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BACKGROUND
Heat-related illnesses, exacerbated by rising temperatures and frequent extreme heat
events, pose significant health risks in Ghana, where vulnerable populations face increasing
threats. Despite evidence of changes in Ghana's climate, little is khown about heat-related
health risk especially from a spatio-temporal perspective, necessitating comprehensive
research to inform targeted public health interventions.
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Highlights

Assessing Heat-Related Health Risk in Ghana Using Bioclimatic
Indices

Mary J. Adjei, Edmund I. Yamba, Cascade Tuholske, Cosmos S. Wemegah,
Leonard K. Amekudzi

e Climate change is significantly increasing heat exposure across Ghana,
particularly in the Sudan Savannah, Guinea Savannah and Forest zones.

e Temperature (especially the minimum temperature) is rising faster
whiles humidity is declining significantly than anticipated especially
in the Forest zone.

e The Sudan Savannah experiences the worst extreme heat conditions
followed by Guinea Savannah and the Forest zone, making them the
most vulnerable to heat-related health impacts.

e Seasonally, heat risks are highest from late dry season to early wet
season (November-May with peak in March-April), requiring targeted
intervention strategies during these months.

e Daily, heat risk are highest between 11 AM and 5 PM with peak at
12-3pm requiring targeted heat action plan within these times.

e Effective heat adaptation strategies, such as public awareness cam-
paigns, early warning systems, and cooling infrastructure, are essential
to protect at-risk communities.
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Abstract

Climate change is intensifying extreme temperatures worldwide, leading to
serious health risks such as heat stress, heat stroke, and heat exhaustion.
In Ghana, despite clear evidence of climate change, high temperatures are
often perceived as isolated events, and their associated health risks remain
largely overlooked. Existing information primarily rely on subjective per-
ceptions rather than scientifically validated bio-climatic indices. To address
this gap and improve early warning systems, we analysed heat-related health
risks across Ghana using the Universal Thermal Climate Index (UTCI) and
Humidex (HD) as bio-climatic indices. We extracted hourly temperature
and relative humidity from ERA5 hourly data on single levels and computed
the indices across the country. Our findings revealed that climate change is
substantially increasing heat exposure across Ghana, with the Sudan Savan-
nah, Guinea Savannah, and Forest zones being the most affected. Minimum
temperatures are rising at a faster rate than maximum temperatures, and
humidity is significantly declining especially in the Forest zone, exacerbat-
ing thermal discomfort and increasing the risk of heat stress. The Sudan
Savannah experiences the most extreme heat conditions, followed closely by
the Guinea Savannah, making these regions particularly vulnerable to heat-
related health impacts. Seasonally, heat-health risks are highest between
November and May, with peak intensity in March and April, emphasizing
the need for targeted intervention strategies during this period. Diurnally,
heat exposures are most severe between 11 AM and 5 PM, with the highest
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intensity occurring between 12 PM and 3 PM, underscoring the importance
of implementing heat action plans within these hours to mitigate risks. Given
the rising threat of extreme heat, urgent adaptation strategies are necessary
to protect communities from adverse health effects. Effective measures such
as public awareness campaigns, early warning systems, and the development
of cooling infrastructure are essential in enhancing resilience, particularly in
the Sudan and Guinea Savannah zones where heat-related health risks are
most pronounced. Our results highlight the critical need for proactive policies
and interventions to safeguard public health against the escalating impacts
of climate change.

Keywords: Assessment, Heat-Related, Health, Risks, Ghana, Bioclimatic,
Indices

1. Introduction

Heat-related illnesses occur when elevated temperatures and high humidity
disrupt the body’s ability to regulate its core temperature, leading to a wide
range of health problems, ranging from mild conditions such as heat cramps
and rashes to severe cases such as heat exhaustion and heat stroke |1, 2, 3, 4].
Climate change is increasingly evident due to more frequent and intense heat
events such as heat waves and deterioration of air quality |5, 6]. For example,
the Intergovernmental Panel on Climate Change (IPCC) observed a 1.59°C'
increase in global mean surface temperature during 2011-2020 compared to
1850-1900 [7]. This rise in temperature has triggered more frequent extreme
heat events, such as heatwaves, which exacerbate chronic conditions such as
cardiovascular disease, respiratory problems, and diabetes, contributing to
higher mortality rates [8, 9, 10, 11]|. In regions like Ghana, where hot and
humid climates prevail, the projected increase in temperatures [12] poses a se-
rious risk to public health, particularly among vulnerable groups such as older
adults, individuals with chronic diseases and young children [13, 14, 15, 16].
Understanding the risk of heat exposure in Ghana is a critical step in iden-
tifying the populations most at risk and addressing the health impacts of
climate change by implementing effective public health interventions.

