC Mean Bias (%) PCC

GPCP 2.18 0.98 2.62
TRMM 6.11 0.94 1.02
HadGEM2-ES 19.27 0.74 16.36
HA_RegCM4 9.04 0.95 4.19
MPI 13.32 0.88 12.68
MPI_RegCM4 10.18 0.97 10.22

0.99 9.76 0.92 5.64 0.97
0.97 5.81 0.95 4.74 0.96
0.86 10.32 0.76 14.75 0.73
0.90 8.55 0.80 8.38 0.81
0.81 13.85 0.72 —10.35 0.79
0.84 9.48 0.78 —10.35 0.93

The key monsoon features present in the reanalysis
are reasonably reproduced in all models, though some
deficiencies are still evident in both ESMs and RCMs.
HA_RegCM4 and MPI_RegCM4 underestimate the mean
sea level pressure over the Sahara, inducing a stronger
pressure gradient between the Sahara and Gulf of Guinea
which results in strong inland moisture penetration and a
better representation plus some overestimation of ITCZ
rainfall compared to the driving ESMs (Fig. 2g-h). Both
ESMs show some slight displacements in the location of
the low surface pressure area, which covers a wider and
tilted region encompassing the whole Sahara and eastern
Sahel. Diallo (2015) and Coppola et al. (2014) found that
in HadGEM2-ES the maximum 2 m-temperature over the
Sahara is underestimated and extended southward of the
observed location. Thus, the southward extension of the
SHL in HadGEM2-ES (Fig. 3c) results from the southward
position of the low pressure center which inhibits moisture
advection by preventing the monsoon flow to extend far
enough to the north (see Fig. 2e).

These shortcomings in the large scale circulation over
the region are considerably improved when RegCM4 is
driven either by HadGEM2-ES or MPI, resulting to the
better representation of precipitation in both HA_RegCM4
and MPI_RegCM4 as discussed earlier. It should be noted
that RegCM4 improves the simulation of the African East-
erly Waves (AEWSs) activity, compared to both driving
AOGCMs (e.g. Mariotti et al. 2014), as well as the location
and intensity of the African Easterly Jet (AEJ) and Tropical
Easterly Jet (TEJ) (Diallo 2015).

3.1.2 Mean annual cycle and interannual variability

Figure 4 presents the area-averaged (land-only grid point)
of observation-based and simulated rainfall seasonal cycle
for the selected sub-domains highlighted in Fig. 1. While
acknowledging the observational uncertainty over different
sub-regions, both the global and regional models reproduce
fairly well the annual cycle over the main Sahel and West
Sahel regions (Fig. 4a, b), with RegCM4 outperforming the
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corresponding driving ESMs. The dry season from Novem-
ber to March is well simulated by the models as is the tim-
ing of the peak in August, and the subsequent rapid decline.
HadGEM2-ES generates too little rainfall in the main rainy
season (June to September) over both sub-regions. This
bias can be attributed to the southward position of the ITCZ
rain-band discussed earlier (see Fig. 2e). The RegCM4
simulations generate more rainfall than corresponding driv-
ing ESMs, specifically around the season peak (August)
in West Sahel, and compare better with GPCP, CRU and
TRMM.

Over the Guinea region (Fig. 4c), UDEL, GPCP and
TRMM show a bimodal distribution of rainfall associated
with the meridional progression and retreat of the tropical
rain-belt (so called ITCZ) over land. The first rain maxi-
mum occurs in June and the second one in September with
a minimum around July—August corresponding to the
rainy season over the Sahel. Relative to CRU, GPCP and
UDEL, TRMM underestimates rainfall amounts through-
out the year, but captures fairly well the timing of rainfall
maxima. The Rainfall amounts from HA_RegCM4 and
MPI_RegCM4 are similar to each other in most of the
seasons despite the different lateral boundary information,
suggesting a dominant role for model physics over the
lateral boundary forcing. RegCM4 overestimates the rain-
fall amounts compared to the ESMs and observations (i.e.
CRU, UDEL, GPCP and TRMM), and the timing of the
second rainfall peak (September) agrees with observations.
HadGEM2-ES does not capture the bimodal distribution
of the Guinean seasonal cycle and underestimates rainfall
over the West Africa sub-region (Fig. 4d).

