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Abstract Wet‐bulb temperature extremes (WTEs) occur due to a combination of high humidity and
temperature, and are hazardous to human health. Alongside favourable large‐scale conditions, surface fluxes
play an important role in WTEs; yet, little is known about how land surface heterogeneity influences them.
Using a 10‐year, pan‐African convection‐permitting model simulation, we find that most WTEs have spatial
extents <2,000 km2. They occur preferentially over positive soil moisture anomalies (SMA) typically following
rainfall. The wet‐bulb temperature is locally amplified by 0.5–0.6°C in events associated with smaller‐scale
SMA (50 km across) compared to events with larger‐scale SMA (300 km across). A mesoscale circulation,
resulting from stronger spatial contrasts of sensible heat flux, more efficiently concentrates moist, warm air in a
shallower boundary layer. This mechanism could explain the underestimation of peak Twb values in coarser‐
resolution products. The role of antecedent SMA from recent rainfall may help issue localized early warnings.

Plain Language Summary Heat stress can have harmful consequences for people and ecosystems.
Through less effective sweating, ambient air humidity increases the human heat stress. Extreme heat stress
occurs when high humidity and temperature associated with large‐scale weather patterns combine with surface
fluxes of heat and moisture. Current weather and climate models are used to project future heat stress, but cannot
represent soil moisture variability on fine spatial scales. Here we investigate the causes of humid heat extremes
and quantify the role of soil moisture over the continent of Africa in a high‐resolution climate model simulation.
Most events are found to occur on spatial scales less than 2,000 km2 and to be strongly associated with wet soils
from recent rainfall. Wet soils evaporate more moisture into the atmosphere whilst reducing the near‐surface
mixing of air. This latter factor causes hot, humid air to build up more efficiently near the ground. This study
shows that accurately monitoring and forecasting humid heat extremes requires high‐resolution data sets where
aspects such as wet soil patches from recent rainfall are realistically depicted. It also suggests the potential for
early warning of heat stress using near‐real‐time observations of wet soil or land surface temperature from
satellites and weather stations.

1. Introduction
In recent years, heat stress has received increased attention from the climate science community (Barriopedro
et al., 2023; Marx et al., 2021) and it is well established that ambient air humidity contributes to heat stress
through its limiting effect on the efficiency of sweating, the body's main cooling mechanism (Baldwin et al., 2023;
Buzan &Huber, 2020; Matthews, 2018; Sherwood &Huber, 2010). Wet‐bulb temperature (Twb) has been widely
used to document extreme humid heat for the recent past (Ivanovich et al., 2022, 2024; Justine et al., 2023; Mishra
et al., 2020; Raymond et al., 2017, 2021; Rogers et al., 2021; Speizer et al., 2022) and in future climate projections
(Birch et al., 2022; Coffel et al., 2018; Freychet et al., 2022; Kang, 2018; Pal & Eltahir, 2016; Schwingshackl
et al., 2021; Vecellio et al., 2023; Wang et al., 2021). Wet‐bulb temperature extremes (WTEs) result from a
combination of physical processes acting at various time and space scales. While the advection of warm, moist air
can create favourable conditions (Monteiro & Caballero, 2019; Raymond et al., 2021), a mechanism that limits
the mixing of near‐surface air with the upper atmospheric layers is also key inWTEs. On the one hand, large‐scale
subsidence is found over WTEs in the global Tropics (Raymond et al., 2021): this keeps the mid‐troposphere dry,
thus limiting deep convection and allowing high near‐surface Twb values to be reached (Duan et al., 2024). On the
other hand, Monteiro and Caballero (2019), Krakauer et al. (2020), and Mishra et al. (2020) find larger peak Twb
values associated with enhanced evapotranspiration resulting from wetter soils typically linked to irrigation;
increased evapotranspiration not only moistens the boundary layer but also reduces its growth, thus concentrating
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hot humid air in a shallower boundary layer (Justine et al., 2023; Mishra et al., 2020). This mechanism is
especially effective where soil moisture exerts a strong control on the partitioning of available energy (solar
radiation) into surface sensible heat (SH) and latent heat (LH) fluxes. Kong and Huber (2023) indeed find a
significant link between wetter soils and higher wet‐bulb temperatures in locations broadly corresponding to
regions of strong land‐atmosphere coupling (Hsu & Dirmeyer, 2022; Koster et al., 2004).

