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Abstract

The West African Monsoon (WAM) involves the interaction of multi-scale processes ranging from planetary to cumulus
scales, which makes it challenging for coarse resolution General Circulation Models to accurately simulate WAM. The
present study evaluates the ability of the high-resolution (~ 25 km) Atmospheric General Circulation Model HIRAM to
simulate the WAM and to analyze its future projections by the end of the 21st century. For the historical period, two AMIP-
type simulations were conducted, one forced with observed SST from Hadley Center Sea Ice and Sea Surface Temperature
dataset and the other forced with SST from the coarse resolution Earth System Model (ESM2M), which is the parent model
of HiIRAM, i.e. both models have the same dynamical core and similar physical parameterizations. The future projection,
using the Representative Concentration Pathway 8.5 and SST from ESM2M is also conducted. A process-based evaluation
is carried out to elucidate HIRAM’s ability to represent the key processes and multiscale dynamic features those define the
WAM circulation. Compared to ESM2M, HiRAM better represents most of the key circulation elements at different scales,
and thus more accurately represents the intensity and spatial distribution of the WAM rainfall. The position of the African
easterly jet is considerably improved in HIRAM simulations, leading to the improved positioning of the WAM rainbelt and
the two-cell structure of convection. The future projection of the WAM exhibits warming over the entire domain, decreasing
precipitation over the southern Sahel, and increase of precipitation over the western Sahara.
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1 Introduction irrigation infrastructure (Boko et al. 2007). Furthermore,

the region is infamous for its climate extremes (Nicholson

West Africa, the home for more than 300 million people, is
one of the most vulnerable regions to global warming due
to its high exposure and low adaptive capacity (Barros et al.
2015). The agriculture-based economy of the region highly
relies on the West African Monsoon (WAM), which pro-
duces a mean annual rainfall of 150-2500 mm. The variabil-
ity and change of WAM can have a devastating impact on the
local population, especially since the region lacks sufficient
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2013), which cause extensive socioeconomic impacts (Corn-
forth 2012). Therefore, the accurate simulation, and projec-
tion of the WAM are of utmost importance for improving
the adaptability of the region. However, according to IPCC
ARS, there is “low to medium confidence” in the robustness
of projected rainfall change over West Africa due to the con-
siderable inter-model variations in both the magnitude and
the sign of change. This disparity can be partially attributed
to the inability of conventional general circulation models
(GCMs) to resolve the convective rainfall (Stocker et al.
2013). The present study thus serves as an effort to explore
the effect of finer spatial resolution on the current state and
future projection of the WAM.

In recent years, simulation of West African climate has
received much attention and generated a series of research
initiatives to comparatively assess the modeling of WAM,
e.g., African Multidisciplinary Monsoon Analysis Model
Intercomparison Project (AMMA-MIP) (Hourdin et al.
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2010), the AMMA Land-surface Model Intercomparison
Project (ALMIP) (Boone et al. 2009), the West African
Monsoon Modeling and Evaluation (WAMME) project
(Xue et al. 2010; Druyan et al. 2010), the Ensembles-Based
Predictions of Climate Change and their Impacts (ENSEM-
BLES) African project (Paeth et al. 2011), and the Coordi-
nated Regional Downscaling Experiment (CORDEX) (Jones
et al. 2011; Giorgi et al. 2009). However, the majority of the
models involved in these projects are either coarse resolution
GCMs or regional climate models (RCMs). Simulations of
WAM using GCMs often suffer from shortcomings associ-
ated with their coarse spatial resolution (Hourdin et al. 2010;
Sylla et al. 2010; Xue et al. 2010). This limitation of coarse
resolution GCMs is partly due to the poorly resolved effects
of vegetation, orography, and coastlines, which are impor-
tant controls on the regional precipitation pattern. Further-
more, coarser resolution GCMs are incapable of accurately
representing synoptic and sub-synoptic precipitation and
mesoscale convective systems. Statistical or dynamic down-
scaling of GCM outputs using RCMs is generally used to
improve the horizontal resolution. When downscaled, how-
ever, uncertainties from the host GCM are retained in the
statistical model or the embedded RCM (e.g., Hurrell et al.
2009; Wu et al. 2005; Laprise et al. 2012). Additionally,
inconsistencies due to the different formulations of physi-
cal, chemical, and dynamical processes, and the different
resolutions of orography between the downscaled GCM and
the RCM can cause inconsistent flow patterns at the lat-
eral boundary points (Leung 2012). Even though the same
physical parameterizations are used in both the GCM and the
embedded RCM, “resolution-unaware” parameterizations
can lead to the simulation of different atmospheric states at
different resolutions (e.g., Skamarock et al. 2012; Gustafson
et al. 2013). Moreover, nested RCMs are generally incapable
of incorporating the two-way interactions between regional
and global processes.

