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ABSTRACT

The West African Westerly Jet (WAWJ) plays a crucial role in Sahel precipitation, yet there is no information on how well the

jet and its contribution to Sahel precipitation are simulated in climate models. This study examines the capabilities of Coupled
Model Intercomparison Project phase six (CMIP6) models in simulating the WAWIJ and its influence on Sahel precipitation.
We combine the Climate Research Unit (CRU) observations with the European Centre for Medium-Range Weather Forecast
(ECMWF) Atmospheric Reanalysis (ERAS5), the Modern-Era Retrospective analysis for Research and Applications, version
2 (MERRA-2) and the National Centres for Environmental Prediction (NCEP) Climate Forecast System Reanalysis version 2

(CFSR-2) to evaluate 25 CMIP6 models. The majority of the models capture the temporal and spatial structure of the jet and agree
with ERAS5 that the jet features its core at 925hPa and attains its maximum speed in August. However, the jets form earlier and
are stronger in most models than in reanalysis. Although most CMIP6 simulations capture the link between the jet and the tem-

perature distribution over West Africa, they struggle to reproduce the relationship with precipitation, especially over the Sahel.

Most simulations fail to replicate the increase in moisture transport (i.e., the eastward and north-eastward transports) associated

with stronger WAWJ. Some simulations capture the increased moisture transport but do not translate to increased precipitation

over the Sahel. The results of the study show that improving the simulation of Sahel rainfall requires a concerted effort on en-

hancing the model capability to better represent WAWJ.

1 | Introduction

The high interannual variability of rainfall in the Sahel is a
bottleneck to socioeconomic development in the region. The
variability fuels extreme events like droughts and floods that
usually degrade the environment, damage water resources,
induce disease epidemics (e.g., malaria, meningitis), destroy
agricultural products (e.g., crops and pasture) and threaten
food security in the Sahel (Jnr 2014; Geist and Lambin 2004).
The region has a long history of climatic stress from extreme
events, including the wet period of the 1930s, 1950s and 1960s

(Giannini et al. 2008; Tschakert et al. 2010) and the drought of
the 1960s—1990s (Balmeetal. 2006). For instance, the Sahelian
droughts of 2010 deteriorated the soil quality, destroyed the
vegetation (Jnr 2014), put about 10 million people in the com-
munities at risk of acute hunger and caused more than 25%
of refugee children in Chad to be malnourished (Vogel 2010).
However, the simulation and prediction of rainfall variability
over the Sahel remain a big challenge for many climate models
(Roehrig et al. 2013; Vellinga et al. 2016), because the rainfall
variability is a result of the complex interactions between var-
ious atmospheric features (such as African Easterly Jet; AEJ,
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Tropical Easterly Jet; TEJ, West African Monsoon; WAM, etc.)
in West Africa as well as global ocean-atmosphere interac-
tions. Many climate models struggle to accurately represent
these key circulation features and their interactions (Cook and
Vizy 2006; Biasutti 2013; Roehrig et al. 2013). Any improve-
ment in the simulation of Sahelian rainfall variability could
go a long way in reducing the negative impacts of the variabil-
ity on socio-economic developments in the Sahel. However,
such improvement requires a better understanding of how
well the contemporary climate models represent the rainfall-
producing features in West Africa.

The West African Westerly Jet (WAWIJ), a low-level westerly
jet over the eastern Atlantic and the West African coast, is one
of the atmospheric features that modulates precipitation over
the Sahel. Several studies (e.g., Grodsky et al. 2003; Pu and
Cook 2010, 2012; Lele and Leslie 2016; Liu et al. 2020) have
documented the characteristics of WAW1J and its moisture trans-
ports to West Africa. Pu and Cook (2010) showed that WAW]J is
formed through the superposition of the westward extension of
the continental thermal low, the West African Heat Low (WAHL)
and the Atlantic marine Inter-Tropical Convergence Zone
(ITCZ). The climatological WAHL migrates north-westward
from its winter position (November-March) to over the Sahara
(where it is referred to as the Saharan Heat Low—SHL) during
the summer (June-September), just before the climatological
monsoon onset (Lavaysse et al. 2009). The SHL's westward ex-
tension creates a pressure gradient located between 9° N and
10°N and 20° W and 30°W that speeds up the zonal wind to the
east (westerlies; called WAWJ) of the region. The superposition
of the large-scale meridional convergence associated with the
ITCZ inhibits the formation of meridional acceleration. Pu and
Cook (2010) also clearly distinguished the WAWJ from the West
African Monsoon (WAM) flow and showed that the jet forms in
June and persists into September, reaching maximum velocity
exceeding 5.5ms™! in August. However, Grodsky et al. (2003)
showed that in 1999, the jet speed exceeded 15ms™" at some lo-
cations and cooled the sea surface temperature (SST) by about
0.3°C through entrainment and latent heat loss. Liu et al. (2020)
and Pu and Cook (2012) showed that WAW]J transports moisture
from the eastern Atlantic onto the subcontinent (especially at
8°N-11°N) and has a strong correlation with the interannual
variability of the Sahelian rainfall. Liu et al. 2020 also found a
strong relationship between the jet and West African precipi-
tation at seasonal and diurnal timescales. Pu and Cook (2010)
argued the WAWI plays a crucial role in the atmosphere-ocean-
land surface interactions in West Africa. Hence, reliable sim-
ulations and predictions of rainfall in the Sahel may require
adequate simulation of WAWJ by the global climate models
(GCMs). However, there is a dearth of information on how well
the contemporary GCM simulations represent the WAWJ and its
influence on precipitation over the Sahel.

Several studies have discussed the shortcomings in the Coupled
Model Intercomparison Project CMIP simulations in captur-
ing Sahel rainfall (e.g., Bain et al. 2014; Williams et al. 2015;
James et al. 2018; Foltz et al. 2019; Ehsan et al. 2020; Almazroui
et al. 2020; Monerie et al. 2020; Dosio et al. 2021; Klutse
et al. 2021; Iyakaremye et al. 2021). For example, Monerie
et al. (2020) showed that both CMIP5 and CMIP6 simulations
underestimate the boreal summer precipitation over the Sahel

but overestimate it over the Guinea coast. These biases have been
attributed to the inability of the GCMs to simulate the monsoon
system and the associated precipitation far enough northward
over West Africa (Cook and Vizy 2006; Monerie et al. 2020). The
systematic dry bias over the Sahel has also been linked with cold
bias over the Sahara (Dixon et al. 2017, 2018; Foltz et al. 2019),
a warm bias over the Gulf of Guinea (Roehrig et al. 2013) and a
weaker zone of ascent at 10° N in the models (James et al. 2018;
Tamoffo et al. 2022). However, despite the strong contributions
of WAWI to the Sahel precipitation (Pu and Cook 2010, 2012;
Liu et al. 2020), no studies have investigated the extent to which
inadequate simulation of WAWJ in GCMs may contribute to the
dry bias over the Sahel rainfall.

The aim of the present study is to examine how well CMIP6
models simulate the characteristics of WAWIJ and its influence
on the Sahel precipitation. The outline of the paper is as follows.
Section 2 presents the methodology, including the description of
the study domain, datasets and data analysis methods. Section 3
presents and discusses the results of the analysis, whereas
Section 4 gives the concluding remarks.

