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ABSTRACT

This study examines the covariance between the Inter-Tropical Discontinuity (ITD) and African Easterly Jet (AEJ)
over the West African Sahel in wet and dry year composites, using a decade of reanalysis data. ITD and AEJ
positions are strongly correlated, with a more pronounced linear relationship across wet years due to the
sensitivity to an intensified monsoonal flow. While the AEJ’s diurnal cycle shows little meridional
displacement, its intensity and the ITD position show clear diurnal cycles. Considering land surface controls,
we find surface heat flux anomalies around 15°N to modify low-level temperature and sensible heat flux
gradients, affecting the thermal wind and shifting the AEJ core to 1° south of gradient maxima. More northward
gradients, and hence a more northerly AEJ, occur in wet years, with a smaller shift in the ITD. Consequently,
the ITD-AEJ distance narrows in wet years, driven by enhanced convective activity. Correspondingly, we find
that peak frequencies of colder, more intense convective systems shift further north in wet years, while the
southern location of warmer systems remains similar between composites. This is due to deep moist conditions
prevailing south of the AEJ for both composites, favouring warm MCS formation in a weakly sheared
environment. In contrast, CAPE and shear maxima shift north and align with the AEJ in wet years, displacing
the environment for colder storm development. The ITD shows less sensitivity to anomalies in surface
processes, but may influence isolated storm events close to its positioning. These findings improve
understanding of ITD-AEJ interactions and their sensitivity to soil moisture conditions, highlighting the need for
high-resolution modelling to capture local feedback mechanisms.
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| INTRODUCTION

The seasonal north-south oscillation of the Inter-Tropical Discontinuity (ITD) and African Easterly Jet (AEJ) is an
important feature of the West African monsoon system, affecting the initiation and maintenance of Sahelian
rainfall. Each of these features is known to control the rainfall, and each is known to be closely tied to the
regional temperature and moisture gradients. But there has been no systematic study of the way in which the
ITD and AEJ may covary and may jointly or independently influence the precipitation. The ITD, is the zone of
low-level convergence of cool, moist monsoonal southwesterly air and the hot dry Saharan air over continental
West Africa (Cornforth et al., 2017). It marks a critical baroclinic region that maps the northward extent of the
moist monsoon air that favours moist convection and rainfall activities (Cornforth et al., 2017; Nicholson,
2018). Due to the sloping baroclinic zone, the ITD is displaced northward of the main precipitation zone of the
monsoon, and this makes it different from the global oceanic feature, the Inter-Tropical Convergence Zone
(ITCZ), a low-level convergence of southeasterly and northeasterly trade winds around the equator, co-located
with the maximum rainfall zone over the ocean (see extensive explanations in Parker and Diop-Kane (2017);
Nicholson (2018)).

The AEJ results from the temperature contrast between the hot Saharan air mass and the cooler, more
humid air over the Guinea coast (Cook, 1999; Parker et al., 2005; Sultan et al., 2007). The AEJ system is
known to be in approximate thermal wind balance, hence the strength of the baroclinic zone to the south of
the ITD dictates positioning and speed of the AEJ, which in turn interacts with the organisation of deep
convection (Parker et al., 2005; Tompkins et al., 2005). Dry convection at the latitude of the ITD is associated
with cyclonic circulation over surface troughs which influences the monsoon westerlies, and an anticyclonic
circulation at around 600mb overlying the Saharan heat low, which affects the speed of the AEJ (Sultan and
Janicot, 2003). Maximum rainfall also occurs approximately 200 kilometers south of the ITD, where moisture



content is high and conditions favor strong AEJ- related shear and vorticity (Thorncroft and Blackburn, 1999).
However, near the ITD, dry convective environment usually prevails with strong subsidence which suppresses
storm activities Nicholson (2009).

The variability in ITD and AEJ is also intricately linked to the partitioning of surface energy into sensible
and latent heat fluxes, a process strongly influenced by soil moisture dynamics. Negative soil moisture and
latent heat gradients between the Guinea Coast and Saharan desert induces a positive temperature gradient
which drives the AEJ northward (Cook, 1999; Wu et al., 2009). Significantly positive soil moisture anomalies
following dry periods in the Sahel can also trigger substantial northward displacements of the ITD, potentially
spanning several 100 kilometres (Talib et al., 2022). Mutton et al. (2022) showed that in response to increased
rainfall in the Sahel, local soil moisture feedbacks played a crucial role in low-level circulation changes and the
positioning of the ITD.