Soil moisture patches due to for example, irrigation or rainfall, can range in size from a few kilometers to tens of
kilometers. Therefore, the spatial heterogeneity of land surface evaporative features may not be resolved well in
coarse resolution weather and climate models (Coffel et al., 2018; Taylor et al., 2013), eventually affecting the
atmospheric state. Taken together, the role of soil moisture in Twb extremes and its rough spatial representation
may be one reason for the underestimation of peak Twb values in most gridded climate products, as suggested by
some of the above‐mentioned studies. In particular, the pan‐African study of Birch et al. (2022) reports an un-
derestimate of peak Twb values intensity and frequency in the Met Office Unified Model run at 25 km horizontal
grid spacing with parameterized convection (P25) compared to its 4 km, convection‐permitting (CP) counterpart.
Furthermore, in a future climate simulation under a socio‐economic trajectory without policy‐driven emissions
mitigation (RCP8.5), WTEs are 1.3°C more intense and 30 days yr− 1 more frequent by the end of the century in
the CP model compared to P25.

Convection‐permitting models offer an improved representation of the atmospheric water cycle in general and
convection in particular (Birch et al., 2014; Finney et al., 2019; Kendon et al., 2019). Land‐atmosphere in-
teractions are also better captured (e.g., the soil moisture‐precipitation feedback; Taylor et al., 2013; Hohenegger
et al., 2009; Lee & Hohenegger, 2024) thus leading to more heterogeneous and realistic soil moisture and surface
flux patterns. Here, we use the same CP model simulation as Birch et al. (2022) to examine the small‐scale
processes that contribute to WTEs. We first quantify the characteristics and drivers of WTEs. Then, we inves-
tigate the relationship between soil moisture and WTE intensity, with an emphasis on the soil moisture length
scale effect and the role of land surface–boundary layer coupling.

2. Data and Methods
2.1. Data

The CP4‐Africa (CP4A) simulation, performed in the framework of the Improving Model Processes for Af-
rican Climate (IMPALA) project, is based on the Met Office regional model used for operational weather
forecasting (UKV, Tang et al., 2013). The simulation spans the 1997–2006 period and covers the African
continent (25°W–57°E, 45°S–40°N) at horizontal grid spacing ranging from 4.4 km at the Equator to 3.2 km at
45°S. The lateral boundary conditions are provided by the global atmospheric simulation performed with the
Global Atmosphere 7.0 configuration of the Unified Model (Walters et al., 2019). For a full description of the
experimental setup and model evaluation, the reader is referred to Stratton et al. (2018) and Kendon
et al. (2019).

Soil moisture is initialized with climatological data derived from an offline simulation of the JULES land surface
model (Best et al., 2011), ensuring the spin‐up of the four soil layers of the model (the top layer is 10 cm deep).
JULES represents the exchanges of energy, mass, and momentum between the surface and the atmosphere, along
with surface and sub‐surface transfers of water and heat. The surface is represented by 9 surface “tiles” (5
vegetated and 4 non‐vegetated), each with its own energy balance, with tile fractional coverage prescribed from
land cover mapping. In CP4A, the soil type and associated physical properties were prescribed as sand throughout
the domain in order to suppress spurious atmospheric variability created by unrealistic soil texture mapping.

2.2. Method

2.2.1. Sampling Procedure and Study Regions

Among the various heat stress metrics defined in the scientific literature (Buzan et al., 2015; Schwingshackl
et al., 2021; Sherwood, 2018), the wet‐bulb temperature has been widely used in the climate science community
for its physical grounding; we use this metric and discuss some implications of this choice in Section 4. Our WTE
sampling procedure goes as follows:
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1. Twb is calculated at each grid point from hourly near‐surface dry‐bulb temperature (T), near‐surface specific
humidity (q), and surface pressure ( p) using the Davies‐Jones formula (Davies‐Jones, 2008).