2 | Methodology
2.1 | Study Domain

The study region is West Africa (4°N—20°N and 20°W—20°E)
but with a focus on the Sahel (12°N—20°N and 20°W—20°E)
(Figure 1). The Sahel, a semi-arid region in West Africa, stretches
from the Atlantic Ocean eastward through northern Senegal,
southern Mauritania, the great bend of the Niger River in Mali,
Burkina Faso, southern Niger, northeastern Nigeria, south-
central Chad and into Sudan. It forms a transitional zone be-
tween the arid Sahara (desert) to the north and the belt of humid
savannas to the south. The climate of the Sahel is arid and hot,
with strong seasonal variations in temperature and rainfall.
The Sahel monthly mean temperatures vary from a maximum
of 33°C to 36°C to a minimum of 18°C to 21°C (Buontempo
et al. 2012a, 2012b; Ankidawa et al. 2018; Tomalka et al. 2021).
During the winter, hot, dry Harmattan winds off the Sahara
can bring sand and dust storms. The Sahel receives a yearly
rainfall of about 200-600mm, which falls mostly in the May
to September monsoon season (Nicholson 2013; Basutti 2019).
The rainfall is generally higher in the south, declining rapidly
as one reaches the northern edge of the Sahel. However, the
rainfall is characterised by great variation from year to year and
from decade to decade. On interannual and decadal time scales,
Sahelian rainfall is known to be affected by a variety of regional
and global sea surface temperature (SST) anomaly patterns
(Rowell 2003; Vizy and Cook 2001; Jung et al. 2006; Buontempo
et al. 2012a, 2012b).

2.2 | Data

This study analysed monthly climate simulations, reanaly-
sis and observational datasets. The simulation datasets con-
sist of 25 historical GCM simulations from the Coupled Model
Intercomparison Project, version 6 (CMIP6), downloaded from
Earth System Grid Federation (ESGF) (https://esgf-node.llnl.
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FIGURE1 | West African domain showing the topography (in meters) and the climatic zones (Sahel, Savannah and Guinea) as used in the study.

[Colour figure can be viewed at wileyonlinelibrary.com]

gov/search/cmip6/). These GCMs (Table 1) were chosen mainly
based on the availability of the atmospheric variables needed
for the study, whereas two coarse-resolution model (~250km)
was removed to avoid artificial spatial detail introduced during
regridding. The variables used in the analysis are temperature,
precipitation, wind (zonal and meridional components), verti-
cal velocity, geopotential height and specific humidity. The re-
analysis dataset is the fifth generation of the European Centre
for Medium-Range Weather Forecast (ECMWF) Atmospheric
Reanalysis (ERAS5) obtained from the Copernicus Climate
dataset website (https://cds.climate.copernicus.eu). It is the
ECMWF's latest high-resolution (0.25°%0.25°) reanalysis data-
set that combines vast amounts of historical observations into
global estimates using advanced modelling and data assimila-
tion systems. The ERAS is globally complete and consistent in
time (Hersbach et al. 2019).

In addition to ERAS5, the Modern-Era Retrospective Analysis
for Research and Applications, version 2 (MERRA-2, hereafter
MERRA) obtained from the Goddard Earth Science Data and
Information Services (https://disc.gsfc.nasa.gov/datasets), was
included in the evaluation. MERRA is a global atmospheric
reanalysis (with a horizontal resolution of 0.5°x0.625°) from
the NASA Global Modelling and Assimilation Office (GMAO),
which assimiliates space-based observations and includes up-
dates from the Goddard Earth Observing System (GEOS) model.
It provides an independent, well-validated representation of at-
mospheric circulation and moisture over Africa.

Furthermore, the Climate Forecast System Reanalysis (CFSR;
0.5°x0.5° grid resolution) obtained from the Geoscience Data
Exchange (GDEX; https://gdex.ucar.edu/datasets/) was also
used to assess inter-reanalysis uncertainty. Although CFSR
shows broad consistency with ERA5 and MERRA in near-
surface circulation metrics, it exhibits systematic structural

differences in (i) the vertical extent of the West African Westerly
Jet, (ii) jet-precipitation coupling over the Sahel and (iii) mois-
ture transport intensity and pathway. Hence, CFSR is not used
as a primary reference for the diagnostics but is included in the
Supporting Information to document reanalysis-dependent
sensitivities.

The observation dataset is the precipitation and near-surface
temperature dataset from the Climate Research Unit (CRU)
TS v4.03 (https://crudata.uea.ac.uk/cru/data/hrg/). The CRU
dataset is a widely used climate dataset with a grid resolution
of 0.5°x0.5° and provides monthly datasets dating back to
1901, covering all land domains of the world except Antarctica
(Trenberth et al. 2013; Harris et al. 2020). CRU precipitation is
used in preference to reanalysis precipitation because reanaly-
sis rainfall is model-generated and subject to convective biases
over West Africa (Maidment et al. 2013; Quagraine et al. 2020;
Datti et al. 2024), whereas gauge-based datasets provide a more
reliable representation of Sahel rainfall variability (Becker
et al. 2013; Nicholson et al. 2018). The CRU, ERA5 and MERRA
datasets were used to evaluate the GCM datasets over West
Africa.

For the evaluation, all datasets, including observations, reanal-
ysis and CMIP6 models, were regridded to a common grid of
0.5°%0.5° horizontal resolution using a bilinear interpolation
method for comparability and analysed for a 35-year period
(1980-2014). The target grid was chosen as a compromise reso-
lution between the CMIP6 models (~100km) and the reanalysis
and observational datasets (ranging from 0.25° to 0.5° resolu-
tion). This is to avoid excessive upscaling while ensuring con-
sistency across all datasets. We note that interpolating a coarser
model field onto a finer grid does not create new small-scale in-
formation. Hence, diagnostic interpretation is therefore made at
the scale of the observational/reanalysis products.
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TABLE 1 | Simulations alias, model names and key reference of
CMIP6 models used in this study. All simulations have approximately
100km horizontal resolution.

2.3 | Method

Following previous studies (Pu and Cook 2010, 2012; Liu
et al. 2020), we define the WAWJ as a low-level westerly jet over
the eastern Atlantic and the West African coast. To identify the
jet, we first select wind data for the domain 0° N—20° N and
40° W—10° W. From this domain, we select grid boxes where the
zonal wind (u) is greater than or equal to 2ms~! and where the
meridional wind (v) is greater than or equal to zero (Oms™!). The
threshold of 2ms~! was determined based on the average core
speed of the jet at stage 1 (the formation stage) as defined by Pu
and Cook (2010) and as depicted by both the longitude-vertical
and latitude-vertical profile of the zonal wind (not shown) using
the reanalysis dataset (ERAS5). All gridboxes which meet these
criteria are included in the domain for the WAWJ. We also define
the jet core area as a rectangular box measuring 7° of longitude
by 2° of latitude. To locate this box, we find the peak wind speed
(maximum u) at 925hPa within the WAWIJ domain. The box is
centred on the peak wind speed unless doing so would extend
it beyond the boundaries of the WAWTJ region. In that case, the
box is adjusted, manually, to both include the peak wind speed
and fit within the WAW1J region. Although the size of the area re-
mains consistent across all datasets (7° x 2°), the specific location
of the jet core area varies among the datasets. We determined the
WAWTI strength by computing the average value of the jet within
the jet core area. Using these definitions of the WAWJ domain,
the WAW] jet core area and the WAWI strength, we locate and
compare the characteristics of WAWJ in ERA5 reanalysis and
CMIP6 simulations over 35years (1980-2014). The analysis fo-
cuses on the climatological structure and interannual variability
of the jet as well as the relationship of the jet with other climate
variables (precipitation and near-surface temperature) over West
Africa. For ERA5 and the majority of CMIP6 simulations, the jet
core is at 925hPa and its maximum strength is in August. So, for
most of the analyses reported in this paper, the 925hPa was used
as the default level, and August as the default month.

