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Abstract. African easterly waves (AEW) are a key modulator of West African rainfall variability with impacts on tropical
cyclon activity. However, climate change projections of AEW show contrasting results, underpinned by the coarseness of some
simulations and the lack of consistency with surface conditions in others. Here we analyse the performance and projected
changes in 3-5 day AEWs using two 30-yr long simulations consistent with historical (1990-2019) and near-future climate
conditions (2020-2049) by IFS-FESOM model at kilometer scale horizontal resolution. We show that the model captures the
spatial structure and energetics of AEW with reasonable accuracy, although it overestimates associated precipitation variability.
The model projects an intensification of AEW activity over land associated with enhanced barotropic and baroclinic conversion
and stronger diabatic generation of eddy available potential energy. Over the central and eastern Sahel, the model projects a
shift towards more extreme rainfall events and fewer moderate ones, with an overall enhancement of rainfall. This response
is not exclusively related to AEW activity, as a similar response is observed when AEW activity is low. Conversely, over the
westernmost Sahel, the projected drying is related to a decrease in extreme events during AEW days and in moderate events
during non-AEW days. Over eastern Africa, where AEWSs originate, the simulated increase in the reversal of the meridional
potential vorticity - caused by the increase in static stability as a response to tropical climate warming - and the enhancement
of upstream convective variability set the scene for more frequent and stronger seeding disturbances for AEWs. These results
underline the importance of improving AEW representation in climate models to enhance seasonal forecasting, early warning

systems, and adaptation strategies in the region.

1 Introduction

West Africa experiences a complex and highly variable rainfall regime governed by interactions between large-scale climate
drivers and mesoscale processes. Key drivers of WA rainfall variability are African Easterly Waves (AEW), particularly the
3- to 5-day wave modes that modulate convective activity. AEWs typically manifest at 600 to 700 hPa on either side of
the African Easterly Jet (AEJ) and play a key role in the high-frequency variability of precipitation associated with the West

African Monsoon (WAM), significantly contributing to annual rainfall in the Sahel. AEWs are fundamental for the development
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of Mesoscale Convective Systems (MCSs) and squall lines in West Africa, accounting for a substantial portion of the annual
precipitation in the region (Fink and Reiner, 2003; Janiga and Thorncroft, 2014). Approximately 40% of MCSs (Fink and
Reiner, 2003) are related to AEWSs, and these systems contribute nearly 80% to the total Sahelian rainfall (Liu et al., 2019;
Nesbitt et al., 20006).

AEWSs are also instrumental in the formation of Atlantic tropical cyclones. The westward-propagating synoptic-scale dis-
turbances originate over tropical eastern Africa and extend into the Atlantic, serving as precursors to tropical cyclogenesis and
facilitating the transport of Saharan dust across regions. Approximately 60% of all hurricanes and 80% of the major hurricanes
originate from AEW disturbances (Landsea, 1993). Southern-track AEWs are more favorable for hurricane development due to
their higher moisture content, while northern-track AEWs, which are relatively drier, play a lesser role in cyclogenesis (Dieng
et al., 2017). The impact of AEWs extends beyond West Africa, influencing climate patterns along their Atlantic pathways,
making their future evolution a critical research topic. For instance, Bercos-Hickey and Patricola (2024) found that the recent
observed trend towards higher tropical cyclone activity is associated with stronger and more frequent AEWs.

Several studies have examined projected changes in AEWs under climate change. Analysis using CMIP-type models sug-
gests that northern AEWs (15-25°N) may strengthen in response to increased radiative forcing, which could lead to more
intense and frequent extreme rainfall events (Skinner and Diffenbaugh, 2014; Akinsanola et al., 2025; Martin and Thorncroft,
2015). Martin and Thorncroft (2015) document more than a 30% increase in summer eddy kinetic energy (EKE) over land.
In contrast, the southern track does not show a consistent response, some models projecting a clear reduction in wave activity
with weak waves decreasing and strong waves increasing (Brannan and Martin, 2019; Hannah and Aiyyer, 2017). Projections
indicate a decline in AEW activity in late spring and early summer but an intensification between July and October, although
discrepancies exist between higher and lower resolution models (Martin and Thorncroft, 2015).

Traditional CMIP-type climate models struggle to capture AEWs and related rainfall extremes due to their coarse resolution
and biases in simulating the regional-scale convective dynamics (Ruti and Dell’ Aquila, 2010). Ruti and Dell’ Aquila (2010)
demonstrated that CMIP3 models exhibit a wide variety of behaviours in reproducing AEW synoptic features, with significant
inter-model spread in the amplitude and spatial distribution of wave variance over West Africa. This bias persists into CMIP5,
where Martin and Thorncroft (2015) found that models simulate excessive eddy kinetic energy over the continent alongside
deficient rainfall, and fail to accurately couple AEWs with precipitation. A potential way to increase resolution is by means
of regional climate modelling. However, analyses show contrasting results. Some regional climate models (RCMs) project an
overall reduction in AEW activity across the region (Kebe et al., 2020), while Bercos-Hickey and Patricola (2021) report a 20
% increase in eddy kinetic energy (EKE). Another study with a global atmospheric model run at high resolution (~ 25 km)
also suggests an increase in the precipitation and intensity of circulation related to AEWs (Raj et al., 2023).

Projected changes in AEW tracks include significant northward expansion (Raj et al., 2023), higher-altitude strengthening of
southern tracks (Bercos-Hickey and Patricola, 2021), and shifts along the Intertropical Front (Skinner and Diffenbaugh, 2014).
One study reports a 21% rise in track count (Bercos-Hickey and Patricola, 2021), and another links increased AEW strength
to a higher likelihood of tropical cyclone development (Bercos-Hickey et al., 2023). Nufez Ocasio et al. (2025), using a novel
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storm-resolving regional model under a pseudo-global warming framework, found that AEWs over Africa are projected to
become significantly more intense, wetter, and with greater water vapor content in a warmer climate.

Regarding the potential contributors to the projected change in AEW activity, some works suggest an increase in baroclinic
and barotropic energy conversions, enhancing EKE (Bercos-Hickey and Patricola, 2021; Akinsanola et al., 2025). Raj et al.
(2023) indicate heightened AEW intensity driven by stronger baroclinic overturning and increased eddy available potential en-
ergy, and Skinner and Diffenbaugh (2014) associate enhanced AEW strength with amplified regional temperature gradients and
increased convergence. In addition, intensified AEW-associated precipitation and modified monsoon flow appear to contribute
to changes in AEW dynamics (Skinner and Diffenbaugh, 2014). However, the energy sources driving AEW growth and inten-
sification are highly sensitive to the model parameterizations used. Early studies suggested that AEWs derive energy primarily
from barotropic conversion associated with AEJ shear, while more recent research has highlighted the role of diabatic heating
and baroclinic conversion (Diaz and Aiyyer, 2013). Convection has also been highlighted as a potential contributor driving
biases in AEW simulation (Elless and Torn, 2018). In this way, the impact of climate change on these energy conversions
remains an open question.

Moreover, AEWs originate in East and Central Africa, with topographic features such as the Ethiopian Highlands, Marrah
Mountains, and Guinea Highlands playing a crucial role in their initiation and propagation. The representation of these features
in models is essential for accurately simulating AEWs. Coarse-resolution models often struggle to maintain AEW propagation
across West Africa and into the Atlantic due to their inability to resolve key topographic influences, particularly over the Guinea
Highlands (Martin and Thorncroft, 2015). Studies have shown that these regions provide diabatic heating that reinforces AEWs,
facilitating their westward movement (Ventrice et al., 2012). However, improving topographic resolution alone may not be
sufficient, as convective parameterization is also a major factor in AEW simulation.