The precipitation coefficient of variation (CV) obtained
from observations (CRU, TRMM and GPCP) and both
ESMs and corresponding RegCM4 experiments aver-
aged over the four sub-regions are presented in Fig. 5. In
all sub-regions, TRMM (GPCP) provides the largest (low-
est) values of the interannual variability, likely as a result
of its higher resolution (Giorgi 2002), and RegCM4 values
are closer to TRMM. In fact, both the global and regional
models tend to simulate variability within the range of the
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Fig. 3 Mean JJAS seasonal
distribution of mean sea level
pressure (mslp; expressed in
hPa) superimposed to the low
level (925 hPa) wind vec-

tor (expressed in m/s) from:

a NCEP, b ERA-Interim,

¢ HadGEM2-ES, d MPI, e
HA_RegCM4, f MPI_RegCM4.
The mean is calculated using
the 19762005 period except
for ERA-Interim, for which the
period 1979-2005 is used

(a) NCEP JJAS

(b) ERA-Interim JJAS
T o

observations, with larger values of CV in the RegCM4
experiments compared to the ESMs, likely due to the
higher resolution (Giorgi 2002). We also note that over
both the Sahel and West Sahel, the RegCM4 interannual
variability values tend to be closer to the driving ESMs
than over the Guinea region, suggesting a more important
role of the forcing ESMs.

1006 1007 1008 1009 1010 1011 1012 1013 1014 1015 1016

(K _ W
/~1010'

3.1.3 Extreme indices

Figure 6 shows the precipitation frequency (i.e. the num-
ber of days with precipitation higher than 1 mm; Fig. 6a—f)
and the R10mm (number of days with precipitation greater
than or equal 10 mm day~!; Fig. 6g-1) obtained from
GPCP, TRMM, ESMs and RegCM4 experiments. GPCP
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Fig. 4 Mean annual cycle of monthly precipitation (in mm/day) over:
a the Sahel, b the West Sahel, ¢ the Guinea region and d the West
Africa region for CRU, UDEL, GPCP, TRMM, HadGEM2-ES, MPI,

and TRMM show large number of events along the ITCZ
and over orographic regions, with decreasing gradients
north and south of the band of maximum events. How-
ever, GPCP shows greater frequency, specifically over the
Guinean highlands and the border Nigeria/Cameroon, due
to its coarser resolution. The spatial patterns of R10mm
are consistent across the two observation products, with
largest values coinciding with areas of highest frequency.
There is a disagreement between observation-products,
especially along the ITCZ rain-band, where GPCP exhibits
larger numbers of R10mm events, most likely due to the
higher precipitation frequency in this areas (see Fig. 6a).
Both global and regional models reproduce the overall pat-
tern of mean frequency and R10mm events, although the
global models overestimate the frequency along the ITCZ
rain-band, especially HadGEM2-ES, which can likely
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HA_RegCM4, and MPI_RegCM4. The means is calculated using the
1976-2005 period except for GPCP and TRMM, for which the 1979-
2005 and 1998-2009 periods are respectively used

be a result of too many drizzle events. Conversely, both
RegCM4 experiments show a good agreement with the
TRMM observations. For instance, HadGEM2-ES (MPI)
underestimates (overestimates) the mean R10mm (fre-
quency) events along the ITCZ rain-band, where RegCM4
experiments show values more in line with TRMM, empha-
sizing the added value of the downscaling exercise.

Other important aspects of daily precipitation character-
istics for evaluating climate variability and impacts are the
maximum amount of rainfall during 5 day periods (RX5day)
and dry spells length (CDD) within the monsoon season.
Figure 7 shows the patterns of RX5day (Fig. 7a—f) and CDD
(Fig. 7g-1) for observations, global models and RegCM4
experiments. First, we find a disagreement in terms of
RXS5day between the observation products, with GPCP miss-
ing in particular the maxima over topographic areas. Both
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Fig. 5 Coefficient of variation (a)
(CV, in %) for precipitation in 95 -

the 4 sub-regions: a Sahel and 80
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global and regional models reproduce reasonably well the
overall patterns, with the ESMs being closer to GPCP and
the RegCM4 experiments to TRMM. In fact, common defi-
ciencies in HA_RegCM4 and MPI_RegCM4 are an overes-
timation of the RX5day along the Soudano-Sahelian region
and an underestimation over the Cameroon Mountains.