High-resolution GCMs are effective in overcoming many
of the limitations encountered by coarse resolution GCMs
and RCMs. Due to their fine grid-spacing, important pro-
cesses such as large-scale condensation, land-sea interac-
tion, and topographical forcing are better resolved in high-
resolution GCMs (Boyle and Klein 2010). Studies suggest
that with increasing horizontal resolution, GCMs are better
able to explicitly capture mesoscale convective systems (e.g.,
Zhao et al. 2009; Manganello et al. 2012), reproduce diur-
nally forced circulations, represent orographically modulated
rainfall (e.g., Boyle and Klein 2010; Lau and Ploshay 2009),
and represent extreme precipitation events (Wehner et al.
2014). Since they can resolve mesoscale processes, multi-
scale interactions are better represented in high-resolution
GCMs (Gent et al. 2010). Unlike RCMs, they also reflect
the interplay between regional and global scales. Due to
the important role of SST on atmospheric circulation and
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precipitation patterns the atmospheric GCMs (AGCMs)
with prescribed SST and coupled ocean-atmosphere GCMs
(CGCMs) with adjusted SST are frequently used to study the
dynamic effects of the on-going climate change (He et al.
2014; He and Soden 2015, 2016; Pascale et al. 2017).

The present study makes use of a high-resolution AGCM
to analyze the changes in the WAM system and its elements
in a warming climate through the end of the 21st century.
The evaluation of the model’s ability to simulate the past
and present climate is the first step towards simulating
future. The first part of the study evaluates the ability of
High-Resolution Atmospheric Model (HiRAM), a high-
resolution AGCM, to simulate WAM at a horizontal resolu-
tion of 25 km using a process-based evaluation approach.
The evaluation of models is often conducted by comparing
the mean state of the model hindcast to observations or rea-
nalyses. However, recent studies highlight the importance of
the process-based evaluation to further validate and ensure
the ability of the model to represent the key processes and
dynamic features that are important in projecting the future
changes (James et al. 2015).

The first part of this study examines how well HIRAM
simulates the key features embedded within the WAM cir-
culation, their seasonal means and mean annual cycle, and
their interactions. In the second part, the future projection of
the WAM system, which uses the Representative Concentra-
tion Pathway (RCP) 8.5 is analyzed and the changes in the
mean state and seasonal evolution of the WAM circulation
along with its contributing elements are investigated. A brief
review of the model and a detailed description of the experi-
ment setting follows the introduction. The summary and a
discussion of the results conclude the paper.

2 Model and experimental setup

HiRAM was developed at the Geophysical Fluid Dynam-
ics Laboratory (GFDL) (Zhao et al. 2009; Gamdt 2004),
based on the atmospheric component (AM2) of the GFDL
coupled model 2 (CM2). This model uses a cubed-sphere
finite-volume dynamical core (Putman and Lin 2007; Lin
2004), and the simulations are conducted at C360 (25 km)
horizontal resolution, which is the typical spatial resolu-
tion of regional climate downscaling. Compared to AM2,
it also has improved vertical resolutions (32 levels) but the
same parameterizations, except for deep convection. HIRAM
uses a shallow convective scheme for moist convection and
stratiform cloudiness (Bretherton et al. 2004) which makes
the contribution of the resolved vertical transport more sig-
nificant, especially in the tropics. Global aerosol forcing is
incorporated as monthly climatologies of the five aerosol
species (i.e., dust, black carbon, organic carbon, sulfate and
sea salt) (Ginoux et al. 2006), which are pre-calculated using
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the global chemistry transport model, Model for OZone
And Related chemical Tracers (MOZART) (Horowitz et al.
2003). Radiative forcing caused by dust is extremely impor-
tant for an accurate simulation of the North African summer
climate (Bangalath and Stenchikov 2015), yet it is gener-
ally not included in many RCMs but is well accounted in
our simulations. The model is coupled to the GFDL Land
Model 3 (LM3). In the present study, however, we prescribe
model equilibrium seasonal vegetation climatology and use
prescribed SSTs, both observed and model-generated, as the
bottom boundary condition.

Two different Atmospheric Model Intercomparison Pro-
ject (AMIP)-type simulations have been conducted for the
historical period, one forced with observed SSTs from the
Hadley Centre Sea Ice and Sea Surface Temperature dataset
(HadISST) (Rayner et al. 2003), and the other forced with
SST from ESM2M, the Earth System Model (ESM) devel-
oped at GFDL, which uses GFDL’s Modular Ocean Model
(MOM) (Dunne et al. 2012, 2013). These simulations are
named HiRAM-obsSST and HIRAM-ESM2M, respectively.
Both simulations span a period of 30 years, from 1975 to
2004. The resolution of the parent ESM, which provide the
SSTs for HIRAM, is 2.5° longitude by approximately 2°
latitude, with 24 vertical levels. Both HIRAM and ESM2M
(which provides the SST for HIRAM) are the descendants
of the same atmospheric model, AM2. The atmospheric
components of ESM2M and HiRAM differ only in the spa-
tial resolution and parameterization of deep convection.
ESM2M uses relaxed ArakawaSchubert (RAS) formulation
(Moorthi and Suarez 1992) for moist convection. It has been
shown, however, that the tropical African precipitation is
sensitive to the choice of convective parameterization (Hill
et al. 2017), especially over Sahel region. The difference
between the climate simulated by ESM2M and HiRAM,
therefore, is due to the combined effects of an improved
spatial resolution and a modified convective parameteriza-
tion. The interaction of these two factors is complex and
nonlinear as the performance of a convective parameteriza-
tion is usually scale dependent. This issue is discussed in
detail in Hill et al. (2017). To further evaluate the model
performance, data from Climate Research Unit (CRU) (Bro-
han et al. 2006), Global Precipitation Climatology Project
(GPCP) (Adler et al. 2003), University of Delaware (Will-
mott and Matsuura 2001) and ERA-Interim reanalysis (Dee
et al. 2011) are used.