For the climatological structure, we consider the annual cycle
and the vertical and horizontal structure of the jet. In the anal-
ysis of the annual cycle, we calculate the monthly climatology
of the re-gridded datasets, locate the WAWJ domain and the jet
core area, and extract the maximum speed (ms™) of the jet. In
the vertical structure analysis, we calculate the August climatol-
ogy of the zonal wind and vertical velocity. We average the fields
along the latitude and the longitude to examine the longitude-
vertical and latitude-vertical distributions of the jet respectively,
averaged over the jet core area. For the horizontal structure
analysis, we calculate the August climatology of the geopoten-
tial height and zonal and meridional wind at 925hPa and locate
the WAWJ domain and the jet core area. We also identify the
ITCZ by selecting all grid boxes within 0° N—20° N and 40°
W—10° W where meridional wind is zero (0ms™!), consistent
with previous studies that characterise the ITCZ as the latitude
of meridional wind reversal (Thorncroft and Blackburn 1999;
Zagar et al. 2011; Nicholson 2018). The capability of the CMIP6
simulations to reproduce the spatial pattern in the reanalysis
was quantified with spatial correlation and percentage bias. The
percentage bias (PBIAS) was calculated as follows:

Xs - Xo
PBIAS = ——— x 100
X, )

Simulation Model name Variant References
AWICM AWI-CM- rlilplfl Semmler
1-1-MR et al. (2018)
ECE-A EC-Earth3 rlilplf2  EC-Earth (2019)
ECE-B EC-Earth3-Veg  rlilplf3 EC-Earth-
Veg (2019)
BCCCS BCC- rlilplf4  Wuet al. (2018)
CSM2-MR
FGOAL FGOALS-f3-L  rlilplfs Yu (2019)
CAMSC CAMS- rlilplf6 Rong (2019)
CSM1-0
FIOES FIO-ESM-2-0  rlilplf7 Songet al. (2019)
CASES CAS-ESM2-0  rlilplf8 Chai (2020)
GFDLC GFDL-CM4 rlilp1f9 Guo et al. (2018)
CES-A CESM2 r1ilp1f10 Danabasoglu
(2019b)
CES-B CESM2- rlilp1fll Danabasoglu
WACCM (2019a)
CES-C CESM2- rlilp1fi2 Danabasoglu
WACCM-FV2 (2019a)
HADGE HadGEM3- r1ilplf3 Ridley et al.
GC31-LL (2019)
INM-A INM-CM4-8 rlilplfl Volodin et al.
(2019a)
INM-B INM-CM5-0 rlilplf2 Volodin et al.
(2019b)
CIESM CIESM rlilplf3 Huang (2019)
CMCCC CMCC- rlilplf4 Lovato and
CM2-SR5 Peano (2020)
MPIES MPI-ESM1- rlilplf5 Jungclaus
2-HR et al. (2019)
E3S-A E3SM-1-0 rlilplf6 Bader et al.
(2019a)
E3S-B E3SM-1-1 rlilplf7 Bader et al.
(2019b)
E3S-C E3SM-1-1-ECA  rlilplf8 Bader et al.
(2020)
MRIES MRI-ESM2-0  rlilplf9 Yukimoto
et al. (2019)
SAMUN SAMO- rlilplf10 Park and
UNICON Shin (2019)
TAIES TaiESM1 rlilplfll  Lee and Liang
(2020)
NOESM NorESM2-MM  rlilplfl Seland et al.
(2020)
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where X; is the spatial average of the simulated values. X, is the

spatial average of the reanalysis values.

For each dataset, we compare the interannual variability of
WAW1J and Sahel precipitation. It is important to note that CMIP6
simulations are uninitialised and therefore we would not expect
them to simulate the year-to-year evolution of climate variability
in the same way as has been observed in reality. Our analysis
does not directly compare time series from models with observa-
tions or reanalysis. Instead, it focuses on quantifying the magni-
tude of interannual variability and the interannual relationship
between the WAWJ and precipitation. The interannual variabil-
ity of the WAWTJ is represented using the August anomalies of
the WAWTJ strength (at 925hPa), calculated for each year relative
to the long-term August climatological mean. The interannual
variability of Sahel precipitation is calculated as standardised
precipitation anomalies. That is, we calculate the August precip-
itation anomalies for each year relative to the long-term August
climatological mean over the Sahel (averaged over 18°W-30°E,
10°N-20°N), and normalise them by the standard deviation.
This slightly differs from the Sahel domain defined in the study
area (12°N -20°N, 20°W-20°E), which was used only to delin-
eate subregions for descriptive purposes. The adjustment ensures
that averaging and interannual variability calculations are not
biased by oceanic or marginal grid points. The characteristics
of the WAWTI strength time series are quantified with the linear
trend and standard deviation while the relationship between the
WAWIJ and precipitation time series is quantified with Pearson's
correlation coefficient. The significance of the trendline (gradi-
ent) and correlation coefficient is calculated using Student's t-test
at a 95% confidence level.

To examine the relationship between the WAWJ and the spa-
tial distribution of climate variables (i.e., temperature and
precipitation) over West Africa, we perform a temporal cor-
relation between the WAWTI strength time series and the time
series of each climate variable at each grid point over West
Africa in August at 925hPa (1980-2014). The spatial distri-
bution of the correlation coefficient obtained for each CMIP6
simulation dataset is compared with the one obtained for the
ERAS dataset. The comparison is quantified with spatial cor-
relation analysis and a significance test (Student's t-test) at a
95% confidence level. We also examine composites of WAWJ
positive and negative modes, by selecting the 3years with the
highest and 3years with the lowest WAWTJ strength anomalies
relative to the August climatological mean. We examine the
spatial distribution of precipitation, temperature and moisture
flux associated with these composites. Lastly, we compare the
absolute error in the simulated precipitation and the WAWJ-
Sahel precipitation link. The absolute error was calculated
by subtracting the mean of the simulated from the mean of
the observed precipitation in the Sahel and the WAWJ-Sahel
precipitation link is represented with the correlation value be-
tween WAWJ-strength and Sahel precipitation.

3 | Results and Discussion

This section will describe and discuss the analysis of the an-
nual cycle of the WAW]J, its horizontal and vertical structure,

interannual variability and the relationship with temperature
and rainfall.

3.1 | Annual Cycle of the WAWJ

The annual cycle of the WAWIJ exhibits a broadly consistent
seasonal structure across the three reanalysis products (ERAS5,
MERRA and CFSR) as reported in Pu and Cook (2010, hereafter
PC2010), including the five-stage evolution of the jet. However,
important differences emerge in the timing of onset, intensifica-
tion and peak season. Among the three datasets, ERAS5 provides
the most realistic representation, capturing both the expected
June onset and the canonical five-stage evolution of the jet
(Figure 2).

ERA5 and MERRA show very similar seasonal evolution and
jetintensity. In both datasets, the jet emerges in June with a core
speed of about 2.1 ms™! (ERAS5) and 2.3ms™! (MERRA) in Stage
1. It then intensifies steeply as the jet's core speed increases
through June-July, reaching 4.1ms™' (ERA5) and 4.8ms™!
(MERRA) in Stage 2. The jet attains its peak strength of about
5.3ms™! (ERA5) and 5.5ms™! (MERRA) in Stage 3 (August) and
weakens as its core speed reduces to about 2.9 ms™! (ERAS5) and
3.5ms™! (MERRA) in Stage 4 (September). However, it is diffi-
cult to distinguish between Stage 4 (the weakening stage) and
Stage 5 (the dissipating stage; <2ms™) of the jet in a monthly
dataset. Pu and Cook (2010) found that Stage 4 of the jet occurs
between the 6th and 19th of September, whereas Stage 5 occurs
between the 20th and 18th of October. This distinction can only
be illustrated in a daily dataset. Despite the differences in the
temporal resolution of the data used in PC2010 (i.e., daily) and
the present study (i.e., monthly), the strength of the jet obtained
here agrees with those reported in PC2010 at each stage. This
implies that the main characteristics of the annual cycle of the
jet can be described with monthly datasets.

