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Introduction

Heatwaves, which can cause episodes of
high heat stress, are considered ‘silent kill-
ers’ for two interrelated reasons: first, unlike
other extreme weather events such as hur-
ricanes or floods, they can often leave no
physical trace of their passage; second, the
effects of heat stress on the human body
can build gradually and have serious con-
sequences including death. These effects
often add to pre-existing health conditions,
so people in vulnerable groups (older, preg-
nant, those with chronic illnesses, etc.) are
affected more (Luber and McGeehin, 2008;
Ebi et al, 2021; Nunes, 2024).

Extreme heat events are among the
deadliest weather events; climate change
has increased heat-related mortality across
many parts of the world (Vicedo-Cabrera
et al., 2021) by increasing their frequency,
intensity, duration and areal extent
(Matthews et al., 2025). These trends will
continue in the future even with moder-
ate greenhouse gas emissions (Gasparrini
et al, 2017; Schwingshackl et al., 2021).
The impacts of heat stress are numerous,
including but not limited to the following:
increased morbidity and mortality; produc-
tivity declines in various economic sectors;
increased tensions on water, food, electric-
ity and healthcare. This is especially the
case in sub-Saharan Africa, where popula-
tions are both exposed, given the tropical
climate, and vulnerable, due to low adap-
tive capacity and a strong dependence of
their economy on outdoor activities. Yet,
awareness of the heat-impact relationship,
required to mitigate heat risks through rel-
evant adaptation strategies, is still lacking
there (Harrington and Otto, 2020).

Ambient humidity plays a role in human
heat stress through limiting the efficiency
of perspiration (e.g. Baldwin et al., 2023).
Several heat stress metrics have been
developed over the years to provide a
more health-relevant measure of the effect
of heat on humans than temperature alone
(Buzan et al., 2015; Perkins, 2015). They all
include air temperature and humidity, and
some also include solar radiation and wind.
Temperature (T) and humidity (specific, q)
are weighted differently in these metrics,
with two consequences: (i) each metric
responds differently to a given change in
T and g, and (ii) the sensitivity to T and g
depends on the thermal regime, that is,
where we sit in the T — g space at a given
location and time. As a result, extreme
humid heat values are reached through
different mechanisms depending on the
time of year, location, and the metric used
(Sherwood, 2018; Buzan and Huber, 2020;
Simpson et al., 2023; lvanovich et al., 2024).
Therefore, understanding the causes and
impacts of humid heat extremes is chal-
lenging.

Another difficulty stems in the definition
of thresholds for which health impacts of
humid heat are expected and/or reported.
For instance, the wet-bulb temperature
(Twb) value of 35°C has long been consid-
ered an upper limit to human survivability
(Sherwood and Huber, 2010), based solely
on thermodynamical considerations.
However, physiological studies have
reported serious impacts at Twb values
above 24-27°C, depending on personal fac-
tors such as age and health condition, as
well as on exertion and clothing (Vecellio et
al., 2022). Furthermore, it is not only surviv-
ability that matters, but also liveability. In
this regard, Vanos et al. (2023) found that
'young adults reach a limit in their ability to
perform any activity safely’ at relative humid-
ity of 75% and temperatures above 35.5°C
(i.e. Twb >31.5°C at 1000hPa). For the Heat
Index (HI), the US national weather services
(NWS) has defined the Caution (HI € [27,
32°C]), Extreme Caution ([33, 39°C]), Danger
([40, 51°C]) and Extreme Danger (HI >52°C)
categories, each with its associated effects
on the human body." In short, the heat-
health relationship is highly multi-

Thttps://www.weather.gov/ama/heatindex.

dimensional and context-dependent; an
array of approaches, from individual-scale
physiological experiments to large-scale
epidemio-meteorological studies are
needed to improve our understanding of
this relationship.

Our case study analysis was motivated by
national and social media reports of people
complaining about unusually high heat dur-
ing February 2024 in Kenya.?* This was espe-
cially the case between 15 and 20 February
2024 in the highlands of Kenya, one of the
most densely populated regions in this part
of East Africa that also includes the capital
of Kenya, Nairobi (Figure 1a).

