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ABSTRACT

The present assessment of the West African monsoon in the models of the Coupled Model Intercomparison
Project (CMIP) phase 5 (CMIPS5) indicates little evolution since the third phase of CMIP (CMIP3) in terms of
both biases in present-day climate and climate projections.

The outlook for precipitation in twenty-first-century coupled simulations exhibits opposite responses be-
tween the westernmost and eastern Sahel. The spread in the trend amplitude, however, remains large in both
regions. Besides, although all models predict a spring and summer warming of the Sahel that is 10%-50%
larger than the global warming, their temperature response ranges from 0 to 7 K.

CMIP5 coupled models underestimate the monsoon decadal variability, but SST-imposed simulations
succeed in capturing the recent partial recovery of monsoon rainfall. Coupled models still display major SST
biases in the equatorial Atlantic, inducing a systematic southward shift of the monsoon. Because of these
strong biases, the monsoon is further evaluated in SST-imposed simulations along the 10°W-10°E African
Monsoon Multidisciplinary Analysis (AMMA) transect, across a range of time scales ranging from seasonal to
intraseasonal and diurnal fluctuations.

The comprehensive set of observational data now available allows an in-depth evaluation of the monsoon across
those scales, especially through the use of high-frequency outputs provided by some CMIP5 models at selected sites
along the AMMA transect. Most models capture many features of the African monsoon with varying degrees of
accuracy. In particular, the simulation of the top-of-atmosphere and surface energy balances, in relation with the cloud
cover, and the intermittence and diurnal cycle of precipitation demand further work to achieve a reasonable realism.

6471

1. Introduction

During the second half of the twentieth century, Africa
witnessed one of the largest interdecadal climate signals
of the recent observational records. The severe drying of
the Sahel, which culminated in the devastating drought of
1984, plagued the region from the 1970s to the 1980s (e.g.,
Nicholson 1980; Nicholson et al. 2000; Held et al. 2005).
In the recent decade, the Sahel transitioned to a period
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with somewhat more abundant rainfall, suggesting a possi-
ble shift to a more favorable climate regime over the coming
decades (Paeth and Hense 2004). However, at the same
time, global mean temperature is increasing in response
to increasing atmospheric greenhouse gases, so that pre-
dicting the evolution of Sahel rainfall from a range of a few
decades to the end of the twenty-first century becomes
urgently needed for developing adaptation strategies.
Such climate projections, as well as our physical un-
derstanding of the Sahel rainfall variability, mostly rely
on general circulation models, characterized by a wide
variety of complexity, from atmosphere-only models to
the most recent Earth system models (ESMs). The re-
gional response to global warming was uncertain in the
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models of the third phase of the Coupled Model In-
tercomparison Project (CMIP3; Meehl et al. 2007b) used
for the Fourth Assessment Report (AR4) of the Inter-
governmental Panel on Climate Change (IPCC), which
even disagree on the sign of future rainfall anomalies
over the Sahel (e.g., Biasutti and Giannini 2006; Lau
et al. 2006). This disagreement remains even among
models that reasonably simulate the twentieth-century
West African climate (Cook and Vizy 2006).

In fact, many of the previous generation of climate
models failed in capturing major features of the West Af-
rican climatology and variability, damping our confidence
in their climate projection. One of the reasons is likely
linked to the high spatial and temporal heterogeneities of
the rainfall distribution across West Africa. In the Sahel,
which lies at the northernmost extent of the West African
monsoon (WAM), between 10° and 20°N, precipitation is
highly sensitive to the intertropical convergence zone
(ITCZ) latitudinal mean position during summer. There,
rainfall is mainly supplied by mesoscale convective sys-
tems, often organized within synoptic disturbances such
as African easterly waves (e.g., Kiladis et al. 2006).

Several studies emphasized the inability of current cou-
pled or atmospheric models to correctly handle the main
WAM characteristics. Cook and Vizy (2006) show that one-
third of CMIP3 models do not simulate a WAM system
(i.e., they do not capture properly the summer northward
migration of the ITCZ over the continent). Atmospheric
regional and global models, forced by observed sea surface
temperatures (SSTs), analyzed within the framework of
the African Monsoon Multidisciplinary Analysis (AMMA)
Model Intercomparison Project (AMMA-MIP; Hourdin
et al. 2010), the West African Monsoon Modeling and
Evaluation (WAMME; Xue et al. 2010) project, and the
African component of the Coordinated Regional Climate
Downscaling Experiment (CORDEX-Africa; Jones et al.
2011; Nikulin et al. 2012) are generally more skillful, even
though large biases in rainfall and the meridional circu-
lation remain (Hourdin et al. 2010; Xue et al. 2010; Boone
et al. 2010).

In the framework of the fifth phase of the Coupled
Model Intercomparison Project (CMIP5), a new ensem-
ble of state-of-the-art climate models is now available
(Taylor et al. 2012), and this raises several questions. Do
they agree more on Sahel rainfall projections? Do they
capture the partial rainfall recovery observed over the
last decades? How well are they able to reproduce the
main features of the WAM? In the following, the CMIP5
ensemble is used to address these questions, assess the
results of the modeling community efforts, and empha-
size the challenges that remain for simulating the WAM.
Our analysis indicates that over West Africa, CMIP5 models
have not reached yet a degree of maturity that makes it
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possible to directly rely on them to anticipate climate
changes and their impacts, especially with regard to rainfall.

The present study is also motivated by the recent prog-
ress in the observation and understanding of the WAM,
thanks to the AMMA program (Redelsperger et al. 2006).
The AMMA observational strategy (Lebel et al. 2010)
documented a meridional transect extending from the
Gulf of Guinea to the Sahara desert, along the Greenwich
meridian. Three preexisting surface-observing supersites
along this transect were reinforced: the Upper Ouémé
Valley, Niamey, and Gourma AMMA-Couplage de
I’Atmosphere Tropicale et du Cycle Hydrologique
(CATCH) sites (e.g., Lebel et al. 2009). This transect was
used within the AMMA-MIP framework to evaluate
regional and global models (Hourdin et al. 2010).

As part of the Cloud Feedback Model Intercomparison
Project (CFMIP) component of CMIP5, participating cen-
ters also provided output at very high frequency (30 min or
model time step) on a series of 119 grid points around the
world, in order to better understand the climate model be-
haviors and their dependence on model formulation (Bony
et al. 2011). Among these sites, 11 were defined in coordi-
nation with the AMMA community along the AMMA
transect, 3 of them corresponding to the supersites men-
tioned above. In addition, the availability of new spaceborne
measurements from active sensors as part of the afternoon
satellite constellation (A-Train) opens the path for the es-
tablishment of global climatologies of the three-dimensional
distribution of clouds (e.g., Bouniol et al. 2012). The avail-
ability of these new datasets and new outputs at selected
sites from CMIPS, as well as the better understanding of
some key processes at work in the WAM system, provides
a unique opportunity to evaluate more in depth the WAM
representation by climate models. In the present work, we
seek to capitalize on this AMMA legacy, and to provide
a process-oriented analysis of CMIP5 simulations.

The paper is organized as follows: Section 2 describes
the datasets used for the CMIP5 model evaluation. In
section 3, the long-term variability of the WAM is as-
sessed from CMIP3 to CMIP5 models. Section 4 evalu-
ates the representation of the WAM mean state and
seasonal evolution in both coupled and SST-forced
simulations. Section 5 addresses a more physical evalu-
ation of monsoon processes, with an emphasis on the
intraseasonal and diurnal scales of the water cycle. Fi-
nally, conclusions are given in section 6.

2. Datasets

a. Climate models from CMIP3 and CMIP5

In the present work, we consider a wide range of out-
put from climate models that participated in CMIP3 and
CMIP5. Climate change scenarios of CMIP3 [Special



1 SEPTEMBER 2013

Report on Emissions Scenarios (SRES) A2] and of CMIP5
[representative concentration pathways (RCPs) 4.5 and
8.5], in comparison with historical simulations [the twen-
tieth-century simulation (20C3M) for CMIP3, “Histori-
cal” (Hist) for CMIPS5] are used to assess the West African
monsoon response to an increase of the CO, atmospheric
concentration. SST-imposed or Atmospheric Model In-
tercomparison Project (AMIP)-type simulations are
used to further analyze the representation of the WAM in
the state-of-the-art models of the CMIP5 archive. Pre-
industrial control runs (PiControl) with constant forcing
are used for some CMIPS5 models, to infer the decadal
and interannual variability of Sahel precipitation.

A full description of the CMIP3 framework and a
comprehensive assessment of the models can be found
in Meehl et al. (2007b). Integrations of 18 CMIP3 models
are used here. They were made available to the com-
munity by the Program for Climate Model Diagnosis and
Intercomparison (PCMDI) through their website (www-
pcemdi.llnl.gov/ipce/model_documentation/ipcc_model
documentation.php), where a detailed description of the
models can be found. (All model names referred to in
this paper are expanded in full in the appendix.)

The simulations performed as part of CMIPS5 and used
in the present study are listed in Table 1. They were
made available on the Earth System Grid (ESG; http://
cmip-pemdi.llnl.gov/cmipS/index.html) data archive. The
different types of integrations of the CMIP5 framework
are described in Taylor et al. (2012). As we provide
hereafter a more detailed evaluation of the CMIP5
AMIP simulations, Table 2 reports grid information of
the atmospheric component of the models that provided
this experiment.

b. Observational datasets

The present paper assesses several time scales in
CMIP5 models, from the multidecadal variability to the
diurnal cycle. Therefore a wide number of datasets for
each targeted variable is used to account for these scales
and for the uncertainty of observations. Their main
characteristics are described in Table 3.