2. Because exposure to heat stress over several hours affects health (Sherwood & Huber, 2010; Vanos
et al., 2023), the 6‐hr running mean of Twb values is calculated and daily maxima of the running mean
(denoted Twbdmax) are extracted.

Days that meet the two following criteria are qualified as “hot‐humid”:

1. Twbdmax ≥26°C (black horizontal line in Figure 1a),
2. Twbdmax ≥95th percentile of Twbdmax (Twbdmax‐p95, red line in Figure 1a). Twbdmax‐p95 values are

obtained by computing at each grid point, and for each calendar day, the 95th percentile of the Twbdmax values
based on a 31‐day window centered on this day and aggregated over 10 years (for a total of 310 values). In
order to avoid the pitfall evidenced by Brunner and Voigt (2024), the seasonal cycle of Twbdmax is removed
prior to the percentile computation.

Clusters of three hot‐humid days or more over a contiguous area >5 grid cells (≈100 km2), identified with a
latitude‐longitude‐time connected components algorithm (see e.g., Vogel et al., 2020), are considered a WTE.
Using an absolute threshold of Twb gives the WTEs some degree of physiological relevance: Twb of 35°C is
considered the theoretical upper limit for human thermoregulation (Sherwood & Huber, 2010), but serious health
impacts have been shown empirically to occur well below this value (Vanos et al., 2023; Vecellio et al., 2022).

Figure 1. (a) Time series of daily maximum Twb (Twbdmax, blue) and 95th percentile of Twbdmax (Twbdmax‐p95, red) for
a particular grid cell of CP4A (13.5°N, 2.2°E) and a specific year (1998); a hot‐humid day (June 17, dot) and a 3‐day
sequence thereof (June 26, 27, 28; dots and crosses) are shown in the inset. The 26°C threshold is shown with the horizontal
black line. (b) Map of the 1997–2006 climatological mean daily Twb (shading). Dots correspond to the wet‐bulb temperature
extremes identified over Africa during the 1997–2006 period, with the color denoting the month of occurrence (see right
colorbar). (c) Annual distribution of the WTE frequency (%, solid lines) and monthly cumulative rainfall (mm, vertical bars) for
each region. (d) Frequency distribution (in % of the total number of events) of WTEs mean area for 1,000 km2 (100 km2) bins in
the range 100–20,000 km2 (100–1,000 km2, inset).
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The running‐window, percentile‐based threshold is used to reflect the fact that the experimented heat stress and its
consequences also depend on how unusual it is at a given location and time of year.

We focus our analysis on the West African Sahel (11°–16°N, 18°W–8°E, referred to as Sahel thereafter), Guinea
(4°–10°N, 6°W–8°E), and Central Africa (CAfr, 4°S–4°N, 16°–24°E), the 3 climatic regions with the largest
number of events, although other regions of WTEs exist, mainly located in low‐lying and/or coastal areas
(Figure 1b). Considering these three regions allows for the spanning of a range of climatic regimes, from the moist
equatorial rainforests of Central Africa to the arid environment at the southern fringe of the Sahara desert.

2.2.2. Composite Analysis and Significance Assessment

For each identified event, a 4° × 4° area and a 6‐day window centered on the location and day (day0), respec-
tively, of the peak Twbdmax value of the event are considered. This procedure allows to sample the large‐scale
conditions associated with extreme Twb values. For a given variable x, the hourly climatology x is calculated for
all grid points and time steps within the space‐time composite window using an 11‐day running mean from
10 years of data. The anomaly xʹ is calculated as a departure from this climatology, xʹ = x − x. The significance
of the anomaly is assessed by comparing xʹ to a reduced climatology based on the other 9 years of data using a
Mann‐Whitney test.