Although the ITD and AEJ are both controlled by the regional temperature patterns and play important
roles in the monsoon dynamics, investigations into their evolution and co-variance over the Sahel in wet and
dry years have been limited. Nicholson and Grist (2001) developed a conceptual model to explain Sahelian
rainfall variability during wet (1958-1967) and dry (1968-1997) periods. They observed that in dry years, the
AEJ tends to be positioned further southward, stronger, and associated with a more southerly ITD. Conversely,
in wet years, they found the AEJ to be shifted northward, weaker, and aligned with a more northerly ITD
(Newell and Kidson, 1984; Nicholson and Grist, 2001; Nicholson and Webster, 2007). The displacement of
the AEJ during these phases is influenced by the strength of south-westerly low-level monsoon flow, which
significantly affects shear instabilities (Nicholson, 2009). Furthermore, dry years are characterised by a
contraction and weakening of the tropical rainbelt compared to wet years, primarily due to meridional shifts in
the AEJ (Nicholson, 2008). In other studies, the passage of MCSs has been found to induce shifts in the AEJ’s
apparent latitudinal position, potentially causing the jet to bifurcate into a north and south position (Nicholson,
2013). Mohr and Thorncroft (2006) have highlighted that intense convective systems peak during the
northward migration of the AEJ, distinct from weaker convective systems.

MCS organisation, structure and maintenance is governed by the ingredients for deep moist convection
(moisture, instability and lift) and by how vertical wind shear interacts with convective updrafts and cold pools
(Schumacher and Rasmussen, 2020). In southern West Africa, Maranan et al. (2018) using 16-year reflectivity
data from the Tropical Rainfall Measuring Mission Precipitation Radar (TRMM-PR) found highly organised MCS
events occurring in strongly sheared wind environments, while less organised convection occurred under a
regime of low wind shear, deep westerly anomalies, and low to moderate convective available potential energy
(CAPE). Over the same region, Nkrumah et al. (2023) using self-organising maps to classify various synoptic
states driving MCSs in the West African Monsoon found that the synoptic states of most MCSs days showed
positive zonal wind shear (for 925mb and 650mb) anomalies which are linked to positive low-level temperature
anomalies to the north of the region, further emphasising the role of warmer Sahelian surface conditions in
promoting favourable MCS conditions in southern West Africa. Baidu et al. (2022) also found strong vertical
shear to be pivotal to long-lived, slow propagation, moderate sizes and colder storms with high rain rates in
Western and Central Africa. Other studies supporting the role of AEJ-shear on MCS evolution in West Africa
include Schrage et al. (2006); Vizy and Cook (2018); Bickle (2021); Maybee et al. (2024) and elsewhere Cohen
et al. (2007); Chen et al. (2015); Taylor et al. (2018).

Given the status of the Sahel as one of the most climate-sensitive regions globally (Nicholson, 2018), coupled
with an observed rise in extreme rainfall events (Biasutti, 2019; Chagnaud et al., 2022), understanding the
dynamics of the ITD and AEJ, their variability and its relationship to land-surface forcing is imperative. In fact,
Taylor et al. (2017) found the identified trend in extreme Sahelian MCSs to be linked to changes in Saharan air
layer and enhanced wind shear, which are strongly affected by ITD and AEJ positioning, respectively. While

previous studies have characterised key features of Sahelian climate variability, this study uniquely integrates



land-atmosphere interactions, surface energy budget dynamics, and soil moisture anomalies with the
spatiotemporal behaviour of the ITD, AEJ and MCSs. This integrated approach provides a more holistic
understanding of the mechanisms driving hydroclimatic variability in the Sahel. The study employs reanalysis
data and observations to investigate the co-variability of the ITD and AEJ across the Sahel and implications of
their positioning for MCS occurrence and intensity. Our analyses focus on the diurnal cycle of the ITD and
AEJ, their relationship with surface fluxes, and the spatial distribution of warm and cold MCSs relative to these
features.

| DATAAND METHODS

To select anomalous conditions of wet and dry years, we used rainfall of 41-years from the the Climate Hazard
and InfraRed Precipitation with Stations (CHIRPS; Funk et al. (2015)) data at a 0.25°x0.25° lon/lat over the
Sahelian region (latitudes 12° - 20°N; longitudes 15°W - 10°E). Ten wet (1994, 1998, 1999, 2003, 2010,
2012, 2015, 2018, 2020, 2022) and dry (1982, 1983, 1984, 1987, 1990, 1991, 1993, 1996, 1997, 2002) years
were then selected based on the anomalies for further studies using a composite analysis approach. For each of
these years, the corresponding surface products such as soil moisture (SM), surface sensible and latent heat
fluxes (SH and LH), CAPE, and vertical profiles of geopotential height, specific and relative humidity (q and RH),
vertical velocity and zonal wind (u,v) at pressure levels 925mb to 400mb were obtained from the ECMWF
Reanalysis Fifth generation at 0.25°x0.25° lon/lat (Dee et al., 2011). We tested the hypothesis that the African
Easterly Jet is modulated by the meridional temperature gradient through sensible heat flux, which is influenced
by soil moisture, by applying the boundary-layer heat budget expressed in Equation 1 by assuming a fixed
boundary layer depth of 1Tkm.