3. Long-term variability of the WAM from CMIP3
to CMIPS

a. Climate projection of temperature and
precipitation over the Sahel

The CMIP3 exercise confirmed the high probability of
a significant global warming at global scale as a conse-
quence of anthropic greenhouse gas emissions (e.g.,
Meehl et al. 2007a). Some robust features in the spatial
distribution of the associated climate changes were also
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highlighted: a stronger warming over continents than
over oceans, a stronger warming in high latitudes than in
the tropics, and, in general, a tendency to reinforcement
of rainfall contrasts in the tropics, with the ITCZ be-
coming more rainy and the subtropical subsiding anti-
cyclonic belts becoming drier (e.g., Chou et al. 2009).
However, a major issue was raised as models did not
achieve any consensus for regional rainfall changes, in
particular over the Sahel (Cook 2008).

Hereafter, we give a brief outlook of the changes
over the Sahel as simulated by the new CMIPS5 ensemble
(Fig. 1). Similarly to the CMIP3 ensemble mean under
the SRES A2 scenario (Fig. 1a), the CMIP5 ensemble
mean (Fig. 1d) predicts under the RCP8.5 scenario a
warming with a marked meridional gradient, the warming
being higher over the Sahara than near the Guinean
coast. This gradient is positioned over the Sahel, between
10° and 18°N, and corresponds to a large intermodel
standard deviation, indicating a large uncertainty in the
Sahel temperature increase. Associated with this warm-
ing, a drying is predicted by the ensemble mean over the
Sahel west of 5°W whereas a wetting is predicted east of
5°W. The precipitation response remain qualitatively the
same between CMIP3 and CMIPS, with a slight positive
offset at the regional scale in the CMIP5 RCP8.5 scenario
compared to the CMIP3 SRES A2 scenario. Note that
these two scenarios are distinct, so that the response am-
plitude in temperature and precipitation cannot be quan-
titatively compared. The intermodel standard deviation of
the precipitation mean changes among the models is
generally as large as the precipitation changes themselves.

The consensus on the westernmost Sahel (15°-5°W)
drying is relatively high, with about 80% of CMIP5
models agreeing on the sign of the change (Fig. 1f). It
was similar in the CMIP3 ensemble (Fig. 1c). The drying
remains moderate for most of the models being lower
than 20% (Fig. 2a). In contrast, the consensus on the
wetting over the eastern West Sahel (0°~10°E) has been
slightly reduced from CMIP3 to CMIP5 (Figs. lce
and 2b), while it has clearly increased over the central/
eastern Sahel (10°-35°E), with now more than 75% of
the CMIP5 models agreeing on the positive sign of
precipitation changes (Figs. 1c,e and 2c¢). The apparent
low sign agreement in the transition region between the
westernmost Sahel and the eastern West Sahel is likely
related to the weak projected precipitation changes
there. Note that the choice of the three averaging do-
mains (Fig. 2) was conveyed by the sign agreement of the
precipitation changes (Fig. 1) and some previous works
that defined homogeneous regions over the Sahel at in-
terannual to multidecadal time scales (e.g., Ward 1998;
Lebel and Ali 2009). For some models, it might not be the
most appropriate, in particular for those that do not
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TABLE 1. CMIP5 simulations used in the present study. See appendix for complete expansions of model names.

Centers Models Simulations
Beijing Climate Center (BCC; China) BCC-CSM1.1 AMIP,* Hist, RCP4.5, RCP8.5, PiControl
BCC-CSM1.1(m) Hist, RCP4.5, RCP8.5
Canadian Centre for Climate Modelling and CanAM4 AMIP##*
Analysis (CCCma; Canada) CanCM4 Hist
CanESM2 Hist, RCP4.5
Centro Euro-Mediterraneo per I Cambiamenti CMCC-CM AMIP,* Hist, RCP4.5, RCP8.5, PiControl
Climatici (CMCC; Italy) CMCC-CESM Hist, RCP4.5, RCP8.5
CMCC-CMS Hist, RCP8.5
Centre National de Recherches Météorologiques CNRM-CM5 AMIP,*** Hist, RCP4.5, RCP8.5, PiControl
(CNRM)—Centre Européen de Recherche et de
Formation Avancée en Calcul Scientifique
(CERFACS; France)
Commonwealth Scientific and Industrial Research ACCESS1.0 AMIP, Hist, RCP4.5, RCP8.5, PiControl
Organisation (CSIRO)-Bureau of Meteorology ACCESS1.3 AMIP, Hist, RCP4.5, RCP8.5, PiControl

(BOM; Australia)

CSIRO-Queensland Climate Change Centre of
Excellence (QCCE; Australia)

First Institute of Oceanography (FIO; China)

Global Change and Earth System Science (GCESS;
China)

European Consortium (EC)

Institute of Numerical Mathematics (INM; Russia)

L’Institut Pierre-Simon Laplace (IPSL; France)

State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid
Dynamics (LASG)-Center for Earth System
Science (CESS; China)

LASG-Institute of Atmospheric Physics
(IAP; China)

Model for Interdisciplinary Research on Climate
(MIROC; Japan)

Met Office Hadley Centre (MOHC; United
Kingdom)

Max Planck Institute for Meteorology (MPI-M;
Germany)

Meteorological Research Institute (MRI; Japan)

National Aeronautics and Space Administration
(NASA)-Goddard Institute for Space Studies
(GISS; United States)

National Center for Atmospheric Research
(NCAR; United States)
Norwegian Climate Centre (NCC; Norway)

National Institute of Meteorological Research
(NIMR)-Korea Meteorological Administration
(KMA; South Korea)

CSIRO-Mk3.6.0

FIO-ESM
BNU-ESM

EC-EARTH
INM-CM4
IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR
FGOALS-g2

FGOALS-s2

MIROC4h
MIROCS
MIROC-ESM

MIROC-ESM-CHEM

HadCM3
HadGEM2-A
HadGEM2-CC
HadGEM2-ES
MPI-ESM-LR
MPI-ESM-MR
MPI-ESM-P
MRI-AGCM3.2H
MRI-AGCM3.2S
MRI-CGCM3
GISS-E2-H
GISS-E2-R
GISS-E2-H-CC
GISS-E2-R-CC
CCSM4

NorESM1-M
NorESM1-ME
HadGEM2-A0O

AMIP,* Hist, RCP4.5, RCP8.5, PiControl

Hist, RCP4.5, RCP8.5
AMIP,* Hist, RCP8.5, PiControl

AMIP,* Hist, PiControl

AMIP,* Hist, RCP4.5, RCP8.5, PiControl
AMIP,*** Hist, RCP4.5, RCP8.5, PiControl
AMIP,* Hist, RCP4.5, RCP8.5, PiControl
AMIP,*** Hist, RCP4.5, RCP8.5, PiControl
AMIP,* Hist, RCP4.5, RCP8.5, PiControl

AMIP,* Hist, RCP4.5, RCP8.5, PiControl

Hist

AMIP,* Hist, RCP4.5, RCP8.5, PiControl
Hist, RCP4.5, RCP8.5

Hist, RCP4.5, RCP8.5

Hist

AMIP##*

Hist, RCP4.5, RCP8.5

Hist, RCP4.5, RCP8.5

AMIP,*** Hist, RCP4.5, RCP8.5, PiControl
AMIP,* Hist, RCP4.5, RCP8.5, PiControl
Hist

AMIP*

AMIP*

AMIP,*** Hist, RCP4.5, RCP8.5, PiControl
Hist, RCP4.5, RCP8.5

AMIP, Hist, RCP4.5, RCP8.5, PiControl
Hist, RCP4.5

Hist, RCP4.5

AMIP, Hist, RCP8.5, PiControl

AMIP,* Hist, RCP4.5, RCP8.5, PiControl
Hist, RCP4.5, RCP8.5
Hist, RCP4.5, RCP8.5
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Centers Models Simulations
National Oceanic and Atmospheric Administration GFDL-CM2pl Hist
(NOAA)/Geophysical Fluid Dynamics GFDL-CM3 Hist, RCP4.5, RCP8.5
Laboratory (GFDL; United States) GFDL-ESM2G Hist, RCP4.5, RCP8.5
GFDL-ESM2M Hist, RCP4.5, RCP8.5
GFDL-HIRAM-C180 AMIP*
GFDL-HIRAM-C360 AMIP*

National Science Foundation (NSF)-Department of CESM1(BGC) Hist, RCP4.5, RCP8.5
Energy (DOE)-National Center for Atmospheric CESM1(CAMS) AMIP, Hist, RCP4.5, RCP8.5, PiControl
Research (NCAR; United States) CESM1(FASTCHEM) Hist
CESM1(WACCM) Hist

* Daily outputs are available for these simulations.
** High-frequency output is used at selected sites.

capture the right position of the summer ITCZ (see section
4). A more detailed analysis of the projections is required
but remains out of the scope of the present study.

East of 0°, the CMIP5 ensemble mean precipitation
response is partly dominated by about four or five models
that simulates a strong increase of precipitation, greater
than 60%. Those models also predict a relatively weak
warming over the Sahel, and even some cooling for one of
them over the eastern Sahel. In the RCP8.5 scenario, their
July-September (JAS) values of AT, and AP/P (P being

precipitation) over the central-eastern Sahel are 29K
and 62% for MIROCS, 02K and 86% for BNU-ESM,
02K and 103% for FGOALS-g2, —1.0K and 103% for
MIROC-ESM, and 2.7K and 109% for MIROC-ESM-
CHEM,; while the values of all other models range over
45+ 1.5Kand 0% = 30%. Most projections thus indicate
moderate changes in the pessimistic scenario, to be com-
pared with the 40% decrease observed between the
1950s-60s and 1970s-80s, and the +20% rainfall recovery
in recent years over parts of the Sahel (Lebel and Ali 2009).

TABLE 2. Characteristics of AMIP simulation models used in the present study.