The spatial patterns of the average dry spell length
(Fig. 7g-1) show a good general agreement across the dif-
ferent RegCM4 experiments, ESMs, and observations.
As expected, the shortest dry spell length is found along
the ITCZ band and regions of complex topography and
the longest spells south and north of it. Both global and
regional models realistically reproduce the patterns of
the CDD, though few shortcomings are still evident. For
instance, HadGEM2-ES and MPI overestimate the spells
over the Sahel and flatter terrains of Guinea region, while
the RegCM4 experiments overestimate the shortest dry
spells further east over Niger/Nigeria because of more fre-
quent rainfall events and maximum RX5day in these areas.

In summary global and regional models reproduce rea-
sonably the different precipitation extreme indices though
some shortcomings are still evident, with AOGCMs show-
ing better agreement with GPCP and RegCM4 comparing
better to TRMM.

3.2 Climate change projections
3.2.1 Mean precipitation

The projected mean precipitation change from HadGEM2-
ES, MPI, HA_RegCM4 and MPI_RegCM4 are presented

Sahel

Guinea

= CRU

= HadGEM2-ES
" HA_RegCM4
= MPI

" MPI_RegCM4

West Sahel

= CRU
= GPCP

# TRMM

= HadGEM2-ES
®HA_RegCM4
= MPI

# MPI_RegCM4

West Africa

in Fig. 8. A consistent pattern of change signal off the west-
ern African coasts, in the western Sahel (westward 5°W)
over Senegal, Mauritania and more largely over regions
south of 5°N emerges, consisting of a pronounced decrease
of more than 40 % in precipitation for HA_RegCM4 as
well as in MPI_RegCM4. These drier conditions are mostly
associated to the large warming (up to 4°-6°, not shown)
found there, probably a result of lower evaporative cooling
and cloudiness. The decrease may likely be also induced
in part by a weakening in moisture from local sources,
thereby slowing down the hydrological cycle (Seth et al.
2013; Saeed et al. 2013; Li et al. 2015). The correspond-
ing driving ESMs agree in showing this significant drying,
along with a precipitation increase in eastern and/or central
Sahel, and western Guinean coast. MPI_RegCM4 closely
replicates this spatial distribution with more details whereas
HA_RegCM4 shows drying conditions more extended over
the Gulf of Guinea. Overall, the similarities found between
the driving ESMs and nested RegCM4 suggest that over the
western Sahel the negative changes are primarily driven by
the large-scale environment described by the lateral bound-
ary forcing. Conversely, the marked differences between
the ESMs and RegCM4's projections over other areas high-
light the role of local conditions in modulating the response
of the regional climate to the increasing GHGs forcing.
These changes in mean precipitation likely have substantial
impacts on the changes in extreme precipitation.

The JJAS projected change in frequency of daily events
and in R10mm obtained from HadGEM2-ES, MPI, HA_
RegCM4 and MPI_RegCM4 are presented in Fig. 9a-h;
whilst Fig. 10a—h show the projected changes for the
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(A) Mean JJAS Daily Frequency - Freq (%)
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Fig. 6 Average JJAS mean daily frequency—Freq [A), in %] and
mean heavy rainfall events—R10mm [B), %] from: GPCP (a, g),
TRMM (b, h), HadGEM2-ES (¢, i), MPI (d, j), HA_RegCM4 (e, k),