ASH
AT = (—p < Xpbl) X Ot (1)

where: AT is the change in temperature over a time period, ASH is the change in accumulated heat via

3

sensible heat flux over a time period, pis the density of airas 1.2 kgm™>, ¢, is the specific heat capacity of dry

air at constant pressure as 1004 Jkg_1K_1, and ¢t is the change represents the time interval over which the
energy flux is integrated, expressed in seconds.

The ITD is typically identified by the confluence of low-level winds, a strong gradient in moisture or
temperature, or a surface dewpoint temperature of approximately 14°C. Here we used the 10g/kg specific
humidity threshold as this study places particular emphasis on the spatial distribution of moisture, which plays
a critical role in convection initiation and development. As indicated by Roberts et al. (2015), this threshold
may correspond to slightly drier conditions than the 14°C dewpoint criterion, but it remains a valuable indicator
of the latitudinal extent of moisture advection by the monsoon flow. All shown zonal averages are calculated
between 15°W and 10°E to exclude any potential oceanic influence. Unless otherwise stated, the maximum
easterly wind for the averaged vertical layer of 700-500mb was used to identify the AEJ in this analysis. Finally,
we conduct an MCS analysis for warm (-40°C) and cold (-70°C) cloud top temperatures covering an area
greater than 5000 km? as used in Klein et al. (2021), on data obtained from the Meteosat Second Generation

satellite. Here, the -70°C MCSs constitute sub-groups of the -40°C MCS sample, representing MCSs with wide
convective cores that are more likely to produce very intense rainfall (c.f. Maranan et al. (2018)).
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| RESULTS

In this study, we first give an overview of the rainfall pattern in anomalous wet and dry years. Then we show
the variability of the ITD and AEJ, and their relationships to the regional thermodynamics, before
demonstrating how surface forcing influences the system. Finally, we show the relative positioning of the
features in relation to the cold and warm MCSs in the region.

| Rainfall Overview
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FIGURE 1 Spatial distributions in mean rainfall in July to September (unit: mm/season) for (a) wet year
composites and (b) dry year composites. Superimposed are the respective geopotential height (2) difference
between 700mb and 925mb (dashed black contours), The position of the AEJ core in wet and dry years is
shown in solid and dashed pink respectively. The rainfall difference (shaded) is overlaid with geopotential
height differences (wet-dry) (black dashed contours) and AEJ core contours in panel (c), and windspeed (U)
contours (dashed black) in (d). The approximate mean location of the ITD (specific humidity of 10g/kg) is
indicated with the solid and dashed red contours for wet and dry years respectively. Note that the Sahelian
domain is between 15°W - 10°E and 12-20°N.

Figure 1 shows a decade-long composite of wet and dry year rainfall anomalies averaged between July to
September (JAS). These months fall within the active Sahelian monsoon season which accumulates about 80%
of the region’s rainfall (Nicholson, 2008, 2013). The total seasonal rainfall of the wet and dry year composites
shows a maximum in the western Sahel (Figure 1a,b), and a mean seasonal rainfall difference across the
domain of 90 mm/season. Most of the differences between wet and dry years are evident in the intensity of
the rainy season (Figure 1c,d) and c.f. Gristand Nicholson (2001)). The low-level circulation patterns are similar
in both composites (Figure 1a,b). However, the wet years are forced by stronger low-level westerlies (Figure
1d) within shallower geopotential height (Figure 1c). The AEJ core and ITD both are displaced northward in the
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wet years and the AEJ core lies at the south of the Sahel in the dry years (Figure 1). The zonal maximum
rainfall differences between wet and dry years occur within the AEJ core (Figure 1c-d), which indicates the

role of the jet in rainfall processes over the Sahel.