To estimate the future changes of WAM, three ensem-
ble simulations, starting from different initial conditions
are conducted for the period 2076-2099, using RCP 8.5
emission scenario. The anomalies of the future projec-
tions are estimated by using the 1985-2004 reference
period from the historical simulations and the statisti-
cal significance of the anomalies is estimated using the
two-tailed Student’s t test. The SST in RCP 8.5 HIRAM

simulation is taken from ESM2M RCP8.5 simulations for
the same period. Though the simulations cover the entire
globe, the present study restricts the analyses to the WAM
domain.

3 Results

The WAM is part of the global monsoon system, and the rever-
sal of trade wind direction in the lower troposphere during
WAM has been traditionally explained by the thermal con-
trast between the cooler tropical Atlantic and the heated north
African continent. During the boreal Spring (March—June)
ITCZ moves across West Africa and the dry, warm, and dusty
Harmattan winds are replaced by moisture-laden cold south-
westerlies from the tropical Atlantic. These south—westerlies
are formed between the Atlantic cold tongue and Saharan
Heat Low (SHL) and bring moisture to the continent. The
Inter Tropical Discontinuity (ITD) limits the monsoon flow
in the north. The monsoon trough, which is collocated with
ITD, is flanked by the Azores High and the St. Helena High
to the north and the south, respectively. WAM is a complex
system comprised of several multiscale processes ranging from
planetary to cumulus scales (Hall and Peyrille 2006) and influ-
enced by coastlines (Nicholson 2009) and circulations driven
by orography (Sultan and Janicot 2003). This makes the hori-
zontal model resolution an important constraint on the accu-
rate simulation of WAM.

The most prominent elements of the WAM system include
the African Easterly Jet (AEJ) and the associated African East-
erly Waves (AEWs), the Tropical Easterly Jet (TEJ), the Saha-
ran Heat Low (SHL) and the Inter-Tropical Convergence Zone
(ITCZ). The intensity and position of these features control
the amount of rainfall and its variability revealing strong scale
interactions between the different elements of WAM (Redel-
sperger et al. 2002). Therefore, the ability of a climate model
to simulate WAM greatly depends on its representation of the
interaction between these multi-scale processes. Although
many models simulate the overall pattern of WAM adequately
well, they often fail to simulate many of the important features
such as the onset of WAM, the intensity of rainfall, especially
over the Sahel, and the rainfall maxima associated with orog-
raphy. For example, there is no consistency between models on
both the magnitude and even sign of the future rainfall changes
over West Africa (Cook and Vizy 2006; Roehrig et al. 2013).
In the following section, we evaluate how the time mean struc-
ture and temporal evolution of various structural elements of
WAM are simulated in HIRAM and analyze the benefit of
using a finer resolution model.
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3.1 Precipitation
3.1.1 Summer climatology

WAM begins in April with intense rainfall over the Gulf of
Guinea, and the rainfall shifts to the Sahel by the end of June
(Hagos and Cook 2007). The mean JJAS (June, July, August,
and September) rainfall is concentrated between 5°N and
12°N. The most striking result to emerge from the WAM
rainfall climatology (Fig. 1) is that HIRAM simulates the
position and the width of the rainbelt more accurately than
coarse resolution parent ESM2M. ESM2M (Fig. le) over-
estimates the rainfall with a wider rainband which extends
northward up to 18°N causing enhanced precipitation over
the Sahel, whereas in both HIRAM simulations, HIRAM-
ESM2M and HiRAM-obsSST (Fig. 1d, f), the rainbelt is
mostly confined between 5°N and 15°N, and is closer to
observations. Patches of high precipitation are observed
over elevated regions such as Guinea Highlands, Jos Pla-
teau and Cameroon Mountains in both GPCP and CRU data-
sets. These orographic rainfall maxima are well-resolved in
HiRAM simulations but are absent in ESM2M simulation
due to its coarse spatial resolution.

However, in the HIRAM simulations an anomalous
increase in precipitation of ~ 2 mm/day is seen in the equato-
rial Atlantic over the marine ITCZ region; also, the 850 hPa
wind increases over the same region which may be attributed
to the enhanced convection over marine ITCZ. Many stud-
ies have identified this as an inherent problem of AGCMs
(e.g., Richter and Xie 2008). HIRAM-ESM2M simulation
also exhibits wet bias over the Gulf of Guinea. A similar wet
bias over the same region was found by Siongco et al. (2015)
in the high-resolution AGCMs. This increased precipitation
is often associated with the anomalous westerlies resulting
from misrepresentation of the Atlantic cold tongue and most
GCMs suffer from it (Richter and Xie 2008; Zermeno-Diaz
and Zhang 2013). This could be a plausible reason for the
wet bias in HIRAM-ESM2M run. The Atlantic cold tongue
over the Gulf of Guinea drives the WAM rainfall towards
the African continent. Colder SSTs along the coast cause
the reduction in sensible and latent heat fluxes, which in turn
stabilizes the atmosphere and hence suppress convection.
The Atlantic cold tongue also intensifies the cross-equatorial
southerlies, pushing the rainband inland (Okumura and Xie
2004). HIRAM-ESM2M SST (Fig. 2c¢) is ~ 2 K warmer than
that in HIRAM-obsSST simulation (Fig. 2b).