While RCMs or atmospheric models run at similar high-resolution configurations have been employed to address some of
the limitations of coarse-grid global coupled models, they often rely on boundary conditions, leading to inconsistencies in
sea surface temperature (SST) patterns and their influence on AEW dynamics (Sylla et al., 2013). In contrast, in this work
we analyse 30-year-long global coupled simulations run at 9 km horizontal resolution in the atmosphere and up to 5km in
the ocean from the nextGEMS EU project (Segura et al., 2025). These nextGEMS simulations offer a unique opportunity
to evaluate the impact of climate change on AEW and related precipitation with a self-consistent and high-resolution model,
which is potentially more capable of simulating the delicate interplay of convection, wind dynamics, and topographical features

that are key to the initiation and propagation of AEW.

2 Data
2.1 Observations and Reanlyses

This study utilises three datasets to validate the IFS historic simulations: the Climate Hazards InfraRed Precipitation with Sta-
tions (CHIRPS), the Multi-Source Weighted-Ensemble Precipitation (MSWEP), and the fifth-generation ECMWF reanalysis
(ERAS). CHIRPS is a quasi-global precipitation dataset that combines satellite imagery with in situ station data to produce
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high-resolution daily and monthly precipitation estimates. It covers the period from 1981 to the present with a spatial resolu-
tion of 0.05° (Funk et al., 2015). MSWEP is a global precipitation dataset that merges multiple data sources, including gauge
observations, satellite estimates, and reanalysis output, and spans from 1979 to the present, at a 0.1° spatial resolution (Beck
et al., 2019). Daily precipitation fields from CHIRPS and MSWEP are used to validate the IFS simulation. ERAS has a spatial
resolution of approximately 31 km (0.25°) and spans from 1950 to the present (Hersbach et al., 2020). Various atmospheric

fields from ERAS are used in the study. For consistency with the simulations, we used 1990-2019 period for all three datasets.
2.2 Model Experiments

In this work, we use model experiments from the Horizon 2020 nextGEMS project (https://nextgems-h2020.eu). Throughout
several model development cycles, the project’s goal was to develop storm- and eddy-resolving models and apply them for the
first time on climate timescales. Among the different nextGEMS simulations, we focus here on the 30-year-long production
simulations with IFS-FESOM (Segura et al., 2025). The simulations were run at 9 km horizontal resolution for the atmosphere
component (TCo1279-NG5 grid combination) and up to 5 km in the ocean, which can be considered eddy-resolving in large
parts of the global ocean (Rackow et al., 2025). The IFS-FESOM production simulations consist of a set of twin experiments
that differ only in the ocean-atmosphere initial state and the boundary conditions (greenhouse gases, ozone, and aerosols),
consistent with the historical period (1990-2019) and following the SSP3-7.0 scenario (O’Neill et al., 2016) for the 2020-
2049 period, hereafter named ’historical’ and ’future’ simulations, respectively. The ocean has been spun up with ERAS
atmospheric forcing (Hersbach et al., 2020) in stand-alone mode, for a duration of 5 years, before the respective start date
of the coupled historical (1 January 1990) and future simulations (20 January 2020). Additionally, the ocean state of the
historical simulation has undergone 2 years of coupled spinup before starting production in 1990. While 5 years of ocean
spinup may seem short, Rackow et al. (2025) had noticed little surface drift of the coupled IFS-FESOM system in Cycle 3
of the nextGEMS development cycle with the identical eddy-resolving ocean grid, and it was therefore decided to stick to 5
years of standalone spinup for better comparability. The atmospheric initial conditions are from the IFS operational analysis
for 1 January 1990 and 20 January 2020, respectively. Aerosols are fixed in time for the scenario. Both the historical and
future simulations use a weakly active convection scheme, via a reduced cloud base mass flux. In other words, this lends
more weight to explicit convection than using a fully active deep convection parameterisation (Rackow et al., 2025). The
simulations store their output on the HEALPix grid. Other details can also be found on the easy.gems documentation page
(https://easy.gems.dkrz.de/DYAMOND/NextGEMS/prefinal.html).

3 Methods
3.1 Identification of AEWs

The study focuses on 3-5 day AEWSs during boreal summer, and the waves are extracted from the mean field using a Butterworth

bandpass filter of the same period applied to meridional wind at 700 hPa over the June—September (JJAS) season. This pressure
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level is commonly used for AEW analysis, as supported by previous studies (Carlson, 1969; Berry and Thorncroft, 2005, 2012;
Kiladis et al., 2006). Composite anomalies for the wave initiation day (day 0) were created based on wind and rainfall anomalies
corresponding to the top and bottom deciles of the filtered 700 hPa meridional wind values at the base point located at 1°W
and 11.5°N. Circulation and precipitation anomalies were then computed for days —4, -2, +2, and +4 relative to the wave
initiation. This approach aligns with the methodology used by Crétat et al. (2015) for constructing composite anomalies. A
similar method is used to identify AEW and non-AEW days. To isolate AEW days, the JJAS 700 hPa filtered meridional wind
at the same base point was used. AEW days were identified as those corresponding to wind anomalies exceeding the 90th
percentile or falling below the 10th percentile of the filtered distribution. The magnitude of the wind taken as the threshold
for each percentile was calculated from the historical simulation and applied to the projection. A +2-day temporal offset was
applied to account for wave evolution, and duplicate days were excluded to avoid redundancy. The resulting set of unique days

was classified as AEW days, while all remaining days within the JJAS season were designated as non-AEW days.
3.2 Contributions to future changes in rainfall

The seasonal total precipitation can be decomposed into the part falling during AEW and that falling during non-AEW days to

identify the contribution of each term to the future change in precipitation as follows:
P=Psxna+Pn*xny (1)

where P - total precipitation (mm/day)

P, - precipitation during AEW days (mm/day)

Py - precipitation during Non AEW days (mm/day)
n 4 - fraction of total days which are AEW days

ny - fraction of total days which are non-AEW days

Similarly,
Pt = Phsnl 4 PR «nly (2)
Pf:Pg*nf;—l—P]{,*n{V 3)

where h and f represent historical and future simulations respectively.
From 2 and 3, future change in precipitation can be written as:
AP =n"y - APy +nh - APy 4 (Ph — P2)-Ana+(APs — APy) - Any 4)
(1 (2 3)

where AP = P/ — P" is the total change in precipitation, AP, = Pj; — P is the change in the mean precipitation during

AEW days, APy = P]{, — P} the change in precipitation during the non-AEW days and An 4 = nﬁ —nl is the change in the

fraction of AEW days, which is equal to the minus change in the fraction of non-AEW days (—Any).
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On the right-hand side of 4, the first term represents the contribution from changes in precipitation occurring both during
AEW and non-AEW days. The second term captures the contribution from the change in the fraction of AEW days from the
historical to the projection. The third term accounts for the cross-product term, which is expected to be small, as it takes into
account modifications that come from both changes in the mean precipitation during AEW and non-AEW days and changes in

the fraction of AEW days.
3.3 Eddy kinetic energy sources and transformations

Eddy kinetic energy (EKE) is a measure of synoptic-scale variability, and increased EKE values are often associated with

stronger or more frequent AEWs. EKE is computed as
1 2 2
EKE =S (u?+0") 5)

where u’ and v’ represent the 3—5 day bandpass-filtered zonal and meridional wind components.
To examine the factors contributing to changes in the EKE, we follow previous works (e.g. Hsieh and Cook, 2007; McCrary
et al., 2014) and calculate the relevant energy conversion terms from budget equations of EKE and Mean Available Potential

Energy (MAPE) represented as:

0K
TtEZCk-i-Cpk—DE-FKEB+¢EB (6)
and
0A
TtE:CA—Cpk-i-GE-i-AEB @)

where K is the average eddy kinetic energy and Ag is the eddy available potential energy, C, is barotropic energy conver-
sion, Cpy, is the baroclinic energy conversion term, and D is the frictional dissipation. The conversion term of zonal available
potential energy to eddy available potential energy due to eddy heat flux along the zonal mean temperature gradient is given by
C 4, and the generation of eddy available potential energy by diabatic heating is given by Gg. Kpp and Agp are the boundary
fluxes of eddy kinetic and available potential energy, respectively. ¢ g g is the boundary pressure work performed by the eddies.

