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Abstract: Climate change has significantly increased human thermal stress, particularly in tropical 
regions, exacerbating associated risks and consequences, such as heat-related illnesses, decreased 
workability, and economic losses. Understanding the changes in human thermal stress and its drivers 
is crucial to identify adaptation measures. This study aims to assess various meteorological variables' 
spatial and seasonal impact on Wet Bulb Globe Temperature (WBGT), an indicator of human thermal 
stress, in Peninsular Malaysia. The Liljegren method is used to estimate WBGT using ERA5 hourly 
data from 1959 to the present. The trends in WBGT and its influencing factors are evaluated using a 
modified Mann-Kendall test to determine the region's primary driver of WBGT change. The results 
indicate that air temperature influences WBGT the most, accounting for nearly 60% of the variation. 
Solar radiation contributes between 20% and 30% in different seasons. Relative humidity, zenith, and 
wind speed have relatively lesser impacts, ranging from -5%  to 20%. Air temperature has the highest 
influence in the northern areas (>60%) and the lowest in the coastal regions (40%). On the other hand, 
solar radiation has the highest influence in the southern areas (20-40%) and the least in the north. The 
study also reveals a significant annual increase in temperature across all seasons, ranging from 0.06 
to 0.24 °C. This rapid temperature rise in the study area region has led to a substantial increase in 
WBGT. The higher increase in WBGT occurred in the coastal regions, particularly densely populated 
western coastal regions, indicating potential implications for public health. These findings provide 
valuable insights into the factors driving WBGT and emphasize the importance of considering air 
temperature as a key variable when assessing heat stress.
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1. Introduction

Human heat stress refers to the physiological distress individuals experience when 
their bodies are unable to regulate their internal temperature within the normal range due 
to exposure to excessive environmental heat [1,2]. It occurs when the body's ability to
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dissipate heat through perspiration and transpiration is impaired [3- 5], resulting in an 
imbalance between heat production and heat loss and an accumulation of heat [4,6,7]. High 
ambient temperature, high humidity, strenuous physical activity, restricted airflow, and 
inadequate hydration can all contribute to heat stress [8,9]. Prolonged exposure to heat 
stress may result in various heat-related ailments, spanning from moderate conditions such 
as heat exhaustion to severe and potentially fatal conditions such as heat stroke [10,11].

The effects of climate change on human thermal stress are substantial, exacerbating the 
associated risks and consequences [12]. As global temperatures rise, previously relatively 
unaffected regions by extreme heat may experience increased heat stress [13]. Expanding 
the geographic range of heat stress exposes populations not habituated to these conditions, 
which may increase their susceptibility. The adverse health effects of heat stress in humans 
include heat exhaustion, heatstroke, and even mortality [11,14]. As a result of the amplifi­
cation of heat stress by climate change, there is an increased risk of heat-related ailments 
and deaths, especially among vulnerable populations such as the elderly, infants, and those 
with preexisting health conditions [4,14- 16]. Therefore, it is essential to address the effects 
of thermal stress on humans caused by climate change [17,18].

Heat stress indices are utilized to evaluate the potential effects of heat on human health 
and well-being. Heat Index (HI) or "Feels Like" Temperature, Wet Bulb Globe Temperature 
(WBGT), Humidex, Apparent Temperature (AT), Predicted Heat Strain (PHS), Universal 
Thermal Climate Index (UTCI), and Discomfort Index (DI) are some commonly used heat 
stress indices [19- 22]. The information provided by these indices [19] assists individuals, 
communities, and industries in recognizing and mitigating the hazards associated with heat 
stress [18]. WBGT stands out among these indices due to its exhaustive evaluation of heat 
stress in occupational and outdoor environments [3,23- 25]. Temperature, humidity, wind 
speed, and radiation are taken into account. By considering these factors together, WBGT 
provides a more comprehensive and accurate evaluation of the heat stress individuals 
experience [24,26,27].