3.1.2 Annual cycle
WAM has three distinct phases: the onset period
(March—May), the high rain period (June—August) and the

southward retreat (September—October) (Le Barbe et al.
2002). During the onset period, the rainbelt expands north
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from the coast to 4°N. By the end of June, the rainbelt
abruptly shifts north again from 4°N to 10°N, marking the
beginning of the high rain season in the Sahel, and ending
of heavy rain over the Guinean coast. This northward migra-
tion of the rainbelt is called the monsoon jump (Sultan and
Janicot 2003). The southward retreat, which is the last phase
of the WAM annual cycle, begins in September. Figure 3
shows the annual cycle of precipitation from observations,
reanalysis, and model simulations. In ESM2M simulation
(Fig. 3e) rainbelt extends farther northward by ~ 2 degrees
and the monsoon jump is delayed with the rainbelt shifting
north in late July and shows a wet bias during the high rain
period (JJA) when compared to observations. Generally for
HiRAM runs the width of the rain belt shrinks compared to
the ESM2M run giving a more accurate annual cycle pat-
tern. HHRAM-0bsSST (Fig. 3d) produces the annual pre-
cipitation pattern that is most consistent with the GPCP
and ERA-Interim precipitation, though a wet bias is present
throughout the season. HIRAM-ESM2M (Fig. 3f) also dis-
plays wet biases during June and July. A remarkable differ-
ence between HIRAM-obsSST and other simulations is that
HiRAM-obsSST simulation is able to produce the drying of
Guinean Coast during the high rain period, which empha-
sizes the importance of the SST pattern on WAM rainfall.

3.2 Saharan heat low (SHL)

The Saharan heat low (SHL), an important element of WAM,
is a zonally elongated trough rather than a circular low and is
thought to be an extension of the planetary-scale Asian mon-
soon trough (Wu et al. 2009). In the lower troposphere, the
southwesterly monsoon flow is intensified by the cyclonic
circulation associated with the SHL, along its eastern flank,
while the northeasterly Harmattan flow is supplemented
along its western flank (Parker et al. 2005). Orographic fea-
tures such as the Atlas and Hoggar mountains play an impor-
tant role in the seasonal evolution of SHL (Lavaysse et al.
2009). Hence, an accurate representation of the processes
associated with these orographic features is essential for
the precise simulation of SHL. Figure 4 shows the seasonal
mean surface air temperature climatology from the obser-
vations, reanalysis, and GCM runs; the overlaid contours
represent the mean sea level pressure. We find that HIRAM
reproduces detailed fine-scale orographic features, such as
temperature minima over the Jos Plateau and the Hoggar
and Tibesti Mountains (Fig. 4d, f), better than the coarse-
resolution ESM2M run (Fig. 4e). When compared with the
CRU (Fig. 4a) and the University of Delaware (Fig. 4b) data,
the ERA-Interim reanalysis (Fig. 4c) overestimates the tem-
perature over SHL by ~ 1.5 K. The SHL temperature repre-
sented in HIRAM simulations is closer to the observations
while ESM2M underestimates the SHL temperature by ~
2 K compared with observations and HIRAM simulations.
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In the ESM2M simulation, SHL appears as a narrower and
more northward positioned belt of high temperature. In the
ERA-Interim reanalysis, two closed-off pressure contours

9 10 12 13 14

1

September (JJAS) for the period 1974-2004. Wind reference vector is
5 m/s. Precipitation RMSE is calculated with respect to GPCP

are observed over the northwestern and eastern Sahara.
According to McCrary et al. (2014b, 2014a), though the
seasonal SHL mean appears to be a circular contour in the
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Fig.2 Seasonal average SSTs (K) for JJAS from a ERA Interim; b HIRAM-obsSST; ¢ HIRAM-ESM2M for the period 1974-2004

ERA Interim reanalysis, an elongated SHL is observed on
a day-to-day basis. HIRAM-ESM2M simulation depicts a
similar circular low over the eastern Sahara, while an elon-
gated heat low appears in HIRAM-obsSST run.

The seasonal evolution of SHL is depicted in Fig. 5. Both
observations (Fig. 5a, b) and reanalysis (Fig. 5c¢) exhibit
the migration of SHL from the Sahel in March-April to
the Sahara in June—August. HHRAM simulations (Fig. 5d,
f) reproduce the migration of SHL though with a reduced
intensity. In the ESM2M simulation (Fig. 5e) intensity of
SHL over the Sahel is especially low, which partly explains
the reduction in MAM rainfall in the ESM2M simulation
(Fig. 3e). The southward retreat of SHL, during SON, is
absent in ESM2M simulation.