The energy conversion terms are calculated as

f
Cr = —VI.(V' )V ®)
Cope = — 7 ©)
p
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— _
Cy= —%V,;T'.VHT (10)
Gp=LQ|T' (1)
E T 1

where T is daily mean temperature, w = dp/dt, is the vertical velocity, (); is the apparent heat source, Vy; is the horizontal
wind speed, and p is pressure. Also, v = Ff—ﬁr, where I'g and T" are the dry adiabatic and observed lapse rates, respectively, c,,
is the heat capacity at constant pressure, and R is the dry air gas constant.

The apparent heat source is calculated as:

oT o0 o0 o0 o0
2 (8t+u8¢+va)\+wap) (12)

Q1=
where 0 is the potential temperature.
The overbar denotes a temporal mean and primes in these equations are calculated as 3-5 day Butterworth bandpass filter
applied to daily fields. The higher-order terms (triple products of perturbations) in equations 6 and 7 are omitted from the

analysis (Hsieh and Cook, 2007).

4 Results
4.1 Model Validation
4.1.1 Representation of the mean state

To evaluate the performance of the IFS historical simulation, we begin by comparing its mean climatological fields against
observations and reanalysis data. Figure 1a and 1b present the spatial distribution of 2-meter temperature and mean sea level
pressure from both ERAS and the IFS historical run in JJAS season. The presence of the Saharan Heat Low (SHL) is captured in
both datasets. The IFS simulation reproduces the intensity and spatial extent of SHL with reasonable accuracy when compared
to ERAS, although it exhibits a slight overestimation of temperature and a corresponding underestimation of sea level pressure
at the SHL core. Additionally, over the tropical Atlantic, particularly in the cold tongue region, the IFS simulation shows
moderately elevated (~ 2K) 2-meter temperatures relative to ERAS.

Figure 1c and 1d show the JJAS mean precipitation from MSWEP and the IFS historical simulation, respectively. The spatial
distribution of the monsoon rainbelt is broadly consistent between the two figures, suggesting that the IFS model reasonably
captures the large-scale monsoon precipitation pattern. However, the IFS simulation tends to overestimate precipitation over
the marine Intertropical Convergence Zone (ITCZ) and regions of high orography, particularly over the Niger Basin and areas
south of the Jos Plateau. Rainfall is also overestimated over the Guinea Gulf, off the coast of West Africa. Conversely, there is

an underestimation of precipitation over the northern oceanic ITCZ, which affects the westernmost Sahel. These features could
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be connected to the warm bias in 2-meter temperature in the cold-tongue region (Vizy and Cook, 2001, 2002). Also displayed
in fig. 1c and 1d are the corresponding surface wind vectors, derived from ERAS5 and the IFS historical run respectively. The
model reproduces the surface wind patterns, especially the low-level monsoon flow with considerable accuracy.

Regarding the vertical cross-sections of omega and omega—meridional wind, the ERAS reanalysis (Fig. le) reveals two
distinct cells of vertical motion: a deeper cell located between approximately 2°N and 12°N, associated with moist convection
over the monsoon rainbelt, and a shallower cell centered near 18°N, corresponding to dry convection over the SHL. The IFS
historical simulation captures both convective cells with reasonable fidelity, as shown in Fig. 1f. The simulated locations of
these features closely match those in ERAS. However, the IFS tends to overestimate the strength of monsoon-related vertical
motion, with the simulated moist convection extending more deeply in the troposphere, reaching up to 200 hPa. This deeper
convection in IFS could be related to the reduced cloud base mass flux setup used in this simulation, which enhances CAPE
compared to the model with a fully active deep convection scheme (Becker et al., 2021; Takasuka et al., 2025). In contrast, the
vertical motion associated with dry convection over the SHL in the IFS is of comparable magnitude to that in the reanalysis.

Figures 1g and 1h illustrate the JJAS mean wind speed at 600 hPa from ERAS and the IFS historical simulation, respectively.
This level is representative of the African Easterly Jet (AEJ), a prominent mid-tropospheric feature over West Africa. The AEJ is
formed due to the strong thermal contrast between the hot Saharan landmass and the cooler equatorial Atlantic and is sustained
by the juxtaposition of moist convection to the south and dry convection to the north (Nicholson, 2013). AEWs typically
propagate along both flanks of the AEJ, with a greater frequency in the latitudinal zone south of the jet core. This region,
situated between the axes of the AEJ and the upper-tropospheric Tropical Easterly Jet (TEJ), provides a favorable environment
for wave development, although a fraction of AEWSs also form along the northern flank of the AEJ (Thorncroft and Hoskins,
1994; Thorncroft and Blackburn, 1999). Compared to ERAS, the IFS historical simulation overestimates the intensity and zonal
extent of the AEJ (Fig. 1h), which may have implications for the representation of AEW activity and downstream precipitation

patterns in the model.
4.1.2 Representation of AEWs

To assess the model’s representation of AEWs, we begin by comparing the mean wave characteristics of the IFS historical
simulation with those from ERAS reanalysis. Specifically, we examined the standard deviation of 3—-5 day bandpass-filtered
meridional wind at 700 hPa, precipitation, and Eddy Kinetic Energy (EKE) at 700 hPa during the JJAS season. Figures 2a and
2b show the standard deviation of 3-5 day filtered meridional wind at 700 hPa from ERAS5 and the IFS simulation, respectively.
In both datasets, the region of maximum variability is located around 20°N over the Atlantic, consistent with the climatological
position of the AEJ and associated AEW activity. However, notable discrepancies exist between the model and reanalysis. In
particular, the IFS simulation underestimates the variability in the equatorial Atlantic and overestimates it over the western
Sahel region. Outside these areas, the variability of bandpass filtered meridional wind is comparable between ERAS5 and the
IFS simulation.

Figures 2c and 2d present the standard deviation of 3-5 day bandpass-filtered precipitation from MSWEP and the IFS

historical simulation, respectively. Overall, the IFS simulation exhibits an overestimation of precipitation variability along the
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AEW pathway. The most pronounced positive biases are found over the tropical Atlantic, centred around 8°N, as well as over
the Sahel and regions of high orography. Interestingly, the model’s overestimation in 3-5 day precipitation variability over land
is not translated to the climatological mean, which showed no consistent bias over all of West Africa (Fig. 1c-d). These biases
suggest that the model has enhanced convective responses associated with AEW activity in these regions.

Figures 2e and 2f show the distribution of Eddy Kinetic Energy (EKE) at 700 hPa for ERAS and the IFS historical simulation,
respectively. The spatial pattern of EKE closely resembles that of the filtered meridional wind variability, with maximum values
located off the West African coast in ERAS. This EKE maximum is notably underestimated in the IFS simulation. More broadly,
the IFS model consistently underestimates EKE compared to ERAS across the region. As the meridional wind variability was
not underestimated over the western Sahel and the tropical North Atlantic, it suggests an underestimation of the zonal wind
variability related to AEWs. Interestingly, while the IFS simulation underrepresents the variability of bandpass-filtered EKE, it
simultaneously overestimates the variability in precipitation, indicating potential inconsistencies in the model’s representation
of dynamical-convective coupling associated with AEWs.

To investigate the spatial structure of African Easterly Waves (AEWs), meridional wind anomalies at 700 hPa were extracted
using a Butterworth bandpass filter to isolate 3—5 day waves. The 700 hPa level is commonly used for AEW identification and
analysis (Carlson, 1969; Berry and Thorncroft, 2005, 2012; Kiladis et al., 2006). Composite anomalies of wind and precipita-
tion were constructed following the methodology outlined in Section 3, using time lags of —4, -2, +2, and +4 days relative to the
AEW trough passage. Figure 3a—e presents the composite evolution of AEW-associated circulation and precipitation anoma-
lies from ERAS and MSWEP, respectively. A well-defined wave structure is evident, with a wavelength of approximately 3000
km. The northern extent of the wave reaches into the Sahara, while precipitation anomalies are primarily concentrated in the
southern part of the cells. Positive rainfall anomalies are located near the northerly flow ahead of the trough, whereas negative
anomalies occur to the south of the ridge, in association with southerly winds. The strongest wind anomalies are found near
5°W, consistent with the location of the base point (1°W, 11.5°N), across all time steps. As the wave propagates westward
into the Atlantic, it also shifts northward. The trough and ridge structures exhibit a northeastward tilt, consistent with wave
characteristics observed in previous studies (e.g. Hsieh and Cook, 2007; McCrary et al., 2014; Raj et al., 2023).