| Diurnal Cycle and Covariance of the ITD and AEJ

To understand the covariance of ITD and AEJ, we first investigate their coupling dynamics during the wet and dry
years, focusing on variations in the diurnal cycle. The ITD shows a strong diurnal cycle reaching its northernmost
position at 0900 UTC, due to nocturnal advection of cool monsoonal south-westerlies (Parker and Diop-Kane,
2017). At 1800 UTC, the ITD retreats southward in response to daytime warming and associated turbulence
in the boundary layer mixing out the thermal gradient (Sultan et al., 2007; Kalapureddy et al., 2010). The latitudinal
location of the AEJ shows less diurnal variability compared to the ITD in both composites. Meanwhile, the
diurnal meridional displacements in the ITD (Figure 2a) coincide with the intensification (weakening) of the jet
core at 0900 UTC (1800 UTC) in both composites (Figure 2b).
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FIGURE 2 Zonally-averaged (15° W to 10°E) diurnal (3hourly) cycle for the climatology (clim), wet and dry
years, showing the (a) meridional variability of the ITD and AEJ, and (b) average of u-wind at 700 - 500mb
corresponding to the AEJ level. Regression of the ITD and AEJ at the times of (c) maximum (0900 UTC) and
(d) minimum (1800 UTC) meridional limit using Pearson correlation method. All coefficients are significant at
p-value < 0.05. Dashed vertical lines separate the ITD-AEJ under wet and dry regimes.
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Figure 2a also shows a strongly coupled ITD and AEJ, reaching their northernmost limits (=2° further north)
during the wet years compared to the dry years. Since the ITD and AEJ are closely related to the strength
and meridional extent of moisture advection, and subsequently meridional gradients in temperature and moisture
(Kalapureddy et al., 2010), a constant distance between the two features could have been expected in both
composites. Instead, from Figure 2a, the average distance between the ITD and AEJ is larger in dry years (5°)
compared to wet years (4°). This disparity is mainly controlled by their relative positioning over the eastern part
of the Sahel as observed in Figure 1. This behaviour could be linked to changes in convective activity and the
sensitivity of the features to differences in the strength of the shallow meridional circulation in wet and dry years
as suggested by Zhang et al. (2008) and Shekhar and Boos (2017).

Dezfuli and Nicholson (2011) found that the intensity and location of the AEJ are uncorrelated in space and
time, as also observed in Figure 2a,b. However, since both the jet and ITD positioning show a consistent
displacement between wet and dry years (Figure 2a,b), we further examine their covariance by correlating
them at the diurnal maximum (0900 UTC) and minimum (1800 UTC) for all individual years. Figure 2c,d
reveals in the majority of wet years, the ITD (AEJ) is positioned north of 17.5°N (13.5°N) at time of maximum
ITD southward excursion (1800 UTC), while dry years show more southward positioning. The ITD northward
shift at night and the southward shift during the day are clearly visible in Figure 2c,d. This illustrates that wet
(dry) years are characterised by a consistent northward (southward) shift of both ITD and AEJ, albeit with smaller
distance between them during wet years. The overall spread of the AEJ intensity, latitudinal positioning of the
ITD and AEJ in wet, dry and climatological years is shown in Figure S1.

| Vertical structure of temperature, moisture and AEJ relative to the ITD

We now consider how the differences in low-level temperature and humidity affect the temperature gradient,
geostrophic wind distribution and subsequently the ITD and AEJ positioning in both composites. Temperature
differences modulate the overall temperature gradient, and the stability of the jet (Grist and Nicholson, 2001).
These cross-sections were selected for hours of minimum and maximum ITD excursion and AEJ speed at 0900
UTC and 1800 UTC, as previously shown. From Figure 3a,b wet years are characterised by a cool Sahelian
boundary layer (12-18°N) in response to evaporative cooling from enhanced rainfall activity (Figure 1c,d). The
differences are also markedly larger at 1800 UTC (Figure 3b) than 0900 UTC (Figure 3a), consistent with weaker
sensible heat and stronger latent heating due to increased soil moisture. Warmer temperatures aloft possibly
indicate increased latent heat release (Grist and Nicholson, 2001) and a warmer Saharan air layer to the north.
The tropospheric profile is also more humid in the wet than dry years with enhanced mid-tropospheric

moistening (Figure 3c,d) from convective activities.

Whilst Figure 2b illustrated the diurnal cycle of mean AEJ intensity, Figure 3a-d shows the spatial structure of
the AEJ core (indicated by the -10m/s contours). There is no clear difference in jet core extent between the wet
and dry years for either hour (Figure 3a-d, black and red contours). However, its 0900 UTC vertical extent
between 700- 500 mb (Figure 3a,c) contracts to the 600 mb level by 1800 UTC (Figure 3b,d). The behaviour of
the jet is similar to that reported by Nicholson and Grist (2001) and Nicholson (2009), who also observed a shift
in the location of the jet between wet and dry years. However, their studies focused on periods that were
possibly much wetter, specifically wet years in the 1950s and 1960s and dry years from 1968 to 1997-which
likely represent a wetter climatic regime than the years considered in the present analysis. Therefore, while the
general pattern aligns, complete agreement is not necessarily expected due to differences in the periods
examined. The structural disparity in the jet at 0900 UTC and 1800 UTC is likely a direct result of the

redistribution of heat and momentum from convection, vertical mixing and turbulence during the day in the



Sahel, contributing to the upward shift and narrowing of the AEJ at 1800 UTC. The reverse occurs during the

night in both composites where reduced vertical mixing leads to a shallower and stabilised nocturnal boundary

layer, which seems to help the jet 'bulge’ vertically at 0900 UTC, as the geostrophic winds weakens (Figure