RX5day and dry spell length (CDD). Generally, the pat-
tern of change in frequency, R10mm and RX5day follows
the change in mean precipitation, indicating that changes in
extreme and mean precipitation share common features. We
also note, however that the area of increased (decreased)
RX5day are more (less) extended than those of increased
mean precipitation, and conversely the area of increased
(decreased) frequency and R10mm events are less (more)
extended than those of mean precipitation. This implies
that the models show a trend towards a regime of more
intense and less frequent extreme rainfall events under
global warming conditions which is in agreement with
previous findings (e.g. Trenberth 2011; Giorgi et al. 2011,
2014). Thus the precipitation increases in eastern and/
or central Sahel is not only in the seasonal mean but also
in the RX5day. On the other hand, the areas where CDD
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MPI_RegCM4 (f, 1). Models are averaged for the 19762005 period
while TRMM and GPCP averages cover the 1998-2009 periods

(Fig. 10e-h) increase coincide generally with the regions
affected by a decrease in mean precipitation. In particu-
lar, significant increases of CDD occur in western Sahel,
towards the Guinean regions as well as over high topogra-
phy such as Guinean highlands, Cameroon Mountains and
Jos plateau. It is worth pointing out that all models are in
agreement in capturing the simultaneous decreases in the
rainfall frequency and R10mm events projected over the
Western Sahel, indicating that an increase in maximum dry
spell length along with a decrease of high intensity precipi-
tation events during the monsoon season are likely respon-
sible for the projected dry conditions. Overall, changes in
precipitation frequency and intensity distribution over West
Africa will have a direct effect on dry spells sequences and
therefore will affect various climate sensitive sectors such
as rain-fed agriculture.
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Fig. 7 Average mean JJAS maximum-5 days precipitation—RX5day
[A), mm] and maximum number of consecutive dry days (i.e. dry
spells length)—CDD [B), in %] from: GPCP (a, g), TRMM (b, h),

To further investigate the link between the mean pre-
cipitation change and the monsoon season over the Western
Sahel region highlighted in Fig. 1b, we performed an area
average (land point only) of precipitation, frequency, CDD
and RXS5day over the region. Figure 11a shows the seasonal
cycle of precipitation over the western Sahel averaged for
the reference (1976-2005) and the late future (2071-2100)
periods. We first note that, in general, models project pre-
cipitation to decrease throughout the year, with the larg-
est decrease during the JJAS monsoon season. Moreover,
all models predict a monsoon onset delay which is fol-
lowed by an early withdrawal of the ITCZ rain-band in
the late twenty-first century, resulting then in a shortening
of the monsoon season. In agreement with previous stud-
ies, these results indicate both a delay and a shortening in
the monsoon rainy season in response to increasing GHG

(B) Mean JJAS number of consecutive
dry days - CDD (%)

(g) GPCP JJAs CDD (h) TRMM JJAS cDD
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HadGEM2-ES (c, i), MPI (d, j), HA_RegCM4 (e, k), MPI_RegCM4
(f, ). Models are averaged for the 1976-2005 period while TRMM
and GPCP averages cover the 1998-2009 periods

concentrations (Diallo et al. 2012; Mariotti et al. 2014; Seth
et al. 2013).

To gain an insight on whether the weakening of the
monsoon season over the west Sahel is tied to possible
changes in extreme events, we show in Fig. 11b—e the
JJAS time series change relative to the 1976-2005 refer-
ence period of mean precipitation, frequency, CDD and
RX5day averaged over the region from early through
the end of the twenty-first century, (2006-2100). The
models show a marked decrease in mean monsoon pre-
cipitation, frequency and RX5day, particularly after
2070 (Fig. 11b, c, e). Furthermore, a decrease in both
mean precipitation and frequency results into a signifi-
cant increase in dry spells length (CDD), which again
emphases the vulnerability of the region to drought
conditions.
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Fig. 8 Mean JJAS projected