Extreme heat events have increasingly occurred throughout the world, of-
ten with severe consequences. For example, a heatwave in England in 2006
resulted in 2,323 excess deaths [17]|, while similar events in 2020 led to an
additional 2,556 fatalities [18]. In China, heat wave exposure between 2010
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and 2020 was associated with an annual average of 13,262 preterm births
attributable to climate change [19]. In the United States, a 16-year study re-
ported 40,019 hospitalizations related to heat, with the highest rates observed
in regions characterized by temperate arid summers [20]. Africa is experi-
encing similar trends, with rising temperatures and increased frequency of
heat waves. In 2015, a Northeast African heat wave resulted in more than 90
deaths in Egypt [21], while record high temperatures of 48.4°C' and 47.6°C
were documented in South Africa and Egypt, respectively [22]. The north-
ern regions of Africa have experienced an average of 40-50 days of heatwaves
annually from 1989 to 2009 [23]. More recently, in April 2024, Mali faced a
severe heat wave with temperatures soaring to 40°C', leading to dehydration,
heatstroke, and 102 deaths in the first four days [24].

During the past three decades, substantial evidence indicates that the climate
in Ghana has undergone significant changes [25, 26|. For example, Yamba
et al. [27] identified major changes in climatic patterns, prompting a reclassi-
fication of the country’s climatic zones to reflect the ongoing climate change.
Other studies have also documented a steady warming trend from 1981 to
2020, with the most pronounced changes occurring in the last two decades
[28, 29]. Despite the growing body of evidence on the changing climate in
Ghana, there remains a critical gap in understanding the associated risks
of heat-related illnesses across the country, especially on a spatio-temporal
perspective. Although Wiru et al. [30] explored the relationship between
apparent temperature and mortality, these analyses were geographically con-
fined to Kintampo ( an area in the middle part of Ghana) and the use of
apparent temperature as a bioclimatic index is scientifically limited. Two
other studies, namely Frimpong [31] and Kwasi et al. [32], highlighted the
impact of heat stress on the health and productivity of farmers in north-
ern Ghana, yet these findings lack comprehensive geographic coverage and
objective risk assessments, since they are perception-based. To provide a
nationwide heat-health risk data to support early warning and risk manage-
ment systems in Ghana, it is necessary to analyse when, where and what
risks occur.

In this study, our aim is to address the existing knowledge gaps by conduct-
ing a comprehensive nationwide assessment of heat-related illnesses in Ghana
in the context of a changing climate. We analyse current trends in temper-
ature and relative humidity and, using Humidex and the Universal Thermal
Climate Index (UTCI) as bioclimatic indicators, we assess the risks of heat-
related conditions such as heat stress, heat stroke, and exhaustion, both on
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the spatial and temporal scales. The Humidex is easier to calculate given that
it requires only two input parameters (temperature and humidity)|33], which
are commonly measured by meteorological stations. The UTCI model was
chosen because it considers the reference outdoor environment that would
elicit the same physiological response in the human body as the actual envi-
ronment, including factors like mean radiant temperature, wind speed, and
humidity[34]. Our findings highlight vulnerable hotspots and provide crit-
ical insights to inform public health strategies designed to protect at-risk
populations. Our analysis of regional variations in heat exposure and their
associated health effects underscores the need for targeted, region-specific
interventions to mitigate the adverse impacts of heat stress throughout the
country.

2. Data and Methods

2.1. Study Area

The study covered all of Ghana. The country is located in West Africa be-
tween longitude 3.5°W and 1.5°E, and latitude approximately 4.5°N and 12°N
(see Figure 1). Ghana is bordered to the west by Cote d’Ivoire, Togo to the
east, Burkina Faso to the north and to the south by the Gulf of Guinea. The
country has a warm, humid and monsoonal climate classified into five zones
namely; Coastal, Forest, Transition, Guinea and the Savannah of Sudan [27].
As shown in Figure 1, the annual average temperature decreases southward
with ranges from about 26.0°C in the south to approximately 30.0°C in the
extreme north. However, annual average rainfall increases southward and
ranges from 800 mm in the north to about 1800 mm in the forest zone. The
northern parts of the country (including the Sudan and Guinea Savannah
zones) experience a unimodal rain season mainly during the months of May
to October. The southern part of Ghana, which comprises the transition,
forest and coastal zones, has a cooler temperature compared to the north
and a bimodal rainfall distribution. The first rainy season runs from March
to July, with a peak in June, while the second season runs from September to
mid-November, with a peak in October. Between December and February,
the harmattan, which is a north-easterly desert wind, dominates the entire
country [35]. The harmattan wind is more prevalent in the north, lowering
the humidity of the country during this period and also resulting in hotter
days and cooler nights [36].
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Figure 1: Map of Ghana showing rainfall and temperature patterns across the climatic
zones of Ghana.

2.2. Data

In this study, the hourly minimum and maximum temperature data as well as
the relative humidity data were used, spanning the period 1991-2020. These
datasets were recovered from the fifth generation of the European Center for
Medium-Range Weather Forecast Reanalysis (ERA5) for Ghana. ERAD5 is

a spatially gridded reanalysis product with a resolution of 0.25°x 0.25°and

is available worldwide on an hourly time scale at https://cds.climate.
copernicus.eu/cdsapp#!/dataset/
reanalysis-erab-single-levels?tab=overviewand https://cds.climate.
copernicus.eu/datasets/reanalysis-erab5-pressure-levels?tab=download
from 1979 to the present. ERA5 was preferred to other due to its high
spatio-temporal resolution and availability. In addition, the data product
was built from an advanced data assimilation with long-term consistency
and robust quality control. Previous validation studies [37, 38| have widely
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recommended it for meteorological research in Africa. The extracted hourly
data were resampled daily and monthly using Climate Data Operator (CDO)
software. The average daily and monthly temperature was calculated from
the corresponding minimum and maximum temperatures.