Number of
Models Reference Horizontal grid vertical levels
ACCESS1.0; ACCESS1.3  http//wiki.csiro.au/confluence/display/ ACCESS/ 1.875° X 1.25° 38
BCC-CSM1.1 Wau et al. (2010) T42 (2.8° X 2.8°) 26
BNU-ESM http://esg.bnu.edu.cn/BNU_ESM_webs/htmls/index.html T42 (2.8° X 2.8°) 26
CanAM4 http://www.ec.gc.ca/ccmac-cccma/ T63 (1.875° X 1.875°) 35
CCSM4 Neale et al. (2010a); Gent et al. (2011) 0.9° X 1.25° 26
CESM1(CAMS) Neale et al. (2010b) 0.5° x 1.25° 30
CMCC-CM http://www.cmcc.it/data-models/models 0.75° X 0.75° 31
CNRM-CMS5 Voldoire et al. (2013) T127 (1.4° X 1.4°) 31
CSIRO-Mk3.6.0 Rotstayn et al. (2010) T63 (1.875° X 1.875°) 18
EC-EARTH Hazeleger et al. (2010) T159 (1.125° X 1.125°) 62
FGOALS-g2 http://www.lasg.ac.cn/FGOALS/CMIPS 2.8° X 2.8° 26
FGOALS-s2 http://www.lasg.ac.cn/FGOALS/CMIP5 1.7° x 2.8° 26
GFDL-HIRAM-C180 Donner et al. (2011) 0.5° % 0.5° 32
GFDL-HIRAM-C360 Donner et al. (2011) 0.25° x 0.25° 32
GISS-E2-R http://data.giss.nasa.gov/modelE/ar5 2° X 2.5° 40
HadGEM2-A Collins et al. (2008) 1.25° X 1.875° 38
INM-CM4 Volodin et al. (2010) 1.5° % 2.5° 21
IPSL-CM5A-LR Dufresne et al. (2013) 1.895° x 3.75° 39
IPSL-CM5A-MR Dufresne et al. (2013) 1.25° X 2.5° 39
IPSL-CM5B-LR Hourdin et al. (2012) 1.895° x 3.75° 39
MIROCS Watanabe et al. (2010) T85 (1.4° X 1.4°) 40
MPI-ESM-LR http://www.mpimet.mpg.de/en/science/models/mpi-esm.html ~ T63 (1.875° X 1.875°) 47
MPI-ESM-MR http://www.mpimet.mpg.de/en/science/models/mpi-esm.html ~ T63 (1.875° X 1.875°) 95
MRI-AGCM3.2H Mizuta et al. (2012) T319 (0.56° X 0.56°) 64
MRI-AGCM3.2S Mizuta et al. (2012) T959 (0.19° X 0.19° 64
MRI-CGCM3 Yokimoto et al. (2011) T159 (1.125° X 1.125°) 48
NorESM1-M Kirkevag et al. (2008) 1.9° x 2.5° 26
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TABLE 3. Observational datasets.

Variables Dataset References Resolution Frequency  Period covered
Rainfall CRU version 3.1 Mitchell and Jones (2005) 0.5° X 0.5° Monthly 19012008
CMAP Xie and Arkin (1997) 2.5° X 2.5° Monthly 1979-2008
GPCP Huffman et al. (2001) 1°x 1° Daily 19972008
TRMM-3B42 Huffman et al. (2007) 0.25° X 0.25° Daily 1998-2008
Ouémé rain gauges Le Lay and Galle (2005); Site® 5 and 30 min 1999-2011
(9.5°N, 2°E) Depraetere et al. (2009)
Niamey rain gauges Lebel et al. (2010) Site® 5 and 30 min 19902011
(13.5°N, 2.2°E)
Convection NOAA OLR Liebmann and Smith (1996)  2.5° X 2.5° Daily 1979-2008
Clouds CloudSat-CALIPSO Bouniol et al. (2012) AMMA transect® Monthly 2006-10
ARM Mobile Facility (AMF) Miller and Slingo (2007); Niamey site 30 min 2006
Bouniol et al. (2012)
Radiation CERES EBAF® edition 2.6 Wielicki et al. (1996); 1°x1° Monthly 2000-10
Loeb et al. (2009)
NASA-GEWEX SRB release Stackhouse et al. (2011) 1°x1° Monthly 1983-2007
3.0 (pr and qc)®
Transect sites® Lebel et al. (2009); Sites JAS average
http://www.amma.catch.org
2-m temperature CRU version 3.1 Mitchell and Jones (2005) 0.5° X 0.5° Monthly 1979-2008
NCEP CFSR Saha et al. (2010) 1°x1° Monthly/daily 1979-2008
NASA-MERRA Rienecker et al. (2011) 1°x1° Monthly/daily 1979-2008
ERA-Interim Simmons et al. (2007) 0.75° X 0.75° Monthly/daily 1979-2008

#The number and density of gauges vary from year to year. To match the 30-min model output resolutions extracted at these selected sites,
and not oversample any particular region, the data were resampled and spatially homogenized in a 0.2° X 0.2° domain within a 2° X 2°
area around both sites.

® Each satellite track within a 10°W-10°E domain is assumed representative of the Greenwich latitude, leading to at least two sampling per
day along this transect.

“The Clouds and Earth’s Radiant Energy System (CERES) Energy Balanced and Filled (EBAF) edition 2.6 product consists of top-of-
atmosphere and surface radiative fluxes (http://ceres.larc.nasa.gov).

4The National Aeronautics and Space Administration (NASA)-Global Energy and Water Cycle Experiment (GEWEX) surface radi-
ation budget (SRB) consists of top-of-atmosphere and surface radiative fluxes. Two sets of surface radiative flux estimations are
available, based on different algorithms, known as primary (SRB3pr) and Langley parameterized algorithms (SRB3qc). More in-
formation on these two datasets is available at http://gewex-srb.larc.nasa.gov/index.php.

“Bamba (17.1°N, 1.4°E, 2004-07), Agoufou (15.34°N, 1.48°E, 2002-08), Wankama (13.67°N, 2.65°E, 2005-06), Bira (9.82°N, 1.71°E, 2006),
Naholou (9.73°N, 1.60°E, 2006), and a Prediction and Research Moored Array in the Tropical Atlantic (PIRATA) buoy (0°, 0°,2006, only

incoming shortwave at surface).

The temperature and precipitation changes are likely
related. Reinforced rainfall should moderate the tem-
perature increase in summer, through an increase of
surface latent heat flux. Figures 2e and 2f are consistent
with this interpretation. In the dry March-May (MAM)
season, the Sahel warming reflects mostly an amplifi-
cation of the global warming response by 30% * 20%.
In contrast, the projected summer Sahelian warming
displays much more spread than the global warming,
emphasizing a coupling with the rainfall response. Three
models that predict a significant increase of Sahel rainfall
also predict a much weaker JAS warming than the global
value.

b. Decadal and interannual rainfall variability over
the Sahel

The Sahelian rainfall exhibits a large variability at
decadal and interannual time scales. To address these

scales, the time series of the Sahel precipitation P was
decomposed into a decadal component P~ and an inter-
annual fluctuation 8P, such that P= Fg +6P. The
quantity P’ is defined as the 9-yr running mean of the raw
series. Figure 3a illustrates the observed raw and filtered
time series of precipitation averaged over (10°-18°N, 0°-
10°E) for both the Climatic Research Unit (CRU) and
Climate Prediction Center (CPC) Merged Analysis of
Precipitation (CMAP) datasets (see Table 3). The Sa-
helian drought is clearly identified after 1973, with
a partial recovery in the recent years. Although this re-
covery is not homogeneous over the entire Sahelian belt,
Lebel and Ali (2009) show a clear signal over this central
Sahel domain.

The skill of CMIPS5 models to reproduce this recent
recovery is addressed in AMIP simulations through the
computation of precipitation mean difference between
the periods 2000-08 (wetter) and 1979-87 (drier; Fig. 3b,
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FIG. 2. (a) Climate precipitation projections (%) plotted against those of 2-m temperature (K) averaged over the westernmost Sahel
grid box (10°-18°N, 15°-5°W) shown in Fig. 1a. The differences are computed between the periods 2071-2100 and 1971-2000 for the JAS
season for the CMIP3 SRES A2 scenario, and the CMIP5 RCP4.5 and RCP8.5 scenarios. (b) As in (a), but for the central West Sahel grid
box (10°-18°N, 0°~10°E). (c) As in (a), but for the central-eastern Sahel grid box (10°-18°N, 10°-35°E). (d) Climate projections of global
2-m temperature plotted against 2-m temperature averaged over the Sahel domain (10°-18°N, 15°W=35°E); white squares are projections
of precipitation change >25%. (e) As in (d), but for the MAM season.

dots). The relative change between these two periods
ranges between 10% in the CRU dataset and 24 % in the
CMAP dataset. Despite a large dispersion, one-half of
the models capture the tendency to rainfall recovery.
Five have a tendency close to zero and three even sim-
ulate a significant negative tendency. This might be
partly due to internal variability as illustrated with the
five members of the IPSL-CM5A-LR AMIP ensemble
(Fig. 3b), which predicts a recovery, ranging from +6%
to +21%.

The reasonable skill of the AMIP simulations is prob-
ably related to the monsoon response to the change of
SSTs, consistently with the success of several atmospheric
models to reproduce the main outlines of the twentieth-
century Sahel rainfall (e.g., Tippett and Giannini 2006;
Hoerling et al. 2006). .