In contrast, CFSR displays a markedly different evolution
of the WAWIJ among the three reanalysis products. For in-
stance, CFSR exhibits an anomalously early onset, with the
jet strengthening rapidly between January and April, reaching
a premature peak of 5.8ms~! in April well before the main
monsoon season. Thereafter, the jet weakens through May-
June down to about 4.2ms™}, followed by a modest secondary
peak of about 5.4ms™! in August before declining to 3.6 ms™
in September. This early-spring maximum and mid-summer
weakening in CFSR is consistent with previously docu-
mented structural biases between reanalysis products over
West Africa, including disagreements in low-level moisture
and precipitation timing and highlights known limitations of
older reanalysis systems in representing pre-monsoon circu-
lation and convective timing (Roberts et al. 2015; Robertson
et al. 2016; Quagraine et al. 2020). For completeness, we
further examine CFSR (briefly) and reveal a systematically
shallower vertical structure of the WAWJ compared to ERAS
and MERRA (Appendix S1, Appendix S2, Figures Al.1 and
Al.2), weaker relationship in the jet-precipitation coupling
over West Africa (Appendix S1, Figures Al1.3 and Al.4) and
moisture transport intensity (Appendix S1, Figure A1.5) com-
pared to ERAS5 and MERRA. Hence, we do not include CFSR
in subsequent analysis beyond this point but focus on ERA5
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The magnitude and annual cycle of WAWTI core strength climatology from 1980 to 2014 at 925hPa as observed in ERAS5 (thick solid

black), MERRA (solid grey), CFSR (dashed grey) and simulated by CMIP6 models and the ensemble mean (ENSMB). The black dashed line shows
4ms~!, which indicates the average speed of the jet at maturity (stage 2), to aid comparison with models. The blue dashed line is the model's ensemble

mean. [Colour figure can be viewed at wileyonlinelibrary.com]

and MERRA, which exhibit consistent annual cycle, realistic
onset timing and broadly comparable structure, providing a
robust foundation for the evaluation.

The majority of the CMIP6 simulations depict the key features of
the summer cycle of the jet, with intensification in June to July,
peak in August, followed by weakening (Figure 2). However,
there are notable biases in the model results. Firstly, the jet de-
velops too early in many models. For example, the jet already
attains Stage 3 (speed >4.0) in February in 5 models (20%),
March in 7 models (28%), April in 8 models (32%), and May in
2 models (8%). Only 3 models (ECE-A&B and CIESM) simulate
Stage 3 in August, as depicted in ERA5 and MERRA results. It
is important to note that the difference between the stages can
be distinguished not only as a function of peak speed but also as
a function of how the speed changes as each stage progresses.
Some models show a direct intensification from the start to the
maximum speed in August without distinguishable intermedi-
ate stages. In other words, even if these models peak in August,
they do not accurately represent Stage 3, which requires a clear
progression from earlier stages. Secondly, the jet is too strong in
most models. The peak strength of the jet is more than 5ms~" in
14 models (56%) and even more than 8 ms™ in 8 models (32%).
Thirdly, the weakening of the jet (Stage 4; speed <4.0m™'s) is
also prolonged in most models. Only 5 models (19%) simulate
weakening to <4.0m~!s in September, 12 models (48%) simulate
it in October while 2 (8%) feature it in November. These model
biases are illustrated in the ensemble mean, which features a
jet that develops too early, that is the jet already attains stage 2
in April and overestimates the jet speed at all stages of the jet
(>3.6ms™! in stage 1; >5.4ms™! in stage 2 and >6.0ms™! in

stage 3). There are also 4 models (CASE, HADGE, INM-A&B
and MRIES) which fail to simulate the structure of the annual
cycle of the jet. For instance, in MRIES, the jet features in March
(speed =2.4ms™), intensifies steeply and reaches maximum
speed (4.5ms™) in April, persists till May, weakens in July and
disappears in August.

3.2 | Horizontal Structure of the WAWJ

ERAS5and MERRA both capture the (and show very similar) spa-
tial structure of the WAWIJ in August as in PC2010 (Figure 3). In
ERAS, the WAWJ, which is located off the coast of West Africa,
extends from 6° N to 12° N and from 5° W to 35° W and the
jet core is located around 8° N and 20° W. The jet is associated
with an offshore extension of the thermal low, as indicated by
the trough (i.e., 780-gpm contour, shown as a blue contour line
in Figure 3) extending from over the continent to around 30°W
over the ocean. MERRA reproduces the same large-scale pat-
tern, the westward extension of the thermal low and positions
the WAW]J in a similar latitudinal band as in ERAS5. However,
important differences emerge in the structure of the thermal
low and the horizontal extent of the jet. Compared with ERAS5,
MERRA shows a shallower westward extension of the thermal
low (indicated with the 905-gpm contour in Figure 3). Instead
of the 780-gpm contour as in ERA5, MERRA exhibits a west-
ward extension of the 905-gpm contour, which only reaches
approximately 27° W. This weaker westward penetration of the
trough could be associated with the horizontally contracted jet
structure (and its core) in MERRA (Figure 3) and the slight un-
derestimates of the jet strength (indicated by the PBIAS =—6%).
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FIGURE 3 | The spatial distribution of WAWJ climatology (1980-2014) and the associated ITCZ (red line; defined as a line where the meridional
wind is zero (i.e., v=0)), geopotential heights (blue contours; gpm) and wind patterns (black vectors) in August at 925hPa, for ERA5, MERRA and
CMIP6 models. The shaded region indicates the WAWJ domain and the zonal wind speeds (ms™) within it. The white box indicates the area desig-
nated as the WAWIJ core area. The spatial correlation coefficient and the percentage bias are shown for each model in the bottom right of the panel.
[Colour figure can be viewed at wileyonlinelibrary.com]

Despite these differences, the agreement between MERRA and Most CMIP6 models, including the multi-model ensemble
ERAS is high. The spatial correlation (r=0.7) demonstrates mean, produce a westerly jet off the coast of West Africa but the
strong coherence in the placement and shape of the jet. capability of the models to replicate the spatial structure varies,
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as depicted by the spatial correlation (r) of the simulated struc-
ture with the reanalysis and by the associated simulation bias
(i.e., PBIAS; percentage bias), indicated in the bottom left panels
of Figure 3. Although 12 models (48%) feature a strong to very
strong positive correlation (r>0.7) with the ERAS5 reanalysis, 6
models (24%) have a moderate positive correlation (0.4 <r<0.6),
5 models (20%) shows a weak positive correlation (0.1 <r<0.3)
and 2 models (8%) show negative correlation (—0.3 <r<0) with
the ERAS reanalysis.

When evaluated against ERAS, the latitude of the jet core varies
between models (as indicated by the white boxes in Figure 3),
with some models placing the jet core too far south (CAMSC,
CASES). Most models overestimate area coverage and the core
strength of the jet. Their PBIAS ranges from 12% (in FGOAL) to
44% (in CES-C). For example, in CES-C (which shows the high-
est PBIAS), the jet stretches from 5° N—14° N and 15° W—40°
W with a core strength of more than 8 ms™'. Only 9 models
(ECE-A & B, CAMSC, CASES, HADGE, INM-A & B, MPIES
and MRIES) feature negative PBIAS (-31% to —1%). In MRIES
(that have the largest negative bias) the jet only stretches from
7° N—11° N and 15° W—23° W with a core strength of less than
4ms~'. Nevertheless, the ensemble mean produces a jet pattern
with a strong correlation (r>0.7) and similar area coverage to
the observed but slightly overestimated the core strength (about
6ms™1).