2.3. Analysis

2.3.1. Heat-related health risk

The risks of heat illness were evaluated using two bioclimatic indices, namely
Humidex and the Universal Thermal Comfort Index (UTCI). Humidex is a
simple thermal comfort index based on air temperature and humidity [39].
It was used because it is widely considered to be one of the most robust
and effective comfort index. Its results are directly comparable with the
dry temperature in degrees Celsius, and its values are associated with cor-
responding degrees of thermal comfort. Moreover, the Humidex is easier to
calculate given that it requires only two input parameters (temperature and
humidity), which are commonly measured by meteorological stations. We
computed the Humidex following the widely used empirical equation devel-
oped by Masterton and Richardson [33] as:

H:T+g(e—10), (1)

where T is the air temperature (°C), e is the partial vapor pressure (hPa).
The partial vapour pressure (e) was computed using the relative humidity,
Ur (%), and the saturation vapour pressure, esat (hPa), as expressed in

equation 2 below:
Ur * Esat

p— 2
MR T (2)

esat which depends on air temperature alone was calculated using the Tetens
formula [40]:

Csat = 6.112 x 10% (3)

Humidex has no specific measurement unit and is mostly associated with the
same unit of temperature (°C), although it is not a physical variable. The
discomfort levels were then detected using comfort levels corresponding to
the Humidex values as shown in Table SM1.

We used UTCI data from the model architecture developed by Havenith et al.
[41] and Fiala et al. [42] with detailed documentation in Broede et al. [43].

6
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This model is expressed mathematically as ;
Urci(Ta,Tr,va,p,) =Ta+ Of fset(Ta, Tr,va, p,) (4)

Where; Ta = Air Temperature, T,, = Mean radiant or radiation temperature,
v, = wind speed, and p, = relative humidity or vapor pressure. The UTCI
model takes into consideration the reference outdoor environment that would
elicit in the human body the same physiological response ( namely sweat
production, shivering, skin wettedness, skin blood flow and rectal, mean skin
and face temperatures) as the actual environment [43]. Other environmental
factors considered in the model include mean radiant temperature (Tr), wind
speed (va), and humidity, expressed as water vapor pressure (pa) or relative
humidity (RH). The precomputed UTCI data are available in ERA5 and
were extracted for Ghana over the period 1991-2020, which corresponds to
the latest 30-year climatological standard normal period as defined by the
World Meteorological Organization(WMO) [44]. To determine the risk level,
the calculated UTCI values were measured against the following standards
as detailed in Table SM2.

2.3.2. Trends in climate variables

Trends in 2 meter air temperature (minimum (Tmin), mean (Tmean),
and maximum (Tmax)), relative humidity (RH), Humidex (HD), and UTCI
were analysed using the Mann-Kendall (MK) test. MK is a nonparametric
statistical method for analysing trends in climatological time series of cli-
mate variables [45]. MK was used because it does not require the data to
follow a normal distribution and is not sensitive to outliers and abrupt breaks
caused by inhomogeneous time series [46]. MK test operates under the null
hypothesis (H,) that there is no trend in the data, that is, the data points
are independent and randomly ordered, and tests this against the alternative
hypothesis (H,) that there is a trend [47]. The MK statistics was calculated

as shown below: )
S = Z Z sgn(z; — x;) (5)
i=1 j=i+1
sgn(z; —x;)) =40 ifa;—z;,=0 (6)
-1 if Tj— T < 0
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where, x; and x; are the annual values in i and j years respectively, and n
is the number of observations. The strength of the trends detected in the
climate variables were measured using the Kendall’s tau which has values
ranging between +1. Positive tau values suggest that the ranks of correlated
variables increase together, while a negative correlation indicates that as the
rank of one variable increases, the other decreases|48|. The rate of change in
the trends of the climate variables were determined using Sen slope estimator.
This estimator is calculated as [49]:

ft)=Q) + B (7)
where Q) is the slope, B is the constant. Also, the slope Q) is derived as shown;
X - X5 . 4
Qi:,—_J,Z:1,2,3,4,..Nj>k (8)
t—=]

3. Results

3.1. Trends in temperature and RH

Figure 2 presents the annual trends in maximum, mean, and minimum tem-
peratures along with relative humidity for each climatic zone in Ghana. The
details of the trend statistics are presented in Table 1. In all zones, the
temperature showed significant warming patterns coupled with a significant
decrease in relative humidity. The minimum temperature showed the fastest
warming followed by the mean temperature and lastly by the maximum
temperature in all the zones. In the coastal zone, the maximum temper-
ature (Ty), which ranged between approximately 28°C and 31°C, showed a
strong positive trend, increasing at a rate of 0.0127°C per year (see Table 1).
Similarly, the mean temperature (T,,), which varies from 26°C to 27.5°C,
demonstrates a significant upward trend at a warming rate of 0.0161°C. The
minimum temperature (T,), with values ranging from 22°C to 24°C, fol-
lowed the same trajectory, displaying a significant positive trend at a rate of
0.0195°C per year. Relative humidity (RH) in the coastal zone revealed an
upward trend that was statistically insignificant (see Table 1).