SHL plays a pivotal role in developing and maintaining
AEJ, another key feature of WAM system. Lower tropo-
spheric warming due to SHL results in shallow meridional
circulation. The equatorward branch of this circulation
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accelerates AEJ through the conservation of the angular
momentum at 700 hPa (Thorncroft and Blackburn 1999).
Fig. 6 shows the vertical cross section of the omega
(w = %) and omega-meridional wind vectors. Omega is
scaled to match the magnitude of the meridional wind and
its sign is reversed so that the positive values represent
vertical motion. In ERA-Interim reanalysis (Fig. 6a), two
distinct cells of vertical motion are visible: the deeper cell,
confined between 4°N and 10°N associates with the moist
convection over monsoon rainbelt, and the shallower cell,
which is centered around 20°N, links to the dry convec-
tion over SHL. HiRAM successfully simulates these two
convection cells, contrary to ESM2M. The positions of
these two cells in HIRAM simulations (Fig. 6b, d) are
similar to those in the ERA-Interim reanalysis. HIRAM
overestimates the monsoon convection and underesti-
mates the vertical motion associated with dry convec-
tion over SHL. The two cells are almost indistinguishable
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in ESM2M simulation (Fig. 6¢), and their positions are
shifted northward, potentially impacting the representation
of AEJ. The northerly return flow of the shallow meridi-
onal circulation contributes to the intensity and position
of AEJ. In the ERA-Interim reanalysis, this northerly
flow is centered around 15°N and extends from 800 to 500
hPa. In HIRAM-ESM2M the northerly return flow of the
shallow meridional circulation is weaker and shallower,
and that in HIRAM-o0bsSST simulation is closer to the

ERA-Interim reanalysis. This northerly flow is entirely
absent in ESM2M run. A more detailed discussion of the
AEJ is provided in Sect. 3.3. The shallow meridional cir-
culation associated with SHL is also a decisive control of
the Sahel rainfall. Strengthening of the shallow meridional
circulation and the associated dry outflow from SHL inhib-
its the northward progress of the Sahel rainfall (Peyrille
et al. 2007; Zhang et al. 2008; Shekhar and Boos 2017,
Zhai and Boos 2017).
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3.3 African easterly jet (AEJ)

The AEJ is formed due to the strong thermal contrast
between the Sahara and the Atlantic Ocean and is main-
tained by the juxtaposition of a moist convection to the
south and a dry convection to the north (Nicholson 2013).
It has a mid-tropospheric (600-700 hPa) core with strong
zonal winds (up to ~ 10 m/s) and spans from east to West

294 297 300 303 306

HiRAM o0bSST; e ESM2M; f HIRAM-ESM2M averaged over JJAS
for the period 1974-2004

Africa. The WAM rainbelt is also the loci of Mesoscale
Convective Systems (MCS) associated with the African
Easterly Waves (AEWs), which form along the flanks
of AEJ. The cloud clusters asscociated with AEWs are
the main rain producing systems of WAM (Nicholson
and Grist 2003). AEWs are, mostly, found in a latitudi-
nal belt near and south of the AEJ and this zone corre-
sponds to the region between the axes of the AEJ and the
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Fig.6 Latitude-height cross-section of omega (filled contours; Pa/s)
and omega-v vector (vectors; Pa/s-scaled) averaged between 15W and
10E from a ERA Interim; b HIRAM-0bsSST; ¢ ESM2M; d HiRAM-

upper-tropospheric TEJ, though some AEWs form on the
northern flank of AEJ (Tourre 1981).

The influence of the AEJ on the WAM rainfall is complex.
The strengthening of the AEJ is generally associated with
a decrease in WAM precipitation. But, according to New-
ell and Kidson (1984), the stronger AEJ is an effect, rather
than a cause, of reduced rainfall. The latitudinal position of
the AEJ is more important than its strength in deciding the
amount of WAM rainfall. During the wet years, the jet is dis-
placed northward and baroclinic instability is strong over the
Sahel, in contrast, it is weaker in this region during the dry
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ESM2M averaged over JJAS for the period 1974-2004. Omega is
scaled to match the value of meridional wind and its sign is reversed
so that positive values represent ascending motion

years (Nicholson and Webster 2007). A more equatorward
position of the AEJ often corresponds to a decrease in rain-
fall over the Sahel (Jenkins et al. 2005; Nicholson 2008). The
zonal wind speed at 600 hPa is shown in Fig. 7, solid lines
indicate AEJ axes. ESM2M simulation overestimates the
jet speed over land by ~ 2 m/s. Although HIRAM-ESM2M
shows a narrow positive wind speed bias over the Sahel,
it positions jet axes closer to the ERA-Interim reanalysis.
When comparing the HIRAM simulations, HIRAM-obsSST
has the closest to the ERA-Interim the zonal wind pattern at
600 hPa. The ESM2M run exhibits a northward shift of AEJ
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Fig.7 Zonal wind speed at 600 hPa (filled contours; m/s) from a
ERA Interim; b HiRAM-obsSST; ¢ ESM2M; d HiRAM-ESM2M
averaged over JJAS for the period 1974-2004. Solid lines represent

axes by ~ 2°; this shift combined with an overestimation of
AEJ intensity might be the cause of the wet bias found in
ESM2M simulation. On the other hand, HIRAM simulations
correctly position the AEJ axis, which results in a narrower,
and more accurate rain belt (see Fig. 1d, f, h).