Figures 3f—j illustrate the composite evolution of 3-5 day AEWs and the associated precipitation anomalies from the IFS
historical simulation. The simulated AEWs exhibit a wavelength comparable to that observed in ERAS, indicating that the
model captures the large-scale spatial scale of these disturbances reasonably well. At time lag -4 days, the model underestimates
the density of streamlines (Fig. 3a and 3f), while the trough and ridge patterns in the simulated wind field are more distinctly
defined just before and after lead time O (Fig. 3b-e and 3g-j), with streamlines appearing more tightly packed than in the
reanalysis. Notably, over the Atlantic the differences beteewen IFS and ERAS also changes with time lag, with weaker wind
anomalies and less tight streamlines in the model before time lag O to a more pronounced westward propagation of AEWs
at later lags in the IFS simulation, with the waves extending farther into the tropical Atlantic than in ERAS. This suggests
stronger wave perturbations in the model but less recurrence than in the reanalysis, leading to a mean underestimation of EKE.

The number of AEW days in the historical simulation is also underestimated in comparison with that in ERAS (Table 1). The



275

280

285

290

295

300

305

https://doi.org/10.5194/egusphere-2026-2879
Preprint. Discussion started: 11 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

northeastern tilt of the waves is also weaker in the IFS than in ERAS, which agrees with the underestimation in EKE in Fig.2e-f
and not so much in the variability of the meridional wind component (Fig.2a-b).

Overall, the IFS simulation tends to overestimate the precipitation anomalies across all time lags when compared to the
MSWERP dataset (Fig. 3), in agreement with the overestimation shown in Fig.2c-d. Despite this overestimation of precipitation
anomalies, the relative positioning of positive and negative rainfall anomalies with respect to the AEW wave core is consistent
with observations.

To further evaluate the model’s representation of AEW-related rainfall, the total JJAS precipitation was decomposed into
contributions from AEW and non-AEW days, following the methodology outlined in Section 3. While the IFS historical
simulation reproduces the mean seasonal rainfall reasonably well compared to observations, this decomposition reveals notable
differences in the underlying rainfall mechanisms.

Figures 4a—c display the difference between AEW and non-AEW rainfall for CHIRPS, MSWEP, and the IFS historical
simulation, respectively. In the CHIRPS dataset (Fig. 4a), AEW events contribute substantially to rainfall over the Sahel
and the Guinean coast, indicating their dominant role in modulating precipitation in these regions. A similar spatial pattern
is evident in the MSWEP dataset (Fig. 4b), though some isolated areas over the equatorial Atlantic exhibit greater rainfall
associated with non-AEW events. In contrast, the IFS historical simulation (Fig. 4c) shows a markedly different distribution.
The model exhibits a pronounced dipole structure, with enhanced AEW-related rainfall concentrated in a zonally continuous
band between 10°-15°N, encompassing the Sahel. South of this AEW-dominated rainbelt, the equatorial Atlantic displays a
secondary rainbelt primarily associated with non-AEW events. Both features are more zonally continuous and intense in the
model compared to observations and are statistically significant, suggesting a possible over-amplification of the AEW signal
and its latitudinal separation from non-AEW precipitation within the IFS simulation, in agreement with previous analysis (Fig.
2c-d and 3). Figures 4d-f show the difference in the percentage of days with extreme rainfall —defined as daily precipitation
exceeding the 95th percentile threshold— between AEW and non-AEW days, using CHIRPS, MSWEP, and the IFS historical
simulation, respectively. The spatial distribution in CHIRPS (fig. 4d) shows that across much of the Sahel and the Guinea
Coast, AEW days are associated with a greater frequency of extreme rainfall, supporting the role of AEWs in modulating
extreme precipitation events (Crétat et al., 2015). Over the Sahel up to approximately 15°N the values with strongest positive
rainfall mean differences between AEW and non-AEW days (fig. 4a) tend to coincide with those where the strongest positive
differences in extreme occurrence are shown (fig. 4d), forming a band between 8 and 10°N close to the one where EKE
maximum values are shown (fig. 2e). Some isolated blue patches in the equatorial regions suggest localized zones where non-
AEW events also contribute significantly to extremes, and tend to agree with negative values of rainfall difference between
AEW and non-AEW days (fig. 4a). The spatial pattern in MSWEP (fig. 4e) generally agrees with that in CHIRPS, showing
a broad zone of positive anomalies across the Sahel and Guinea Coast, highlighting the significant contribution of AEWs to
the occurrence of heavy rainfall events in these regions and their influence in the mean rainfall difference (fig. 4b). However,
compared to CHIRPS, MSWEP shows a more granular structure, particularly in the southern part of the domain. Notably,
several regions across the equatorial belt —including the Gulf of Guinea and parts of Central Africa— display negative values,

suggesting that non-AEW-related convection contributes more frequently to extremes in these areas. This spatial distribution
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implies that while AEWs are a major driver of extreme rainfall across the northern tropical belt, other non-AEW mechanisms
may dominate rainfall extremes farther south. IFS historical simulation (fig. 4f) reveals a similar broad spatial structure, with
an enhanced occurrence of extreme rainfall on AEW days within a latitudinal band centered around 10°-15°N. However,
the magnitude and zonal continuity of this signal are stronger and more spatially coherent than in CHIRPS and MSWEP,
particularly over West Africa. This suggests that while the IFS model captures the link between AEWs and extreme rainfall, it
overestimates the spatial extent and intensity of this relationship. Additionally, the presence of negative values to the south of
this AEW-influenced rainbelt, especially over the equatorial Atlantic, indicates overestimation of extremes related to non-AEW
events in that region.

Figures 4g-i exhibit the difference in the percentage of days with moderate rainfall, defined as days with precipitation
below the 75th percentile, between AEW and non-AEW days, using the CHIRPS, MSWEDP, and IFS historical simulation,
respectively. In CHIRPS data (fig. 4g), positive values generally prevail over land, except for patches of negative values that
tend to overlay the band between 8 and 10°N where the extreme events were more strongly connected to AEW days (fig. 4d).
This suggests that over land, AEWs tend to promote more rainfall extremeness across their core region of passage and more
moderate events in the margins to the north and south of this core area. The combination of both provides more rainfall over
most land regions related to AEW (fig. 4a). MSWEP (fig. 4h) shows a more spatially variable and noisy distribution. However,
negative AEW vs non-AEW differences in moderate rainfall also tend to appear where maximum positive differences in
extreme rainfall are located (fig. 4e), while AEW days promote moderate rainfall to the margins, more clearly to the north
of 15°N, in general agreement with CHIRPS. A strong and coherent pattern, with a band of positive anomalies centered over
10°-15°N over the Atlantic and western Sahel and east of 10°E and negative anomalies across the equatorial Atlantic, the
central Sahel (10°W-10°E) and Central Africa is observed in IFS historical simulation (fig. 41). Combined with the difference in
extremes (fig. 4f), it suggests that AEWSs in the model are strongly associated with an increase of all types of rainfall events in
the eastern Sahel, eastern Africa and the Atlantic between 10°N and 15°N, a decrease in the frequency of occurrence in all types
of event in the Atlantic south of 8°N, and a shift of rainfall events towards more extremeness over land in the central Sahel,
Gulf of Guinea and central Africa. Compared to observations, the IFS simulation tends to amplify the meridional separation
between AEW and non-AEW moderate rainfall zones (fig. 4i), consistent with results seen in the extreme rainfall analysis (fig.
4f). As in the observations, the pattern of rainfall differences (fig. 4c) tends to be dominated by that coming from the differences
in extremes (fig. 4f).