The Forest Zone which had the lowest temperature ranges displayed the
fastest warming compared to other zones. T,,.x, which ranged from 27.6°C
to 29.2°C, warmed at a rate of 0.0274°C per year, Ty ean, sSpanned between
24.6°C and 25.4°C warmed at a high rate of 0.0254°C per year, while Ty,
with values between 22°C and 24°C, showed a warming rate of 0.0235°C.



199

200

201

202

203

204

205

perature and Relative Humidity Trends from 1991-2020,

. Hnimnm'l'l-p-'ltuu in Coastal zone Maimum Temperature in F o Maximum Temp in Guinea . ure in Sudan Savanaal
]| f 1+ [ N
] | 3250 ! e
. B Ii -"\‘. ! Lﬂi - |'| ) _73n
300 | £am7sq ” o ,"ﬁ,_z{-.l.' | Fams H (4 1. gm
£ | 2 (Tl viL O R B e o WaT d e
2 | §72 1l r' AT i W l 'l.'rj'.----"li"f ]|“ o
E_.:&.E‘ | iz,g 751 ’_|J-‘ i-lr i Ili | i]l.?ﬁ- ll____i.l--"l' L.\.I + lt E I
E E T f E g 37 AT, E3za
E;&o- / |- .'R i I B IF{.'? | L
S st | | 31257 2y | P e
1980 1955 2000 ?uns W10 2015 2070 1490 1585 7060 2005 2000 F005 2030 1530 1995 2000 2005 2010 2015 039
Year Year
2? NasnTunpemhrem Coastal rone Mean Temperature in Forest zane Mean e i Sudan
+- B Sy ok | ZEAY F | | = e gt P "
- o L »| 8- Liw ‘ T
2704 e I". i | l 2 |', £
s || P ¥ | L G261 P
Lo 1 0 Sl ) _/f £ 1 IV LF
| (] A bt | 8 || ey el banag 1] LATH
g 2651 M '._' '1.-'5".' | B f AN § A
Wl H g [ 2724 11 y
L4 f |L N P B fb-r*!f VY i1 J&;I{ iR T
ﬂl“' ul 1]' g?“ ’-:‘Illljl il Fanogy | !
1'. 4 b Srepraiey i | I|
04 i s Tl ®8{ |
. 6.2 T T TR
1990 1965 2000 2005 010 2015 020 Tda0 1985 2800 2003 2010 20 200 1930 1995 7000 mc-s 2010 215 2020 1920 1995 2000 2005 2010 2015 3020
ffear Fear Year
¢ Miniimaim Temperatire i mmllme Misiriim In Forest zane M'Ml_lwl‘[b_@p_n_r!!![e_g_a_h_lmﬁggga Minamism Te ure In Sudan Savannal
24,04 6 - M Bt ety | 226+ 1 22.&1-—--..---»;;-..
Yo et | it
s r IL . i |4 _ 228 | Ir|4|I 14y X f )JII
g | Bl i Lk I el TR
SN Ul R Y Sl S O R e
i " 1‘ \q £ I| M *\1 L fror 3 L; + 'Lll fani || I_l,«f" ﬂ,l |
I ' | |' | J= | 1"
1341 o | Enaie e ! e
Pl L Eal Y| gl
2164 | 3
“ j' e g M| \.j I P L4 II. !
I s - na | — vt i |
1930 1935 2000 2005 2010 2015 2020 1990 1395 2000 2005 2010 2015 2020 1990 1995 2000 m& 2010 2015 2020 {520 1o 2000 2005 2010 2005
fear Year Year
Redative Humidity in Forest zone Il.emlueﬂmllm' In Guinea Savannah Reelative Humsdity in Sudan Savanaah
M i s 551 e
g | F B, || o . Tl Arfuis
rEe0! ] r, ] = |
| Sdq
§ nlt ool Btk A WY n | B I 1
[ i -I',"Ttﬂ'r-,'.i__ hm A E e ‘L'Hr. )| K E | ,‘F‘i | Yy i
5 ey L I i || § U Tt | B AL ) T
i l | 1t 'il-—-1__ » | II EEIJ | # 1 iy k“l { 552: | 'I"I 1 |J_ i -IL
ﬁ Li'l N‘- I Jﬁi\ | 'Ess- | |’I ! : % i lﬁ | Ii l—l lF'r
| u 3 \f e |
I | | H £ [
I |
B0 .J l k l! 5 i i |
1990 1995 2000 2005 2000 2015 2020 1990 1995 000 zuna 2000 005 W20 1990 1995 2000 2005 2010 2015 R0 1960 1995 2000 2005 2010 2015 X020
war Waar Yaar

Figure 2: Annual trends in temperature and Relative Humidity over the climatic
Zones of Ghana. Top row: maximum temperature, middle row: mean temperature, third
row: minimum temperature, and fourth row: relative humidity.

Unlike temperature, the relative humidity in the forest zone ranged between
74% and 81% and exhibited a statistically significant downward trend at a
rate of -0.0784% annually, as seen in Table 1.