The standard deviation of P in the PiControl and
Historical experiments can be used to assess the skill of
coupled atmosphere—ocean models to reproduce the
observed decadal variability (Fig. 3b). In CRU obser-
vations, the standard deviation over the twentieth cen-
tury reaches almost 10%. Most models underestimate

this amplitude, often by a factor of 2, in both types of
experiments, with the notable exceptions of IPSL-
CMS5B-LR, which significantly overestimates the am-
plitude of the decadal variability, and of BCC-CSM1.1,
which has an amplitude slightly higher than the ob-
served one. It is also remarkable that the amplitude of
decadal variability is highly consistent for each model
across the two experiments, suggesting that decadal
fluctuations in Historical runs are not forced by green-
house gases, aerosols, or land use (for models including
land-use changes).

Interannual variability of CMIP5 models is investigated
based on the standard deviation of the interannual fluctu-
ations 6 P (Fig. 3c). The observed value of 12% is consistent
in CMAP and CRU observations. In the Historical and
PiControl simulations, all models lie between 8%—17%,
except ACCESS1.3 (22%), BCC-CSM1.1 (30%), CMCC-
CM (22%), FGOALS-s2 (22%), IPSL-CM5B-LR (38%),
and MRI-CGCM3 (20%), which overestimate interannual
variability. The large amplitude of decadal variability in
BCC-CSM1.1 and IPSL-CM5B-LR may be a consequence
of this excessive year-to-year variability.
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FIG. 3. (a) Time evolution of raw precipitation (mm day !

Rainfall interannual std deviation (%) [ OE-10E ]

lmes with dots) averaged over (10°-18°N, 0°~10°E) using CRU data

(black dots) and CMAP (open dots), and its decadal component P (thick solid line), computed as the 9-yr running mean of the raw
index. (b) Precipitation difference (%) between the 9-yr periods 200008 and 1979-87 for AMIP simulations (black dots) and standard
deviation of P in historical (gray squares) and preindustrial control (open squares) experiments. The standard deviations (%) are
computed on the full period (1850-2008) for historical simulations and on the available length for preindustrial simulations, which
ranges from 250-1000 yr depending on the model. The standard deVlatlon has been normalized by the mean P . For observations, the
squares correspond to the normalized standard deviation of CRU P’ while the two black circles correspond to the precipitation
difference (%) between the periods 2000-08 and 1979-87 in the CRU and CM AP observations. (c) Standard deviation of interannual

fluctuation 6P=P — P
squares) experiments.

4. The representation of the West African monsoon
mean state from CMIP3 to CMIPS

Most of the following analysis is based on the 10°W-10°E
AMMA transect, promoted by the AMMA observing
strategy (Lebel et al. 2010) and the AMMA-MIP frame-
work (Hourdin et al. 2010). Because of the small zonal
variations in surface field meridional structure between
10°W and 10°E, this transect approach is well suited to
analyze the WAM climatological structure. As a conse-
quence, the term “Sahel”” will be used hereafter in a /im-
ited meaning for the 10°-18°N, 10°W-10°E region. As

P as a fraction of the mean precipitation (%), in preindustrial control (open squares) and historical (gray

shown above, such a framework is not as appropriate to
study the WAM interannual-to-long-term variability.

a. Precipitation bias in historical simulations and its
relationship with surface air temperature

The sensitivity of the Sahelian rainfall to SSTs has
important consequences on the skill of climate models
to simulate properly the present-day mean state of the
monsoon system. All coupled models suffer from sig-
nificant and robust SST biases with respect to their AMIP
version (Fig. 4). Most of them systematically display
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strong warm biases (of several kelvin) over upwelling
regions, on the eastern side of tropical oceanic basins,
especially in the South Atlantic. The only exception is
CSIRO-Mk3.6.0, which has a global cold bias over the
ocean.

The CMIP5 ensemble mean warm bias (CMIPS5-
ENSEMBLE in Fig. 4) peaks at more than +3 K in the
equatorial eastern Atlantic, contrasting with a cold bias
of about —1 K in the North Atlantic. This systematic bias
structure is remarkably similar to the CMIP3 ensemble
mean (CMIP3-ENSEMBLE in Fig. 4).

This warm bias in the equatorial Atlantic has been
shown to be partly responsible for the systematic south-
ward shift of the ITCZ in coupled models (Richter and
Xie 2008). It is associated with a strong reinforcement of

AMIP —BIAS

GOW 50W 40W 30W20W 10W O 10E 20 30E 40E 50E

60W 50W 40W 30W20W 10W 0 10E 20E 30E 40E 50E

BOW 50W 40W 30W20W 10W O 10E 20E 30E 40E S0E
BOW50W 40W 30W20W 10W O 10E 20E 30E 40E 50E

)
o =
T i
|
= = o~
9 (&) - rainfall over the Guinean coast and often a reduction
| ol over the Sahel, as illustrated in Fig. 4. Consistently,
% A © CSIRO-Mk3.6.0 shows an opposite signal, with slightly
T less rainfall over the Guinean coast.
< The latitudinal position of the ITCZ over West Africa

is, to some extent, related to the intensity of the north—
south temperature gradient, which is partly driven by
the SSTs in the equatorial Atlantic (Fig. 5). The corre-
lation coefficient reaches 0.4 in historical CMIP5 simu-
lations. AMIP simulations exhibit a similar relationship,
with a smaller spread in the ITCZ position. The tem-
perature over the Sahara is thus expected to play an
important role too in the summer monsoon position. It
will be further evaluated in section 4b(2).

To summarize, both CMIP3 and CMIP5 coupled
models exhibit large biases in the mean position of the
West African monsoon, which is likely associated with
the warm SST bias in the equatorial Atlantic. This first-
order, robust, and quasi-systematic bias prevents any
further insight into the representation of key features
and processes of the monsoon in coupled simulations.
Therefore, we now focus on AMIP simulations, which
display a weaker dispersion in the ITCZ summer posi-
tion over West Africa (Fig. 5).

1

MPI-ESM—LR
CMIP3—-ENSEMBLE
FIG. 4. (Continued)
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Figure 6 shows JAS precipitation averaged from 1979
to 2008 between 10°W and 10°E for each model and ob-
servational dataset introduced in section 2. Even though
the Global Precipitation Climatology Project (GPCP)
and Tropical Rainfall Measuring Mission (TRMM)
datasets do not cover the same period, they provide similar
results along this transect, the sensitivity to the exact
chosen period being much smaller than the typical
model biases (not shown). Following the previous
section and Fig. 5, models have been separated into
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FIG. 5. Scatterplot of the ITCZ position versus the meridional
temperature gradient between the Gulf of Guinea and the Sahara
desert. The ITCZ latitude corresponds to the position during JAS
of maximum precipitation averaged over 10°W-10°E. The JAS
temperature gradient is computed as the difference between (20°—
30°N, 10°W-10°E) and (5°S-5°N, 10°W-10°E): CMIP5 AMIP
(black circles), CMIPS5 Historical (open diamonds), CMIP3 AMIP
(gray squares), and CMIP3 20C3M (open squares).

two subsets according to their mean temperature over
the Sahara: the warm (Fig. 6a) and the cold (Fig.
6b) models. Overall, models capture the large-scale
precipitation maximum over the continent near 10°-
11°N. About one-third of the models (BCC-CSM1.1,
FGOALS-s2, GISS-E2-R, HadGEM2-A, INM-CM4,
the three IPSL-CM5 models, and MRI-CGCM3) locate
their ITCZ a bit too much to the south, near 7°-8°N. In
contrast, only a few models reproduce the maximum
amount of precipitation along the transect (8 mm day ).
Five models overestimate this maximum by 1.5-
4mmday ' (CSIRO-Mk3.6.0, GFDL-HIRAM-
C180, GFDL-HIRAM-C360, IPSL-CM5A-MR, and
MIROCS). Seven models underestimate it by 1-
5mmday !, Thus, only half of CMIP5 models are in
qualitative agreement with observations. About one-
half of the models underestimate the rainfall over the
Sahel (i.e., north of 12°N), and most of these ““‘too dry”
models are also among the colder ones.

The high-resolution runs of GFDL-HIRAM (see
Table 2) capture the monsoon latitudinal structure but
exhibit similar skills to other models in reproducing the
amplitude of precipitation. Besides, little sensitivity to
the passage from a 0.5° (GFDL-HIRAM-C180) to a
0.25° (GFDL-HIRAM-C360) resolution is noticed. En-
hanced vertical resolution from MPI-ESM-LR (47) to
MPI-ESM-MR (95) results in a very similar ITCZ. In
contrast, the modification of the physical packages from
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IPSL-CM5A-LR to IPSL-CM5B-LR indicates a clear
dependence on the formulation of the model physics,
especially north of 10°N, where rainfall is decreased by
almost a factor of 2 in IPSL-CM5B-LR.

2) TEMPERATURE AT 2M AND THE SAHARAN
HEAT LOW

The spread described in the previous section can be
partly related to the meridional large-scale temperature
gradient (section 4a; Fig. 5). In AMIP simulations, this
gradient is driven at first order by the temperature in the
Saharan heat low region, which is a key feature of the
West African monsoon at the seasonal (Lavaysse et al.
2009) and intraseasonal (Chauvin et al. 2010) time scales.
During the summer, a heat low establishes a low pressure
system over the Sahara desert and acts to reinforce the
moist monsoon flow over the Sahel. The Saharan heat low
is also key in the maintenance of the African easterly jet in
the midtroposphere (Thorncroft and Blackburn 1999). The
associated temperature gradient is a source of baroclinic
energy for African easterly waves, which affects rainfall at
various time scales (e.g., Fink and Reiner 2003; Kiladis
et al. 2006; Thorncroft and Rowell 1998). In particular, Ruti
and Dell’Aquila (2010) showed that models characterized
by a weak meridional temperature gradient are unable to
feed these synoptic disturbances. A strong gradient, how-
ever, is not a necessary condition for arising waves.