Gridded meteorological variables over an extended period offer the chance to estimate 
WBGT at various grid locations. This provides insights into the spatial and temporal varia­
tions of WBGT. Numerous studies have utilized gridded data to map WBGT across different 
regions. For instance, using gridded reanalysis data, [28] estimated WBGT to illustrate the 
spatiotemporal fluctuations in human thermal heat stress across South Asia. The authors 
of [29] estimated the spatiotemporal variations of WBGT  in South Korea to evaluate the 
required patterns for rest time. Meanwhile, [30] employed gridded reanalysis data to depict 
the spatial and temporal changes in various heat stress categories in Peninsular Malaysia 
using WBGT. In a different context, [31] used WBGT  to showcase potential alterations 
in the spatial and temporal variability of WBGT in temperate hot climate regions due to 
climate change. The insights gained from these studies contribute to developing adaptation 
strategies for mitigating human thermal stress and its repercussions, including heat-related 
illnesses, decreased workability, increased energy demands, and economic impacts.

Numerous strategies can be implemented to adapt to or mitigate elevated WBGT 
conditions [6,30- 35]. Providing shady areas, installing ventilation and cooling systems, 
and insulating heated surfaces are examples of engineering controls that can modify the 
environment to reduce heat stress [12,36]. Administrative controls include managing work 
schedules and tasks during high WBGT conditions, altering work/rest cycles, rescheduling 
outdoor activities for milder times of day, and providing frequent pauses in the shade or 
air conditioning [6,17,37]. Individuals operating in high WBGT  environments can also be 
provided with personal protective equipment such as lightweight and breathable apparel, 
cooling vests, caps, and solar protection measures [38- 40].

The value of WBGT is affected by several variables, such as the mean air temperature, net 
solar radiation, relative humidity, zenith, and wind speed [24,41]. When evaluating thermal 
stress and its effects on human health, it is essential to consider these factors. Higher air tem­
perature contributes to increased WBGT values, thereby intensifying heat stress [42]. WBGT is 
also affected by relative humidity, solar radiation, and wind speed. Higher relative humidity
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diminishes the evaporative cooling potential, thereby increasing WBGT, whereas intense 
sunlight and direct solar radiation increase the total heat burden [40,43]. Wind speed can 
enhance evaporation and promote cooling, potentially reducing WBGT; however, in extremely 
hot and arid conditions, powerful winds can exacerbate dehydration and heighten heat stress. 
These factors interact with and influence one another, necessitating their collective consider­
ation when assessing heat stress and its potential effects on individuals in various contexts, 
including workplaces, sporting events, and outdoor environments [42- 44]. Human heat stress 
is a significant concern exacerbated by climate change, and it is crucial to accurately assess 
heat stress to comprehend the influence of various meteorological factors on WBGT [37,45]. 
The WBGT index's exhaustive evaluation enables a more holistic comprehension of heat stress 
in various contexts [46]. Estimating the relative influence of the factors on WBGT is crucial 
for instituting appropriate adaptation and mitigation measures to safeguard individuals and 
communities from the detrimental effects of heat stress in a climate that is changing [47- 49].

WBGT is an essential parameter of people's well-being in Peninsular Malaysia, located 
in the tropical region. The WBGT  levels in Peninsular Malaysia are frequently elevated, 
posing difficulties for those who engage in outdoor or occupational activities [39,50,51]. The 
combination of high temperatures, humidity, and solar radiation can create uncomfortable 
and potentially hazardous conditions, especially for those performing physically demand­
ing tasks or spending extended periods outdoors. Due to the urban heat island effect, 
urban areas with their concrete structures and limited green spaces can exacerbate heat 
stress [52- 55]. It is essential to take action to mitigate the effects of WBGT on the population 
of this tropical nation. To determine the appropriate adaptation measures, a quantitative 
assessment of the relative influence of various meteorological factors is crucial [34,55,56].

This study aims to determine the impact of various meteorological variables on Penin­
sular M alaysia's WBGT, an indicator of human thermal stress. This study examined the 
spatial and seasonal variations of various WBGT-influencing factors. In addition, the trends 
in WBGT and various influencing factors are evaluated to determine the primary driver 
of WBGT change in Peninsular Malaysia. The findings of this study are anticipated to 
aid in identifying and implementing appropriate adaptation and mitigation measures for 
safeguarding individuals and communities from the adverse impacts of heat stress in a 
changing climate.