3. Results
3.1. Wet‐Bulb Temperature Extremes in CP4A

Out of the ∼5,300 events identified over the pan‐African domain (Figures 1b), 1,515 are in the Sahel (29% of the
total population), 637 are in Guinea (12%), and 364 are in Central Africa (7%). Sahelian WTEs are found to occur
preferentially during the monsoon season (June–September), with peaks in June and September (Figure 1c).
Guinea has a stronger bimodal seasonal cycle with a primary peak in May and a secondary peak in October, thus
also in phase with the rainy seasons. In Central Africa, most WTEs occur between February and May that is, prior
to and during the first rainy season.

In all regions, WTEs are dominated by short‐lived (Figure S1a in Supporting Information S1) and small‐scale
events: 70% of WTEs have a mean area <2,000 km2 and 14% are in the 100–200 km2 range (Figure 1d). For
reference, a grid cell of the ERA5 reanalysis in the Tropics covers ≈650 km2; grid cells of regional and high‐
resolution global climate models are about 400 km2 and 2,500 km2, respectively. This study thus largely deals
with WTEs that would occur at the sub‐grid scale in many climate products, and may often be missed by in situ
observational networks.

We examine the typical spatial structure of WTEs by compositing events in the 3 regions, centered on the location
of the WTE maximum Twb value and sampled on day0. At 1900 local time (LT; the most frequent time of peak
Twb values, Figure S1b in Supporting Information S1), an elliptical Twb anomaly (Twb') structure is found in the
Sahel (Figure 2a) and to a lesser extent in Guinea (Figure 2e). A more circular pattern of high Twb' is found in
Central Africa (Figure 2i). In all cases there is a local Twb amplification: averaged within a radius of 25 km of the
center point (circles in Figures 2a–2l), Twb' values are of 1.4–2.4°Cwhereas the composite‐window average Twb'
is of 0.8–1°C.

The pattern of near‐surface specific humidity anomalies also displays strong spatial variability in the three re-
gions. There is a local enhancement of 2.2–3.8 g kg− 1 whereas the large‐scale averages are in the 0.9–1.2 g kg− 1

range (Figures 2b, 2f, and 2j). The picture is more contrasted when looking at the near‐surface dry‐bulb tem-
perature anomaly (Tʹ) : in the Sahel, there is a significant negative Tʹ of − 0.2°C at the 50 km length scale,
whereas the composite domain is on average 0.3°C warmer than usual (Figure 2c). In Central Africa, there are
positive Tʹ values at both the local and large scales (Figure 2h). This is also the case in Guinea, although Tʹ is
slightly negative over the composite‐window center point. In the Sahel and Guinea, the increase in q more than
offsets the increase in T, leading to an increase in relative humidity (RH) of 1%–12% at all scales over the 6‐day
period—RH' respectively peaks at +12% and +6.6% at 1900 LT on day0 (Figures S2a and S2b in Supporting
Information S1). In Central Africa, RH decreases by 1%–6% at the large‐scale; at the local‐scale, it oscillates
between positive anomalies during nighttime and negative anomalies during daytime, with a local minimum of
− 4.5% at 1300 LT on day0 (Figure S2d in Supporting Information S1).
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The composite‐mean time series of Twb' illustrate not only the local amplification by comparing the local‐scale
averages (dashed lines) with their large‐scale counterparts (solid lines), but also that at large‐scale, a positive Twb'
of 0.5–1°C prevails over the entire 6‐day period (Figure 2m). This is associated with favourable synoptic con-
ditions, with air moister than usual by 0.5–1.25 g kg− 1 (Figure 2n), bearing in mind that these domain‐averaged
values encompass the local contribution. Comparison of the spatiotemporal pattern of Twb' and qʹ shown in
Figure 2 highlights the key influence of an additional local source of moisture on WTEs.

3.2. Soil Moisture Control on Wet‐Bulb Temperature Extremes

In CP4A, anomalous humidity patterns associated with WTEs are driven by locally wetter soils (Figure 2). In the
Sahel and Guinea, top layer soil moisture anomalies (SMA) of 6.6 and 4.5 mm, respectively, are found when
averaging within 25 km of the WTE maximum over the first 6 hr of day0. This SMA is highly significant (pvalue
≤1%) up to 50–300 km away from the center point, whereas there is little or no significant SMA further North and
South (stippled area in Figures 2d and 2h). In Central Africa, there is a smaller but still significant positive SMA
of 0.8 mm, peaking at 1.1 mm in the first 6 hr of day‐1 (Figure 2p). However, unlike in the other two regions, this
positive SMA is surrounded by significantly drier soils (Figures 2l and 2p).