Over the Sahara, the near-surface temperature in
CMIPS models exhibits a large spread, which reaches
almost 7K near 25°N (Fig. 7). This spread starts to de-
velop in the southern Sahel, around 10°N, and extends
up to the northern coast of Africa at 35°N. Un-
fortunately the dispersion is as large as in observational
datasets and reanalyses. This reflects the sparse cover-
age of in situ observations over the Sahara, and pre-
cludes detailed model evaluation there. The surface
energy budget over the Sahara discussed at the end of
this section provides further insight into the origin of
this spread within the CMIP5 ensemble. Up to 15°N,
observations and reanalyses are in better agreement and
the spread among models is weaker, although about
one-third of CMIP5 models are still too cold by 2-3K
[BNU-ESM, CCSM4, CESM1(CAMS), CNRM-CMS,
EC-EARTH, GFDL-HIRAM-C180 and -C360, MRI-
AGCM3.2S, and NorESM1-M], and one is too warm by
2-3K (MRI-CGCM3).

3) CLOUDS AND THEIR RADIATIVE EFFECT

Bouniol et al. (2012) analyzed the cloud cover mean
properties over the Sahel with the AMF data of Niamey.
They identified four cloud categories: clouds associated
with convective systems and low-, mid-, and high-level
clouds, in agreement with Slingo (1980). Using CloudSat
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and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO), they also documented their
seasonal cycle at the regional scale over West Africa,
characterized by a northward migration of deep con-
vective clouds associated with the ITCZ, low-level
shallow clouds over the Sahel in summer, and the
ubiquitous presence of midlevel and cirrus clouds. In
addition, a 2-km-deep layer of stratocumulus is observed
over the Gulf of Guinea. Figure 8 (top-left panel)
presents the JAS climatological latitude—altitude cross
section of the mean cloud fraction, built from five years
of CloudSat—-CALIPSO data. Note that the precipitating
water phase was discarded in the observations.

All the models capture to some extent the observed
cloud structure (Fig. 8). The maximum in cloud fraction
related to the deep convective systems is collocated with
the mean ITCZ position (Fig. 6), although some models
do not reproduce the observed vertical extent of cloud
fraction. Most models include in their cloud fraction
only nonprecipitating condensed water, whereas in the
observational dataset, the computed cloud fraction also
accounts for precipitating particles, especially above the
freezing level. Even dense aggregates found in convec-
tive anvils need about 50 min to fall down from the 8-km
altitude to the freezing level at a 1ms ' fall speed
(Bouniol et al. 2010). The apparent underestimation of
cloud fraction in the midtroposphere in ACCESS1.3 or
IPSL-CMS5A-LR may thus partly originate from the lack
of consideration given to precipitating ice as making
part of the cloud (Waliser et al. 2011).

The high amount of midlevel clouds between 15° and
30°N is a specificity of the region. However, none of the
models manages to reproduce the observed amount,
even if some of them (CanAM4, IPSL-CM5B-LR,
MIROCY) partly capture their occurrence. The strato-
cumuli over the Gulf of Guinea are also challenging
most of the models. They are often not deep enough
when they occur; and CNRM-CMS5 and CanAM4 com-
pletely miss this cloud type.

The proper representation of these different cloud
types is important for the regional energy budget and
associated cloud feedbacks. Figure 9 shows the cloud
radiative effect (CRE) at the top of the atmosphere. The
longwave (LW) CRE is strongly shaped by the convec-
tive cloud cover amount and vertical structure, and the
latitudinal shift of its maximum is clearly explained by
the spread of the ITCZ JAS location (Fig. 6).

The shortwave (SW) CRE displays two minima as-
sociated with the stratocumulus clouds over the ocean
and the ITCZ over the continent. The CRE spread
across the simulations is larger in the shortwave than
in the longwave. Most models overestimate this shortwave
CRE over the ocean except CNRM-CMS, due to a lack



1 SEPTEMBER 2013 ROEHRIG ET AL. 6485

CloudSat-CALIPSO

Height [km]

-10-5 0 5 10 1520 25 30 35 40 -10-5 0 5 101520 25 30 35 40

20 IMRI-CGCM3 20 JCESM1(CAMS

Height [km)]

Height [km]

-10-5 0 5 101520 25 30 35 40

20 JCNRM-CM5

15 f\

IPSL-CM5A-MR

5‘\. :\V

Height [km]
)

-10-5 0 5 1015 20 25 30 35 40

20 INorESM1-M

€ 15 ’,}"’F—‘
=
E 10
o
@
I 5 A
0
-10-5 0 5 101520 25 30 35 40 -10-5 0 5 1015 20 25 30 35 40 -10-5 0 5 101520 25 30 35 40 -10-5 0 5 101520 25303540
20 JACCESS1.3 20 3|pSL-CM5B-LR
£ 15 "\“ 15 =
z 1049 [ 10 (N
£
@
T s 5 <
——— -

-10-5 0 5 101520 25 30 35 40 -10-5 0 5 10 15 20 25 30 35 40

Latitude [°] Latitude E

0 1 2 5 10 20 40 60 80
Cloud Fraction [%)
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CloudSat-CA LIPSO dataset and 1979-2008 for the models. Models are organized (top left)—(bottom right) from the warmest over the
Sahara (20°-30°N, 10°W-10°E) to the coldest.

of stratocumulus clouds there (Fig. 8). Further north, Even though shortwave and longwave CRE partly
within the ITCZ, the two IPSL models and HadGEM2-A  compensate each other, they have a distinct latitudinal
underestimate the CRE, and IPSL-CM5A-LR shows little  structure. The longwave CRE maximum is shifted 5°
response to the cloud cover increase with latitude. northward compared to the shortwave CRE minimum.
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As a result, the observed net CRE is negative south of £35¢62
the ITCZ, where the shortwave component is dominant, 8 R E i
and turns to slightly positive values north of the ITCZ, o £ = %
where the longwave component dominates. Over most . 8 S ¥ = g
of the Sahel and Sahara, midlevel and convective clouds 2 22,502 é% 2 <o g Dg' uei» 5 g
have a positive net CRE. Thus the CRE provides locally §§§ 58 f§§§§ igg 38 5 22 &
more favorable conditions for the development of con- 0S5 555238206625 fe it ZE = kg
vection in the Sahel than farther south during the kel S Sl — ZO? 2 é 2
monsoon (Chou and Neelin 2003). Only one-half of the ‘ 5 S %ﬁ* S
models capture the Sahelian band of positive net CRE, 5 2EH
but no model reproduces accurately its meridional struc- PR B 25
ture, with the right balance between the shortwave and . §,§ Sz 8 2
longwave components. North of the ITCZ, the CRE is g g é E <
generally too small, and to the south the spread is very large. '3 H 22 2 %
o] T e
4) INCOMING RADIATION AT THE SURFACE § % 6;5 g =
s 3 & Z
Incoming radiative fluxes at the surface are important 1 5: § = 2 é
components of the surface energy budget, with the ad- 3 £ %jg %
vantage that they can be reasonably evaluated with a joint E . i é E =
utilization of in situ AMMA measurements and satellite ® ¢ & & 5 g < 8’«‘5 %3 § %’
products. Their understanding is complex as they undergo iy eowms wupms S55%
the influence of the whole troposphere thermodynamic g £ % é
state, the vertical distribution of cloud properties, and the s £ % = g
aerosol loading. During the monsoon season, the latter is 87> E
expected to impact less the ITCZ region as aerosols are IS E % § =
scavenged by precipitation. However, they strongly affect . §F 2 EE
the Sahara region (Knippertz and Todd 2012). §§ 2 ;S % a
At the surface, the JAS shortwave incoming flux me- O% Cegl
ridional gradient is large, reaching more than 100 W m > [ 2 § g % g
from the Guinean coast to the Sahara (Fig. 10) and in- %;5 S 27 '%
volving a strong CRE. These variations are not accurately e % g § 5
simulated, with JAS-mean departures from observations 13 5 E E “g 5
larger than several tens of watts per square meter. Over g . E= ] e
the Guinea coast, more than one-half of models un- 3: T of%‘ § 5 %3(3;
derestimate the incoming surface shortwave flux in re- = 8 8 8 (X)S";m 8 8 8 8§ % é i § s
sponse to a too thin and reflective cloud layer. Within the ‘ L 2z g ,g “ §
ITCZ, the IPSL models and HadGEM2-A strongly o g § el
overestimate this radiative flux. As will be shown in sec- g 5% 5273
tion 5b(2), these two models display a reasonable cloud § £ § =
frequency of occurrence, but they both systematically = %“E‘T’ ; % §
underestimate the cloud fraction (Fig. 18). Over the Sa- SE 5 $¥ 5=
hara, most of the models overestimate the incoming é g e 6 i B
surface shortwave flux, in particular the colder ones (Fig. Ej g ; £ 3 E;
10b). Figure 8 pointed to a clear deficit of midlevel ® 3 "§§ 2 S .2
cloudiness, which has a strong impact in the shortwave QE f é = 5 E
(Bouniol et al. 2012). The representation of aerosols may 1o S g % -E % f
also explain a large part of the spread. S - ESEED
Meridional fluctuations of the longwave incoming _ & 2 % E ’*:2) g g
radiation at the surface are weaker. It increases from the ° = ié’ § ;'a) § ;8> é § “g‘f'r’ /mo\ 5 ; § :‘g?
more humid and cloudier Gulf of Guinea to the drier G0 weL S5 E3
Sahara at 20°N by 10-20 W m 2. Note, however, that the = '% .§ = \g
atmosphere warms and loads with aerosols along this E o g)é E
direction. Several models simulate this weak gradient, S 2EE
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FIG. 12. Annual cycle of precipitation (mm day ') averaged over 10°W-10°E. A 10-day running mean was used on each dataset. Models
are organized (top left)—(bottom right) from the warmest one over the Sahara (20°-30°N, 10°W-10°E) to the coldest one.
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with departures less than 20 W m 2. Farther north, bia-
ses in the longwave incoming surface radiation increase
significantly and reach the same order of magnitude as in
the shortwave, especially in the colder models (Fig. 10d).
The lack of midlevel clouds may partly explain the un-
derestimation. Further investigations are needed to
better understand the origin of the spread.