Overall, these figures suggest that AEWs play a key role not only in producing extreme rainfall, especially close to the AEW
core, but also in modulating moderate precipitation, particularly to the north of this core. However, the IFS model exhibits a
strong dipole pattern in precipitation dominated by the extreme events, suggesting a much stronger role of AEW in promoting
convection in the model.

To evaluate the robustness of the future AEW projections, we first assess how well the IFS model simulates AEW energetics
during the historical period. Figure 5 presents the meridional height cross-sections of the four key energy terms —baroclinic
conversion (Cly,), barotropic conversion (C},), diabatic generation of eddy available potential energy (G g), and conversion from

zonal mean to eddy potential energy (C4)— for 3-5-day AEWs, as derived from both ERAS reanalysis and the IFS historical
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simulation. The IFS model captures the spatial structure and vertical distribution of baroclinic conversion (Cy) reasonably
well, with two regions of positive conversion (e.g. generation of eddy kinetic energy) in the upper and lower troposphere and
a negative area (e.g. destruction of eddy kinetic energy) at 700 hPa (Fig. 5a-b), in agreement with previous studies (e.g. Hsieh
and Cook, 2007; McCrary et al., 2014). In both IFS and ERAS, C,, in the mid-to-upper troposphere shows positive values
between 10°N and 15°N with a core around 400-300 hPa, indicating strong vertical overturning and energy conversion due
to convective heating. However, the IFS simulation overestimates the magnitude of Cpy, in the upper troposphere compared
to ERAS. Though we cannot rule out ERAS could be underestimating this term due to the underlying, fully active convection
scheme used by the reanalysis, the hypothesis of an overestimation in the IFS, attributed to amplified latent heating from more
active convection, is in accordance with the previous results of too strong precipitation variability associated with AEWs in
the model (Figs. 2d and 3), and too much precipitation, especially extreme events, in AEW compared to non-AEW days with
respect to observations (Fig. 4), which could be contributing to the overall too strong convection in IFS (Fig. 1f).

The meridional profile of barotropic conversion (C})) shows a center of positive values south of the AEJ core just above
~700 hPa, concentrated between 6°N and 14°N. IFS reproduces this structure but exhibits more limited and less intense values
compared to ERAS, suggesting a smaller equatorward transport of easterly momentum associated to AEWs than in observations
- which could be connected to the less tilted structure of the waves in the model (Fig. 3) - and/or a weaker horizontal wind
shear in the simulated AEJ, potentially linked to biases in the simulated meridional temperature gradient that drive the jet.

The diabatic generation term (Gg) shows an upper-tropospheric maximum near 300 hPa in both datasets, aligned with
regions of positive C,. This confirms the role of latent heat release in generating eddy available potential energy and sustaining
baroclinic growth. IFS simulates a stronger G magnitude than ERAS, again reflecting more vigorous convection associated
with AEWSs. This tight spatial coupling between G and C, highlights the importance of convectively driven baroclinic
amplification in AEW maintenance. The C'4 term, which represents the conversion from zonal mean to eddy potential energy
via meridional heat fluxes, is also well represented in the IFS simulation. Both ERAS and IFS show a positive band of C'4
between 16°N and 22°N, although the IFS extends this region equatorward and overestimates its intensity. This may suggest a
broader region of eddy generation in the model due to enhanced thermal gradients and eddy activity.

Overall, the IFS model successfully captures the key energetic features of 3-5-day AEWs when compared to ERAS. While
the model shows overestimation in the magnitude of terms related to deep convection (G and Cp, at around 300 hPa and
10°N), the spatial structure and vertical placement are consistent with reanalysis. These biases are within the expected range
for convection-permitting GCMs and likely reflect differences in convective treatment and moist processes. Note that we have
assessed biases by comparing to ERA5 estimates, which might be affected by the use of a fully active convection scheme,
especially over regions and variables not well constrained by observations. In any case, the close agreement between IFS and
ERAS provides confidence in the model’s ability to simulate AEW dynamics and energetics, thereby justifying its use in future

projection studies.
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4.2 Future Projection

Figure 6a shows the difference in near-surface air temperature at 2 meters during JJAS, between the IFS future and his-
torical simulations. The map shows widespread warming across West Africa, with the most intense warming—exceeding
2°C—concentrated over the northern Sahara, extending northeastward into Egypt. Warming is generally stronger over land
than over adjacent ocean regions and the gradient of warming increases northward, reflecting both the reduction in cloud cover
and enhanced surface radiative heating in drier regions. Areas of statistical significance are indicated by stippling and cover
much of the region, suggesting that the projected warming signal is robust.

Figure 6b displays the projected change in mean JJAS precipitation, calculated as the difference between the IFS future
and historical simulations. There is a widespread increase in precipitation over West Africa, with regions of strong increase
occurring over parts of the central and eastern Sahel, the Gulf of Guinea region, and the southern branch of the Atlantic ITCZ,
where precipitation changes by more than 1.5 mm/day. This wetting is statistically significant in several areas, as indicated
by stippling, suggesting a robust model signal. In contrast, precipitation decreases off the coast of the Gulf of Guinea and
particularly over westernmost West Africa and the northern part of the Atlantic ITCZ, suggesting a slight southward shift of
the marine ITCZ affecting the West African coast. The west-east dipole pattern in the mean precipitation over the Sahel as a
response to climate change is consistent with the mean projected changes from coarser grid models (e.g. Monerie et al., 2020;
Biasutti, 2013) and in line with observed long-term trends contrasting changes in the east and west Sahel in mean precipitation
and the occurrence of extremes events (Lebel and Ali, 2009; Panthou et al., 2018; Blanchet et al., 2018).

As the analysis of changes in the precipitation regime suggests two separate regions with different responses, the cross-
sections for omega are averaged over ocean regions (Fig. 6¢) and land regions (Fig. 6d) within West Africa. The oceanic cross-
section (Fig. 6¢) reveals a dipole structure in omega anomalies, with enhanced convection to the south of the climatological
location of main ascent reaching up to the upper troposphere (200 hPa) and increased subsidence between 6°—~11°N reaching
the mid-upper troposphere (up to 300 hPa). This pattern suggests a southward shift of the oceanic ascent region, consistent
with the rainfall response. Over land (Fig. 6d), the model projects a strong and vertically extensive increase in ascent across
the Sahel, particularly around 6°-14°N, with compensating subsidence on either side of the main updraft zone. A similar
intensification of convection is also seen over the equator. This indicates an intensification and vertical deepening of convective
activity over land in the future climate, consistent with the local rainfall response. The stippling in both panels denotes areas of
statistical significance, highlighting regions where the projected changes in omega are robust. Together, these figures underscore
a substantial reorganization of the tropical circulation system under climate change, with implications for rainfall distribution
and convective activity.

Figure 6e shows the projected change in JJAS mean wind speed at 600 hPa between the IFS future and historical simulations.
This level corresponds to the core of the AEJ as in fig. 1h. The spatial distribution of wind speed differences reveals a no
significant changes to the AEJ core. In contrast, isolated regions in the western Sahara and along the Atlantic coast exhibit
patches of increased wind speed. A similar significant increase in wind speed is seen over Atlantic centred around 12°N and

over eastern Sahel.
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Figure 7 shows the difference in 3-5 day bandpass-filtered eddy kinetic energy (EKE) at 700 hPa between the IFS future
and historical simulations for the JJAS season, representing projected changes in AEW activity. The figure reveals a strong
dipole structure. Over West Africa and the Guinea Gulf, EKE increases significantly in the future simulation, with anomalies
exceeding 0.5 m?/s? close to the region of strongest climatological EKE (Fig. 2f). This indicates a significant intensification
of AEW activity over West Africa. In contrast, a large region over the north tropical Atlantic (north of 10°N and between
30°-60°W) exhibits decreased EKE, with anomalies dropping below —0.5 m?/s2. This suggests a weakening of AEW activity
over the Atlantic, potentially linked to the weakening of Atlantic hurricane activity. This dipole pattern implies a spatial
reorganization of AEW activity under future climate conditions, with increased wave amplitude or frequency over land and
reduced activity over the ocean. The weakening of the AEW footprint on the tropical Atlantic is also seen when comparing
the 700 hPa waves shown in Fig. 3: after the passage over land of the main wave (lag times >0), stream lines around the point
35°W, 18°N tend to be less tight in the projection run (Fig. 3m-o) than in the historical one (Fig. 3h-j). Interestingly, at negative
lag times, the concentration of streamlines suggests higher overall activity in the projection run (Fig. 3k-1) than in the historical
run (Fig. 3f-g). This could be related to the overall increase in the number of AEWs detected: the ratio of AEW to total number
of days increases from 44% to 55% from the historical to the projection run (Table 1).