The seasonal cycle of rainfall in East Africa
shows that February precedes the start of
the long rainy season (Figure 1b). February
is the second warmest month for average
temperature and the first in terms of peak
daily temperatures; it is also among the dri-
est months (Figure 1b). The highlands have
a cooler and drier climate compared to the
rest of the country, as shown in Figures 1(c)
and (d), respectively. This is largely the result
of topography, with lower temperatures in
the highlands than in the rest of the region.
The Indian Ocean also influences the hydro-
climate of Kenya, with cooler/more humid
conditions near the coast and warmer/drier
conditions further inland.

The analysis of observed trends in
February of daily minimum and daily
maximum temperatures (T and T __,
respectively) shows that on average, T __ is
increasing at 0.6°C per decade since 1995,
with eight stations recording a significant
positive trend (Figure 1e). Interestingly, the
largest T trends, of =1°Cdec.”, are located
in the highlands. In contrast, T__ is stable
over the 1995-2024 period, with none of
the seven increasing trends nor the three
decreasing trends passing the 5% level sig-
nificance test (Figure 1f).

In this context, we seek to characterise the
15-20 February 2024 event from a clima-
tological perspective, and to gain insights
into its meteorological drivers. We focus our

Zhttps://citizen.digital/news/its-unbearable
-kenyans-concerned-as-nairobi-gets-too-hot-
n336997.
*https://theconversation.com/kenyas-had-unusu
ally-hot-weather-an-expert-unpacks-what-could
-be-causing-it-224348.
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Figure 1. (a) Terrain elevation (shading, in meters) and population density (areas with a population density =500 inhabitants km= are shaded in
black). The location of the Kenya Meteorological Department (KMD) stations used in this study are indicated with dots (station names in the legend
below). The star denotes Nairobi and 'LV’ stands for Lake Victoria. (b) 1995-2024 monthly averages of daily mean temperature (solid line), daily

maximum temperature (dashed line), specific humidity (dashed-dotted line), and 2001-2022 mean monthly cumulative rainfall (bars; values indicated

on top of each bar, in mm). February mean (c) temperature and (d) specific humidity; the numbers in the bottom right corner of each panel are the
and (f) T__ estimated with a Theil-Sen slope at each KMD station. Trends signifi-

spatial averages. Then 1995-2024 trends in February mean (e) T
cant at the 5% level (p-value < 0.05) according to a Mann-Kendall test are depicted with squares. Insets show the time series of regional T and T__

min

for February. The shading about the lines denotes +1 standard deviation across stations. The dashed lines are the Theil-Sen trend estimates.
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Figure 2. Joint distribution of T (in °C; x-axis) and q (in g kg™'; y-axis) sampled at the time of daily maximum (a) HI and (b) Twb, at each highland
station (colour code similar to Figure 1a). Squares denote the median of the marginal distributions of T and q across all days of February 2024. Dots
denote the days between 15 and 20 February 2024. Isolines of HI, Twb and relative humidity (RH) are shown with blue dashed, olive solid and purple
dotted-dashed lines, respectively. The 15-20 February 2024 averages in anomalies of daily maximum (c) T, (d) HI and (e) Twb (note the different
colour scale for this latter). Orography is denoted with grey contours (see Figure 1a for elevation values).

analysis on the wet-bulb temperature and
the Heat Index, whose definitions rely on
T and g only.

Data and methods

Daily rainfall data from the Integrated Multi-
satellitE Retrievals for GPM (GPM-IMERG,
Huffman etal., 2015) for 2001-2022 are used
to compute the mean seasonal cycle of rain-
fall in the study domain (6°S-6°N, 32-44°E).
Temperature data extracted from manned
weather station records are used to com-
pute trends in monthly means of daily
minimum and daily maximum temperatures
using a Theil-Sen’s slope estimation
(Sen, 1968). The significance of trends is
assessed with the Mann-Kendall test
(Mann, 1945). Hourly dry-bulb temperature,
dewpoint temperature and surface pressure
provided by automatic weather stations
since 2023 are used to compute hourly Twb
values with R. Warren and C. Raymond'’s
Python implementation* of the Davies-
Jones formula (Davies-Jones, 2008). Hourly
HI values are calculated from dry-bulb tem-
perature and relative humidity based on the
Rothfusz regression (after Steadman, 1979),