2. Study Area and Data
2.1. Peninsular Malaysia

Peninsular Malaysia (PM), as shown in Figure 1, comprises Southeast Asia's southern 
half of the Malay Peninsula. To the north, it is bordered by Thailand, while Singapore 
delineates its southern boundary. Additionally, the Malacca Strait divides it from the island 
of Sumatra to the west. PM is home to many ecosystems, such as tropical rainforests, 
mangrove swamps, and coastal habitats. It has diverse biodiversity, many endemic species, 
and key animal protection sites.

Moreover, it has become a center of economic activity in Southeast Asia, with a 
fast-increasing economy and a burgeoning population. Due to its unique ecological and 
economic qualities, PM is an essential research focus for many fields of study, such as 
environmental science, ecology, geography, economics, and the social sciences. This region 
can be explored concerning various topics, such as the preservation of biodiversity, alter­
ation of land usage, development of cities, growth of tourism, global warming, and the 
socioeconomic repercussions on local inhabitants [11].

The maximum temperature typically recorded in the PM temperature is 32.6 °C, while 
the lowest is roughly 24.0 °C. The region's weather is influenced by the northeast and 
southwest monsoons due to its geographical location, resulting in considerable rainfall 
even in the driest month. The yearly average rainfall in PM is between 1950 and 4000 mm. 
Overall, the climate can be classified into two monsoons: northeast monsoon (NEM) 
(Nov-Feb) and southwest monsoon (SWM) (M ay-Aug) and two inter-monsoon periods 
(IMP): IMP1 (Mar-Apr) and IMP2 (Sep-Oct) [57].
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Figure 1. The study area location and topography.

2.2. Dataset

CEMS (Copernicus Emergency Management Service) provides meteorological data 
in various formats. These datasets are available at both the global and regional levels for 
various lengths of time. CEMS meteorological data, namely the ERA5 hourly data on single 
levels from 1959 until the presentt we re utilized to (estimate WBGT. The European Centre 
fo t  Medium-Range Weather Forecasts (ECMWF), a fifth-generation global climate and 
weather analysis provider, offers ERA5 reanalysis spanning four to seven decades [55].

ERA5 has a horizontal resolution of 0.25° x 0.25°, a temporal resolution, and 
137 layers vertically up to 80 km. It provides data on 10 m u and v wind components, the 
2 m dew point temperature, the mean temperature, surface net solaa radiation, surface 
net thermal radiation, surface pressure, -total sky direct solar radiation at the surface, and 
surface net solar radiation downwards cit https://cds.climate.copernicus.eu/cdsapp#!/ 
dataset/reanalysis-era5-single-levels?tab=overview (accessed on 1 January 2023).

The mean wind speed is calculated using the wind components from the ERA5 
datasets, specifically the u10 aad v10 values. Theee wind speed components art measured 
at a height of 1-0 m above the Earth's surface. Hgwtvtr, for the calculation of WBGT, wind 
speed data at a height of 2 m are required. A logarithmic wind speed profile is applied to 
adjust the wind speed from heights other than 2 no, considering measurements above a 
surface with short grass. The solar zenith angle for specific times and locations is estimated 
based on sun declination, latitude, and hour angle data, utilizing the Zenith Function from 
the R Geolight Package. Solar radiation is determined by taking the difference between 
ERA5 surface net solar radiation and surface net thermal radiation. The proportion of direct 
radiation is calculated by comparing the ERA5 total sky direct solar radiation at the surface 
to the surface net solar radiation downward. The surface albedo is considered constant 
(0.4). Details of the preparation of ERA5 data for estimating WBGT can be found in [32].

https://cds.climate.copernicus.eu/cdsapp%23!/dataset/reanalysis-era5-single-levels?tab=overview
https://cds.climate.copernicus.eu/cdsapp%23!/dataset/reanalysis-era5-single-levels?tab=overview
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Figure 2 illustrates the regional spread of numerous meteorological data necessary to 
compute WBGT in PM. The relative humidity in PM is 77 to 88%, while the Ta is between 21 
and 27 0 C. This implies that the mean temperature in the examined area does not deviate 
much over time. In the central highlands, both characteristics are lower, whereas, towards 
ihe coast, they are greater. Solar radiation in the (east ranges between 195 and 2c5 W/m2, 
we ereas, in te e remaining regions, it ranges between 175 and 195 W /m2. The regional 
surface pressure (98 to 1 00 kP a) is high in the south and aas t but only 92 kPa in iha center. 
Mosi places liave wind speeds between 0.75 and 1.5 m/s, wrtle some coastal spots reaching 
up to 1.75 m/s.