(a) HadGEM2—-ES Precipitation Change

(b) MPI Precipitation Change

rainfall change [(2071-2100)
minus (1976-2005)] from: a
HadGEM2-ES, b MPI, ¢ HA_
RegCM4 and d MPI_RegCM4.
The change is expressed in
percent (%) with respect to the
1976-2005 reference periods
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The West African climate is mainly driven by the
WAM system. Thus it is useful to investigate the change
in atmospheric circulation. The JJAS change in mslp and
low level wind at 925 hPa in HA_RegCM4, MPI_RegCM4
(Fig. 12¢, d) and also the driving ESMs (Fig. 12a, b)
are displayed in Fig. 12. The models show that the SHL
deepens by 1 hPa in the late twenty-first century, though
mslp changes in the ESMs over the Sahel and Sahara are
weaker. The high mslp over the Gulf of Guinea increases
slightly. As a result of these mslp anomalies, the change
in low level westerly flow do not penetrate deep into the
western Sahel, but is diverted northward to the central and/
or eastern Sahara. Similar dynamical circulations in obser-
vations are associated with precipitation increases over
central/eastern Sahel (e.g. Vellinga et al. 2013;Vizy et al.
2013; Diallo et al. 2014). Therefore, such changes are con-
sistent with the wet conditions projected over the eastern
Sahel. Furthermore, the main core of ascending air linked
to the moist convective processes within the ITCZ and
located around 9°N (e.g. Nicholson 2009, 2013; Diallo
et al. 2014) weakens in the future in both HA_RegCM4
and MPI_RegCM4 (Fig. 13c, d) and is even replaced by
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a deep core of subsidence extending between 3 and 13°N
and maintained between the core of the AEJ and TEJ, con-
sistent with the rainfall decrease over the western Sahel.
In addition, the meridional wind in both RegCM4 simu-
lations (Fig. 13a, b) is projected to increase in the high
troposphere above 400 hPa around 10°N, indicating an
enhancement of the northward Hadley cell branch. Thus,
from this large scale dynamics change, the projected dry-
ness in the western Sahel would be likely originated from a
weakening of both atmospheric water vapor and low level
westerly flux. As a result, these changes favor a weaken-
ing of the deep moist convection processes (Fig. 13c, d)
which induce a rainfall inhibition. Therefore, the rainfall
enhancement is probably tied to the increased moist flow
penetrating into West Africa with an intensification of
moisture convergence over the eastern and/or central Sahel
and an enhancement of the northern Hadley cell.

In summary the western/eastern precipitation dipole pat-
tern change in the Sahel is in agreement with recent stud-
ies using either CORDEX simulations (e.g. Mariotti et al.
2014; Laprise et al. 2013) or CMIPS5 simulations (e.g.
Monerie et al. 2012). Monerie et al. (2012) associated the
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Fig. 9 Mean JJAS projected change [(2071-2100) minus (1976—
2005)] in mean daily Frequency—Freq (top panels; a—d) and heavy
rainfall events—R10mm (bottom panels; e-h) from: HadGEM2-ES

rainfall decrease to increased air subsidence, whereas on
the other hand Mariotti et al. (2014) associated the precipi-
tation decrease with a weakening of the 6-9 day regime of
the AEWs activity.

In order to identify the source of projected precipitation
differences among the models we analyzed the hydrologi-
cal cycle over the region, focusing specifically on evapora-
tion which should contribute to local precipitation changes.

3.2.2 Atmospheric water budget and moisture transport

Figure 14a—d shows the evaporation change obtained from
HadGEM2-ES, MPI, HA_RegCM4 and MPI_RegCM4,
while Fig. 14e-h displays the corresponding change in
evaporation minus precipitation (E-P) obtained from
the ESMs and RegCM4. In general, the pattern of mean
evaporation change follows that of precipitation change,
though some differences are evident among the models.
HadGEM2-ES as well as HA_RegCM4 and MPI_RegCM4
predict an increase (decrease) in evaporation over east-
ern (western) Sahel, inducing enhanced (weakened) local
recycling of moisture. Conversely, evaporation in MPI
is projected to decrease by up to 40 % through the whole
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(a, e), MPI (b, f), HA_RegCM4 (¢, g) and MPI_RegCM4 (d, h). The
change is expressed in percent with respect to the 1976-2005 refer-
ence periods

Sahelian band, while it increases around the Cameroun
Mountains. The reduced evaporation over the western
Sahel enhances the sensible heat fluxes over the region and
north Sahel, thereby raising the surface air temperature.
It is worth pointing out that, as shown in Fig. 8, in some
areas the precipitation decrease contributes to the evapora-
tion weakening by reducing water availability, thus empha-
sizing that precipitation is important factor in determining
the evaporation response. Furthermore, as expected all the
water bodies, i.e. the Atlantic Ocean, show evaporation
increases consistent with the surface temperature increases
due to GHGs forcing. The above analyses suggest that
under the RCP 8.5 scenario atmospheric water vapor and
moisture transport can be major factors in determining pre-
cipitation changes over West Africa.