The surface meridional temperature gradient is a key fac-
tor in the latitudinal position of the AEJ (Wu et al. 2009),
with positive gradients corresponding to the AEJ (Fig. 8).
The ESM2M run (Fig. 8c) underestimates the surface merid-
ional temperature gradient; the positive gradients extend fur-
ther north when compared with those in the observations
(Fig. 8a, b) or in the ERA-Interim reanalysis (Fig. 8c). The
HiRAM simulations, owing to the higher horizontal resolu-
tion, (Fig. 8d, f) simulate a more detailed structure of the
temperature gradient and the pattern, especially the positive
gradient band which corresponds to AEJ, is more similar
to the observations. The better rainfall pattern in HIRAM

' T T T T T T T T T T T
20W 0 20E
HiRAM-ESM2M

7 8 9 10 11 12

jet axes; green is jet axis from ERA Interim and blue is jet axis from
the respective simulation

simulations can be attributed to the fine structure of the sur-
face meridional temperature gradient which, in turn, corrects
the latitudinal position of AEJ.

The vertical cross-section of zonal winds in the ERA-
Interim reanalysis depicts AEJ as closed contours centered
at 600 hPa and around 15°N (Fig. 9a). HIRAM simulations
(Fig. 9b, d) reproduce intensity and vertical and latitudinal
positions of the AEJ reasonably well, whereas the ESM2M
simulation (Fig. 9c) exhibits a weaker AEJ, shifted north-
ward. Similarly to the WAM rainbelt and the SHL, but in a
more subtle way, the AEJ too undergoes a seasonal migra-
tion from south to north. In the ERA-Interim reanalysis
(Fig. 10a) AEJ reaches its peak intensity starting in May
through September. This pattern is reproduced by HIRAM-
obsSST run, with slightly reduced winds (Fig. 10b). How-
ever, the ESM2M simulation exhibits northward shift of
AEJ during the peak intensity period (Fig. 10c). Duration
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Fig.8 Meridional gradient of surface air temperature (filled contours; K/m) from a CRU; b U. Del ¢ ERA Interim; d HiRAM-obsSST; e
ESM2M; f HIRAM-ESM2M averaged over JJAS for the period 1974-2004
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Fig.9 Latitude—height cross-section of zonal wind (filled contours; m/s) averaged between 15W and 10E from a ERA; Interim b HiRAM-
obsSST; ¢ ESM2M; d HIRAM-ESM2M averaged over JJAS for the period 1974-2004

of maximum winds in HIRAM-ESM2M simulation is
shorter than HIRAM-obsSST simulation or the ERA Interim
reanalysis.

3.4 Monsoon flow and the West African westerly jet
(WAWJ)

The tropical Atlantic is the main moisture source for the WAM
and the moisture is transported inland by low-level westerlies.
This westerly flow, known as the West African Westerly Jet
(WAW]J), is located near 10°N along the West African coast
and has a maximum speed of 6 m/s. It was first identified by

Grodsky et al. (2003), using satellite observations. There are
two distinctive low level westerly flow regimes, which are the
primary moisture carriers of the WAM: the westerly compo-
nent of monsoon flow and the WAWJ (Fig. 9a). The WAWJ
forms at the beginning of June and dissipates around mid-
October, reaching its maximum strength in August (Pu and
Cook 2010). The westerlies are an important control in deter-
mining the latitude of the AEJ, and therefore of the tropical
rainbelt. Strong westerlies displace the AEJ northward over the
Sahel (Nicholson and Webster 2007). The ESM2M run shows
strong westerlies reaching up to 600 hPa (Fig. 9¢), which push
AEJ northward, while ERA-Interim (Fig. 9a) and HIRAM
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Fig. 10 Latitude—time cross-section of zonal wind (filled contours; m/s) at 700 hPa averaged between 15W and 10E from a ERA Interim; b
HiRAM-0bsSST; ¢ ESM2M; d HIRAM-ESM2M averaged over JJAS for the period 1974-2004

simulations (Fig. 9b, d) show a shallower band of westerlies
extending up to 850 hPa. The seasonal climatology of 925
hPa wind is shown in Fig. 11. WAWI is seen as the westerly
flow over Guinean Coast (near 10°N) in ERA-Interim data
(Fig. 11a). Both HIRAM-ESM2M and HiRAM-obsSST over-
estimate the strength of WAWIJ (Fig. 11b, d), while ESM2M
not only overestimates its strength but extends its position to
the west (Fig. 11c).

3.5 WAM onset

It is challenging for the GCMs and RCMs to accurately predict
WAM onset. Different indicators have been used to define the
WAM onset in the past (e.g., Sijikumar et al. 2006; Fontaine
and Louvet 2006; Vellinga et al. 2013; Diaconescu et al. 2015).
The present study uses a local onset index similar to that
introduced by Diaconescu et al. (2015). This index is based
on the occurrence of wet days, and duration and intensity of
rainy periods. Onset index in a particular year is calculated
as the next day of the minimum of daily rainfall accumulated
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anomalies. The daily accumulated rainfall anomalies (A) at
each grid point are estimated as,

day

Y RM-R) )

n=1%January

A(day) =

where R(n) represents the daily rainfall. R is the climato-
logical mean of rainfall at each grid point if it is above 1
mm/day. If it is less than 1 mm/day, R is fixed to 1 mm/day.
This method of onset estimation is effective in avoiding the
isolated rain events followed by dry spells and in provid-
ing a more meaningful measure compared to conventional
definitions of onset. The Monsoon onset index is calculated
for the period 1997-2004, over 12°N-20°N and 15°W-15°E.