“Available at https://github.com/cr2630git/
wetbulb_djo8_spedup.

following the US NWS guidance® and with
corrections from Romps and Lu (2022). Data
from the ERA5 reanalysis (Hersbach
et al., 2020) are used to compute the
regional mean seasonal cycles of daily mean
temperature, daily mean specific humidity
and daily maximum temperature (Figure 1b).
Because the available hourly in situ data do
not allow for a long-term analysis, ERA5 data
are also used to compute daily anomalies
in humid heat metrics during 15-20 February
2024 with respect to their 1995-2024 clima-
tology: anomalies of daily maximumT (T' ),
HI (HI:naX), and Twb (wa;nax) are computed
separately for each calendar day by sub-
tracting the value for that day to the cor-
responding 1995-2024 mean, before taking
the week average. The significance of the
anomalies is assessed with a Mann-Whitney
test (Mann and Whitney, 1947).

Results

Figures 2(a) and (b) show, for each highland
station, T and g at the time of daily maxima
of HI and Twb, respectively, for each day of
15-20 February 2024 (dots) and averaged
across the month (squares). On top of the T

5Available at https://www.wpc.ncep.noaa.gov/
html/heatindex_equation.shtml.

and g values are plotted isolines of HI, Twb
and relative humidity (RH). All daily maxima
of HI have T above 25°C and RH between
20% and 60%. In contrast, observations
sampled at the time of daily Twb maxima
are associated with cooler and moister (in
both absolute and relative terms) environ-
ments.

Almost all daily maxima of HI recorded
during 15-20 February 2024 are located
to the right of the HI isoline that crosses
their corresponding monthly mean values
(Figure 2a). In contrast, daily maxima of Twb
are scattered on either side of the Twb isoline
(Figure 2b). Hence, anomalies in humid heat
values during 15-20 Febraury 2024 (com-
pared to the month average) were larger
for HI than for Twb, meaning that the Heat
Index seems more appropriate for assessing
the heat stress experienced by the popula-
tion during this particular episode. It can also
be noted in Figures 2(a) and (b) that below
about T=27°C, isolines of HI are almost verti-
cal, that is, parallel to isolines of T. Therefore,
in this region of the T—q space, a depar-
ture from the HI climatology is more likely
to result from a larger increase in T (shift to
the right) relative to an increase in g (shift
upward). In fact, most dots in Figure 2(a) are
associated with a clear increase in T, whereas
changes in g have little effect on HI. Beyond
these essentially qualitative considerations,
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Figure 3. (a) 1995-2024 time series of the monthly EI-Nino Southern Oscillation 3.4 index (NINO 3.4, blue line) and the pan-Tropical (30°S-30°N,
180°W~-180°E) monthly mean temperature anomaly at 500hPa (T, , orange line) with respect to the 1995-2024 average. The inset shows the
2023-2024 period. 15-20 February 2024 daily anomaly averages of (b) geopotential height (contours, in m), temperature (shading, in °C) and total
wind speed (vectors, in ms~') at 500hPa. (c) Same as (b) but at 850hPa. (d) 15-20 February 2024 daily anomaly averages of near-surface temperature
(T'); the domain-average anomaly is indicated in the bottom right corner; anomalies significant at the 5% level are not stippled; orography is denoted
with grey contours (see Figure 1a for elevation values).

it should be noted that several daily maxima
of HI recorded during the week belong to
the Caution category (HI € [27-32°C]), for
which effects on health (e.g. fatigue) begin
to occur.