In general the precipitation pattern change depends
on the balance between evaporation and precipitation
which are the key water budget components. The balance
between evaporation and precipitation from HA_RegCM4
as well as MPI_RegCM4, mostly shows a projected sur-
plus (E > P) of moisture indicating that the atmosphere is
gaining moisture from the underlying land. On the other
hand, MPI mostly projects a moisture deficit (E < P),
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Fig. 10 Mean JJAS projected change [(2071-2100) minus (1976—
2005)] in maximum five-day rainfall—RX5day (top panels; a—d)
and maximum number of consecutive dry days (i.e. dry spells

especially in regions above 5°N, as this is where most of
the evaporation decrease and precipitation increase occur.
Generally, the ESMs exhibit a tendency towards simu-
lating a moisture deficit over the highlands, implying a
decrease in soil moisture which in turn is in agreement
with the weakened evaporation (see Fig. 14a, b) due likely
to less projected surface warming (not shown) around
complex terrains.

To further investigate the regional features of the water
budget component changes, we considered the three West
African sub-domains of Fig. 1, which present different cli-
matic regimes as shown in Fig. 4. Figure 15 displays time
series of evaporation (Evap), precipitation (Precip) and its
balance (Evap — Precip; i.e. E — P) changes based on the
RCP 8.5 scenario for the Guinea, Sahel and West Africa
(WA) regions over the period 2006-2100. HadGEM2-ES
and MPI show mostly a positive trend in both precipitation
and evaporation over all regions, in particular over Guinea
and WA, with the change in E being smaller than that of
P (i.e. E < P) and resulting in a deficit of local moisture
supply. This localized moisture deficiency in both ESMs
becomes more obvious from the early second half of the
twenty-first century (~2060).
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length)—CDD (bottom panels; e-h) from: HadGEM2-ES (a, e), MPI
(b, f), HA_RegCM4 (¢, g) and MPI_RegCM4 (d, h). The change is
expressed in percent with respect to the 1976-2005 reference periods

Precipitation changes in HA_RegCM4 show a nega-
tive trend over all regions whereas the evaporation shows
a positive trend over Guinea. The difference E-P increases
considerably, indicating an increase in freshwater deficit
with HA_RegCM4 from the middle of the twenty-first cen-
tury. On the other hand, there is not a clear trend of the pre-
cipitation change in MPI over the Sahel, but E-P changes
show a discernible decrease trend over both Sahel and WA.
Furthermore over the Sahel, in MPI_RegCM4 both evapo-
ration and precipitation show negative trends, in agreement
with the HA_RegCM4 projected pattern in this region. Our
water budget analysis suggests that the Sahel, in particular
the western Sahel, would likely undergo a slowing down of
the hydrological cycle via a weakening of the water trans-
port into the region (see discussion Fig. 12), which in turn
inhibits precipitation and local moisture recycling.

Overall, we can conclude that the hydrological cycle
over the WAM regions will be greatly affected by the
global warming; nevertheless a large uncertainty still
remains when comparing RegCM4 and the driving ESMs.
However, the pattern of changes in water balance compo-
nents over the Sahel is similar in both RegCM4 simulations
(HA_RegCM4 and MPI_RegCM4), suggesting that the
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Fig. 11 Mean seasonal cycle over West Sahel for: a the reference
period (dashed line, in mm) and the future (2071-2100 i.e. RCP 8.5;
solid line; in mm/day). Trends of the changes over West Sahel for: b
mean rainfall (expressed in %), ¢ mean daily precipitation frequency,

hydrological cycle component in this region may probably
be tied to local processes rather than large scale conditions.