Opver this dry region, feedbacks with surface air tem-
perature are investigated in models in Fig. 11. Opposite
behaviors are noted with increase (decrease) in the
temperature as the longwave (shortwave) increases with
a higher correlation in the longwave domain. Figure 11c
shows that the higher the incoming shortwave, the lower
the incoming longwave. Since most models simulate
a cloud-free troposphere in a relative dry environment,
this suggests important roles of the surface albedo and of
the aerosol loading (Kothe and Ahrens 2010) in the
spread over the Sahara. Radiative transfer calculations
would help in better identifying the sources of discrep-
ancies between models over the region.

¢. The annual cycle of the WAM

At the seasonal time scale, the West African monsoon
is characterized by a northward migration of the ITCZ
with an abrupt climatological shift in early summer
(Sultan and Janicot 2000, 2003), culminating in August,
and by a smoother southward withdrawal of the rainfall
band in September and October. The monsoon onset
time is consistent in the two observational datasets
(Figs. 12a,b). It is well marked by a transition between
a maximum of precipitation along the Guinean coast
in May—June and a second one centered near 12°N in
August. In between, a minimum of rainfall occurs over
the whole region as the ITCZ moves northward. Pre-
sumably because the monsoon is primarily forced by the
annual excursion of the sun, most models capture the
ITCZ summer migration, although with varying degrees of
accuracy. Four models do not reproduce the spring pre-
cipitation maximum near the Guinea coast (FGOALS-g2,
INM-CM4, TPSL-CM5A-LR and -MR), while six over-
estimate it (CNRM-CMS5, CSIRO-Mk3.6.0, GFDL-
HIRAM-C180 and -C360, MPI-ESM-LR and -MR).
The monsoon is almost nonexistent in BCC-CSM1.1, very
weak in FGOALS-s2, and rather weak in HadGEM2-A,
IPSL-CM5B-LR, MPI-ESM-LR and -MR, and MRI-
CGCM3, consistently with Fig. 6. When simulated, the
onset occurs at approximately the correct time of the year,
as in CNRM-CM5, CSIRO-Mk3.6.0, the two versions
of GFDL-HIRAM, the two versions of MPI-ESM, and
NorESM1-M. For three models (CNRM-CMS5, CSIRO-
Mk3.6.0, and FGOALS-g2), the 1-mm isohyet reaches
latitudes above 20°N, which is observed neither in TRMM
nor in GPCP. Conversely, four models simulate rain
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over the Gulf of Guinea south of 0°N during the sum-
mer (INM-CM4, IPSLCM5A-LR, IPSL-CM5A-MR,
and IPSL-CM5B-LR).

The annual cycle of temperature over West Africa is
also characterized by a northward migration of the
temperature maximum during spring and summer and
a southward retreat at the end of August (Ramel et al.
2006). Two annual maxima can be identified (Fig. 13a).
The first one occurs over the Sahel during May—June,
prior to the monsoon rainfall onset, when the soil is still
very dry, and typically at the time of the establishment of
a humid low-level monsoon flow in the Sahel (Slingo
et al. 2009; Guichard et al. 2009). Then, the summer
rainfall over the Sahel leads to enhanced surface evapo-
transpiration (Timouk et al. 2009) and to an overall
cooling at the surface. The second maximum occurs
over the Sahara, near 27°-28°N at the end of July, one
month after the insolation maximum.

The annual cycle depicted by the CRU, European
Centre for Medium-Range Weather Forecasts (ECMWF)
Interim Re-Analysis (ERA-Interim), and Modern-Era
Retrospective Analysis for Research and Applications
(MERRA; not shown) datasets is very consistent. It is
noticeable that the National Centers for Environmental
Prediction (NCEP) Climate Forecast System Reanalysis
(CFSR) is generally colder by 2K over the Sahel (not
shown). This perhaps surprising result is nevertheless fully
consistent with recent comparisons performed over land
(Wang et al. 2011; Bao and Zhang 2012).

Very large spread is found among AMIP simulations
all year long. They are particularly pronounced outside
of the monsoon summer season. Although most of the
models simulate the northward displacement of maxi-
mum temperature from winter to summer, the spread
over the Sahel reaches up to 6 K in winter and none of
them captures the spring maximum over the Sahel, ex-
cept to some extent BNU-ESM and HadGEM2-A. In
half of the models, the amplitude of the temperature
annual cycle is lower than in CRU. Some models such as
BCC-CSM1.1, HadGEM2-A, INM-CM4, the IPSL-CMS5
models, and MRI-CGCM3 do not form a strong heat low
over the Sahara, which is consistent with an ITCZ that
fails in migrating northward during the summer (Fig. 12).

5. Toward a physical evaluation of the WAM in
AMIP simulations

The previous section addressed basic large-scale fea-
tures of the West African monsoon. Higher-frequency
fluctuations and finer-scale processes are now evaluated.
These scales are indeed crucial to improve food
management and disaster mitigation in the region (e.g.,
Sultan et al. 2005), and their evolution in the climate
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FIG. 13. As in Fig. 12, but for 2-m temperature (K).
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FIG. 14. Variance of OLR in the 1-90-day band (W?m ™~ “) for the JAS season from 1979 to 2008. The daily OLR of the CMIP5 models
was regridded onto the National Oceanic and Atmospheric Administration (NOAA) OLR grid (2.5° X 2.5°), before computing filtered
anomalies and their variance.
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FIG. 15. (a) Variance of OLR in the 1-90-day band averaged over the domain (5°-20°N, 10°W-10°E) for the JAS season from 1979 to
2008. Values are normalized by the NOAA OLR variance. (b) Distribution of the OLR intraseasonal variance (%) across the 1-3-day
(gray bars), 3-10-day (white bars), and 10-90-day (black bars) time scales.

change perspective is key for adaptation policies. Their
representation by state-of-the-art climate models is
a major target if they are to be trustworthy for simu-
lating either present-day climate or the impact of global
warming over West Africa.

a. Intraseasonal variability of precipitation

Rainfall over West Africa is highly intermittent in
space and time. The rainy season is punctuated by dry
and wet periods occurring at various intraseasonal time
scales (Janicot et al. 2011). Three preferred time scales
have been highlighted: around 40 days, probably in-
volving the Madden—Julian oscillation (Mathews 2004;
Janicot et al. 2009); approximately 15 days with two
main regional modes (Mounier and Janicot 2004;
Mounier et al. 2008; Janicot et al. 2010; Roehrig et al.
2011); and in the 3-10-day range with the well-known
African easterly waves (AEWs; e.g., Kiladis et al. 2006).
In the present study, we do not address specifically each
of these intraseasonal scales. In contrast, we give a brief

overview of the main properties of convection at intra-
seasonal time scales, which, from this perspective, makes
West Africa a unique place in the world.

Figure 14 indicates the variance of outgoing long-
wave radiation (OLR) filtered in the 1-90-day range.
OLR is preferred to precipitation here because pre-
cipitation variance is closely related to its mean value,
so that differences in precipitation variance in models
are mainly attributed to bias in precipitation mean
state. A zonally elongated maximum of OLR variance
(>1000 W>m™*) is observed over the Sahel, along the
northern side of the ITCZ. When reaching the Atlantic
Ocean, the band moves southward, up to 10°N. Intra-
seasonal variance is slightly weaker (900 W>m %) over
the eastern Sahel and central Africa. Very few models
capture the observed structure and amplitude over the
Sahel. GFDL-HIRAM-C180 and -C360, MRI-CGCM3,
and NorESM1-M overestimate the amount of intraseasonal
variability, with a maximum rather collocated within the
ITCZ. The southward slope in the east—west direction is
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FIG. 16. Autocorrelation of (a) JAS and (b) December-February (DJF) 1-90-day filtered precipitation at a 1-day
lag for the GPCP daily dataset. Only grid points where the mean precipitation was >1mm day ' were considered.
(c) Autocorrelation of 1-90-day filtered precipitation at a 1-day lag for GPCP and CMIP5 models averaged over the
domain (5°-15°N, 10°W-10°E). Autocorrelation was computed for each JAS season for 1997-2008 for GPCP and
1979-2008 for CMIP5 model, and then averaged over all years. CMIP5 models and the GPCP dataset were regridded

on the NOAA OLR grid before any computations.

generally reproduced. However, about one-half of CMIP5
models underestimate the intraseasonal variability of
deep convection. Some of them have a variance reaching
one-third of that observed, when averaged over the do-
main (5°-20°N, 10°W-10°E) (Fig. 15a). These results are
very similar to those obtained with the CMIP3 models
(Roehrig 2010).