Figure 12 shows the monsoon onset index in GPCP,
ESM2M simulation, and HIRAM simulations. In the GPCP
dataset, the WAM onset occurs during 100-120 Julian days
in the southern Sahel, and during 150-160 Julian days in
Central Sahel (Fig. 12a). ESM2M simulation produces an
early onset in both southern and Central Sahel (90-110
Julian days and 120-140 Julian days respectively) when
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Fig. 11 Geopotential height at 925 hPa (filled contours; m) and 925 hPa wind (vectors; m/s) from a ERA Interim; b HiRAM-obsSST; ¢
ESM2M; d HIRAM-ESM2M averaged over JJAS for the period 1974-2004. Wind reference vector is 3 m/s

compared to observation (Fig. 12c). In general, HHRAM
simulations better reproduce the overall pattern of progres-
sion of WAM onset from south to north when compared with
their parent ESM. While HiRAM-obsSST simulation exhib-
its an early onset in the southern Sahel (Fig. 12b), HIRAM-
ESM2M displays a similar pattern to that of GPCP dataset
(Fig. 12d). Both HIRAM simulations show an early onset in
the eastern Sahel.

3.6 Climate change projections

As mentioned above, there is a wide range of disagreement
among models on the behavior of WAM rainfall in the 21st-
century projections. Inter-model disagreements on WAM
rainfall projections which are present in both CMIP3 and
CMIPS5 simulations can possibly be due to the inability of
the coarse resolution GCMs to resolve convective rainfall
(e.g., Biasutti et al. 2008; Druyan 2011; Fontaine et al. 2011;
Roehrig et al. 2013). In this regard, it is particularly rel-
evant to examine the effect of high the spatial resolution of
HiRAM on WAM projections.

The changes of 2m temperature, precipitation rate, and
seasonal cycle of precipitation between the end and the
beginning of the 21st century are shown in Fig. 13. The
entire domain experiences warming during JJAS (Fig. 13a)
and the temperature change in elevated regions, such as the

Atlas, Hoggar, and Tibesti mountains exceeds 4 K with a
maximum warming over the Atlas Mountains. The Sahel
and the southwestern Sahara also experience warming; a
distinctive belt of warming centered around is 18°N.It should
also be noted that the equatorial Atlantic experience warm-
ing of >3 K. However, the land warming is stronger and
the increase of the land-ocean temperature gradient causes
the restructuring of WAM dynamics (Bathiany et al. 2014).

The precipitation anomalies are characterized by
increased precipitation over the equatorial Atlantic Ocean
and the Guinean coast, but they produce contrasting anoma-
lies over the Sahel (Fig. 13b). Increased precipitation over
the equatorial Atlantic and Guinean coast can be attributed
to the warmer SST in these regions (Fig. 3S). However,
the Gulf of Guinea experiences reduction of precipitation.
Southern Sahel experiences drying with a distinct band of
reduced precipitation centered around 10°N. It is also note-
worthy that some parts of the western Sahara experience an
increase in precipitation.

The anomalies of the annual cycle of precipitation rate
from the reference period are shown in the Fig. 13c. Intense
drying is observed during the pre-monsoon months. During
the monsoon months, precipitation increases over a band
centered around 5°N, with decreased rainfall on either side.
It is evident that the Sahel experiences drying throughout the
monsoon season, although a slight increase in precipitation

@ Springer



6456

J.Rajetal.

10°E

80 100 120 140 160

Fig. 12 Average local onset index (Julian day) over Sahel for the period
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can be seen during late May and early June. It should be
also noted that the whole domain experiences a significant
increase in precipitation during the early winter.

In the RCP 8.5 projection, by the end of the 21st century
the moist convection cell over the WAM rainbelt shrinks
but exhibits a more intensified core of upward motion
(Fig. 14). A band of decreased updraft centered around
12°N is found which results in the drying of Sahel. The
dry convection cell which belongs to SHL exhibits a slight
increase in intensity due to the warming of Sahara. As
mentioned before, strengthening of the shallow meridional
circulation associated with SHL could lead to decreased
Sahel rainfall. This could be the plausible reason for the
drier Sahel seen in Fig. 13b. The position of AEJ does
not exhibit any significant change (Fig. 15). The southern
flank of the AEJ shows a significant increase in the inten-
sity and this intensification is stronger over the eastern
parts of the domain.

The response of the WAM onset date by the end of 21st
century is shown in Fig. 16. The monsoon onset is delayed
up to 2 weeks or more over most parts of the domain except
a few negative response patches over West African coastal
zones. Biasutti and Sobel (2009) observed a similar pattern
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in CMIP3 models and attributed it to the delayed annual
cycle of tropical Atlantic SST. The response has an east—west
gradient with stronger response (more than 2 weeks) over
central and eastern Sahel compared to western Sahel. In
other words, the central and eastern Sahel will experience
a later monsoon onset than the western Sahel in the future.