The vertically integrated moisture flux (vectors) and
divergence (shaded) in the bottom layer (1000-850 hPa),
Fig. 16a—d) and upper layer (850-300 hPa), Fig. 16e-h)
calculated from the ESMs, HA_RegCM4 and MPI_
RegCM4 are shown in Fig. 16. The positive (negative)
values represent convergence (divergence) in each grid
box. For the bottom layer (1000-850 hPa), the ESMs and
RegCM4 show an increase of the convergence area above
13°N, mostly eastward 10°W due to the strengthening of
moisture flux originating from the Mediterranean Sea and
the Congo basin (i.e. Central Africa). This is in line with
the northward inland monsoon flux diverted toward east
Sahel and discussed earlier (see Fig. 12). In fact, the precip-
itation increase over the east Sahel results in an enhance-
ment of moisture convergence while the expected dryness
over the west Sahel would likely be explained either by
the simulated lower relative humidity (not shown) indicat-
ing a higher moisture deficit present in the late twenty-first
century or to other dynamical processes in the upper levels
(850-300 hPa).

In the upper level, the main convergence (divergence)
areas are located below (above) 6°N in both AOGCMs
and RegCM4, albeit a more pronounced and widespread

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Time (year)

d maximum Consecutive dry days (CDD i.e. dry spells) and e maxi-
mum 5 day-intesity (RX5day). The changes in precipitation mean
daily frequency, CDD, and RX5day are expressed in percent with
respect to the 1976-2005 reference periods

divergence enhancement is projected around the Guinea
highlands, Senegal and Mauritania in both HA_RegCM4
and MPI_RegCM4. Therefore, this mid-tropospheric
divergence may be tied to the AEJ dynamics, known as an
important channel of moisture transport over West Africa
(e.g. Cook 1999; Abiodun et al. 2008; Nicholson 2013).
In this respect, the ESMs and both RegCM4 experiments
show an equatorward position and strengthening of the
AEJ, in agreement to dry conditions over the western Sahel
(e.g. Sylla et al. 2010; Diallo et al. 2013a, b). The equa-
torward position of the AEJ core coincides mostly with
the divergence areas in the upper levels suggesting that
the stronger AEJ divert the atmospheric moisture from the
Sahel toward Atlantic Ocean. In summary, projected local
(evaporation) and large scale processes (moisture conver-
gence) change suggest that the rainfall increase over east-
ern and/or central Sahel would mainly be tied to elevated
moisture convergence in the bottom layer (1000-850 hPa)
due to increased water vapor in the bottom layer air column
and surface evaporation. On the other hand, in the upper
level (850-300 hPa), the strengthening of moisture diver-
gence combined to both the southward migration of the
AEJ as well as the weakening of rising motion between the
core of AEJ and TEJ help to explain the projected dry con-
dition over western Sahel.
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Fig. 12 Mean JJAS projected
change [(2071-2100) minus
(1976-2005)] in mean sea level
pressure (mslp; in shaded and
expressed in hPa) superim-
posed to the 925 hPa low level
winds (vectors; expressed in
m/s) from: a HadGEM2-ES,

b MPI, ¢ HA_RegCM4 and d
MPI_RegCM4
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4 Summary and conclusions

In this study, we analyzed the CORDEX-Africa simulations
carried out with RegCM4 to characterize not only changes
in mean precipitation and its variability at different time-
scale, but also on the projected changes in the hydrological
cycle components and its impact on hydroclimatic regimes
over West Africa during the peak of the West African Mon-
soon season (June—July—August—September; JJAS) for the
late twenty-first century period (2071-2100). The model is
run at a horizontal grid-spacing of 50 km over the whole
Africa and is driven by two ESMs, the Earth system version
of the Max-Planck-Institut fiir Meteorologie (MPI-ESM;
MPI hereafter) and the Hadley Global Environmental 2—
Earth System (HadGEM?2-ES), for the period 1970-2100
under the RCP8.5 emission scenario. For the reference
period (1976-2005), model mean precipitation, interannual
variability and seasonal cycle are validated against differ-
ent observational sources (CRU, UDEL, TRMM as well as
GPCP), while large scale atmospheric circulations are com-
pared to the pseudo-observed datasets from ERA-Interim
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and NCEP/NCAR reanalysis. A number of selected pre-
cipitation extreme indices are validated against satellites-
estimates from TRMM and GPCP.