The observed distribution of the OLR intraseasonal
variance is captured by none of the models (Fig. 15b). The
10-90-day scale (black bars) explains 20% of the intra-
seasonal variability in only four models (GFDL-HIRAM-
C180 and -C360, FGOALS-g2, and MIROCS), while it is
overestimated by more than 10% in the others. Overall,

models with underestimation of OLR intraseasonal vari-
ance put too much weight on long time scales. The 3-10-
day synoptic time scale (white bars) corresponds to about
50% of the observed intraseasonal variance. All models
reproduce this amount at an accuracy of +10%, indicating
that they are likely able to simulate AEW-like variability
(Ruti and Dell’Aquila 2010). However, even though con-
vection can be organized at the synoptic or intraseasonal
scales, most of summer rainfall over West Africa is pro-
vided by a very few heavily precipitating mesoscale con-
vective systems (Mathon et al. 2002). As a consequence,
precipitation is highly intermittent from day to day and
has very little persistence over the Sahel. Consistent with
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FIG. 17. Mean August diurnal cycle of precipitation intensity distribution (including null values). Periods used are 1979-2008 for the
models, 1999-2011 for the Ouémé site (9.5°N, 2°E), and 1989-2011 for the Niamey site (13.5°N, 2.2°E). The distribution is based on 30-min
samples. The mean diurnal cycle of rainfall intensity is superimposed (black line). The diurnal cycle of precipitation intensity distribution
is also shown (dashed lines) but using 3-hourly samples for comparison with the CNRM-CMS5 model.

the fact that models have difficulties to represent such
convective systems [see also section 5b(1)], none of them
captures the very high-frequency (1-3 days, gray bars)
proportion of almost 30%. Even the high-resolution
GFDL-HIRAM-C180 and -C360 runs reach only 20% in
this band.

This notion of persistence can be quantitatively char-
acterized by the autocorrelation function of precipitation.
Using it, Lin et al. (2006) showed that the Madden—Julian
oscillation variance in most of CMIP3 models comes

from an over-reddened spectrum, associated with too
strong persistence of equatorial precipitation. In that re-
gard, rainfall over Africa has relatively unique properties.
There, precipitation at the 2.5° X 2.5° gridpoint scale is
very similar to a white noise, with a 1-day lag autocor-
relation even slightly negative in some places (Fig. 16a).
There is no persistence at all at the local scale. No region
around the world behaves similarly, either in boreal
summer (Fig. 16a) or in boreal winter (Fig. 16b), except to
some extent the northern part of South America. Figure
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FIG. 18. As in Fig. 17, but for the August diurnal cycle of the cloud frequency of occurrence derived at the Niamey site (13.5°N,
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(dashed line.)

16¢ confirms that such a property of the West African
monsoon remains a challenge for most of state-of-the-art
models. GFDL-HIRAM-C360 reaches the closest value
tozero (0.06), and is closely followed by GFDL-HIR AM-
C180 (0.09), FGOALS-g2 (0.09), and MIROCS (0.12).
The relative success of the GFDL-HIRAM models
might be partly attributed to their high spatial resolution.
The correct behavior of MIROCS is possibly related to the
effort undertaken to make the convective scheme more
sensitive to dry air in the free troposphere (Chikira and
Sugiyama 2010), and which eliminates the artificial trig-
gering function' for deep convection used in the previous
version (CMIP3) of the MIROC model and based on the
work of Emori et al. (2001). In CMIP3, MIROC3.2(me-
dres) and MIROC3.2(hires) had a similar behavior to

"The triggering of deep convection occurred only when the
relative humidity averaged over the vertical went over a given
threshold (~80%).

MIROCS with regards to this diagnostic (Roehrig 2010).
The CMIP3 MRI model (MRI CGCM2.3.2a), which was
sharing the same convective parameterization (Pan and
Randall 1998) except for this artificial triggering, pro-
duced too much persistence of precipitation over West
Africa.

b. The diurnal cycle at selected AMMA sites

The CMIPS5 archive contains for a few AMIP simula-
tions a large set of diagnostics at high temporal frequency,
for 10 grid points along the West African transect. This
high-frequency output allows us to evaluate finescale
processes.

1) PRECIPITATION

Rain over West Africa is mainly of convective origin
(Mathon et al. 2002). Convective system properties (size,
life cycle, and organization) strongly depend on latitude,
leading to different characteristics of the diurnal cycle
of precipitation. Figure 17 illustrates such differences
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between two sites distant from less than 500 km in the
north—south direction: the Ouémé site (9.5°N), just along
the southern fringe of the ITCZ, and the Niamey site
(13.5°N). The southernmost site presents a bimodal di-
urnal cycle with a first peak around 1800 UTC and
a smaller one between 0300 and 0600 UTC. Farther
north, only the morning peak remains. Over Niamey,
about 80% of the annual rainfall is produced by west-
ward propagating systems (Dhonneur 1981), initiated in
the afternoon over the elevated terrain of northeastern
Niger located several hundreds of kilometers eastward
and reaching the Niamey region in the early morning
(Rickenbach et al. 2009). South of the ITCZ, the con-
tribution of propagating systems decreases to 50%
(Fink et al. 2002; Depraetere et al. 2009), and a more
common late afternoon peak arises. This bimodal
structure observed here is consistent with the secondary
nighttime peak emerging from global datasets (Yang
et al. 2008).

To our knowledge, no model explicitly includes a
proper representation of propagating mesoscale con-
vective systems such as squall lines, so that they are not
expected to capture the diurnal cycle of precipitation
over Niamey. Indeed, Fig. 17 illustrates that the pre-
cipitation distribution of the models is qualitatively very
similar between the two sites. The variations between
the two sites are related to a more seldom occurrence of
rain events at higher latitudes. This accounts for the dif-
ferences in the distribution of the two IPSL models. As
a consequence, the use of the Ouémé site as a reference
appears more suitable for evaluating the diurnal cycle of
rainfall over West Africa (Fig. 17), at least until models
can properly represent propagating convective systems.

Consistent with previous studies (Betts and Jakob
2002; Guichard et al. 2004), the distribution of pre-
cipitation in CMIP5 models peaks in afternoon. A first
group of models (CanAM4, CNRM-CMS5, IPSL-CM5A-
LR, HadGEM2-A, and MPI-ESM-LR) displays a too
early peak of precipitation, between 1200 and 1500 UTC,
roughly in phase with insolation. More recently, Nikulin
et al. (2012) showed that the same issue affects regional
climate models of the CORDEX-Africa experiments,
despite their finer resolution (around 50 km). This in-
correct timing of rainfall impacts on the surface water
and energy budgets in various ways (Del Genio 2012).

In the two remaining models (IPSL-CM5B-LR and
MRI-CGCM3), the precipitation maximum occurs later,
between 1500 and 1800 UTC, more in phase with ob-
servations. The difference between IPSL-CM5A-LR
and IPSL-CMS5B-LR in particular attests to recent prog-
ress on this long-standing issue. Rio et al. (2013) and
Sane et al. (2012) discussed this improved behavior of
IPSL-CM5B-LR, which they attributed to a more
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realistic description of thermal plumes in the boundary
layer (Rio and Hourdin 2008), the introduction of a
parameterization of convective cold pools (Grandpeix
and Lafore 2010), and an improved closure and trig-
gering for convection (Rio et al. 2013).

There is also a large spread in the amplitude and in-
tensity of this afternoon maximum, hence affecting the
distribution of rain intensity (Fig. 17). Most models have
a maximum frequency of occurrence for an intensity
near 1mmh ™!, reaching even larger values in MPI-
ESM-LR. In the remaining part of the diurnal cycle, rain
intensity decreases by one to two orders of magnitude in
IPSL-CMSA-LR, IPSL-CM5B-LR, HadGEM2-A, and
MPI-ESM-LR, and by less than one in CanAM4,
CNRM-CMS5, and MRI-CGCM3. These three models
simulate a substantial amount of precipitation during
most of the day. In particular, rain-free periods® cover
less than 8% of the time in CanAM4, 30% in CNRM-
CMS5, and 39% in MRI-CGCM3, compared to 89% in
observations.

Despite the lack of organized convective systems in
models and the differences in the rain distribution at the
diurnal scale, models overall agree with observations on
the JAS mean rate (Fig. 6). It can thus be argued that the
climatological average arises from compensating errors
similar to those stressed in Stephens et al. (2010): pre-
cipitation occurs approximately twice as often as in ob-
servations, but at rates far too weak.

2) FINESCALE PROPERTIES OF CLOUD COVER

The diurnal cycle of cloud cover impacts not only the
water cycle, but also the surface energy balance, through
the surface incoming shortwave flux in particular.
Bouniol et al. (2012) highlighted that all cloud types
present a well-marked diurnal cycle in the Sahel (Fig. 18).
Two peaks of convective cloud occurrence can be
identified (around 0900 and 1500 UTC), consistent with
the arrival of propagating convective systems and lo-
cally initiated convection. Low-level clouds associated
with the daytime growth of the boundary layer increase
between 0900 and 1600 UTC. The maximum in mid-
level cloud cover occurs between 0300 and 0600 UTC.
Cirrus cloud cover decreases between 1200 and 1500 UTC.
The distribution of cloud fraction, also displayed in
Fig. 18, highlights the distinct cloud fractions associ-
ated with each cloud type: low-level and cirrus clouds
are relatively broken, while midlevel and convective
clouds are associated with high cloud fractions.

2 Rain-free periods are defined as precipitation intensity lower
than 2 X 10 >mmh !, since some models do not generate rain
rates that exactly equal to zero.
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Consistent with the diurnal cycle of precipitation,
clouds associated with convection are shifted toward
midday in CanAM4, CNRM-CMS5, HadGEM2-A, IPSL-
CMS5A-LR, and MPI-ESM-LR, which induce a too early
minimum high-level cloud cover. This is generally fol-
lowed by a strong occurrence of deep clouds resulting
from condensates detrained from convective updraft
and treated in most models as a passive stratiform cloud
(Del Genio 2012). However, the results are contrasted, as
models overestimating rain frequency of occurrence are
not necessarily those that overestimate the cloud fre-
quency at high levels (e.g., CanAM4 and MRI-CGM3).

IPSL-CM5B-LR and MRI-CGCM3 show to some
extent an improved timing of midlevel cloud occurrence,
but with inaccurate frequencies of occurrence. The di-
urnal cycle of low-level clouds is properly represented in
CNRM-CMS5 and CanAM4 even if the growth of the
boundary layer seems to be slightly underestimated.
HadGEM2-A and MRI-CGCM3 have a very low oc-
currence of these clouds, and they appear much too
early. MPI-ESM-LR misses this type of clouds. IPSL-
CMSA-LR and IPSL-CMS5B-LR also miss them at
Niamey due to an ITCZ located too much southward.
Both models capture them more to the south, but with
a too early triggering in IPSL-CMS5A-LR.