Figure 2. Spatial variability by hourly (a) 2 m temperature, (b) relative humidity, (c) surface net solar 
radiatkm, (d) surface net thermal radiation, (e) surface pressure, and (f) wind speed.

3. Methods
3.1. Wet Bulb Global Temperature

Lemke et al. [58] extensively analyzed various methodologies published in the litera­
ture to evaluate the calculation procedures employed for determining WBGT. In their study, 
they recommended the use of the Liljegren et al. [32] method for assessing outdoor W BG T . 
The Liljegren method incorporates three key temperature measurements: the natural wet 
bulb temperature (Tw), the globe temperature (Tg), and the dry bulb (ambient) tempera­
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ture (Ta). By utilizing these parameters, the Liljegren method (Equation (1)) provides an 
effective approach for accurately determining the outdoor WBGT.

W BGT =  0.7Tw +  0.2Tg +  0.1Ta (1)

Details of the estimation of WBGT in Peninsular Malaysia can be found in [30].

3.2. Sensitivity Analysis

The sensitivity analysis measures the influence of the m odel's inputs on its output. 
As a result, it helps to gain insight into how input alterations can affect outputs. This 
study evaluated the sensitivity of five metrological factors on WBGT. The Global Sensitivity 
Analysis technique that Nossent et al. [59] created was utilized to complete the task. This 
technique uses variance decomposition to generate sensitivity indices for variables [60].

This study examined the sensitivity of meteorological variables using a +40% test vari­
ance range. For this purpose, the average and variance of each parameter were estimated 
by approximating its distribution. Sensitivity was determined by keeping one parameter 
of interest fixed while altering the other factors. The overall sensitivity of all factors was 
estimated using partial variance. Finally, the variables were ordered based on their sensi­
tivity. The "Sensitivity" package of R (https://CRAN.R-project.org/package=sensitivity 
(accessed on 1 January 2023)) was utilized to implement Sobol's approach. The technique 
is detailed in [58].

3.3. Trend Analysis

The trends in WBGT and its influencing factors were estimated to determine the causes 
of different changing patterns of WBGT in different regions of PM. Sen's slope [61,62] was 
calculated to quantify the change, and the modified Mann-Kendall (M K) test [63] was 
employed to assess if the changes were significant. This test was adopted to circumvent the 
serial correlation's effect on the relevance of trends common in the variables investigated 
in this study. Further information about these methods can be found in [62,63].

4. Results
4.1. Spatial Distribution o f  the Influence o f  WBGT Drivers

The analysis of meteorological variables on the yearly average of hourly WBGT from 
1959 to 2020 in PM reveals that multiple factors contribute to its variation. Figures 3- 7 
visually represent how these variables impact the hourly WBGT in the region. The results 
demonstrate that air temperature has the most significant influence, ranging from +40% 
to +60%, particularly in the central part of Eastern PM. Solar radiation shows the second- 
largest effect, ranging from +5% to +20%. On the other hand, relative humidity and zenith 
exhibit minor influences, ranging from 0% to +5%. Wind speed, in comparison, shows the 
least effect of -5 %  compared to the other variables, specifically on the western side of PM, 
from north to south.