4c).
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For the ITD, it's exact location is extremely sensitive to the strength of the monsoonal southwesterly flow
in wet and dry years. At 0900 UTC for wet years, the impact of the monsoonal westerlies is strong and
displaces the ITD about 0.5° north of the dry year ITD (see Figure 3a,c). Meanwhile at 1800 UTC, the
monsoonal flow is weak from daytime turbulent mixing and the ITD retreats south. This daytime retreat for the
wet year is about 1° north of the dry year (see Figure 3b,d). The state of the land surface can also influence
the location of the monsoon circulation, even when large-scale boundary conditions are held constant (Klein
et al., 2015; Mutton et al., 2022; Talib et al., 2022), and can induce a migration of the ITD by 1-2° latitude
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(Lothon et al., 2008). For instance, the final daytime positioning of the ITD although driven primarily by the
nocturnal monsoon flux, may also be affected by local boundary layer humidity dynamics through daytime
evaporative processes. That is, excess surface moisture increases low-level humidity which is carried along by
the monsoonal westerly flow, and would subsequently affect the final location where the humidity may drop
below the 10g/kg ITD threshold. Conversely, enhanced warming over moisture-limited soils can lead to a
deeper PBL and thus mixing of humidity over a deeper layer, favouring a more southward ITD position. The

presence of humidity anomalies a few degrees beyond the ITD has been reported by Parker et al. (2005) and
Osei et al. (2023).
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FIGURE 4 As Figure 3, but showing temperature gradient and zonal winds at (a) 0900 UTC and (b) 1800 UTC

and geostrophic wind at same times (c, d). The vertical solid vertical lines represent the location of the ITD for
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The surface-forced cooling in the wet years has direct implications on the temperature gradient,
geostrophic wind and subsequently the structure of the AEJ. Studies have shown that the temperature
gradient is essential for the formation and location of the AEJ (Cook, 1999; Nicholson and Grist, 2001; Pospichal

and Crewell, 2007; Wu et al., 2009). Figure 4a,b presents the differences in temperature gradient between wet
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and dry years, superimposed with the differences in zonal winds. In the wet years (Figure 4a,b), enhanced
rainfall (see Figure 1c,d) and increased soil moisture south of 15°N (Figure 5b) dampen land surface heating,
shifting the temperature gradient northward, with strongest difference at around 18°N. This is directly co-
located with strengthened mid-level easterly winds, which are in geostrophic balance with the actual flow
(Figure 4c,d), indicating the resulting AEJ shifts in the composites. The presence of enhanced atmospheric
humidity through both monsoonal circulation and evapotranspiration in the wet years enhances baroclinicity
across a more northern band than in dry years and thus explains the AEJ position over these locations in the
wet years.

In addition, diurnally, the match of wind differences with geostrophic wind differences is quite close at 0900
UTC (Figure 4c) and at 1800 UTC to the south of 13°N (Figure 4d). However, at 1800 UTC to the north of
13°N, these differences are not so closely matched. In the afternoon, and still by 1800 UTC, the boundary
layer in the north is dominated by a deep convective boundary layer which leads to intense vertical mixing and
means that geostrophic bal- ance can no longer dominate the dynamics. This is particularly clear at low levels at
1800 UTC where the geostrophic wind difference is slightly stronger than its values at 0900 UTC, but the
difference in actual winds is much weaker due to turbulent mixing and drag. Parker et al. (2005) from dropsonde
observations found that the observed wind-shear in the afternoon was only around 50% of the geostrophic
wind shear for this reason.

Overall, these findings highlight the critical role of the temperature gradient in shaping the structure and
behavior of the geostrophic wind flow and subsequently the ITD and AEJ during wet and dry years. In addition,
the gradient differences between both composites are crucial in detecting where the strongest regions that
amplify the jet lie in both wet and dry years.

| Influence of surface fluxes on the ITD and AEJ

We now explore the conditions of surface processes that affect the stability of the AEJ and thermal wind
balance. As previously stated, these processes have significant impact on boundary layer dynamics which
ultimately affects the ITD and AEJ through vertical turbulent mixing. Since turbulent activities respond to
changes in surface energy partitioning, we examine how the ITD and AEJ positioning in both composites align
with sensible and latent heat flux anomalies, all of which can be affected by soil moisture differences. Soil
moisture - circulation feedback in the Sahel also determines the low-level circulation changes and location of
the ITD (Mutton et al., 2022). We analyse these processes using two metrics: anomalies against climatology,
which explain why these changes occur over specific parts of the domain, and gradients, which explain the
shifts in jet locations.