The statistics of cloud fraction associated with the
various cloud types are very different from one model
to another. IPSL-CM5A-LR, IPSL-CM5B-LR, and
HadGEM2 simulate only broken clouds for deep and
midlevel clouds, whereas only high cloud fraction values
occur in MPI-ESM-LR. CNRM-CM5 has a bimodal
distribution, but with an unphysical peak at 65% for the
deep cloud fraction. Finally, CanAM4 and MRI-CGCM3
also present a bimodal structure, with weak cloud fraction
values for low-level clouds and high cloud fraction values
in the upper levels.

6. Summary and conclusions

In this paper, we present a comprehensive analysis of
the representation of the West African monsoon in the
recently available CMIP5 simulations of both present-
day and future climates. The model behavior over the
Sahel region is examined across a range of time scales,
going from climate change projections and multi-
decadal and interannual variability to the intraseasonal
and diurnal fluctuations. A specific emphasis is put on
the use of a comprehensive set of observational data
now available (in particular AMMA and satellite data)
to evaluate the WAM representation across those
scales.

CMIP5 climate change projections in surface air tem-
perature and precipitation are found to be very similar to
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those of CMIP3. A robust tendency to warming over the
Sahel is noticed (about 4K on average in the RCP8.5
scenario), larger by 10%-50% compared to the global
warming. As in CMIP3, the spread of model projections
remains very large for both temperature and precipi-
tation. About 80% of models agree on a modest drying
around 20% over the westernmost Sahel (15°-5°W),
while about 75% of models agree on an increase of pre-
cipitation over the Sahel between 0°and 30°E, with a large
spread on the amplitude. This relatively high agreement,
however, might involve the deficiencies that coupled
models have in simulating the Atlantic SSTs (Vizy et al.
2013). Overall, the precipitation response tends to be
lower than the observed decadal variability in the second
half of the twentieth century. Five outliers’ predict
arainfall increase greater than 70%, which cancels part of
the Sahel warming during the summer monsoon. In
contrast, two CMIP3 models predict a strong drying of
the Sahel, around 40%. Further investigation on the
rainfall response mechanisms in those models should help
to assess their credibility. It should be noted that tem-
perature changes also remain very uncertain and that
their consequences might be as dramatic as those asso-
ciated with precipitation.

CMIPS coupled models still suffer major SST biases
in the equatorial Atlantic, which induce a systematic
southward shift of the ITCZ during the summer in most
models, when they are compared to their AMIP coun-
terparts. The similarity between these biases in CMIP3
and CMIPS appeals to revisit the current strategy in
climate modeling research programs.

The ability of coupled models to simulate the mul-
tidecadal and interannual variability is assessed with
AMIP historical and preindustrial control runs. The
decadal variability of the twentieth century is under-
estimated in most of the last two types of experiments.
In AMIP simulations, most models capture the partial
recovery of monsoon rainfall of the recent decades,
consistent with the role of SSTs in forcing Sahel pre-
cipitation (Giannini et al. 2003; Biasutti et al. 2008).
The AMIP time sequence, however, is too short to get
rid of internal variability, and ensemble AMIP simu-
lations should be useful for further analysis.

Because of these strong biases in coupled experi-
ments, further evaluation is performed in SST-imposed
CMIPS simulations using the 10°W-10°E AMMA tran-
sect. Almost all of them capture the broad features of
a monsoon, but with various degrees of accuracy:

3 The term “outlier” indicates here models that simulate a rather
different response to the main stream.
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o The averaged Sahel rainfall exhibits a large spread
(£50%).

o The dispersion in surface air temperature is large over
the Sahel and Sahara, and the simulations of the
Saharan heat low and monsoon latitudinal position
appear to be linked. The representation of the radia-
tive aerosol properties and surface albedo in this arid
region may explain part of this spread.

o The meridional structure of cloud cover and its radiative
impact are tough challenges for CMIP5 models. This
leads to large biases in the surface energy balance, which
are likely to feed back on the monsoon at larger scales.

o The annual cycle of temperature exhibits a wide disper-
sion. This points to the importance of physical processes
in the seasonal dynamics of temperature, and questions
some conclusions that could be drawn from models
about the climate sensitivity of the phase and amplitude
of the temperature annual cycle over the Sahel.

o The intermittence of precipitation over West Africa is
large and only a few models reproduce it and more
broadly the main features of intraseasonal variability
of convection there. Results from the GFDL-HIRAM
models suggest that intraseasonal variability is im-
proved with higher resolution but not necessarily the
WAM mean state.

The finescale properties of rainfall and clouds are fur-
ther evaluated at selected sites, for which high-frequency
physical diagnostics were provided by some CMIP5
models. It appears that the wrong phasing of the di-
urnal cycle of precipitation remains an issue, even
though some major improvements can be noticed in
two models. However, most of the precipitation over
the Sahel is provided by large mesoscale propagating
systems, whose representation is still a challenge.

To summarize, even if most CMIPS models capture
many features of the West African monsoon, they have not
reached yet a degree of maturity that directly makes them
trustable to anticipate climate changes and their impacts,
especially with regard to rainfall. Although encouraging
progresses have been achieved, many systematic and ro-
bust biases of the coupled and atmospheric models have
not improved from CMIP3 to CMIPS5. This weakens our
confidence in climate projection over West Africa, and
even beyond over remote regions such as the Pacific (e.g.,
Ding et al. 2012). A large program aiming to address these
systematic biases needs to be designed by the research
community, under the umbrella of international programs.
The observational datasets, acquired with AMMA and
more recent programs such as Fennec (Washington et al.
2012), should be a backbone of these efforts.

The results of the present study point to the need to
separate as much as possible the issues related to slow
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and fast physical processes. Many systematic errors ap-
pear rapidly and could be addressed with numerous short-
duration numerical experiments based on observed case
studies and high-resolution modeling results. An example
of such an approach is the Transpose-AMIP protocol,
which appears as a promising tool to understand the
physics of systematic atmospheric model biases (Williams
et al. 2013, and reference therein). The analysis of short-
term initialized coupled simulations may also provide an
interesting framework to better understand SST biases in
the tropical Atlantic (Huang et al. 2007; Vanniere et al.
2013). For issues related to slow physics, it is further
necessary to distinguish those related to remote and re-
gional mechanisms. Regional models and regionally
nudged global models seem to be the best tool to separate
them (Joly and Voldoire 2009; Pohl and Douville 2011).
Large surface radiative biases in arid and semiarid regions
are a major issue in current simulations. They lead to
departure from the observed radiative balance. The sur-
face albedo and the representation of aerosols and their
radiative properties request dedicated numerical sensi-
tivity experiments with common protocols.

The present study not only focuses on the West African
monsoon basic state in CMIP5 simulations (e.g., the pre-
cipitation seasonal amount) but also contributes to the
evaluation of the rainfall distribution along the summer
season (e.g., intraseasonal variability). The good repre-
sentation of this rainfall distribution is crucial for the
analysis of agricultural yields, biomass, and water re-
sources. There is a need to further evaluate the ability of
current models to represent and predict rainfall proper-
ties at these short time (and space) scales, including the
monsoon onset and retreat, as well as dry and wet spells.
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APPENDIX

Model Expansions

Beijing Climate Center, Climate System Model, version 1.1, with moderate resolution

Community Earth System Model, version 1, with Community Atmospheric Model,

Community Earth System Model, version 1-Whole Atmosphere Community

Centro Euro-Mediterraneo per I Cambiamenti Climatici Climate Model, with a

Centro Euro-Mediterraneo per I Cambiamenti Climatici Earth System Model

ACCESS1.0 Australian Community Climate and Earth System Simulator version 1.0
ACCESS1.3 Australian Community Climate and Earth System Simulator version 1.3
BCC-CSM1.1 Beijing Climate Center, Climate System Model, version 1.1
BCC-CSM1.1(m)
BNU-ESM Beijing Normal University—Earth System Model
CanAM4 Canadian Atmospheric Model, version 4
CanCM4 Canadian Coupled Model, version 4
CanESM2 Canadian Earth System Model, version 2
CCSM4 Community Climate System Model, version 4
CESM1(BGC) Community Earth System Model, version 1, with Biogeochemistry
CESM1(CAMS)

version 5
CESM1(FASTCHEM) Community Earth System Model, version 1, with superfast chemistry
CESM1(WACCM)

Climate Model
CMCC-CM Centro Euro-Mediterraneo per I Cambiamenti Climatici Climate Model
CMCC-CMS

well-resolved stratosphere
CMCC-ESM
CNRM-CM5

version 5

Centre National de Recherches Météorologiques Coupled Global Climate Model,
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CSIRO-MK3.6.0
EC-EARTH
FGOALS-g2
FGOALS-s2
FIO-ESM
GFDL-CM2pl1
GFDL-CM3
GFDL-ESM2G

GFDL-ESM2M

GFDL-HIRAM-C180
GFDL-HIRAM-C360
GISS-E2-H

GISS-E2-H-CC
GISS-E2-R
GISS-E2-R-CC

HadCM3
HadGEM2-A
HadGEM2-AO
HadGEM2-CC
HadGEM2-ES
INM-CM4
IPSL-CMS5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR
MIROC4h
MIROCS
MIROC-ESM
MIROC-ESM-CHEM

MPI-ESM-LR
MPI-ESM-MR
MPI-ESM-P
MRI-AGCM3.2H

MRI-AGCM3.2S
MRI-CGCM3

NorESM1-M
NorESM1-ME
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