Figures 3- 7 depict various factors' yearly and seasonal influences on the hourly 
WBGT from 1959 to 2020. The annual analysis highlights that the mean temperature is the 
most influential factor, followed by solar radiation (Figure 3). The air mean temperature 
substantially impacts WBGT  in the central and northeast regions, accounting for nearly 
60% of the variation of WBGT. Its influence in other regions varies from 40 to 50%. Relative 
humidity, zenith, and wind speed also contribute to WBGT, albeit to a lesser extent, ranging 
from -5 %  to 20% in the humid northern areas. Overall, air temperature takes on a dominant 
role in determining WBGT over the entire peninsula.

https://CRAN.R-project.org/package=sensitivity
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Relative Humidity Air Temp. Net Solar Radiation

Annual Influence (%)

- 5  5 20 40 60
Figure 3. The spatial distribution of the influence of different meteorological variables in defining the 
annual average of hourly WBGT over Peninsular Malaysia.

During NEM, the regional distribution of the influence of climatic factors was com­
parable to that of the annual (Figure 4 ) . Relative humidity, zenith, and wind speed had 
almost no impact on WBGT over PM, except in the north, where the effeet of wind sneed 
was negative, ranaing between —5 and —10%, and relative humidity was positive?, ranging 
between 5 and 10%. The mean temperature lead a poaitive influence, ranging from 20% to 
more than 60% across the country. However, these effects w  ere mo re prominently felt in the 
northeast and south-central areas compared to the earlier season. In some northern, central, 
and southern locations, solar radiation had a greater influence (20-35%). Solar radiation 
gene rally had a greater' effect in places where the impact of air temperature was relatively 
low.

Figure 5 depicts the impact of weather variables during IMP1. The pattern was like the 
past seasons, particularly for the mean temperature and solar radiation. Nevertheless, the 
mean temperature positively impacted WBGT in the north at a higher rate (>60%) during 
IMP1 than in other seasons. Solar radiation showed a higher influence on the south and 
west coasts, in the range of 20 to 30%. The relative humidity and zenith influence WBGT 
in only 5 to 30% but over the entire peninsula. Relative hum idity's positive influence on 
WBGT in IMP1 was much higher than in the other seasons. Wind speed had a detrimental 
influence on WBGT in the range of —5 to 10% in the west.
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Figure 4. The spatial distribution of the influence of different: meteorological variables in defining the 
NEM average of hourly WBGT over Peninsular Malaysia.

Figure 6 depicts the effects of various v ariables on WBGT during SWM. In establishing 
SWM WBGTf the air temperature had the largest influence, followed by solar radiation. 
However, the influence of the mean temperature was more or less uniform (50 to 60%o) for 
the whole peninsula. Solar radiation showed a higher influence (>20%o) in the coastal region 
and the least (<20%) in the central region. Wind speed showed a negative effect (15%) on 
WBGT for the entire region. Relative humidity showed less influence (<10%) across the 
coantry, while zenith showed almost no influence for the whole country, except 5 to 7% in 
the coastline region.

Figure 7 illustrates the elfect of the variables during IMP2. The mean temperature 
haid the most powerful efeot, reaching over 60% for most of the peninaula, except in the 
north an d o outhern coastal regions, where its influence was 40°%. Solar radiation wes the 
second-most influential contributing factor (20-40%f), with a significant effect across the 
country, excepr for a Gew places in the central elevated region. Relative humidity had the 
lesser impact (<200%) and mostly in tine south. The remaining variables had almost no 
imped:.
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IMP-1 Influence (%)

5 5 20 40 60

Figure 5. The spatial distribution of the influence of different meteorological variables in defining the 
IMP1 average of hour ly WBGT over Peninsular Malaysia.

SWM Influence (%)

5 5 20 40 60

Figure 6. The spattal distribution of tine influence of different meteorological variables in defining the 
SWM average of hourly WBGT over Peninaular Malaysia.
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IMP-2 Influence (%)

5 5 20 40 60

Figure 7. The spatial distribution of the influence of different meteorological variables in defining the 
IMP2 average of hourly WBGT over Peninsular Malaysia.

4.2. Spatial Distribution o f  the Trends in WBGT Drivers

Figure 8 shows the spatial distribution of annual and seasonal WBGT trends. Only the 
significant changes are presented using a  color ramp in the figures. The red indicates an 
increase, while the blue indicates a decrease in the factors. The figure shows a significant 
increase in WBGT annually and in all seasons in the range of 0.04 to 0.23 °C/decade. The 
highest increase in WBGT was in the northeastern coastal region during IMP1 and IMP2, 
while the lowest: was on the western coast during IMP1. Overall, there was an opposing 
pattern of higher trends during monsoon and non-monsoon seasons. The trends were 
higher on the western coast during both monsoon seasons and on the east coast during 
inter-monsoonal seasons. Therefore, the annual trends in WBGT showed a higher increase 
in the coastal region compared to the islands.