The differences between models in the horizontal structure of
the WAWT] are associated with differences in the ITCZ, and the
geopotential height and wind fields. These imply differences in
the strength and location of the Saharan Heat Low, as found in
previous studies (e.g., Annor et al. 2023; Dixon et al. 2017).

3.3 | Vertical Structure of the WAWJ

The latitude-height cross-section of the zonal wind along the
jet's longitudes in August is shown in Figure 4, with each panel
for ERAS5, MERRA and the CMIP6 models illustrating how the
jet deepens and extends from South (on the left-hand side) to
North (on the right-hand side). In both ERA5 and MERRA, the
jet extends from the surface to about 750 hPa, but the core of the
jet (about 4ms™) is at 925hPa. This is consistent with PC2010
results. The African Easterly Jet (AEJ) core is located above
(600hPa) and north (centred on 16°N) of the WAWJ (shown by
the dotted contours) in both reanalysis products. This agrees
with the finding of Grist and Nicholson (2001) that equatorial
westerlies (including WAWTI) displace the AEJ (and its associ-
ated disturbances) northward and modulate the interannual
variability of AEJ. Their study also found that the northward
displacement of AEJ coincides with wet years in the Sahel be-
cause it enhances both the horizontal and vertical wind shear
over the Sahel.

Most of the CMIP6 models and the ensemble mean capture the
vertical structure of the jet as in the ERAS reanalysis and show
the AEJ to the north of the WAWTJ. This coincides with the June-
August wet season over the Sahel when the AEJ is known to
shift northward (Bercos-Hickey and Patricola 2021). However,
the models show different capabilities in simulating the ver-
tical extent of WAWTJ, the latitude of the WAWIJ core and the

associated northward location of AEJ. The jet extends to 750 hPa
(or above) in only 14 models (56%) and to 800hPa in 7 models
(28%) and the ensemble mean. One model (MRIES, which simu-
lates the weakest WAWJ) features the jet below 900 hPa and puts
the jet core at 1000 hPa. Some models simulate too much vertical
extension of the WAW]J (e.g., AWICM). The latitude of the jet
core also varies between models; for example, it is particularly
far north (up to 11° N or 12° N) in CES-B.

The structure of the WAWI appears to be related to the AEJ.
Those models that show a more extensive WAWJ tend to have
a more northward AEJ (e.g., AWICM, CES-B, E3S-A), whereas
those with a weak WAWIJ which is confined in the lower lay-
ers of the atmosphere appear to have a southward shifted AEJ
(e., HADGE, INM-A & B, MPIES). Previous literature has illus-
trated variation between CMIP models in the latitude of the AEJ
(Kuete et al. 2022). This also relates to upward motion, illus-
trated by vertical vectors in Figure 4. As illustrated in ERA5 and
MERRA, there is pronounced upward motion through the depth
of the troposphere between approximately 8° N. and 12° N. As
Figure 4 shows, this corresponds to the latitude of the WAWJ.
Those models with a northward WAW]J also show the vertical
motion further north (e., CES-B, FIOES).

The longitude-height cross-section of the zonal wind speed
along the jet's latitudes in August is shown in Figure 5. The fig-
ure shows the jet core (4 ms™) between 25° W and 15° W in the
ERAS5 and between 22° W and 10° W in MERRA, which is both
2ms~! weaker and extends more westward than in PC2010. This
small discrepancy could be because our study uses averaged val-
ues over 8° N-10° N, whereas PC2010 used values along a single
latitude (9.5° N). Some of the models capture the vertical struc-
ture of the jet in the longitudinal cross-section. However, most
of the models fail to clearly distinguish the WAWJ. For instance,
the CES-C model features the westerly flow maxima from about
28° W to 12° E without any distinction. The INM-A model failed
to capture the WAWJ and only features a westerly flow maxi-
mum at 10°E.

3.4 | Inter-Annual Variability of the WAWJ

Since the CMIP6 models are uninitialized, we would not expect
them to follow the same interannual evolution of climate as has
occurred in reality. Therefore, we cannot evaluate interannual
variability by directly comparing the time series. Instead, we
have calculated statistics to quantify the magnitude of interan-
nual variability (standard deviation) and the linear trend, as well
as the correlation between the WAWJ and Sahel precipitation in
each dataset. The capability of CMIP6 simulations to reproduce
the interannual variability of WAW]J, as in the reanalysis (ERAS
and MERRA) and CRU precipitation, differs (Table 2). ERA5
shows a strong positive trend (tr=0.04ms™'years™) in the in-
terannual variability of the jet strength. This positive trend is re-
lated to the partial recovery of precipitation in the Sahel, which
began in the 1990s (Hagos and Cook 2008; Pu and Cook 2010,
2012). The trend (1.402mm month~'years™) in Sahelian pre-
cipitation in ERAS5 is an indication of the significant recovery
in rainfall. Though MERRA captures the positive trend in both
WAWIJ interannual variability and the subsequent Sahelian
precipitation, supporting the broader narrative of regional
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(7°) longitude of the jet core area (white boxes in Figure 3—different for each model), with vectors of meridional and vertical winds (multiplied by

10?), for ERAS5, MERRA and CMIP6 models and its ensemble. [Colour figure can be viewed at wileyonlinelibrary.com]

hydroclimatic recovery. However, these trends are substantially
weaker in magnitude (tr=0.000002219 ms~'years~! for the jet;
tr=0.00003201 mm month~'years~! for precipitation), suggest-
ing that MERRA represents a more muted intensification. This
may reflect known limitations of the dataset in representing

long-term moisture balance and precipitation over West Africa
(e.g., moisture-budget imbalances; Quagraine et al. 2020).

The majority of the models, including the ensemble
mean, capture the positive trend of the jet ranging from
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FIGURES5 | Cross-sections of August zonal wind speed (ms~!; contour—dotted contours are easterlies; westerlies shaded) averaged along the (2°)

latitude of the jet core area (white boxes in Figure 3—different for each model), with vectors of zonal and vertical winds (multiplied by 102). [Colour

figure can be viewed at wileyonlinelibrary.com]

0.002ms~!years™ (in FGOAL) to 0.05ms!years™ (in ECE-A
and CES-B). For these models, the corresponding trends in
Sahel precipitation range from 0.09mm month~'years™ (in
FGOAL) to 1.188mmmonth~'years™ (in ECE-A). However,

3 models (CAMSC, E3S-A, E3S-C) show a negative trend (tr
<-0.017ms 'years™) in the interannual variability of the jet
strength. For these models, the trends in Sahel precipitation are
—0.111mmmon~'years™! (CAMSC), 0.6786 mmmon~'years™!

10 of 20

International Journal of Climatology, 2026


https://onlinelibrary.wiley.com/

TABLE2 | The statistical summaries of WAWIJ strength (ms~; averaged over the jet core area), along with the precipitation time series (PPT) over

the Sahel region (10° N-20°N, 18°W-30°E) for August.