In the Guinea Savannah Zone, Ty ranged from 31°C to 33°C warming at
a rate of 0.0182°C per year, T,, with values between 26.2°C and 28°C in-
creasing at a rate of 0.0209°C, while T,, spanned from 21°C to 23°C and
changed at a rate of 0.0235°C per year. RH in the Guinea Savannah showed
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low ranges (55.5% and 65.5%) compared to that of the forest zone and with
a non-significant downward trend at a rate of -0.0315% annually.

The Sudan Savannah Zone showed the highest temperature and the lowest
RH compared to other zones. T, ranged from 32°C to 33.2°C with an up-
ward trend at a rate of 0.0179°C annually. T,,, spanned from 26°C to 28°C
and warms at a rate of 0.0227°C per year, while T,, varied between 21°C
and 23°C with a warming rate of 0.0276°C per year. Relative humidity was
in the low range of 48% and 56% with a statistically insignificant downward
trend.

Table 1: Annual trends in T 0, Tmean, Tmax and RH for climatic zone in Ghana. Variables
with significant trends are boldfaced.

Climatic Zone Variable Tau Kendall (r) P-Value Rate Amount of Increase (30 yrs)
Tmax 0.274 0.0344  0.0127 0.381
Tean 0.434 0.0006  0.0161 0.483
Coastal Zone Tonin 0.526 0.0000  0.0195 0.585
RH 0.062 0.6455 0.0139 0.417
77777777777777777 Tmax 0407  0.0013 00274 082
Forest Zone Tmean 0.508 0.0000 0.0254 0.762
T min 0.519 0.0000  0.0234 0.702
RH 0.264 0.0412 0.0784 2.352
77777777777777777 Tmax 0292 0.0236 00182 0546
. Tmean 0.393 0.0020  0.0209 0.627
Guinea Savannah " 0.476 0.0001  0.0235 0.705
RH 0.117 0.3755 0.0315 0.945
77777777777777777 Twax 0315 0.0143 00179 0537
Sudan Savannah Tmean 0.480 0.0001  0.0227 0.681
Tmin 0.503 0.0000 0.0276 0.828
RH 0.053 0.6972 0.0268 0.804

3.2. Spatio-temporal variation in HD and UTCI

Figure 3 illustrates the spatial variations in monthly Humidex (HD) across
the country. In general, HD values are highest in the months of November
to May, with extreme values in February to April. For all months with high
HD, the Sudan Savannah showed the highest, followed by the Guinea Savan-
nah, then the Forest, while the Coastal areas showed the lowest among all
the zones. In January, for example, the HD values were as low as 30.5°C in
the southern part of the country and as high as 36.5°C in the northern part.
The month of February showed a similar distribution but with slightly in-
creased increased HD values 31.5°C in the south to 38.5°C in the north. The
rise in HD signals the intensification of heat in the northern regions as the
dry season continues. In March, HD values reached their peak, ranging from

10
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Figure 3: Spatial variation in monthly average Humidex over Ghana (1991-2020)

30.5°C in the south to a maximum of about 40.5°C in the north, particularly
in the Sudan Savannah. In April, a decline in the upper range of HD values
is observed, ranging from 30°C to 39°C in the south and north, respectively.
This downward trend continues into June, with values further dropping to
between 27°C and 32°C. In particular, the lowest HD values occurred from
July to September with values ranging between 25°C and 28°C.

The UTCI (see Figure SM1) revealed distinct similar seasonal patterns to
that of HD except some slight variations in the dry season especially the
months of December and January. During the dry season, which spans De-
cember to February, higher UTCI values are predominantly recorded in the
southern regions, while the northern regions experience relatively lower val-
ues. Specifically, in December and January, the UTCI values range from ap-
proximately 23°C in the northern parts to 30°C in the coastal and forested

11
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areas of the southern. In February, this geographical gradient remains evi-
dent, with UTCI values slightly increasing, ranging from 27°C in the north
to 32°C in the south. From March to June, there is a seasonal reversal in
the UTCI distribution. In this period, the northern regions experience higher
UTCI values compared to the southern regions. March to May, in particular,
marks the peak of UTCI values throughout the country, with extreme tem-
peratures reaching 34°C in the northern Sudan and Guinea Savannah zones,
while the Transition, Forest and Coastal zones record relatively lower values,
averaging around 30°C. A noticeable decline in UTCI values is observed in
July and August, coinciding with the peak of the monsoon season. During
this period, the UTCI values remain consistently low, ranging from 24°C in
the southern regions to 29°C in the northern regions. Between September
and November, the UTCI values gradually increase once again. In Septem-
ber, temperatures begin to increase modestly, with values ranging from 27°C
in the south to 29°C in the north. The warming trend peaks in October,
where the UTCI values reach approximately 28°C in the southern regions
and 30°C in the north. In November, the onset of another seasonal shift is
observed, marked by a gradual reversal of the north-south warming pattern.