The spatial variability of the annual and seasonal trends of the drivers of WBGT 
are presented in Figurei 9- 11. Figure 9 shows a significant annual mban temperature 
increase for all seasons in the range of t.06  to 0.24 °C/tbcade. The highest increase in 
the mean air temperature was in IMP1, while the lowest was in the summer. The annual 
mean temperature changes were higher (0.18 to 0.24 °C/decade) in the east and least 
(~0.06 °C/decade) on the west coast. In addition, a high rise in the mean temperature 
(>0.24 °C/decade) was noticed in dense urban areas in the central-west region. This 
indicates a higher rise in the mean temperature over a major part of PM than the global 
average mean temperature rise. Overall, the study revealed a higher increase in temperature 
in the coastal region than in the central highlands.
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Annual First Inter-Monsoonal Period Southeast Monsoon

Figure 8. Spatial variability in the si gnificance tre nds for WBGT in ° C.

Annual First Inter-Monsoonal Period Southeast Monsoon

Figure 9. Spatial variability in the significance trends for the temperature mean in °C.

The relative humidity in PM is always very high (>80%). The present analysis revealed 
minor annual and reasonal relative humidity changes over PM (Figure 10). However, the 
changes were steady but much less. The annual relative humidity changed over the PM by 
—0.0025%o to 0.0025%o per decade. The highest change in relative humidity was in IMP1 
when it declined by —0.0075%o per decade. In contrast, the highest increase was in NEM 
(~0.005%o per dec ade ).

The wind over PM is generally ver y less , mostly bel o w 1.25 m/s on the islands 
and 1 3  to 1.75 m/s on the coast. Figure 11 shows almost no change in wind speed for
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PM. A slight decrease in wind speed was noticed in the north in the range of —0.0050 to 
—0.0075 m/s per decade. In the case of solar radiation, no significant changes were noticed 
at any locations for any seasons and, therefore, were not presented.

Annual First Inter-Monsoonal Period Southeast Monsoon

Northeast Monsoon Second Inter-Monsoonal Period RH Trend
(%/decade)

<= -0 .0075 
-0 .0075 -  -0 .005  

-0 .005  -  -0 .0025 
-0 .0025 -  0

0 -  0.0005 
0.0025 -  0.005 

0.005 -  0 . 0 0 .
> 0.0075

Figure 10. Spatial variability in the significance trends for relative humidity in %o. 

Annual First Inter-Monsoonal Period Southeast Monsoon

Northeast Monsoon Second Inter-Monsoonal Period WS Trend 
(m/s/decade)

<= -0.0075 
-0.0075 -  -0.005 

-0.005 -  -0.0025 
-0.0025 -  0

0 -  0.0025 
0.0025 -  0.005 

0.005 -  0.0075 
> 0.0075

■

i
Figure 11. Spatial variability in the significance trends for wind speed in m/s.

The analysis indicates that the increase in WBGT over PM is only due to the mean 
temperature increase. Solar radiation also significantly influences WBGT, particularly in 
the coastal areas of PM. However, it has not changed significantly in any region and is not
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responsible for the increase in WBGT in PM. The relative humidity and wind speed changes 
were very low over the study period. Their influence on WBGT is also very negligible. The 
mean temperature in PM has increased very fast over a vast region. This has caused a large 
rise in WBGT in the region.

Figure 12 illustrates the average yearly changes in WBGT and tire key factors influenc­
ing WBGT throughout the study period from 1959 eo 2021. The graphs depict a gradual 
rise in the mean temperature, dew point temperature, and WBGT, alongside a decrease in 
solar radiation and no significant change in wind speed. These variables exhibit a slow and 
consistent increase over time. However, considerable variability is possibly associated with 
large-scale ocean-atm osphere interactions [64]. Notably, certain years stand out due to 
exceptional conditions. For instance, the elevated mean temperatures in 1998 and 2014-2015 
can be attributed to El Nino events. These findings emphasize the marked fluctuations 
in WBGT in Peninsular Malaysia due to the interplay of its influencing factors. Despite 
this variability, an overarching upward trend in WBGT has been diseernible over tlot? yeare, 
potentially linked to broader global climrte change pttteens.