Soil moisture changes depend largely on the variability, distribution and intensity of rainfall. Similar to
Figure 1, the maximum rainfall in Figure 5a sits in the southern Sahel but with maximum anomalous changes
that lie about 1-2° south of the jet in the composites. The SM anomalies (Figure 5b) are concomitant with the
rainfall anomalies (Figure 5a), resulting in shifts in the heat flux anomalies due to energy and moisture limitation
regimes (Feldman et al., 2019; Chen et al., 2024) at the south and north of the Sahel, respectively. Note that
we don’t expect observed rainfall differences between wet and dry years (Figure 5a) to exactly mirror top layer
soil moisture differences in ERAS (Figure 5b) as the latter is based on a combination of ERAS rainfall, satellite soil
moisture and screen level temperature and humidity data and doesn’t account for increases in runoff and

infiltration under wetter conditions.
The AEJ is situated in the region of maximum soil moisture sensitivity (14°-16°N), where the SH' (negative)

and LH' (positive) are most pronounced (Figure 5b). This coincides with the zone where the SH gradients
transition and reaches its maximum positive phase (Figure 5c). The temperatures increase via a stronger SH

in the dry year, which is dampened by increased LH fluxes from soil moisture evaporation in the wet year. In



the dry composites, the AEJ location is mainly influenced by the SH flux and temperature gradients in a region
that is less soil moisture sensitive, located about 1° south (13°N) of the gradients positive maxima (Figure 5c).
The thermal wind, strengthens around 16°N (north of the jet, Figure 5d) in balance with the largest positive SH

and temperature gradients in both composites (compare Figure 5c and Figure 5d).
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FIGURE 5 Zonal averages of (a) rainfall (RR) and its anomalies (RR'), (b) soil moisture (SM'), surface sensible

and latent heat flux anomalies (SH', LH'), (c) gradients in surface SH and low-level temperature (925mb), (d)

thermal wind balance (difference between geostrophic wind at 925 and the average of 700-500mb (Ur) and

the mid-tropospheric zonal wind anomalies (U' [700-500mb]). All variables except the rainfall and soil
moisture were sampled over 1200-1500 UTC. The mean locations of the ITD and AEJ in both composites are
also indicated in dashed and solid black (dry years) and green (wet years) vertical lines, respectively. Finally, the
meridional spread of these surface and wind variables are shown in Figure S2.

The mid-tropospheric easterly wind anomalies (dashed lines; Figure 5d) confirm that wet years exhibit a
northward displacement of the AEJ position, with stronger easterly winds north of 14°N relative to climatology.
Dry years show the opposite pattern, with stronger easterly anomalies at all latitudes south of 14°N illustrating

a southward displacement.
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0900 to 1800 UTC. The difference between wet (black) and dry (red) years is shown by the dashed blue line
(secondary vertical axis).

We further examine the hypothesis that the jet is linked to the meridional temperature gradient through
sensible heat flux, which in turn is modulated by soil moisture using the heat budget equation. Across the

Sahel, daytime SH (09:00-18:00) is consistently larger in dry years than wet years, with the greatest
enhancement near 13.5°N (19 Wm_z, Figure 6a). This additional flux in dry years corresponds to approximately

615,600 Jm™2 over nine hours, which would warm a 1 km deep mixed layer by about 0.6°C (Figure 6b),
consistent with the observed ERAS difference of 0.5°C near 15°N (Figure 6¢). While our estimate assumes a
fixed PBL depth with no mixing with the overlying air, and neglects advection, radiation and evaporative
cooling terms in the heat budget, the magnitude of SH contrast is sufficient to explain the primary strengthening
of the meridional temperature gradient between wet and dry years. Small spatial offsets may arise because
actual boundary layer depth varies with latitude and other processes contribute to the heat budget.

In conclusion, rainfall differences have been shown to influence SM anomalies, which in turn modify SH
anomalies and gradients throughout the Sahel. The temperature gradients respond to the SH modification and
consistently appear just north of the AEJ for both wet and dry composites, contributing to adjustments in the
thermal wind balance. The largest difference in these gradients is around 15°N where they begin to diverge in
the wet and dry years, respectively. This also marks the region where anomalies in SH and LH driven by soil
moisture peak, and thus significantly affect both the energy partitioning and hence temperature gradients,
which in turn influence the AEJ in these years.

| Distribution of MCSs relative to the ITD and AEJ

We now evaluate how MCS frequencies are affected by the displaced dynamical features of the WAM during
wet and dry years. Looking at MCS seasonality over southern West Africa, Klein et al. (2021) identified a
shear regime co-located and to the north of the AEJ that favours the occurrence of particularly cold, intense
MCSs compared to south of the AEJ, where near-moist adiabatic conditions and hence warmer MCSs prevail.
Here, we conduct a similar examination for the Sahelian monsoon period, albeit on a wet and dry composite,
considering the frequency distribution of warm (-40°C) and colder, more intense (-70°C) MCS sub-groups
relative to CAPE, the AEJ and its associated shear, and the ITD positioning. The AEJ affects MCS organisation
and evolution by enhancing low-to-mid- level wind shear (Hodges and Thorncroft, 1997; Laing et al., 2008;
Mohr and Thorncroft, 2006), and the jet can also be perturbed by the passage of these storms (c.f. Wang and
Elsberry (2010)).