Figure 8 presents the projected changes in the four energetics terms associated with 3-5-day African Easterly Waves
(AEWSs), computed as the anomaly between the projection and the historical IFS simulations. These terms include baroclinic
conversion (Cl,), barotropic conversion (C},), diabatic generation of eddy available potential energy (G g), and conversion from
zonal mean to eddy potential energy (C 4). Together, they describe the dynamical and thermodynamical processes maintaining
AEWs and how these are influenced by climate warming. The baroclinic conversion term (Cj) exhibits an amplification of
the climatological values, especially in the upper troposphere above 500 hPa between 6°N and 15°N. This positive anomaly
suggests enhanced conversion of eddy available potential energy into eddy kinetic energy, likely driven by intensified latent
heating and stronger vertical overturning. The deepened vertical extent of the anomaly indicates more vigorous convective
coupling, consistent with previous studies (e.g. Raj et al., 2023; Akinsanola et al., 2025), where baroclinic amplification was
linked to moist convection.

Barotropic conversion (C') shows a positive anomaly south of the AEJ core, implying an intensification of the climatological
production of EKE associated with the AEJ. This pattern could be related to the increased horizontal shear in the eastern part
of the domain (Fig. 6e) and a more unstable AEJ with more equatorward transport of easterly momentum, promoting greater
energy transfer from the mean flow to the waves. Such a response is typically associated with enhanced meridional thermal
gradients in a warmer climate (Akinsanola et al., 2025), which strengthen the AEJ and support wave growth via barotropic
mechanisms.

The G field shows strong positive anomalies co-located with the C),, anomalies in the upper troposphere, underscoring the
role of enhanced diabatic heating in generating eddy available potential energy. This further reinforces the coupling between
latent heating and baroclinic processes. The alignment between G'g and Cp, suggests a more efficient energy conversion loop

in the future climate, driven by intensified convective heating.

14



445

450

455

460

465

470

https://doi.org/10.5194/egusphere-2026-2879
Preprint. Discussion started: 11 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Finally, the C'4 anomalies show an intensification of the meridional thermal advection related to the Saharan heat low, which
enhances the conversion of zonal mean to eddy available potential energy. It could be related to enhanced southward eddy
heat fluxes and increased low-level thermal gradient (Fig. 6a), which are common features in CMIP-type projections of West
African monsoon dynamics (Akinsanola et al., 2025), but it is different from the southward shift suggested by higher resolution
AGCMs (Raj et al., 2023).

In summary, the IFS simulations project a thermodynamically and dynamically consistent intensification of 3—5-day AEW
energetics over land under near-term SSP3-7.0 forcing. Enhanced latent heat release drives stronger diabatic generation and
baroclinic conversion, while increased AEJ shear supports barotropic energy transfer. The increased low-level thermal gradient
provides further eddy generation related to the Saharan heat low. These results collectively highlight a robust future intensi-
fication of AEW activity over land and are in line with the mechanisms identified in Raj et al. (2023) and Akinsanola et al.
(2025).

We now focus on further investigating changes in the mean JJAS precipitation shown in Fig. 6a through their relation with
changes in AEWs. As it was shown before, there is an increase in the number and strength of AEWs over land. The stronger
AEWs in the projection tend to be accompanied by stronger precipitation anomalies, as it can be seen when comparing fig. 3f-h
with fig. 3k-o. In addition, the increase in the number AEW days in the projection is expected to promote more precipitation
over the Sahel, as AEW days in the model are associated with more precipitation than non-AEW days there and less over the
Atlantic south of 7°N (Fig. 4c). However, non-AEW could also be associated with changes in rainfall. To evaluate the relevance
of these potential factors, we decompose the change in mean JJAS precipitation into three contributing components using the
analytical framework described in Section 3, based on Equation 4. In this equation, the total projected change in precipitation

is expressed as the sum of three terms:
1. the contribution from changes in mean precipitation coming from both AEW and non-AEW days,
2. the contribution from changes in the number of AEW days, and
3. across-product term

Figure 9a shows the addition of the three separate terms and reproduces the total change in precipitation between the IFS
future projection and the historical simulation (Fig. 6b). The contribution from the cross-product term is negligible (fig. 9d),
while that coming from the increase in AEW days shows, as expected, a meridional dipole of rainfall promoting more precipi-
tation over the Sahel in the projection (fig. 9c). However, the main change in mean JJAS precipitation comes from the changes
in the magnitude of precipitation occurring in both subsets, AEW and non-AEW days (fig. 9b). This latter term sets the pattern
of change and is only weakly affected by the enhancement in the share of AEW days in the projection that further increases
precipitation over central Sahel and moderates the drying over westernmost Sahel.

In addition, in figure 10 we show projected changes in mean precipitation during AEW days (A Py, fig. 10a) and during
non-AEW days (A Py, fig. 10b). Though there are local differences, both patterns resemble the mean change displayed in fig.

6a, showing a southward shift of the Atlantic ITCZ, widespread increases in rainfall over West Africa, with particular regions

15



475

480

485

490

495

500

505

https://doi.org/10.5194/egusphere-2026-2879
Preprint. Discussion started: 11 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

of strong increase in the central and eastern Sahel and a drying over the westernmost Sahel and small patches off the coast in
the Gulf of Guinea. These results suggest that the projected changes in precipitation cannot be solely connected to the stronger
and more frequent AEW activity. As non-AEW days show a similar change of precipitation, it suggests other dynamical and
thermodynamical changes in the monsoon affecting similarly rainfall over AEW and non-AEW days are at the root of mean
precipitation changes.

To assess the projected changes in rainfall characteristics in future climate scenarios, fig. 11 exhibits the differences in the
percentage of extreme rainfall days (above the 95th percentile of rainy days), moderate rainfall days (below the 75th percentile),
and rainy days between the IFS future and historical simulations for the JJAS season. The analysis is further separated into
AEW days and non-AEW days. Panels 11a and 11b show the projected changes in the frequency of extreme rainfall days
for AEW and non-AEW conditions, respectively. Across much of West Africa, particularly over the Sahel and Guinea Coast,
both AEW and non-AEW days exhibit an increase in the frequency of extreme rainfall events. Although this increase is more
pronounced on AEW days (Fig. 11a), it is noteworthy that non-AEW also substantially contribute to changes in extreme event
occurrences in the future climate. A similar decomposition to the one used for the mean JJAS rainfall also shows that the
contribution due to the increase in the number of AEW days is of second-order importance to explaining the overall change in
extremeness (not shown).