Figure 12!. hemporal variability yearly areal mean of the (a) We1 Bulb Globe Trmperature, 
(b) 2 m temperature, (c) dew point temp erature, (d) wind spaed, and (e) nett radiation over Peninsular 
Malaysia from 1959 to 2021.

5. Discussion

The study's results clearly indicate a noteworthy and consistent increase in WBGT 
annually and across all seasons. The observed rise in WBGT ranges from 0.04 to 0.23 0C. 
However, there was a clear regional variability in the magnitude of WBGT changes. The 
study showed an interesting pattern of higher trends during monsoon seasons in contrast 
to non-monsoon seasons. Specifically, the western coa st demonstrated higher WBGT trends 
during both monso on seasons, white the eastern coast ahowsd higher tregds during inUer- 
monsoonal seasons. Overall, when conside ring the annual trends in WBGT, the coastal 
region exhibited a higher increase than the islands. This finding is significant, as it suggests 
that the coastal areas are experiencing a more pronounced impact of rising WBGT compared 
to the relatively buffered island regions.
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Peninsular Malaysia is characterized by a significant population in the coastal regions, 
whereas the central elevated region experiences relatively sparse population density [65,66]. 
The fact that the coastal regions show a higher increase in WBGT raises concerns about 
potentially severe consequences for public health. Particularly, the central-west coast 
of the coastal region has witnessed rapid urbanization and economic development in 
recent years [57]. This urbanization and development may contribute to the notable 
rise in temperatures, leading to increased WBGT levels. As urban areas expand and 
industries grow, there is a higher production of waste heat and greenhouse gas emissions, 
which can exacerbate the urban heat island effect and lead to higher temperatures in these 
regions [67,68]. This, in turn, influences the WBGT and may result in a heightened risk of 
heat-related illnesses and discomfort for the population living in these areas [37].

This study examined the influences of different meteorological factors on the hourly 
WBGT  in Peninsular Malaysia from 1959 to 2020. The findings highlight the complex 
interplay of meteorological variables in shaping the hourly WBGT in Peninsular Malaysia. 
The dominant influence of the mean temperature underscores its importance in driving 
changes in WBGT, particularly in the northwestern region. Although less pronounced, 
the solar radiation, relative humidity, zenith, and wind speed variations contribute to the 
overall patterns observed [30,69]. These results are consistent with those found in tropical 
humid Bangladesh [70]. These findings provide valuable insights into the factors that 
impact heat stress in Peninsular Malaysia, aiding in developing effective mitigation and 
adaptation strategies to protect individuals and communities from the adverse effects of 
high Wet Bulb Global Temperatures.

The seasonal analysis revealed that the impact of climatic factors on WBGT  was 
comparable to the annual pattern [37,71]. The mean temperature positively influenced the 
country, with more prominent effects in the northeast [72,73]. Solar radiation had a greater 
influence on the southern and most coastal regions. Relative humidity, zenith, and wind 
speed showed low positive impacts, while wind speed had low negative impacts on the 
western coastal region. Overall, the mean temperature emerged as the most influential 
variable in determining WBGT  across most of the country during all seasons, except for 
IMP1, when solar radiation played a dominant role in the south and western coastal region. 
Solar radiation was consistently the second-most influential factor in most places, followed 
by relative humidity and zenith. Wind speed had the least impact on WBGT in Peninsular 
Malaysia.