Mean Standard deviation Trend
WAWJ PPT WAWJ PPT WAWJ] PPT (mm

Model (ms™!) (mmmon!) (ms?!) (mmmon) (mslyears™!) monlyears™!) Correlation
ERAS5 (CRU) 5.07 135.40 1.14 26.59 0.0465* 1.402* 0.8%
MERRA (CRU) 5.23 1354 1.60 26.59 2.22E-06* 3.20E-05* 0.74%*
ENSMB 5.79 89.07 0.26 6.12 0.0159* 0.4944% 0.79%
AWICM 7.18 120.70 0.89 23.14 0.0131 0.5049 0.6*
ECE-A 4.40 65.36 0.90 18.70 0.0506* 1.188* 0.8*
ECE-B 4.61 72.29 0.68 14.88 0.0263* 0.7455% 0.8*
BCCCS 6.74 72.02 0.55 15.79 0.0157 0.0355 0.4*
FGOAL 5.69 38.05 0.92 14.61 0.0016 0.0944 0.4*
CAMSC 4.58 78.46 0.99 14.99 —0.0172 -0.111 0.2
FIOES 6.88 146.10 0.75 14.65 0.0060 0.1996 0.6*
CASES 4.61 48.66 0.46 18.81 0.0103 0.7664* 0.3
GFDLC 7.66 131.10 0.89 29.55 0.0212 1.0430% 0.7*%
CES-A 7.53 126.30 1.01 23.28 0.0251 0.7110 0.6*
CES-B 7.85 130.00 1.30 23.83 0.0496* 1.0940% 0.7*
CES-C 7.79 99.42 1.50 20.33 0.0305 0.9022* 0.6*
HADGE 4.17 67.32 0.76 15.42 0.0133 0.6469* 0.2
INM-A 3.38 66.68 0.42 16.93 0.0104 —0.0216 0.1
INM-B 3.44 63.94 0.62 15.62 0.0127 0.3793 0.4*
CIESM 5.75 0.14 1.26 0.022 0.0165 3.43E-04 0.9*
CMCCC 7.15 121.00 1.18 20.52 0.0472%* 0.9351* 0.8*
MPIES 5.04 105.80 0.62 21.75 0.0217* —0.0037 0.6*
E3S-A 7.98 120.40 1.34 19.08 —0.0180 0.6786* 0.3*
E3S-B 7.96 110.90 1.53 20.96 0.0350 0.5895 0.7*
E3S-C 7.62 111.40 1.49 20.08 —0.0303 —0.1584 0.4*
MRIES 2.70 72.27 0.82 11.23 0.0239 0.2332 0.4*
SAMUN 5.85 159.10 1.15 25.75 0.0039 1.0260%* 0.1
TAIES 6.40 97.11 0.88 22.48 0.0083 0.5615 0.7*
NOESM 6.61 137.6 1.02 20.73 0.0132 0.2866 0.7*

Note: For the observation, CRU precipitation was used alongside WAWJ strength from ERAS5 and MERRA. The trend and the correlation were calculated for WAWJ
anomalies and the standardised precipitation anomalies. The anomalies are calculated relative to the August climatological mean. The asterisk (*) symbol indicates

statistical significance at the 95th percent confidence level.

(E3S-A) and —0.1584mmmon~tyears™ (E3S-C). The jet in
these models also shows a weak positive correlation with pre-
cipitation over West Africa, particularly over the Sahel. This
suggests that as the WAWTI strengthens over time, it enhances
precipitation over West Africa, specifically over the Sahel. The
standard deviation of the simulated WAWJ variability varies
from 0.42 (in INM-A) to 1.5 (CES-C, E3S-B & C), with 16 models
(64%) underestimating the variability. In ERAS, the interannual
variability of the WAWI is strongly correlated with Sahelian

rainfall (r=0.8). Comparing each CMIP6 model's correlation
map with the ERAS5 reference using spatial correlation coeffi-
cients reveals that 14 models (56%) show good agreement with
ERAS5, with a spatial correlation r> 0.5, whereas the remaining
11 models (44%) show weaker agreement. Across all models,
the spatial correlation with ERAS5 ranges from 0.11 (in INM-A,
which also exhibits the lowest interannual variability of the
WAW]I) to 0.8 (in CIESM). The multi-model ensemble mean re-
produces the positive trend of the jet (tr >0.0167ms™!years™)
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and shows a strong spatial agreement with ERAS5 (r>0.8), but
underestimates the interannual variability of the jet, with a stan-
dard deviation of 0.26 ms~.

3.5 | WAWIJ and the Spatial Distribution
of Precipitation and Temperature Over West Africa

The previous section illustrated that many of the models are
able to capture a positive correlation between the WAWJ
and Sahelian precipitation when averaged over the Sahelian
domain. We now investigate the spatial pattern of precipita-
tion and temperature associated with the WAWIJ strength.
Observations and reanalysis (ERA5 and MERRA combined
with CRU) show that there is a strong relationship between
WAWTI strength and the spatial distribution of precipitation
and temperature in West Africa (Figures 6 and 7). In both
reanalyses, the jet features a strong correlation (r>0.6) with
precipitation over the Savanna and Sahel zones (10° N—30°
N and 20° W—25°E; Figure 6). The peak correlation (r~0.8)
obtained in this study is even higher than those reported in
Pu and Cook (2012, hereafter PC2012; r~0.6). The jet also
has a strong dipole correlation with the surface temperature
(Figure 7), featuring a positive correlation (r~0.6) north of
20° N but a negative correlation (r~—0.7) between 8° N—20°
N in ERA5 (with CRU). Although the positive correlation
can be attributed to the role of the Saharan heat-low in the
formation of WAWTI (as discussed by PC2012 and implied by
Figure 3), the negative correlation (between 8° N and 20° N in
ERAD5) is likely due to the influence of the jet on the tempera-
ture field through precipitation. Hence, the ERAS5 (with CRU)
results suggest that the stronger the intensity of the Saharan
heat-low (i.e., the higher the temperature north of 20°N), the
stronger the WAWI (due to the associated stronger pressure
gradient force between the continent and the Atlantic Ocean).
MERRA (with CRU) reproduces the same correlation pattern
between the jet and precipitation over the Savannah and Sahel
region with a strong agreement (r=0.9) with ERAS. In addi-
tion, MERRA exhibit a similar dipole structure in the cor-
relation of WAWAJ with near surface temperature, although
the southern limit of the negative-correlation band, in near-
surface temperature, is shifted northward (approximately 12°
N-20° N rather than 8° N-20° N in ERAS5). This latitudinal
shift may be attributed to the structural bias identified ear-
lier in MERRA, particularly the weaker and less westward-
extending Saharan heat-low signature and its slightly shorter
jet core, which, together, could shift the region of strongest
WAWI -related hydroclimate anomalies northward.

To further explore this, we compute composites of the 3 stron-
gest and 3 weakest August WAWTJs and illustrate the anomaly
between the positive and negative WAWJ modes in precipita-
tion, temperature and moisture flux, in Figure 8. In the refer-
ence datasets (ERAS5 and MERRA combined with CRU), the
stronger WAW]J transports more moisture eastward into the
continent within the 5° N—10° N band (Figure 8). Figure 8
shows enhanced transport of moisture from the tropical
Atlantic band (5°N-10°N) into the Sahel (10°N-20°N) during
strong WAW]J events. The WAWJ accelerates eastward winds
over the Gulf of Guinea and the western Sahel, which carry
moisture north-eastward into the continent. This enhanced

moisture flux feeds into the low-level monsoon flow, rein-
forcing north-eastward moisture transport into the Sahel.
As a result, precipitation and soil moisture increase over the
region (not shown), leading to lower near-surface tempera-
tures within 8°N-20°N (Figure 7). These results illustrate
how variability in the WAWIJ strength directly modulates the
spatial distribution of moisture and associated hydroclimatic
conditions across West Africa. These results are in agreement
with previous studies (i.e., PC2012) that linked the yearly vari-
ation in WAWTI strength to interannual variability of precipi-
tation in the Sahel.