In short, localWTEs occur within anomalously warmer and moister large‐scale atmospheric conditions above wet
soils whatever the background climatology (shown in Figure S3 in Supporting Information S1). The quasi‐
elliptical shape of the composite‐mean SMA spatial field in the Sahel and Guinea exhibits the classic shape
and size of soil moisture anomalies in the aftermath of west/south‐westward propagating mesoscale convective

Figure 2. Composite‐mean spatial field of Twb (a, e, i), q (b, f, j), and T (c, g, k) anomalies at 1900 LT for the Sahel (a–c),
Guinea (e–g), and Central Africa (i–k). Composite‐mean spatial field of the 0000–0600 LT average top layer soil moisture
anomaly for the Sahel (d), Guinea (h), and Central Africa (l). Values averaged on a 50 km length scale (circle) and the whole
composite‐window are displayed in the center and the bottom left corner, respectively, of each panel. Locations where the
anomaly is not significant at the 1% level or lower are stippled. Composite‐mean time series of Twb' (m), qʹ (n), Tʹ (o) and
SMA (p) for the three study regions (color lines, see legend). Spatial averages over the 4 × 4° window and a 50 km length scale
are displayed with solid and dashed lines, respectively.
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systems (Figures S4a and S4b in Supporting Information S1; see Taylor et al., 2024). In Central Africa, isolated
rain cells (Figure S4c in Supporting Information S1) that occur during a generally dry and hot period may explain
the spatial pattern shown in Figure 2l.

SMA generate significant surface sensible and latent heat flux anomalies, also displaying strong spatial variability
in the three regions (Figure S5 in Supporting Information S1). These anomalies are especially prominent in the
Sahel, locally reaching − 49Wm− 2 and 73Wm− 2 when averaged from 0600 LT to 1800 LT on day0, respectively
(heat fluxes are positive upward). Moreover, there is a clear correspondence between the latent (sensible) heat
flux pattern across the composite window and the humidity (temperature) structure displayed in Figure 2.

3.3. Effect of Soil Moisture Anomaly Length Scale on Wet‐Bulb Temperature Extremes

The preference for WTEs at fine spatial scales (Figure 1d) and the close relationship between Twb’ and SMA
suggest that soil moisture patterns at fine spatial scales can amplifyWTEs.We investigate whether there is a SMA
length scale effect on WTEs by looking separately at events associated with smaller‐ and larger‐scale SMA
features: we select the events that have the largest antecedent (0000–0600 LT on day0) SMA contrast between a
circular area at two length scales—50 and 300 km across (hatched areas in Figures 3a and 3b, respectively)—and
the surroundings (excluding the central area; details on this sampling procedure are provided in Text S1 in
Supporting Information S1). The resulting SMALL and LARGE samples, respectively, have 123 independent
events each. The analysis is restricted to the Sahel region, where most WTEs are identified and where the Twb
anomalies are the largest. Only events occurring between May and September are selected (Text S1 in Supporting
Information S1).

Figures 3c and 3d show the composite‐mean Twb anomaly in SMALL (TwbʹS) and LARGE (TwbʹL), respec-
tively, at 1900 LT (the time when the difference between TwbʹS and TwbʹL is maximum, Figure 3e). Averaging
across events on a 50 km length scale, TwbʹS is 2.8°C and TwbʹL is 2.3°C. Extending this analysis to a range of
averaging length scales from 10 to 400 km across, TwbʹS is significantly (at the 1% level according to a two‐sided
Welch's test) larger by 0.5–0.6°C than TwbʹL up to ≈60 km across (Figure 3f). Therefore, in CP4A, smaller‐scale
SMA features are associated with locally larger‐amplitude WTEs. Then, one may wonder whether there is a land
surface‐atmosphere pathway that filters out the most locally intenseWTEs. To address this question, we next look
at the coupling between the land surface and the atmosphere in SMALL and LARGE events.