4 Summary and conclusions

Horizontal resolution is a significant constraint on the accu-
racy of simulating synoptic- and sub-synoptic-scale rainfall
using GCMs. In the present study, we use the high-resolu-
tion AGCM HiRAM with a horizontal grid spacing of 25
km, forced by present and future SST from earth system
model ESM2M, to simulate WAM under the present and
future climate conditions. To assess the efficacy of HIRAM
in simulating WAM, a process-based assessment method is
employed. In general, HIRAM improves the simulation of
the WAM compared with the parent model, ESM2M. How-
ever, HIRAM simulations overestimate precipitation over the
marine ITCZ. Positive rainfall rate anomalies appear over
the Gulf of Guinea in HIRAM-ESM?2M which is corrected in
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Fig. 13 Projected changes in HIRAM RCP 8.5 by the end of 21st
century in, a mean summer (JJAS) 2-m temperature (K), only val-
ues with at least 95% significance level are plotted; b mean summer
(JJAS) precipitation rate (mm/day), hatching shows the areas where
the anomalies are statistically significant at least at 95% level; ¢ lati-
tude—time cross-section of annual precipitation rate (mm/ day) cycle
averaged between 15W and 10E, hatching shows the areas where the
anomalies are statistically significant at least at 90% level. Anoma-
lies are calculated by subtracting mean of variables in the historical
period (1985-2004) from that of future (2080-2099)

HiRAM-o0bsSST run. High rainfall rates in HIRAM-ESM2M
over the Gulf of Guinea might originate from the misrepre-
sentation of the Atlantic cold tongue in the ESM2M simula-
tion. Due to its fine resolution, HIRAM is able to simulate
orographic rainfall maxima in all three simulations. The pat-
tern of the annual rainfall cycle is well simulated in HIRAM
runs and HIRAM-obsSST produces the annual cycle pattern
which is closest to observations, with the distinct drying of
Guinean coast during high rain period, though a wet bias is
observed during June—July.

The SHL is better represented in HIRAM simulations than
in the ESM2M run. In the ESM2M simulation, the place-
ment of the SHL is shifted northward, which may explain
the northward expansion of the rainband in this run. Two
separate convection cells, moist and dry, representing the
monsoon rainbelt and SHL respectively, are well-represented
in HIRAM simulations, whereas the ESM2M simulates only
a single cell. The shallow meridional flow associated with
the SHL is not captured in the ESM2M simulation, but it is
well-resolved in HIRAM simulations; HIRAM-obsSST run
is closest to observations. This feature is very important for
the accurate simulation of intensity and position of AEJ,
which is an important control of intensity and northward
extent of the rainbelt. One of the most salient results of our
study is the representation of the AEJ axis in HIRAM simu-
lations. When compared with the ESM2M simulations, the
position of the jet axis is much closer to observations in
HiRAM simulations; this can be attributed to the better rep-
resentation of the meridional temperature gradient due to
the higher horizontal resolution. The equatorward position
of the AEJ axis, when compared with the ESM2M run, is
responsible for the accurate two-cell convection structure
of WAM in HiRAM simulations. In the ESM2M run, the
northward position of the AEJ axis pushes the moist convec-
tion cell north, causing the moist and dry convection cells
to merge. The northward position of AEJ in the ESM2M
simulations could be caused by the poor representation of
the WAWI. Analysis of the WAM onset shows that the onset
time in HIRAM simulations is closer to the gridded observa-
tions than the parent ESM2M, which simulates the WAM
onset ~ 20 days earlier than observed.

The process-based analysis reveals that HIRAM improves
the representation of WAM elements compared to the parent
ESM owing to its high spatial resolution and the modified
convective parameterization, which attests to its ability to
predict future climate. In the RCP 8.5 scenario, elevated
areas of Sahel and western Sahara experience a robust
warming of >4 K by the end of the 21st century. Precipita-
tion increases over the equatorial Atlantic and the Guinean
coast, while the southern Sahel appears drier. At the same
time, western Sahara experiences a moderate increase of
precipitation. The monsoon onset exhibits early WAM onset
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Fig. 14 Latitude-height cross-section of omega (filled contours; Pa/s)
and omega-v vector (vectors; Pa/s-scaled) averaged between 15W
and 10E from a HIRAM RCP 8.5 JJAS climatology; b HIRAM RCP
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over the eastern parts of the domain and delayed onset over
western parts.

The high horizontal resolution of the model is instru-
mental in simulating many WAM features such as jet axes,
circulations driven by orography, and precipitation forced
by coastal uplift. The fine resolution of HIRAM, along with
the modified convective parameterization, are the main
reasons for its better simulation of WAM than the parent
ESM2M. Also, the differences among HiIRAM simulations
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demonstrate the important role of SST in these features. This
study, however, does not account for the climate-vegetation
feedback as it uses a climatological vegetation cover which
does not respond to CO, and temperature/precipitation
changes. It should also be noted that recently there are also
attempts to use thermodynamic tracers such as moist static
energy or equivalent potential temperature for diagnosing
the monsoon circulation, instead of temperature (Bordoni
and Schneider 2008; Hurley and Boos 2013). However, such
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Fig. 16 Average local onset
index anomaly over Sahel for
(2080-2099)—(1985-2004),

in Julian day, from HiRAM
RCP 8.5. Hatching shows the
areas where the anomalies are
statistically significant at least at
90% level
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an analysis is not addressed in the present paper. Synoptic
scale features such as AEWs are also beyond the scope of
this study but are planned as an extension of this work.
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