Not all the CMIP6 models capture the relationship between the
jet and the spatial distribution of precipitation and temperature
as depicted in the reanalyses (Figures 6 and 7). Although most
models reproduce the observed strong correlation between the
jet and the climate variables, the pattern and magnitude of the
correlation differ from those ERA5 and MERRA. For instance,
in the relationship between the jet and precipitation (Figure 6),
only 8 models (32%) feature a comparable pattern (r>5; shown
at the bottom left corner of Figure 6) with the map of ERAS,
namely: ECE-A (r=0.5), ECE-B (r=0.5), GFDLC (r=0.5),
CES-B (r=0.5), CIESM (r=0.6), MPIES (r=0.5), MRIES (r=0.5)
and TAIES (r=0.5). All these models (except TAIES) and the en-
semble mean agree with ERAS5 that the positive phase of WAWJ
produces a stronger eastward transport of moisture within the
8° N—20° N band from the west coast (~20° W) up to 25°E. This
moisture is then transported north-eastward to north of 20° N,
leading to higher precipitation over the sub-continent north of
8° N (Figure 8). However, these models exhibit a weaker north-
eastward transport of moisture compared to ERAS5, indicating
that the coupling between the WAWJ-driven eastward mois-
ture transport and the monsoon-related north-eastward trans-
port is underestimated. (Aadhar and Mishra 2020; Hourdin
et al. 2015a, 2015b; Li et al. 2021; Stouffer et al. 2017). That may
explain why the increase in precipitation during the stronger
WAWIJ is limited to south of 15° N in these models (Figure 8).

The remaining models (68%) have a weak agreement with
ERAS5 on the relationship between WAWIJ and the spatial distri-
bution of precipitation (Figure 6); their correlation with ERAS5
ranges from 0.1 (INM-A and E3S-A) to 0.4 (FIOES, CMCC and
NOESM). Although some of these models (e.g., AWICM, CASES
and MPIES) capture the two distinct increases in moisture
transports (i.e., the eastward and north-eastward transports)
during stronger WAWJ, the moisture increase does not translate
to a commensurable increase in precipitation north of 10° N as
in ERAS. This behaviour is consistent with the process-based
interpretation of Nicholson (2013), who argues that Sahel rain-
fall is only weakly sensitive to moisture availability once a base-
line threshold is met. Beyond this threshold, rainfall becomes
strongly controlled by dynamical factors such as low-level con-
vergence, mid-tropospheric ascent and the initiation and organ-
isation of mesoscale convective systems (MCSs). In the absence
of adequate dynamical support, excess moisture alone is insuf-
ficient to trigger deep convection or sustain large-scale rainfall.
Thus, for CMIP6 models that do not realistically simulate the
dynamical environment of the monsoon system, increases in
WAWI]-related moisture transport are unlikely to translate into
increased precipitation, even when the moisture signal itself ap-
pears reasonable.

12 of 20

International Journal of Climatology, 2026



20°€ 20°€

FIGUREG6 | The spatial distribution of correlation between time series of the WAW1J strength (ms~!; averaged over the white boxes showing the jet
core area in Figure 3) and precipitation (mm/month) over West Africa in August (1980-2014), as observed by ERA5 (WAWJ) and MERRA (WAWJ)
with CRU (precipitation) and simulated by the CMIP6 models and the multi-model ensemble mean. The similarity between the simulated and ob-
served patterns is quantified and indicated by a spatial correlation value in each panel, and significance at each grid point at a 95% confidence level
is marked by a (+) symbol. [Colour figure can be viewed at wileyonlinelibrary.com]

However, some models fail to simulate the two distinct in- increase in the eastward transport of moisture, whereas some
creases in moisture transports. With the increase in WAWJ, models (e.g., BCCCS, INM-A and CMCC) simulate the in-
some models (e.g., CES-C and NOESM) simply produce an crease in the north-eastward transport over the whole of West
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FIGURE 7 | The spatial distribution of correlation between the WAWI strength (ms™; averaged over the jet core area; white boxes in Figure 3)
and temperature (°C) over West Africa in August (1980-2014), as observed by ERA5 (WAWJ) and MERRA (WAWJ) with CRU (temperature) and
simulated by the CMIP6 models and the multi-model ensemble mean. The similarity between the simulated and observed patterns is quantified and
indicated with spatial correlation in each panel, and significance at each grid box at a 95% confidence level is marked with a (+) symbol. [Colour fig-
ure can be viewed at wileyonlinelibrary.com]

Africa, and some models (E3S-A and E3S-C) do not produce According to the spatial correlation coefficient, the simulations
any coherent pattern in moisture transport over the domain perform better at linking the jet with the spatial distribution of
(Figure 8). temperature than with the spatial distribution of precipitation

14 of 20 International Journal of Climatology, 2026


https://onlinelibrary.wiley.com/

1.8

1.4

1.0

-1.8

20°w 0° 20°E 20°wW 0° 20°wW

0° 20°E 20°w 0° 20°E

FIGURE 8 | Difference of the composite of precipitation (mm/mon; shading), temperature ("C; contour), and moisture flux (vectors; 925hPa)
anomalies during positive and negative modes of WAWIJ (1980-2014) as observed in ERA5 and MERRA (with CRU precipitation) and simulated by
CMIP6 models and the multi-model ensemble mean. [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 7). Only 7 models (28%) show a weak agreement
(r<0.5)with ERAS5 results, namely: FIOES (r=-0.1), HADGE
(r=0.1), INM-A (r=0.1), CAMSC (r=0.3), CES-C (r=0.3),
SAMUN (r=0.3) and E3S-C (r=0.4). Although HADGE and
INM-A show a positive correlation between the jet and the

spatial distribution of temperature over most parts of the do-
main, E3S-C shows a positive correlation. CAMSC features a
dipole correlation, but it features some positive correlations
north of 20 °N in contrast to the ERAS5 result. Not all the mod-
els that have good agreement with ERAS5 (i.e., 0.5<r<0.7)
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reproduce the dipole correlation pattern as in ERAS. For in-
stance, 6 models (AWICM, FGOAL, E3S-A, E3S-C, TAIES
and NOESM) show very weak positive correlations (r<0.3)
between the jet and temperature north of 25° N. This suggests
that these models may underestimate the link between WAW]J
and the SHL. However, ECE-A and ECE-B show the best
agreement with ERAS5 on the relationship between WAWJ and
the spatial distribution of temperature and precipitation over
the sub-continent. Though the ensemble mean agrees with the
observations that the stronger WAW]J transports moisture into
the subcontinent and more moisture north-eastward into the
Sahel. However, it shows weak links between the jet and the
temperature and precipitation.

3.6 | WAWIJ-Sahel Precipitation Relationship
and Model Biases

The previous section has indicated the strong role of the WAWJ
in precipitation variability and that there are large variations be-
tween models in their ability to represent this. We now explore
the relationship between the WAWIJ-precipitation correlation
and the models’ precipitation biases over the Sahel (Figure 9).
The figure reveals an association between the models' depiction
of the WAWIJ-precipitation relationship and the magnitude of bi-
ases in Sahel precipitation. Models that exhibit stronger correla-
tions between the WAWJ and Sahel precipitation tend to display
lower precipitation biases over the Sahel compared to models
with weaker correlations. This finding supports the conclusions
of previous literature (e.g., drawn by Tamoffo et al. 2023), who
argue that the inaccuracies in modelled precipitation over West
Africa, particularly in the Sahel, stem from the models' limited
ability to accurately simulate the strength of processes, such as

140

the WAWTJ, which play a crucial role in advecting moisture into
the subcontinent.