The consequences of heat stress also
depend on how unusual it is at a particu-
lar time of year and location. We therefore
evaluate how daily maxima of T, HI and Twb
that occurred during 15-20 February 2024
compare with typical values for this time
of year (see Data and Methods). Figure 2(c)
shows that, on average during the event,
T! .. is up to 4°C above normal over the
eastern highlands. In contrast, negative
values are found around Lake Victoria. The
HI' _ pattern broadly resembles this, with
some localised maxima 2-3°C above nor-
mal (Figure 2d). The surroundings of Lake
Victoria are also cooler than usual, although
to alesser extentthanforT’_ . Twb’ shows

max” max

a somewhat opposite pattern, with positive

anomalies of 2-3°C in the westernmost part
of Kenya and of =1°C over the highlands.
This confirms that the heat perceived by
the population in the highlands was mainly
driven by an increase in T, with changes
in g having distinct modulating effects on
HI and Twb. We next analyse the meteoro-
logical drivers of this event by comparing
atmospheric and surface variable values
during 15-20 February 2024 with their cli-
matology.

The heat event of February 2024 occurred
in the aftermath of the third largest El Nino
Southern Oscillation (ENSO) episode since
1995, peaking at +2°C in November 2023
(Figure 3a). ENSO generates warm air tem-
perature anomalies across the Tropics (e.g.
Soden, 2000), with tropospheric temperature
anomalies generally lagging ENSO by a few
months (Sobel et al., 2002, see Figure 3a).
Figure 3(b) shows that the mid-troposphere
was warmer than usual for this time of year,

with air temperature at 500hPa 1.25 to 2.25°C
above the long-term average from south-
western Kenya to southern Ethiopia. These
warm anomalies are associated with a high
pressure system centred above Lake Victoria,
with 500hPa geopotential height anomalies
(2%, larger than 35m. This high pressure sys-
tem has a divergent circulation on its north-
ern and southern edges; associated with
this, subsidence may have favoured clear-sky
conditions and increased solar radiation. A
similar situation is seen closer to the surface:
air temperature at 850hPa is 1.5 to 3°C above
climatology in southern Kenya; the largest
geopotential height anomalies, of 10-20m,
are centred on Lake Victoria; and there are
easterly anomalies of 3-4ms™" on either side
of the Lake (Figure 3c). However, air tem-
perature is slightly cooler than usual around
Lake Victoria, likely reflecting the influence
of surface conditions (due to topography,
the 850hPa geopotential height, z,_, is close
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Figure 4. The 15-20 February 2024 daily anomaly averages of (a) top layer soil moisture (SM), (b) sensible heat flux (SHF), (c) latent heat flux (LHF’),
and (d) specific humidity (q'); 10m wind speed anomalies are also displayed with arrows in (b). The domain-average anomaly for each variable is
indicated in the bottom right corner of each panel. Anomalies significant at the 5% level are not stippled, except for SM" where it is the opposite.
Orography is denoted with grey contours (see Figure 1a for elevation values).

to the surface in this area). Near-surface air
temperature anomalies resemble well their
850hPa counterpart (Figure 3d): T' values
of 2-3°C are found in large parts of Kenya,
except around Lake Victoria and further
South, where T’ values of =—1°C are found.
This confirms that anomalously warm air has
contributed substantially to enhancing HlI,
and to lesser extent Twb (Figures 2d and e,
respectively).

We next examine whether the land surface
conditions have also played a role in modu-
lating humid heat during the sequence of
days. Figure 4(a) shows that top layer (0-7cm)
soil moisture anomalies within —2 to —6mm
are found over the highlands. Solar radia-
tion hitting drier soils may be preferentially
converted into sensible heat flux. Sensible
heat flux anomalies of 25-50Wm~2, found
in areas of negative soil moisture anomalies
(Figure 4b), contribute to enhanced warm-
ing of the near-surface air. For reference, a
perfectly isolated air volume with a surface

of 1x1km and a height of 1km (typically
the average depth of the planetary bound-
ary layer) would warm up by =0.9°C with
a heat flux of 25Wm= imposed for 12h.
Figure 4(a) also shows areas of positive soil
moisture anomalies to the East and South
of Lake Victoria, resulting in solar radiation
being preferentially converted into latent
heat flux there, as shown in Figure 4(c).
Enhanced evaporation over wet soils mois-
tens the near-surface air, resulting in spe-
cific humidity anomalies of 2.5-3.5g kg™
(Figure 4d). These latter explain why positive
daily maximum Twb anomalies were found
there (Figure 2e), having in mind that Twb
is more sensitive to changes in g than to
changes in T (Sherwood, 2018).