In all cases, warm MCSs are more frequent south of the main jet core where the CAPE (Figure 7a-c) and
vertical humidity gradient (Figure 7d-f) are both weak and the tropospheric profile shows deep moistening.
Convection here is thus frequent due to the weak vertical humidity gradient which acts to reduce convection
inhibition considerably. Meanwhile, the cold MCSs (-70°C) which peak 2-3° north of the warm MCS peak
require a combination of low-level moisture and a strong shear regime to intensify (Figure 7d-f). These storms
are closely aligned with the absolute jet core (thus where the AEJ is strongest) and CAPE is maximised by the
low-level moisture tongue from the south which is strongly capped by the mid-level dry air intrusion from the north
and sensitive to land surface conditions (Figure 5b). Further in comparing the frequency anomaly of the cold
storms to the CAPE and shear anomalies (Figure 8) reveals a distinct pattern of anomalous CAPE depletion
by these storms below 14°N in the wet year. At the northern Sahel, both CAPE and shear becomes positive,
enhances storm frequency (Figure 8a), forced by anomalously high low-level humidity which enhances the storm
frequency (Figure 8c). Concurrently, the anomalously low storm frequency at the north in dry years (Figure

8d) also shows a lower than normal CAPE in a drier than normal low-level tropospheric environment (Figure



8d).
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have been scaled to be faithful to the true angles of vectors in the coordinate system. The position of the ITD
is denoted in the black vertical dashed lines. All zonal averages except for MCSs have been temporally

sampled between 1200-1500 UTC and spatially between 15°W and 10°E .

The ITD plays a positive role on convection by producing strong convergence from daytime surface heating,
especially over drier soils (Klein and Taylor, 2020), which generates turbulent mixing that promotes boundary
layer growth and is accompanied by a low-level reversal in the meridional flow (Vizy and Cook (2018) and also
Figure 7d-f). The active convection, in all composites, occurs about 2°-3° south of the ITD where low-level
moist conditions are present (Figure 7d-f) and vertical mixing extends to the level of free convection,
favourable for storm formation. More stable conditions exist very close to the ITD in both composites (1°-2°
south), leading to fewer well-organised storms pos- sibly due to dry convection from dry conditions, weakly
sheared environments (also in Mohr and Thorncroft (2006)), increased capping (dry mid-tropospere) with
suppressed CAPE (Figure 7a-c), and the states of soil moisture and sur- face heat fluxes (Figure 5b) found
close to the ITD. The sharp northward decline in MCSs in the dry year composite (Figure 7b) is further
exacerbated by the drier low to mid-tropospheric moisture availability around the ITD due to a more southerly
location of the monsoon. This dry troposphere around the ITD shows a humidity decline of about 3% below
normal (Figure 8d). During wet years (Figure 7a), the moist low-level troposphere (4% above normal (Figure 8c))
may occasionally break the cap, subsequently leading to a period of CAPE maximisation and intense shear

(Figure 8a) and less dry air entrainment to actively support these northernmost localised storms. The

CAPE (hJ/kg), u-shear (m/s)

rh (%)



climatology (Figure 7c,f) in all storm regimes also behave similar to the wet and dry years (Figure 7a-b,d-e).
The shifts in these features in the wet, dry and climatology composites show how they are intricately linked
and with conditions transitioning from a deep moist environment south of the AEJ to a CAPE and shear
dominated environment co-located with AEJ core, affecting MCS convective intensities. The dynamics in all
composites are similar in the Sahel, as compared to the strong differences found earlier in the seasonal cycle
over southern West Africa in Klein et al. (2021).

(a) Wet year anomalies (b) Dry year anomalies
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FIGURE 8 Meridional anomalies in -70°C MCS, CAPE and shear for (a) wet and (b) dry years. Panels (c) and
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respectively. The lines of wind vectors, ITD and AEJ are same as in Figure 7.

| DISCUSSIONS AND CONCLUSIONS

This study provides a comprehensive analysis of the covariance between the ITD and AEJ over the West African
Sahel in wet and dry years. By leveraging a decade of observational and reanalysis data for each composite,
we examined their diurnal variability, the thermodynamic and surface flux dynamics governing their formation,
and their spatial relationship with MCSs for the July to September season.