It has been suggested that higher resolution models may be nec-
essary to adequately simulate Sahel precipitation (e.g., Vellinga
et al. 2016; Birch and Parker 2014) and whilst this is not the
focus of the present study, we briefly compare the CMIP6 mod-
els with 10 high-resolution HighResMIP CMIP6 models (Ajibola
et al. 2020, 2022) and their ensemble mean (Appendix S2,
Figure A2). The HighResMIP models still show a broad range
in terms of the precipitation biases and the correlations between
WAWIJ and Sahel precipitation. As for the coarser resolution
models, there is a slight tendency for the models with higher
correlation scores to show smaller biases, however, some of the
HighResMIP models with good correlation scores still have bi-
ases more than 50 mm month (an analysis of the structure of the
WAWTI in HighResMIP models also showed a range of behaviours
across models and does not indicate a jump in performance rela-
tive to CMIP6; Appendix S2, Figure A2).

The correlation between WAW]J strength and Sahel precipita-
tion could serve as a valuable metric for both evaluating and
improving the performance of CMIP6 models. In model devel-
opment, tracking the representation of the WAWJ and its link-
age to rainfall could be a useful diagnostic. Figure 9 clearly
shows that a strong relationship between WAWTJ and rainfall
is not a sufficient condition for a small precipitation bias, but it
might be necessary to achieve a very low bias and to simulate
the regional circulation. Analysis of the WAWIJ and linkages
to rainfall could also be useful for investigating future projec-
tions, particularly as many models show drying over the west
of the Sahel, in close proximity to the WAWJ (Audu et al. 2024;
Monerie et al. 2020).

@ CMIP6 models
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B HighRes Ensemble Mean
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FIGURE9 | The relationship between WAWIJ strength and Sahel precipitation in CMIP6 models versus the models’ weakness (absolute error) in

simulating Sahel precipitation (with reference to CRU). The WAWJ-Sahel rainfall relationship is quantified with correlation (horizontal axis). The

blue circles and squares represent the 25 models in Table 1 and their ensemble mean, respectively. Also, the red triangles and squares represent 10

high-resolution CMIP6 models (see Appendix S2) and their ensemble mean, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | Conclusion

As part of the ongoing efforts to improve the simulation and pro-
jection of precipitation in the Sahel, this study has evaluated the ca-
pability of CMIP6 models in simulating the West African Westerly
Jet (WAWJ) and its influence on Sahel precipitation. The study
analysed CRU, ERA5, MERRA, CFSR (Supporting Information)
and 25 CMIP6 datasets for a period of 35years. The study, which
defined WAWTJ as a low-level westerly jet over the eastern Atlantic
and the West African coast, compared the characteristics of WAWJ
in the reanalysis (primarily ERAS, with MERRA used for cross-
validation and CFSR presented in the Supporting Information)
and the CMIP6 and used standard statistical metrics to quantify
the comparison. It also quantifies the relationship between the jet
and climate variables in the datasets with correlation analysis and
uses composite analysis of the climate variables during the posi-
tive and negative modes of WAWTJ to investigate the relationship.
The results of the study can be summarised below:

+ ERAS5and MERRA show that the WAWT has its core at 925 hPa
and attains its maximum speed in August. Most CMIP6 simu-
lations broadly capture the annual cycle and vertical and hor-
izontal structure of the jet, but produce jets that develop too
early and are too strong with reference to ERAS5 results.

« Although most CMIP6 models agree with the reanaly-
sis on the spatial structure of WAWJ (covering 6° N-12°
N, 15° W—35° W with the core around 8° N and 20° W),
more than 39.5% disagree with ERAS5 on the spatial struc-
ture. Some of the models show the WAW]J further north
or south, or with a different spatial or vertical extent.
This appears to relate to the representation of other fea-
tures, including the ITCZ, the Saharan Heat Low and the
African Easterly Jet.

« Most of the models reproduce a positive trend in the strength
of WAWTI as in ERAS5 results, but some models show a neg-
ative trend in the jet's strength.

« In ERAS5 and MERRA, the WAW]J has a strong positive
correlation with precipitation over West Africa (especially
over the Sahel) and a dipole correlation pattern with tem-
perature over the sub-continent. The spatial correlation
between ERAS5 and MERRA for near-surface temperature
patterns is r~0.6, indicating moderate agreement between
the two reanalyses despite some latitudinal shifts. Most
CMIP6 simulations capture the correlation between the jet
and temperature, but only a few of them capture the correla-
tion between the jet and precipitation.

« A stronger WAWIJ transports more moisture eastward
into the continent, providing more moisture for the north-
eastward transport into the Sahel. However, when the
models have a strong WAW]J, they don't consistently show
enhancement of both the eastward and north-eastward
transports. In addition, some of the models which do cap-
ture moisture flux increases during a strong WAW] fail to
translate the increase in moisture transport to a commensu-
rable increase in precipitation in the Sahel.

+ The majority of the CMIP6 models which simulate a weak
relationship between WAWIJ and Sahel precipitation show
large biases in precipitation over the Sahel region.

This study makes a contribution to the literature about the
simulation of the West African climate, highlighting the im-
portance and potential value in evaluating the WAW]J. Clearly,
CMIP models have large persistent biases over West Africa.
Some literature suggests that it may be necessary to sub-
stantially increase resolution and run models in convection-
permitting mode in order to improve the simulation of
the monsoon (Birch and Parker 2014; Berthou et al. 2019).
However, these models require vast computing resources
and it may be a long time before we are able to generate an
ensemble of runs that can be used to investigate uncertainty
in future climate change. In the meantime, CMIP models re-
main the primary tool for investigating future climate and
informing adaptation (either directly or as input to regional
climate models or statistical downscaling approaches). A bet-
ter understanding of how models represent regional circula-
tion features can both inform model development and provide
insights about whether and how the model results can be used
for informing adaptation. For example, this study could be
used to identify which models have a better representation of
the WAWJ and Sahel precipitation, and to help interpret fu-
ture projections over the region. In general, they indicate that
we should be cautious about using these models to represent
precipitation variability and change over West Africa.

To aid model evaluation and development and future research,
we have made a diagnostic of the WAWTI available via GitHub
(https://github.com/Priority-on-African-Diagnostics/Launc
hPAD/tree/master/ DIAGNOSTICS/West_African_Westerly_
Jet). The study also indicates some fruitful areas for further re-
search. The relative performance of the models may depend on
the horizontal resolution. Although the formation of WAWJ is
closely related to the strength and westward extension of the
SHL (Pu and Cook 2010), improvement in simulated SHL is
linked to an adequate representation of the complex topography
of Africa (Diallo et al. 2014). Hence, changes in model resolution
may improve the performance of models in simulating WAWJ.
Although our brief analysis suggests that HighResMIP models
do not substantially improve the simulation, future studies could
investigate in more depth how the results of this study are sen-
sitive to model resolution and representation of topography. In
addition, the biases identified in some of the models in this study
could be related to physics parameterisation (Nicholson 2018).
For example, the inability of some of the models to translate the
moisture transport by the jet into commensurable precipitation
suggests that the convective parameterisation schemes in the
models might be too weak in translating the excess moisture
into precipitation. Therefore, future studies could evaluate dif-
ferent physics parameterisation schemes in those models. Lastly,
this study has further established that the jet transports mois-
ture into the region, but that may not be a sufficient criterion
for rainfall occurrence. Investigating how well the simulations
simulate various processes that trigger deep convection in re-
lation to the westerly moisture flux over West Africa would be
very useful.
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