3.3. Annual Trends in HD and UTCI

Figure 4 shows the annual trends in Humidex (HD) in four different climatic
zones in Ghana during the period 1991-2020 with detailed trend statistics
shown in Table SM3. In all zones, consistent and significant upward trends
in HD values were observed. In the Sudan Savannah zone, HD values ranged
from 42.5°C to 45.0°C with a statistically significant upward trend at a rate
of 0.0254°C per year. The Guinea Savannah zone exhibited a similar trend,
increasing at an annual rate of 0.0272°C with ranges from 43.5°C to 46.0°C.
The forest zone, despite showing low HD values of 42.0°C, saw increases to
44.5°C, represented the steepest trend among all zones with an annual rate
of 0.0377°C. Lastly, the coastal zone showed the lowest overall HD values,
ranging from 37.7°C to 39.5°C. It also showed a significant upward trend,
increasing at a rate of 0.0235°C per year. A parallel analysis performed with
the UTCI Index is provided in Figure SM2 and a detailed trend statistics in
Table SM3.

Similarly to the trends observed in HD, all zones showed consistent and

significant upward trends in UTCI values. The Sudan Savannah showed the
most significant increase, rising from 31.5°C to 35.0°C at a rate of 0.0193°C
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Figure 4: Annual trends in Humidex (HD) in four climatic Zones.

per year (see Table SM3). Similarly, the Guinea Savannah exhibited a notable
increase, with UTCI values increasing from 31.0°C to 34.0°C at a rate of
0.0230°C per year. Like HD trends, the Forest zone showed the steepest
UTCI trends. UTCI values increased from 28.0°C to 31.0°C in a significant
positive upward trend with a rate of 0.0259°C annually. The coastal zone
recorded UTCI values that increased from 27.5°C to 29.5°C, again showing
a significant positive upward trend at a rate of 0.0117°C per year.
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Figure 5: Hourly of Humidex for selected Months.

3.4. Hourly Variations of Humidex and UTCI Selected Months

In the analysis of HD and UTCI values spatially, a clear seasonal pattern
emerged. The months of February, March, April, and May consistently
recorded the highest HD and UTCI values, indicating peak heat stress dur-
ing this period. In contrast, July and August showed significantly lower
values reflecting a reduction in thermal stress. These distinct differences in
thermal conditions between the two periods provide a compelling rationale
for focusing on these months to examine hourly variations. Figure 5 shows
the hourly variations of Humidex (HD) in different climatic zones in Ghana
for selected months. The observed trend exhibits a sinusoidal pattern, con-
sistent between all climatic zones and months. Specifically, HD values are
lowest around 6am, peaking at approximately 3pm and subsequently declin-
ing throughout the night, returning to low values by 6am the following day.
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In general, HD intensity is highest in February, March, and April in all zones,
with a noticeable decline in August. In terms of climatic zones, the Sudan
Savannah zone consistently recorded the highest HD values, followed by the
Guinea Savannah zone, the Forest zone, and finally the coastal areas, which
exhibit the lowest values. During February, March, April and May, HD val-
ues in the Sudan and Guinea Savannah zones remain above 30°C throughout
the day. At 6am, these zones exhibit minimum values of 30°C, which increase
to peak values of approximately 43°C between 12pm and 6pm. The forest
zone shows lower HD values compared to the Sudan and Guinea Savannah
zones. In this zone, HD values range from 25°C to 30°C between 12am and
9am, rising to a peak of about 38°C between 12 am and 7 pm. Unlike other
zones, the coastal zone does not show significant variations in HD values.
Throughout the day, HD values in the coastal zone range between 27°C and
31°C, with slight peaks observed from 1lam to approximately 4pm. Similar
results were also observed using the UTCI depicted in Figure SM3.

Throughout all months, the UTCI values are highest in the Sudan and Guinea
Savannah zones, followed by the Forest zone, while the coastal zone showed
the lowest UTCI values. Throughout the day, UTCI values are generally
low from 12am to 6am and from 6pm to 11pm. Higher UTCI values are
observed between 6am and 6pm, peaking between 11lam and 5pm. During
peak hours in the Sudan and Guinea Savannah zones, UTCI values range
from 35°C to 45°C in February, March, April, and May, decreasing to between
30°C and 35°C in July and August. Similarly, the forest zone records UTCI
values ranging from 35°C to 40°C degrees in February, March and April,
declining between 30°C and 35°C in May, July, and August. The coastal
zone consistently exhibits lower UTCI values, ranging from 25°C to 30°C
degrees throughout all months.