Discussion and conclusion

This analysis of a heat event from the per-
spective of two humid heat metrics allows
us to infer which metric best captures

the heat perceived by the population. It
was found that the heat perceived by the
inhabitants of the Kenyan highlands dur-
ing 15-20 February 2024 was largely dry in
nature, with daily maxima of dry-bulb tem-
perature 3-4°C above normal, whereas spe-
cific humidity was reduced by 0.5-1g kg~". As
a result, daily maxima of the Heat Index were
enhanced by 2-3°C, whereas daily maxima
of the more g-sensitive wet-bulb tempera-
ture were =0.5°C below normal for that time
of year. In addition, some Hl values recorded
during the week were close to or within the
Caution category, for which health impacts
can occur; in contrast, Twb values were
below known physiological thresholds. This
event resulted from a favourable situation
at the synoptic-scale, with mid-tropospheric
temperatures 1.25 to 2.25°C above normal
following the strong ENSO state that pre-
vailed in the previous months. Furthermore,
abnormally high near-surface temperatures
were likely amplified by the warming of air
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through sensible heat flux enhancement at
the expense of surface evaporation over
drier soils; this ‘upward’ land-atmosphere
coupling mechanism is known to amplify
dry heatwaves (e.g. Seneviratne et al., 2006;
Miralles et al., 2014).

This study contributes to documenting
the meteorological drivers of heat hazards
in a tropical highland region by consider-
ing the modulating and often overlooked
role of humidity, and by providing insights
on the underlying mechanisms. In this
respect, an obvious next step would be to
carry out a systematic process-based analy-
sis of dry and humid heat extremes in East
Africa, which remains a critical gap in the
scientific literature. It should also be noted
that Twb and HI may only partially reflect
the heat stress experienced by the popula-
tion, as neither of these metrics considers
the role of radiation and wind on human
thermoregulation. In fact, anticyclonic con-
ditions are generally associated with clear
skies and weak near-surface wind, which
would result in larger solar radiation and
lower sweat evaporation rates, respectively.
It can therefore be expected that heat stress
metrics that include one or both variables -
such as the wet-bulb globe temperature
and the universal thermal comfort index
- would display even larger anomalies. On
that note, Kong et al. (2025) show that inter-
metrics spread in heat stress change over
the past four decades is primarily driven by
differences in temperature-humidity relative
weight, suggesting that metrics embedding
only these two variables may be sufficient
to assess future heat stress trends.

This study was prompted by media
reports and is therefore limited in scope.
Yet, heat hazards are ubiquitous and their
health consequences can remain under
the radar, sometimes settling in for the
long term (Nunes, 2024). Improving our
understanding of the heat-health relation-
ship thus requires systematic surveys that
consider the multifaceted effects of heat
stress on humans, spanning the diversity
of climatological, physiological and socio-
economic contexts.

In addition to its effect on health, severe
heat can affect a variety of socioeconomic
sectors such as agriculture (crops, livestock)
and energy (power generation systems).
Notwithstanding the fact that quantifying
critical thresholds for all the different poten-
tial heat impacts remains difficult, these
impacts can have high economic costs in
sub-Saharan Africa (Burke et al., 2015; Parkes
et al.,, 2019). Raising awareness and prepar-
ing individuals, communities, as well as local
and national institutions in sub-Saharan
countries, for heat-related risks is therefore
crucial under unabated global warming.
This study is part of a wider collaboration
between the Kenya Meteorological
Department and UK-based researchers, aim-

ing at improving heat risk monitoring and
forecasting at KMD and across East Africa.
KMD has recently implemented humid heat
forecasts in their weekly county-level
weather bulletins.® Future work will be ded-
icated to the development of an early warn-
ing system for heat, combining land surface
observations and numerical weather model
outputs to predict humid heat hours to days
in advance. Heat hazard alerts will be com-
municated to the last-mile users, including
vulnerable populations such as farmers and
outdoor workers, via KMD’s dissemination
channels (SMS, local radio, TV).
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