Our findings highlight a strong coupling between the ITD and AEJ during wet years due to an intensified
monsoonal flow. The AEJ position is relatively stable, showing weak diurnal variation in its location for both




wet and dry years, while the AEJ intensity and ITD shows strong diurnal cycles. The distance between the
latitudinal positions of the ITD and AEJ is smaller in the wet than dry years, which is likely driven by increased
convective activity and sensitivity of the features to the shallow meridional circulation (Zhang et al., 2008;
Shekhar and Boos, 2017). The largest difference in jet intensities between wet and dry years occur overnight
(0000-0300 UTC) as opposed to day- time (1200-2100; Figure 2b). From 1200UTC to 2100UTC, the lower
troposphere, up to the level of the AEJ is more strongly influenced by dry convection in the north and shallow
and congestus convection to the south (Parker et al., 2005). These effects dampen the low-level monsoon
meridional circulation and therefore may act to reduce these differences between the wet and dry years. At
night, the low-level flow responds more freely to the low-level temperature contrasts and the circulation may
be seen to respond more strongly to differences between wet and dry years, with the northerly return-flow
around jet level acting to enhance the AEJ through the Coriolis effect. In addition, tropospheric pre-
conditioning such as enhanced active nocturnal convection forced by deep equatorial westerlies can cool the
lower troposphere, leading to geostrophic wind adjustments in a stable boundary layer can also act to intensify
the jet overnight in wet years (Grist and Nicholson, 2001). The dynamics of the Saharan mineral dust may
also influence these observations as Bercos-Hickey et al. (2020) found a stronger AEJ in wetter and dusty years
compared to drier and less dusty years, although it is unclear the time of day for which these observations hold.
The slopes of the ITD-AEJ covariance are similar at 0900 UTC and 1800 UTC in both years, suggesting that
while the ITD-AEJ distance exhibits diurnal variability due to the ITD’s movement, the interannual displacement
remains consistent throughout the day. A strong Saharan heat low intensifies the AEJ and tends to strengthen
the southwesterly monsoon and the northeasterly Harmattan flow (Lavaysse et al., 2010a,b), thus modulating
the co-variance of the jet and ITD.

Considering land surface effects, differences in the SM driven by rainfall anomalies are not exactly co-located
with heat flux anomalies, but strongly modulate the flux gradients. This anomaly discrepancy arises from the
energy and moisture limitations (Feldman et al., 2019; Chen et al., 2024) in the southern and northern Sahel
respectively. The SM anomalies influence AEJ positioning through SH anomalies most markedly at 15°N,
which consistently shifts the jet south of SH and temperature gradient peaks. The thermal wind correlates
better with lower tropospheric meridional temperature gradients particularly at 850mb (c.f. Parker and Diop-
Kane (2017)). But at 925mb, the anomalies in sensible and latent heating shift the maximum thermal wind in
the wet and dry years similarly to the north of the respective AEJ positions. Meanwhile, in all cases, the ITD is
located at the tail of the gradient and anomaly distribution in the surface processes, suggesting less of an impact
of soil-moisture modulated surface fluxes on its location.

The spatial distribution of MCSs in wet and dry years is similar, with exceptions that storms occur more
frequently in wet years and cold storms exhibit a more pronounced northward shift, while warm storms remain
in the same lo- cation regardless of the year. Warm cloud systems preferentially form south of the AEJ in a
moist, weakly sheared environment, where the vertical humidity gradient is also weak. On inter-annual
timescales, the colder, deeper storms align with the jet core, where strong low-level moisture, mid-tropospheric
dryness, and significant shear and CAPE enhance storm organisation and intensity, with similar findings on the
intraseasonal timescale by Talib et al. (2022). The stronger shear conditions ensure that these cold storms are
long-lived, have moderate speed and size with high rain rates (Baidu et al., 2022) through the separation of
updrafts, downdrafts and reduced dry air entrainment (Houze Jr, 2004; Schumacher and Rasmussen, 2020).
Mohr and Thorncroft (2006) also found that these thermodynamic ingredients occurring in the vicinity of high
terrain appeared to have the greatest probability of generating intense convective systems. The cold storms in
all composites are also maximised about 600km south of the ITD. About 200km to the south of the ITD, in the
so-called weather zone B (Hamilton et al., 1945; Fink et al., 2017), only a few MCSs occur; those which are
able to overcome the strong mid-tropospheric capping initiate, and can be well-organised and intense but remain
short-lived (Fink et al., 2017).



The ITD is known to have a positive impact on MCSs by promoting convergence and vertical mixing close
to its vicinity (Vizy and Cook, 2018; Klein and Taylor, 2020). However, it does not appear to have a strong
link to anomalous changes in SH and LH via soil moisture in the timescale considered in this study, but may
respond to shorter timescales, particularly when sampled in late afternoon under localised thermodynamic
madifications (e.g. Klein and Taylor (2020) . Overall, this study underscores the intricate interplay between
the ITD, AEJ and regional convective activity, providing critical insights into their co-variability in different
rainfall regimes. Given the increasing variability in Sahelian precipitation patterns, these findings contribute to
improving storm predictability and advancing our understanding of atmospheric dynamics in a changing
climate.
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SUPPLEMENTARY INFORMATION
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Figure S1: Box and whisker plot showing the diurnal spread of the positioning of the ITD, AEJ and AEJ
speed for wet, dry and climatological years.
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Figure S2: Box and whisker plot showing the meridional spread of surfaces fluxes and winds in Figure 5

in the wet and dry years.