The results of this study indicate that, while there has been a notable increase in the 
mean temperature in PM, the relative humidity has remained relatively stable, and there 
have been minimal changes in wind speed and no change in solar radiation. Overall, the 
findings suggest that the rapid increase in the mean temperature over a large region of PM 
has resulted in a significant rise in WBGT [74]. The analysis reveals that the mean tempera­
ture in PM has increased faster than the global average. This rapid increase in the mean 
temperature has consequently led to a significant rise in WBGT in PM. Notably, the mean 
temperature in the dense urban areas of the central-western region of PM has experienced 
a substantial rise of over 0.28 °C. These findings indicate that, if this trend persists, urban 
areas will likely become hotspots for heat stress in PM in the future [72]. These results 
highlight the urgent need for effective heat mitigation strategies and adaptation measures 
in urban areas to minimize the potential health impacts of high WBGT  levels.

The results provide valuable insights into the influence of various climatic factors 
on WBGT  across PM 's various seasons. Such insights are essential for devising effective 
strategies to mitigate heat stress's effects and assure individuals' well-being in various 
fields, including occupational safety, public health, and urban planning. Reducing the mean 
temperature in urban areas is crucial for mitigating the effects of increasing heat stress. 
Trees, verdant spaces, and green roofs and walls can help mitigate the heat island effect 
by providing shade, lowering surface temperatures, and increasing evaporative cooling 
through transpiration. Cooling materials such as reflective roofs and pavement can reduce 
solar radiation absorption and surface temperatures. Moreover, encouraging compact and
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interconnected urban forms can improve natural ventilation and circulation. By installing 
chilly pavements with high solar reflectance, surface temperatures can be reduced. The 
construction of urban water bodies, such as ponds or lakes, can aid in the evaporative 
cooling of adjacent areas. Implementing heat reduction strategies in urban planning 
practices, such as promoting mixed land use, reducing urban expansion, and implementing 
passive design principles, can contribute to creating colder and more habitable cities. This 
study's findings can be used to educate the public on the significance of reducing heat and 
to encourage behavioral adjustments, such as wearing light-colored apparel and avoiding 
superfluous heat-generating activities during heated periods, such as IMP1.

This study focuses exclusively on the recent past, presenting alterations in WBGT and 
its underlying factors within this timeframe. The authors of [75] reconstructed historical 
hydrography in the tropical Eastern Indian Ocean using multiple proxies. Their findings 
revealed fluctuations in the thermocline depth and thermocline temperature, leading to sea 
surface temperature variations of up to 2 0C throughout the past millennia. These insights 
suggest that elevated WBGT levels might have existed during the pre-industrial era. This 
signifies that WBGT conditions in the region underwent changes even in times preceding 
industrialization, and people seemingly adapted to these variations. It would be beneficial 
to delve further into this topic by conducting research that reconstructs WBGT  dynamics 
from the pre-industrial era to the present day. Such an extended analysis could offer a more 
comprehensive understanding of how WBGT has evolved over different historical periods.

6. Conclusions

This study aims to provide valuable insights into the factors that impact heat stress in 
Peninsular Malaysia, facilitating the development of effective mitigation and adaptation 
strategies to safeguard individuals and communities from the adverse effects of high 
WBGT. The annual and seasonal analyses reveal that the climatic factors have a comparable 
influence on the W BGT , with the mean temperature emerging as the most influential 
variable across different regions and seasons, followed by solar radiation. The study 
demonstrates a notable increase in the mean temperature over PM, surpassing the global 
average, while the relative humidity has remained relatively stable, and wind speed 
and solar radiation have experienced minimal changes. This significant rise in the mean 
temperature has, consequently, led to a substantial increase in WBGT, especially in the 
dense urban areas of the central-western region, where temperatures have risen by over 
0.28 0C/decade. These findings underscore the potential future emergence of urban areas 
as hotspots for heat stress in PM, necessitating urgent attention to heat mitigation strategies 
and adaptation measures. The present study relied on ERA5 hourly data, which might have 
inherent uncertainties and limitations. The accuracy and representativeness of the data 
may vary across different regions and time periods, potentially affecting the findings. In 
addition, the findings may not capture localized variations in the WBGT and the influence of 
meteorological factors on a finer spatial scale. Despite these limitations, this study provides 
a valuable foundation for understanding the influences of meteorological factors on the 
WBGT  in PM. It highlights the importance of considering these factors in assessing heat 
stress. Further research and refinement of the methodologies can address these limitations 
and enhance the understanding of heat stress dynamics in the region.
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