Both RegCM4 (HA_RegCM4 and MPI_RegCM4)
simulations realistically simulate the seasonal evolution
of mean precipitation as well as the associated large scale
circulation patterns for the current-climate, although some
deficiencies (dry/wet biases) are evident. RegCM4 simu-
lations improve the driving AOGCMs (HadGEM2-ES and
MPI) features, especially the northward location of the
ITCZ and the wet (dry) biases, due to an accurate represen-
tation of the temperature gradient between the Sahara and
the Gulf of Guinea. Concerning the interannual variability
and the extreme event indices, results show that, overall the
ESMs compare better to the coarser resolution GPCP and
the RegCM4 experiments are closer to the higher resolution
TRMM, thus emphasizing the added value of the downs-
caling experiments.

In the late future, the mean precipitation is projected
to decrease (increase) over western (central and/or east-
ern) Sahel, in agreement with recent studies using either
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Fig. 13 Mean projected change [(2071-2100) minus (1976-2005)] in mean meridional wind—V-Wind (fop panels; a, b; in m/s) and Omega
(bottom panels; ¢, d; in 1073 Pa/s) averaged over 10°W-10°E from: HA_RegCM4 (a, ¢) and MPI_RegCM4 (b, d)
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Fig. 16 Mean JJAS projected change [(2071-2100) minus (1976—
2005)] in vertically integrated moisture flux Q (vectors, in kg.
kg~! x m.s™!) and moisture divergence (shaded, x 10~ s71) in bot-
tom layer [(1000-850 hPa), top panels; a—d) and upper layer ([850-
300 hPa], bottom panels, e-h) with in contours the 650 hPa zonal

CORDEX simulations (e.g. Laprise et al. 2013; Mariotti
et al. 2014) or CMIP5 data (e.g. Monerie et al. 2012). The
pattern of change in R10mm and RX5day follow that of
mean precipitation, emphasizing that the change in mean
precipitation and extreme precipitation indices during the
West African monsoon season are highly inter-related. The
evaporation pattern change mainly follows that of mean
precipitation in all models except MPI, thus suggesting that
evaporation is not a major element contributing to precipita-
tion change via recycling processes in MPI. Therefore, the
change in both evaporation and precipitation will greatly
affect the hydrological cycle. An analysis of the water bal-
ance component (Evaporation (E), Precipitation (P) and the
budget E-P) over different sub-regions point out that over
Sahel, the water balance components seem more likely tied
to local processes rather than large scale conditions.

An analysis of vertically integrated moisture flux sug-
gests that the rainfall increase over eastern and/or central
Sahel would mainly be tied to moisture convergence con-
tributed by the bottom layer (1000-850 hPa). Conversely
the rainfall weakening over western Sahel results in an

-2 -1.5 -1 -0.6-0.20.2 0.6 1

1.5

2 3 4

winds [m s~!] from: HadGEM2-ES (a, e), MPI (b, f), HA_RegCM4
(c, g) and MPI_RegCM4 (d, h). Blue contours indicate a strengthen-
ing of the African Easterly Jet (AEJ) whereas black contours indicate
a weakening of the AEJ. Here positive values (blue color) show con-
vergence and negative values (red color) divergence

increase in moisture divergence in the upper level (850—
300 hPa) combined to both the southward migration of
the AEJ as well as the weakening of rising motion located
between above the core of AEJ and TEJ.

This study relies on a single regional climate model
driven by two different AOGCMs for current and future
climate. In order to provide more robustness to the cli-
mate change signal and its associated dynamical features,
a multi-model ensemble is needed. We plan to compare our
projection with other available one within the CORDEX-
Africa program.
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