Panels 11c and 11d illustrate the projected changes in the percentage of moderate rainy days under AEW and non-AEW
conditions. In contrast to the changes in extreme rainfall days, there is a substantial decrease in the percentage of moderate
rainfall days, especially across Central West Africa and the western Sahel, with the strongest reduction observed on non-AEW
days (Fig. 11d). This indicates a future shift toward less frequent moderate precipitation events in these regions. A notable
difference between AEW and non-AEW changes is the reduction in moderate events over the eastern Atlantic at about 10°N
and 20°W shown during non-AEW, which is transformed into an increase for AEW days. On the other hand, an increase in
the percentage of moderate rainfall days is observed over the equatorial Atlantic, southern Sahara, and east Africa during
both AEW and non-AEW days. The total changes in the occurrence of AEW and non-AEW rainy days are shown in figs.
11e and f, respectively. The model projects a similar pattern to that in the change in the percentage of moderate rainfall days.
The substantial decrease in AEW and non-AEW rainy days over the west and south-central Sahel, despite the increase in the
frequency of extremes, suggests that the contribution to total change in rainfall there (fig. 6b) comes mostly from extreme
events. Conversely, over the southern Sahara, rainfall increase is mostly related to an enhancement of rainy days, especially of
moderate events. Noteworthy is the precipitation decrease in the westernmost Sahel, which is mainly linked to a reduction in
extreme events for AEW days and to moderate events for non-AEW days.

Overall, Figure 11 demonstrates a general shift in the rainfall regime over Sahel under future climate conditions, character-
ized by: an increase in the frequency of extreme rainfall events, slightly more pronounced on AEW days than non-AEW days,
a decrease in the frequency of moderate rainfall events, primarily associated with non-AEW conditions over the western Sahel

and a similar decrease in the percentage of rainy days.
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4.3 Mechanisms Contributing to Future Changes in AEW Activity

The projected changes in AEW activity under future climate scenarios raise the question about the underlying mechanisms
responsible for these changes. As discussed in the introduction, several theories have been proposed to explain the genesis and
amplification of AEWSs, which focuses on the dynamical and thermodynamical environment that supports their development.
One of the key dynamical features essential for AEW growth is the reversal of the meridional potential vorticity (PV) gradient, a
mechanism that facilitates the necessary barotropic and baroclinic instability for wave amplification (Thorncroft and Blackburn,
1999; Dickinson and Molinari, 2000; Diaz and Aiyyer, 2013). This gradient reversal results from the combined effects of PV
destruction by dry convection over the Sahara and PV generation by deep, moist convection associated with the Intertropical
Convergence Zone (ITCZ), typically centered near 10°N (Diaz and Aiyyer, 2013). Southern-track AEWSs, in particular, are
known to form through the interaction of positive and negative meridional PV gradients at mid-levels, and are often found
along or south of the zonally elongated PV maximum (Pytharoulis and Thorncroft, 1999; Diaz and Aiyyer, 2013).

To investigate how these features evolve in the future climate, we examined the change in PV at 700 hPa between the IFS
historical simulation and the future projection for the JJAS season. Figure 12a illustrates the difference in PV between the
two periods, highlighting a pronounced increase in the PV inversion band centered around 10°N. This enhancement of the
PV gradient in the future scenario could play a significant role in supporting the projected increase in both the frequency and
intensity of AEWs.

To further understand the drivers of this PV enhancement, we analyzed the future changes in relative vorticity and the
vertical gradient of potential temperature (08/0p), which are key contributors to PV generation as PV is defined as PV =
—g(90/0p)(C+ f) where ( is the relative vorticity, f is the Coriolis parameter, and g is the acceleration due to gravity (Figs.
12b and 12c). Our results indicate that while relative vorticity exhibits little change across the region, there is a significant
reduction in 96/90p. This reduction reflects an increase in static stability, which is consistent with results from previous studies
about warming climate in the tropical regions, where moist convection tends to maintain the vertical lapse rate close to the
moist adiabatic lapse rate which, in turn, decreases with temperature making the atmosphere more statically stable (Knutson
and Manabe, 1995). The observed change in static stability contributes to the strengthening of the PV inversion and may partly
explain the projected increase in AEW activity.

In addition to the internal dynamics associated with PV gradients and static stability, AEW genesis is also strongly influenced
by the upstream atmospheric conditions over East Africa, where orographic features and convective processes play a critical
role in generating precursor disturbances. Previous studies highlight the importance of the Ethiopian Highlands and East
African topography in initiating AEWs through convectively generated disturbances (Hamilton et al., 2020; Hill and Lin, 2003).
Orographic forcing, combined with strong diurnal convection in these regions, promotes latent heating and the generation of
potential vorticity (PV) anomalies (Thorncroft et al., 2008; Fischer et al., 2024), which are subsequently advected westward
and embedded within the AEJ, where they amplify through barotropic and baroclinic instability processes (White et al., 2021).

To assess whether upstream convective activity may contribute to the future changes in AEW characteristics, we analyzed

the projected changes in variability of convection over East Africa, using outgoing longwave radiation (OLR) as a proxy for
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deep convection. A 2.5-8 day bandpass filter was applied to daily OLR data for the JJAS season, and the standard deviation
of this filtered signal was computed for both the historical and future IFS simulations. Figure 12d shows the difference in the
standard deviation of OLR between the two the simulations, revealing a substantial increase in convective variability over East
Africa in the future scenario. This enhancement of upstream convection could serve as an additional factor contributing to the
increased frequency and intensity of AEWs by providing more frequent or stronger seeding disturbances.

In summary, the decomposition of PV changes, assessment of static stability, and evaluation of upstream convective vari-
ability together suggest that the projected intensification of AEW activity under future climate scenario may be driven by a
combination of enhanced PV gradient inversion, increased atmospheric stability, and strengthened upstream convective forcing.
These findings highlight the complex interplay between thermodynamic structure, wave dynamics, and upstream environmental

conditions in modulating AEW behavior in a warming climate.

5 Discussion and conclusions

This study aims to provide a comprehensive assessment of projected changes in AEWs under the future climate scenario SSP3-
7.0 using km-scale IFS simulations. The first part of the study evaluates the ability of IFS to represent AEWs by analysing the
IFS historical simulation, the second part analyses the changes in AEW characteristics in the IFS future projection, and the
third part investigates the mechanisms contributing to these changes.

The IFS historical simulation captures the broad spatial structure and energetics of AEWs with reasonable accuracy, in-
cluding the wave variability and associated precipitation patterns. However, the model exhibits a consistent overestimation of
precipitation variability and AEJ intensity, while underestimating the eddy kinetic energy (EKE) when compared to reanalysis
and observational datasets. These biases reflect challenges common to high-resolution coupled models, but the performance of
the model is substantially superior to previous studies (Akinsanola et al., 2025; Raj et al., 2023).

Future projections under the SSP3-7.0 scenario indicate a robust intensification of AEW activity over land, particularly
over the western Sahel, with a concurrent weakening over the Atlantic sector. This spatial reorganization is accompanied by
significant changes in the underlying energetics, including enhanced barotropic and baroclinic energy conversions and stronger
diabatic generation of eddy available potential energy. This finding aligns with previous studies (e.g. Raj et al., 2023) that
emphasize the role of latent heating and convective processes in modulating wave energetics under warming scenarios.

However, our results suggest that, though future warming will be accompanied by increased wave-related rainfall intensity
and variability, the projected changes in mean JJAS rainfall over the central and eastern Sahel are not solely due to increased
AEW activity. The higher number of projected AEW days promote more rainfall over the Sahel, but changes in rainfall during
both AEW days and non-AEW days show a similar pattern and shape the overall observed JJAS rainfall change in West Africa
and adjacent regions. The analysis of extreme and moderate rainfall events further confirms a that over the Sahel we can expect
a near-future shift toward more frequent extreme rainfall days, alongside a reduction in moderate rainfall days and overall rainy

day frequency.
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The intensification of AEW activity in the future climate appears to be supported by multiple reinforcing mechanisms. An
important contributor is the enhancement of the meridional potential vorticity (PV) gradient inversion around 10°N, which is a
necessary condition for wave amplification through barotropic and baroclinic instability (Thorncroft and Blackburn, 1999; Diaz
and Aiyyer, 2013). Our decomposition of PV changes suggests that the increase in static stability — resulting from climate
warming in tropical regions where moist convection keep the temperature lapse rate close to the moist adiabatic rate (Knutson
and Manabe, 1995) — plays a critical role in strengthening this inversion.