3.4. Land Surface‐Induced Mesoscale Circulation

The sensible heat flux is strongly reduced during WTEs, with a sharper spatial contrast in SMALL compared to
LARGE (Figures 4a and 4b). At 1500 LT, sensible heat flux anomalies respectively reach − 107 W m− 2 and
− 73 W m− 2 when averaged on a 50 km length scale. Spatial contrasts of soil moisture‐induced sensible heat flux
anomalies are known to drive mesoscale circulations on length scales a few tens of kilometers across in semi‐arid
environments (Ookouchi et al., 1984; Taylor et al., 2007; Weaver, 2004). An anomalous near‐surface divergent
flow is clearly distinguishable over the wet feature in SMALL (Figure 4a), with a maximum horizontal wind
speed anomalyUʹmax

S = 1.1 m s− 1. There is also divergence in LARGE, but it is more diffuse (Uʹmax
L = 0.76 m s− 1)

and extends over a larger area in response to weaker spatial gradients of sensible heat flux.

The subsiding branch of this circulation is clearly evident in the composite‐meanWest–East vertical cross‐section
at 1500 LT on day0 for SMALL, with a coherent descent extending down to 950 hPa (Figure 4c). In contrast,
anomalous vertical circulation is not seen in LARGE (Figure 4d). Furthermore, the line plot on the right side of
Figure 4c (Figure 4d) shows that, in SMALL (LARGE), the potential wet‐bulb temperature anomaly decreases
from 2.6°C (2°C) at the surface to 0.8°C (1°C) at 950 hPa, to 0.4°C (0.7°C) at 925 hPa. The stronger vertical
gradient of potential wet‐bulb temperature in SMALL results from reduced mixing between the surface and the
upper levels. This is evidenced by a reduction in the mean boundary layer height of 36 hPa (≈370 m) in SMALL
WTEs (dashed purple lines in Figure 4c) compared to a reduction of 24 hPa (≈245 m) only in LARGE WTEs
(Figure 4d), with respect to their climatological counterpart (solid purple lines in Figures 4c and 4d).

This analysis of land surface–boundary layer coupling during WTEs demonstrates that stronger spatial contrasts
of sensible heat fluxes resulting from smaller‐scale SMA features generate a mesoscale circulation; the subsiding
branch of the circulation helps to limit the boundary layer depth and, in so doing, more efficiently concentrates
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Figure 3. Composite‐mean spatial field of antecedent SMA for (a) SMALL and (b) LARGE samples (see Text S1 in
Supporting Information S1 for definition; the hatched area corresponds to the averaging area used to discriminate between
SMALL and LARGE events). The stippling denotes SMA not significant at the 1% level. Numbers in the bottom left corner
indicate the composite‐mean SMA contrast (difference between the inner area and the surroundings, denoted Δ). Composite‐
mean spatial field of Twb' at 1900 LT for (c) SMALL and (d) LARGE. (e) Composite‐mean time series of Twb' averaged on a
50 km length scale for SMALL (blue) and LARGE (green) samples. (f) 1900 LT mean Twb' across SMALL (TwbʹS, blue) and
LARGE (TwbʹL, green) events as a function of averaging length scale, ranging from 10 to 400 km across. The dark blue shading
indicates that the difference between TwbʹS and TwbʹL, ΔTwbʹS − L is significantly positive (at the 1% level). The dark green
shading indicates that ΔTwbʹS − L is significantly negative. Light shadings indicate that the two samples of TwbʹS and TwbʹL
values are not significantly different.
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anomalously humid air—resulting from enhanced local evapotranspiration during the day (Figure S6 in Sup-
porting Information S1)—above the wet soil, thereby amplifying peak Twb daytime values.