4. Discussion

Our trend analysis as illustrated in Figure 2 as well as the Mann-Kendall
statistics presented in Table 1 indicated that all temperature variables (maxi-
mum, mean and minimum) exhibited statistically significant increasing trends
during the study period in all zones. These upward trends provide clear ev-
idence that all climatic zones in Ghana have experienced progressive warm-
ing. This finding aligns well with previous conclusions from other studies
[27, 50, 51| that Ghana is experiencing climate warming at varying degrees
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in all zones. The observed increase in temperature has critical health impli-
cations because they are conducive for extreme heat events that exacerbate
heat-related diseases, such as heat stress and cardiovascular complications
[52, 11]. The minimum temperatures is observed warming rapidly than the
maximum and mean temperatures, indicating a pronounced rise in nighttime
temperatures [25]. This rapid increase could be attributed to external influ-
ences, including anthropogenic activities such as urbanization and changes
in land use, which exacerbate the heat island effect [25|. During the past
three decades, the change in land cover has increased due to deforestation
and urbanization [53, 54, 55|. This has led to reduced vegetation and natural
cooling mechanisms, leading to increased heat retention, especially at night.
The loss of green spaces, coupled with heat-absorbing surfaces like concrete
and asphalt, prevents nighttime cooling, further elevating minimum temper-
atures. The rise in nighttime temperatures has serious health implications.
Higher minimum temperatures is known to reduce the body’s ability to re-
cover from daytime heat, increasing the risk of heat-related illnesses such as
heat exhaustion and heatstroke. Additionally, prolonged exposure to elevated
nighttime temperatures can disrupt sleep patterns, contributing to cardiovas-
cular stress and other chronic health issues. Relative humidity trends varied
across the agroclimatic zones, with a general decline observed in the Guinea,
Sudan, and Forest zones, while the coastal zone exhibited a contrasting in-
creasing trend (see Table 1). As stated above, these zones showed increasing
temperature trends. The rise in temperature combined with the decrease in
relative humidity in these zones has significant implications for heat-related
diseases and overall human health [56]. As temperatures rise, the body’s abil-
ity to cool itself through sweating becomes crucial. When relative humidity
is low, sweat evaporates more efficiently, helping to cool [57]. However, if
temperatures continue to rise beyond a critical point, excessive sweating can
lead to dehydration, increasing the risk of heat exhaustion and heat stroke
[14]. High temperatures put additional strain on the cardiovascular system,
increasing the risk of heat-related mortality, especially in vulnerable popula-
tions such as the elderly, children, and outdoor workers in these zones [58].
In coastal areas, an increasing trend of temperature is observed combined
with an increase in relative humidity. This poses an even greater risks for
heat-related illnesses due to the reduced ability of the body to cool itself
effectively [59]. When both temperature and humidity are high, the body
struggles to regulate its temperature through sweating because sweat does
not evaporate as efficiently under humid conditions [58|. This can trap heat
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within the body, leading to rapid overheating and an increased risk of heat
exhaustion and heat stroke [14].

The study revealed significant temporal and spatial variability in Humidex
(HD) and UTCI in Ghana, driven by climatic factors, with crucial implica-
tions for heat risk. November to May indicated an increase in thermal stress
with HD values that ranged above 34.0°C with peak values of approximately
40.0°C in March / April in the Savannah zone of Sudan and Guinea. This
means that people in this zone are highly at risk of heat-related fainting, heat
exhaustion, and heat stroke with a high potential of heat stroke in March
/ April. This pattern aligns with the trends of Sahelian heat waves, where
increased solar radiation and reduced humidity exacerbate heat stress [60].
In contrast, from June to October, HD values drop to milder levels (25-32°C)
due to the moderating effects of the West African monsoon [35], which does
not indicate serious discomfort or heat risk. Similarly, the UTCI patterns
showed a geographic gradient, with lower values at 23°C in the north during
January due to Harmattan winds, which may not cause heat stress, while the
south remained warmer at 30°C, where mild discomfort and symptoms such
as heat rash can occur. A reversal occurs in March, with peak UTCI values
in the north, signifying the highest thermal burden before the rainy season,
corresponding to moderate to severe discomfort, increasing the likelihood of
heat exhaustion or heat stroke. The cooling trend from June to August,
when the UTCI values drop to as low as 26°C in the south, underscores the
role of the monsoon in alleviating heat stress. The subsequent increase from
October onward marks the transition into the dry season driven by rising
solar insolation and weakening monsoonal effects [61], leading to a return
of heat-related risks. In particular, the Sudan Savannah zone consistently
records the highest HD and UTCI values, reflecting extreme thermal condi-
tions and an elevated risk of severe heat-related illnesses, while the coastal
zone, moderated by the Atlantic Ocean, experiences relatively lower thermal
stress.

The increasing trends in HD and UTCI in Ghana’s agroclimatic zones over
the past three decades suggest a concerning increase in heat-related illnesses.
In the Sudan and Guinea Savannah zones, HD values have increased from
moderate to severe discomfort, suggesting increased occurrences of heat ex-
haustion and syncope, with the potential for a surge in life-threatening cases
of heat stroke if the trend persists. In these zones, high levels of solar ra-
diation, reduced vegetation cover, and prolonged dry seasons are becoming
common [62] and exacerbating heat stress, making outdoor labour increas-
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ingly hazardous. Similarly, in the Forest zone, where HD has historically been
lower, the rising trends in HD and UTCI suggest a transition from moderate
to severe discomfort and increase the risk of heat cramps, heat exhaustion,
heat stroke complications after the observed rising temperatures and reduce
humidity, which has an impact on the efficiency of sweating for cooling [63].
Human activities such as deforestation, urbanization, and industrialization
are further intensifying heat stress by reducing vegetation’s cooling effect and
increasing solar radiation absorption in built environments. In the coastal
zone, while the increase in HD and UTCI is more gradual, urban areas face
increasing heat stress due to the effect of the urban heat island, which par-
ticularly affects vulnerable populations such as the elderly, children, and
outdoor workers [31]. A major concern in this region is the underestimation
of the risks of heat stress, leading to inadequate adaptation strategies and
increased susceptibility to extreme heat events.