In addition, changes in upstream convective activity over East Africa emerge as a secondary driver. The projected increase
in convective variability, as indicated by enhanced outgoing longwave radiation (OLR) variability, suggests more active wave
seeding conditions over the Ethiopian Highlands and surrounding terrain. This supports the notion that upstream disturbances,
amplified by orographic forcing and diurnal convection, may contribute to the increased frequency and intensity of AEWs in
the future.

The projected intensification of AEWs under warming scenarios has critical implications for regional rainfall variability,
extreme weather events, and agricultural resilience across West Africa. The shift toward more frequent and intense AEW-
related precipitation could exacerbate flood risks in the Sahel and adjacent regions, even as the total number of rainy days
decreases. These changes underline the importance of improving AEW representation in climate models to enhance seasonal
forecasting, early warning systems, and adaptation strategies in the region.

The spatial reorganization of AEW energetics—particularly the land-based intensification and oceanic weakening—may also
influence tropical cyclone formation potential in the Atlantic basin. Previous research suggests that the Atlantic AEW corridor
plays a key role in seeding tropical cyclogenesis, and changes in wave activity may alter the statistics of hurricane development
(Bercos-Hickey and Patricola, 2021; Skinner and Diffenbaugh, 2014). According to Nufiez Ocasio et al. (2024), in a too moist
environment, the phasing between the vorticity of AEW and the convection is less optimal. As a consequence, despite more
convection due to the more humid environment, there is an effective decoupling between AEW and convection, resulting
in less cyclogenesis once the AEW reaches the ocean. This could provide a potential explanation linking the occurrence of
more moderate rainfall events during AEW-days over the eastern Atlantic off the West African coast and weaker EKE values
downstream in the more moist future simulation.

Future research should explore the sensitivity of these projections to emission pathways (e.g., SSP scenarios), convec-
tive parameterizations, and coupling between ocean and atmosphere. Additionally, further analysis of AEW—tropical cyclone
interactions and their role in modulating Atlantic hurricane activity under climate change remains an important area for inves-

tigation.
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ERAS | Historical Simulation | Future Projection
Number of AEW days 1770 1638 2019
Number of Non AEW days 1890 2022 1641

Table 1. Comparison of AEW and non-AEW days in ERAS, historical and future simulations

24



https://doi.org/10.5194/egusphere-2026-2879
Preprint. Discussion started: 11 June 2026
(© Author(s) 2026. CC BY 4.0 License.

() ®

BY

30N

10N

30w 0

30E
11 [ [

290 202 294 296 298 300 302 304 306 308 310
Temperature at 2m (K)

Pressure (mb)

L NNREENRRREERN
6-5-4-32-10123456

Vertical Velocity (-100*Pa/s)

(9) ERA5

20N

10N —

® s s 95 0 w05 1 wms 2 o125 1 s 14

Wind Speed (m/s)

Pressure (mb)

EGUsphere®

Preprint repository

IFS Historical

30N

10N

T
30w [

30E

[T [ [ [0 ||

290 292 294 296 298 300 302 304 306 308 310
Temperature at 2m (K)

IFS Historical

5

/)
" [Reference

20

6 8 10 12 14

Precipitation Rate (mm/day)

‘ IFS I—!istoriclal

1 - oA -
wu}‘x
NI

N &
RIS\ - -
L

200

250

300

400

500

700
850
1000

NN [ ][ [
6-5-4-3-2-10123456

Vertical Velocity (-100*Pa/s)

IFS Historical

20N

10N —

30w 0

s B as 10 tes ¢ s 12 owes o mas

Wind Speed (m/s)

Figure 1. Mean JJAS fields in the observations (left column) and in the IFS model (right column): surface temperature (K, shaded) and sea

level pressure (hPa, contours) (a,b); total precipitation (mm/day, shaded) and surface winds (m/s, vectors) (c,d); vertical-cross section zonally

averaged between 20°W-30°E of omega (in 10™2 Pa/s with a change of sign where positive values represent upward motion, shaded) and

omega-meridional wind vectors (m/s for meridional wind while omega is scaled to match the magnitude of the meridional wind, vectors)

(e,f); wind speed at 600 hPa (g,h). In the left column, all variables are derived from ERAS except for precipitation, for which MSWEP dataset

was used.
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energy at 700 hPa (m?/s?) (e.b).
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historical simulation (bottom row) for mean JJAS rainfall (mm/day) (a,b,c), ratio of extreme days (defined as those above the 95 percentile of
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indicates regions where the p value of the local null hypothesis of equal means is below 0.05.
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Figure 5. AEW energy conversion terms (m? / 32/day) in ERAS (left column) and the IFS historical simulation (right column): JJAS mean
meridional height cross-sections zonally averaged between 20°W and_30°W of 3-5 day baroclinic conversion (Cy) (a,b), barotropic conver-

sion (Cy) (c,d), diabatic generation of eddy available potential energy (G'g) (e,f), and conversion from zonal mean to eddy potential energy
(Ca) (gh)



https://doi.org/10.5194/egusphere-2026-2879
Preprint. Discussion started: 11 June 2026 EG U
© Author(s) 2026. CC BY 4.0 License. sphere

(a) Temperatur

at 2m

(b) Precibitation

30N

20N

10N

T
0 20E

2-15-1-050 05 115 2

30W 0 30E

200 Ocean 200 Land
250 A : AN N 250 AN
_/g 300 ‘ (g \\\\\\.\\\\ _’g 300 VAN
S w /R CUVVVAAANANN 5w
(% 500 —f a 500
e s
o 700 — o 700
850 —| S M ” 850
1000 —SESS LI T 1000
0 4 8 12 16 20 24
[ D L D iaa.
-06 -04-02 0 02 04 06 -0.6 -04 -02 0 0.2 04 06
. (e) Wind Speed at 600 hPa

20N

10N

0

T
60W 30W 0 30E

[ ]

1 09 08 07 -06 -05 -04 -03 02 01 0 01 02 03 04 05 06 07 08 09 1
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wind). Stippling mark regions where the p value of the local null hypothesis of equal means is below 0.05.
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Figure 8. Projected changes in AEW energy conversion terms (m? /s%/day). Difference between JJAS means in the projection and historical

simulations of JJAS mean meridional height cross-sections zonally averaged between 20°W and 30°W of 3-5 day baroclinic conversion

(Cpr) (a), barotropic conversion (C}) (b), diabatic generation of eddy available potential energy (Gg) (c), and conversion from zonal mean

to eddy potential energy (C'4) (d). The contours represent historical values of each term.
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Figure 9. Decomposition of projected changes in JJAS mean precipitation (a) into a term coming from the change in mean precipitation

during both AEW and non-AEW days (nff; APy + n’ﬁ, -APp) (b), the contribution from changes in the number of AEW days ((Pj;1 — P]fb,) .
An ) (c) and the cross-product term ((APs — APx) - Ana) (d). Units are mm/day.
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Figure 10. Differences in mean JJAS precipitation between the projection and the historical simulation taking only into account AEW days

(a) and non-AEW days (b). Units are mm/day. Stippling marks regions where the p value of the local null hypothesis of equal means is below
0.05.
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. (a) Percentage of Rainy Days above 95th percentile (AEW), IFS Future - Historical (b)  Percentage of Rainy Days above 95th percentile (Non AEW), IFS Future - Historical
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Figure 11. Projected changes in JJAS precipitation characteristics separated into AEW days (left column) and non-AEW days (right column):
percentage of extreme rainfall events (a,b), percentage of moderate rainfall events (c,d), percentage of rainy days (e,f). Units are differences

in percentages. Stippling marks regions where the p value of the local null hypothesis of equal means is below 0.05.
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Figure 12. Projected changes in AEWs in factors related to the genesis and amplification of AEWs. Differences in JJAS means of potential
vorticity (a), relative vorticity (10~%s™") (b) and static stability (K/hPa) (c). Panel d shows the 2.5-8 days variability of OLR (W/m?).

Stippling in plots a-c mark regions where the p value of the local null hypothesis of equal means is below 0.05.
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