4. Discussion and Conclusion
Wet‐bulb temperature extremes have been systematically analyzed for the first time in a continental scale,
convection‐permitting climate simulation. The majority of events are found to have spatial extents <2,000 km2,
meaning that they would be 1–2 grid cells only in products with horizontal grid spacing of 30–40 km. Indeed, a

Figure 4. Composite‐mean spatial field of 1500 LT sensible heat flux (shading) and 10‐m wind (vectors) anomalies in
(a) SMALL and (b) LARGE samples. Wind vectors are bold where the sensible heat flux anomaly is significant at the 1%
level. West–East vertical cross‐section of the composite‐mean potential wet‐bulb temperature (θwb in °C, shading) and wind
speed (vector scale in the upper right corner) anomalies at 1500 LT interpolated between available pressure levels in (c) SMALL
and (d) LARGE samples. Stippling denotes θwb’ with pvalue > 1%. The composite‐mean boundary layer height values for
climatology and WTEs are shown with purple solid and dashed lines, respectively. The bottom panel displays the sensible
(green) and latent (blue) heat flux anomalies across the West–East transect. All shadings around the lines indicate ±1 standard
deviation across events. The right panel shows the vertical profile of θwb’ above the composite window center‐point (vertical
line in the central panels).
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much larger number of (small‐scale) WTEs are found in CP4A compared to both ERA5 and P25 (Text S2 and
Figure S7 in Supporting Information S1), where only 7% and 12% of events, respectively, are <2,000 km2. The
implications for urban heat risk mapping are especially high given that African cities generally have a spatial
extent smaller than 2,000 km2 (e.g., the metropolitan area of Dakar is 535 km2 and that of Lagos is 1,200 km2;
https://www.citypopulation.de).

WTEs are associated with positive antecedent soil moisture anomalies typically following rainfall, confirming the
key role of increased evapotranspiration from a wetter land surface in these events (Kong & Huber, 2023;
Monteiro & Caballero, 2019). We show how the spatiotemporal pattern of soil moisture–Twb linkage results from
the complex, region‐dependent interplay between T and q at large‐scale, antecedent rainfall at the meso‐ to local‐
scale, and the resulting spatiotemporal pattern of soil moisture. Furthermore, we find that smaller‐scale soil
moisture anomaly features (50 km across) lead to local peak Twb values 0.5–0.6°C larger compared to larger‐
scale SMA features (300 km across). This study thus highlights the need for high spatial resolution data sets
in which the spatial heterogeneity of transient land surface states and fluxes is captured well to monitor and
predict WTEs accurately.

The local amplification is the result of a mesoscale circulation developing in response to sharper spatial contrasts
of sensible heat flux. The descending branch of this circulation, located above wet soils, concentrates more
efficiently near‐surface air with high moisture content in a very shallow boundary layer. These processes are
dominant in regions of strong land‐atmosphere coupling typically found in semi‐arid environments (South‐
eastern US, the Sahel, North‐western India, Northern Australia; Hsu & Dirmeyer, 2022; Koster et al., 2004),
where strong spatial contrasts of rainfall‐induced soil moisture and turbulent heat fluxes are expected. The
amplifying mechanism therefore probably acts beyond Africa, in regions where near‐surface Twb is highly
sensitive to soil moisture variability (see Kong & Huber, 2023, their Figure 6). In addition, irrigation applied at
small spatial scales would also create mesoscale sensible heat flux contrasts and evapotranspiration hotspots,
potentially triggering and amplifying WTEs. The role of the thermally‐driven mesoscale circulation on WTEs
complements the finding of Raymond et al. (2021); Duan et al. (2023), who identified large‐scale subsidence as a
key “top‐down” controlling mechanism of WTEs in the world's most hot‐humid regions. However, contrary to
large‐scale atmospheric drivers of humid heat extremes, the mesoscale “bottom‐up” mechanism identified here
may only be captured in products with a sufficiently small horizontal grid spacing—typically O(1–10 km)—
explicitly resolving convection (Hohenegger et al., 2015; Taylor et al., 2013).