The hourly variations in HD and UTCI in Ghana’s agroclimatic zones during
the hot months (February to May) and the cooler months (July and August)
have significant implications for human thermal comfort and health. In the
Sudan and Guinea Savannah zones, HD values often exceeded 30°C whiles
UTCI values often reach 45°C, suggesting severe heat discomfort during these
hours (Figure 5 & Figure SM3). As shown in Table SM1 and Table SM2,
these extreme HD and UTCI values pose serious health risks related to heat,
including heat stroke, heat exhaustion, and syncope, particularly in the af-
ternoons. The high levels of HD and UTCI in these regions suggest that
prolonged exposure could lead to severe dehydration, increased cardiovascu-
lar stress, and reduced outdoor productivity, especially for labour-intensive
activities such as farming. The forest zone, although slightly cooler, still
shows high HD and UTCI values between 38°C and 40°C in these hotter
months. These have the potential for moderate to severe heat discomfort.
However, the coastal zone remains the least affected, with HD values ranging
from 27°C to 31°C and UTCI values staying below 32°C, mostly indicating
mild discomfort. The minimal fluctuations in the coastal zone suggest the
moderating influence of oceanic breezes, which likely mitigate the risks of
extreme heat. However, even in these areas, people who engage in prolonged
physical activity may experience symptoms such as heat rash and cramps.
The seasonal variation further highlights the impact of climate, as HD and
UTCI values decline in July and August, reducing the risk of severe heat-
related illnesses. However, the persistence of moderate discomfort in inland
areas even during the cooler months underscores the need for heat adapta-
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tion measures such as proper hydration, heat mitigation infrastructure, and
adjusted work schedules to reduce exposure during peak hours.

5. Conclusions

The study assessed heat-related health risks in Ghana using bioclimatic in-
dices, specifically HD and UTCI. These indices were chosen for their effective-
ness in capturing thermal variability and its impact on human health. The
analysis used hourly UTCI, temperature and relative humidity data from the
ECMWEF reanalysis dataset (1991-2020) with a spatial resolution of 0.25°x
0.25°.

This study provided compelling evidence of significant and widespread in-
crease in temperature in all agroclimatic zones in Ghana, as demonstrated
by the Mann-Kendall trend analysis. The rise in temperatures, particularly
the minimum temperatures, indicates worsening heat conditions at night.
This trend is likely influenced by anthropogenic activities such as urbaniza-
tion and changes in land use, which contribute to the effect of heat island
in urban settings. In addition, the observed warming patterns align with
regional and global climate change trends, confirming that Ghana is under-
going progressive climate warming at varying intensities in its agroclimatic
zones.

Beyond temperature trends, the analysis revealed critical climatic changes
in relative humidity with profound implications. In particular, the Guinea,
Sudan and forest zones exhibited a general decline in humidity, while the
coastal zone demonstrates an increasing trend. The decline in humidity, par-
ticularly in the forest zone, raises concerns about its effects on agriculture,
water availability, and human comfort. Drier air intensifies heat stress and
can significantly reduce crop yields, threatening food security and livelihoods.
In contrast, although increasing humidity in the coastal zone may help mod-
erate some warming effects, it could also exacerbate thermal discomfort by
increasing the sensation of heat stress. These contrasting humidity patterns
highlight the need for region-specific adaptation strategies that consider the
unique environmental and socio-economic challenges of each zone.
Furthermore, the study’s assessment of Humidex (HD) and the Universal
Thermal Climate Index (UTCI) offers crucial insights into the intensification
of thermal stress in Ghana. The findings revealed that heat stress is most
pronounced in the Sudan and Guinea Savannah zones, placing residents at
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increased risk for heat-related diseases such as heat stroke and cardiovascu-
lar complications. Seasonal fluctuations in HD and UTCI underscore the
moderating influence of monsoonal cooling during certain months. However,
the overall upward trajectory of these thermal indices suggests an increasing
public health concern, particularly in regions experiencing prolonged and ex-
treme heat conditions. Also, during the hours of 9am to 3pm, people in the
Guinea and Sudan Savannah are at risk of heat-related illnesses such as heat
stress, exhaustion, and heat stroke. Given these findings, there is an urgent
need for the implementation of heat mitigation strategies, including sustain-
able urban planning, increased vegetation cover, and comprehensive public
awareness initiatives to protect vulnerable populations from increasing heat
stress. The broader significance of this study lies in its practical applications
for policymakers, urban planners, and public health officials. By provid-
ing empirical evidence of Ghana’s increasing thermal burden, this research
serves as a valuable resource for shaping climate adaptation strategies. Un-
derstanding key trends in temperature, humidity, and heat indices allows the
development of targeted interventions aimed at reducing heat-related health
risks and improving environmental sustainability. The findings underscore
the importance of proactive measures such as heat action plans, improved
weather forecasting systems, and climate-resilient infrastructure to protect
communities from the worsening effects of climate change. Ultimately, this
study deepens the scientific understanding of climate variability in Ghana
and reinforces the need for comprehensive adaptation and mitigation efforts
to protect both human populations and ecological systems from the increas-
ing impacts of climate change.
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