This study is based on a simulation of the coupled land‐atmosphere system using a single model. Each land
scheme simulates the response of evapotranspiration to soil moisture differently (Gallego‐Elvira et al., 2019)
with, for example, different thresholds determining the balance between water‐limited and energy‐limited
evapotranspiration. A direct read‐across of SMA–WTE behaviour in any specific region from CP4A to the
real world should therefore be made with caution. However, data currently being processed indicate that the
SMA–WTE relationship behaves similarly in other regions of the world and/or with other models (Figures S8–
S10 in Supporting Information S1). On the other hand, observations in diverse semi‐arid regions show that SMA‐
induced mesoscale circulations play an important role in convective initiation (Barton et al., 2020; Chug
et al., 2023; Taylor et al., 2011). Here we have shown how such circulations also have an impact in amplifying
WTEs locally. We can therefore be confident in stating that where strong soil moisture heterogeneity influences
evapotranspiration (whether from antecedent rainfall, irrigation, or inland water bodies), the mesoscale atmo-
spheric response will strengthen the WTE resulting from favourable large‐scale conditions. Furthermore, we
expect this effect to be strongest for wet patches on length scales a few tens of kilometers, where the patch center
is influenced by edge effects. Idealized simulations will provide more insight into the effects of the SMA length
scale on WTEs in various environments.

The use of Twb as an indicator of heat stress also deserves to be discussed. Compared to other heat stress metrics,
Twb is more sensitive to changes in q than to changes in T, especially at high T (Sherwood, 2018; Simpson
et al., 2023). A sensitivity analysis carried out with the Heat Index (HI, see Text S3 in Supporting Information S1)
shows that HI‐based extremes are largely associated with increased T, reduced q, and dry soil anomalies (Figure
S11 in Supporting Information S1). Nonetheless, putting WTEs in their HI context, on average 73% and 26% of
WTEs, respectively, are found to belong to the Extreme Caution (HI ∈ [33–40°C]) and Danger (HI ∈ [41–51°C])
categories of the US National Weather Service classification. Therefore, the “moist” heat extremes identified here
with a q‐sensitive metric (RH > 60% and T ∈ [27–34°C] in most cases; Figure S12 in Supporting Information S1)
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are also heat extremes from the point of view of a heat stress metric whose relative sensitivity to T and q is more
balanced. The health implications of humid heat stress, which vary between regions and seasons due to different
thermal regimes (e.g., warm‐humid vs. hot‐dry; Vecellio et al., 2022), remain highly uncertain and dependent on
the metric used (Baldwin et al., 2023; Lu & Romps, 2023).

A large proportion of the world's population is located in the Tropics and subtropics, where heat‐related hazards
are already the highest and are projected to increase the most (Dajuma et al., 2024; Freychet et al., 2022; Im
et al., 2017; Rogers et al., 2021; Schwingshackl et al., 2021; Vecellio et al., 2023). These regions may also be very
vulnerable to heat stress due to limited adaptive capacity—little access to (drinking) water, electricity, and
healthcare—and the predominance of outdoor activities (e.g., farming and herding). The need for adaptation
strategies to the increasing risk of heat stress is thus critical there. Soil moisture anomalies from recent rainfall are
observable on daily and subdaily timescales at high spatial resolution (e.g., Yin et al., 2020); this would allow
meteorologists to issue localized hazard alerts at lead times of hours to a day. This information may prove useful
and actionable as part of the early warning system for heat advocated by Brimicombe et al. (2024).

Data Availability Statement
CP4A and P25 data are available on JASMIN, the UK's collaborative data analysis environment (https://www.
jasmin.ac.uk). ERA5 data are available from the Copernicus Climate Change Service (C3S) Climate Data Store
(CDS) at Hersbach et al. (2023). CONUS404 data are available from the NSF NCAR Research Data Archive at
Rasmussen, Liu, et al. (2023). This work also used resources from the Deutsches Klimarechenzentrum (DKRZ)
granted by its Scientific Steering Committee (WLA) under project ID1153. The Python code used to compute
wet‐bulb temperature is available at https://github.com/cr2630git/wetbulb_dj08_spedup. The codes used to
process the data and plot the figures are available at Chagnaud (2025).
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Erratum
The originally published version of this article contained an error in the way Figure 3a was presented. The error
has been corrected, and this may be considered the authoritative version of record.
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