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the UHI and HW phenomena in Greater Kuala Lumpur (GKL) and its sur-

Weather Research and Forecasting (WRF) model, coupled with a single-layer
Urban Canopy Model (UCM), to examine the impact of UHI during two heat
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and 1.2°C (0100 LST), respectively. The maximum observed heat loads are
likely to occur at noon, reaching 2.3°C at 1600 LST in Case 1 and 3.7°C at
1500 LST in Case 2. LST stands for local standard time. Heat flux component
analysis from the surface energy balance model confirmed the UHI-HW syn-
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highlights the effect of urbanisation on heat fluxes, potentially exacerbating
urban discomfort during HW. Consistent across all measurement methods, the
evidence indicates a clear and positive synergy between the UHI and HW in
the GKL. This study can potentially deliver valuable insights, especially in
urban planning, where the implications of weather events are substantial.
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1 | INTRODUCTION

The Earth's climate is undergoing profound changes, with
urban environments at the forefront of the ramifications of
a warming planet. The phenomenon of urban heat islands
(UHI), characterised by elevated temperatures within
urban areas compared to their surrounding rural land-
scapes, is a well-documented consequence of urbanisation
(Oke, 1973). Urban warming adversely affects human
health and reduces the thermal comfort of urban dwellers
(Arifwidodo & Chandrasiri, 2020; Kusaka et al., 2012a;
Klysik & Fortuniak, 1999; Imran et al., 2021; Morris et al.,
2016a; Shaharuddin et al., 2014; Stafoggia et al., 2008;
Vitanova & Kusaka, 2018; Vitanova et al., 2021).

Elsayed (2012) detailed past studies on UHI in Kuala
Lumpur, where the pioneering work in this field can be
attributed to Sham Sani, who delved into the subject in his
initial paper published in 1972, focusing on aspects of the
urban microclimate of Kuala Lumpur (Sham, 1972). He
consistently studied the UHI until the early 90s, and
among the prominent findings was that the UHI intensity
(UHII) was higher during the night-time with calm and
clear skies than during the daytime (Sham, 1990). A recent
UHI study for Greater Kuala Lumpur (GKL), using the
numerical modelling approach by Ooi et al. (2017),
reported that daily mean UHII reached 0.9°C and was
more severe at night-time at 1.9°C. A similar anomaly was
observed more than 30 years after Sham Sani. The empiri-
cal investigation on UHI conducted by Ramakreshnan
et al. (2018) found that the maximum UHII during dry,
southwest monsoon (in June) is approximately 1.7°C for
urban stations, compared to 1.3°C for suburban areas. In
contrast, the findings by Shaharuddin et al. (2014) con-
cluded that daytime UHII in the GKL is higher than night-
time for all monsoon periods (Northeast: November—
March, Southwest: June-August, and both intermonsoon:
April-May and September—October). This diverse range of
findings underscores the need for further exploration to
gain a comprehensive understanding of this phenomenon.

Recently, extreme weather events, particularly heat
waves, have occurred with increasing frequency and inten-
sity (Li, 2020; Russo et al., 2014; Russo et al., 2015). Heat
waves (HW) have long been recognised as the deadliest
weather-related hazards and are responsible for some of the
fatal natural disasters on record (Puley et al., 2022). Among
the most popular references to deadly events is the 2003
European HW episode, which claimed more than 70,000
victims (Robine et al., 2007; Russo et al., 2014). In 2010, the
European region was struck by another carcinogenic event
known as the Russian HW, which was the worst event
since 1950 (Russo et al., 2015). The Southeast Asia (SEA)
region is no stranger to these extreme events, as evidenced
by the April 2016 HW, which profoundly affected countries
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such as Malaysia and neighbouring Singapore. This event
led to adverse outcomes, including decreased food produc-
tion and subsequently elevated vegetable prices (Chew
et al., 2020; Mohd Rasfan, 2016). Moreover, it induced
drought conditions, leading to water rationing, especially in
Kuala Lumpur and Selangor, and also triggered haze
(Ahmad Kamal et al., 2019; Mohd Rasfan, 2016). In the
realm of electricity infrastructure and consumption, 2016
saw an increase of 8.5% in installation capacity and 8.9% in
consumption compared with 2015, and the peak electricity
demand was recorded at 17,788 MW in April 2016
(Department of Statistics Malaysia, 2018). Additionally,
Malaysia has reported a notable increase in heat-related ill-
nesses and fatalities (Hamray & Choi, 2022; The Star/Asia
News Network, 2016).

The coexistence of UHI and HW in urban settings
poses a complex and interconnected challenge that war-
rants an in-depth exploration. In general, three distinct
types of interactions can be identified. These interactions
pertain to whether the intensity of the UHI increases (pos-
itive) (Ao et al., 2019; Hamray & Choi, 2022; Jiang
et al,, 2019; Li & Bou-Zeid, 2013; Ngarambe et al., 2020;
Ramamurthy & Bou-Zeid, 2016; Tewari et al., 2019),
decreases (negative) (Kumar & Mishra, 2019; Scott
et al, 2018) or remains unchanged (neutral) (Chew
et al,, 2020; Ramamurthy & Bou-Zeid, 2016) during a
HW. Notably, there is a significant research gap within
tropical regions, especially among countries in SEA (Chew
et al., 2020; Li, 2020) pertaining to this topic. This gap in
research needs to be addressed to establish a firm under-
standing of this synergy, particularly in tropical cities that
are at risk of more exposure to HW than cities in the mid-
latitudes (Chew et al., 2020). Specifically, most SEA coun-
tries are projected to experience HW more frequently,
with longer durations and increased intensity (Dong
et al., 2021; Li et al., 2020). Addressing these two climate-
related phenomena, UHI and HW is essential for advanc-
ing sustainable urban development and ensuring the well-
being of residents in light of escalating climate challenges.

In a parallel context, Hamray and Choi (2022) con-
ducted a study investigating the impact of HW on urban
warming in Kuala Lumpur utilising the Community Land
Model (CLM). However, the CLM cannot accurately con-
sider land-atmosphere interactions. Numerical Weather
Prediction (NWP) models, such as Weather Research and
Forecasting (WRF), are necessary to thoroughly analyse
these interactions. Furthermore, the WRF model, coupled
with the urban canopy model (WRF-UCM), offers a robust
framework for investigating UHI (Kusaka et al., 2001,
2012b; Kusaka & Kimura, 2004).

In this study, we aim to unravel the synergies between
the UHI and HW phenomena in GKL and its adjacent
areas by delving into the following key inquiries:
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Study area. (a) Domain design and setup. The outer boundary (green) covers the parent domain (d01), while d02 (blue) and

do3 (red) represent the second and third domains, respectively. (b) The terrain height of the target area. Fuzzy red lines and black lines mark

the GKL area and the districts' administrative borders, respectively. The black dots indicate the locations of weather stations that supply data

for verification and analysis. The black square is the area within d03 where spatially averaged computation for urban and rural categories is

conducted. [Colour figure can be viewed at wileyonlinelibrary.com]

« How does urbanisation affect the intensity of UHI
in GKL?

« What disparities exist in the observed UHII between
HW and the Pre-Post HW (PPHW) days in GKL?

« What variations are observed in the surface heat bud-
get during HW days compared with PPHW days?

In this study, we define “synergy” as the interactive
effects of the UHI and HW that intensify the overall
impact beyond the influence of either phenomenon
alone (e.g., Ao et al, 2019; Li & Bou-Zeid, 2013;
Ngarambe et al., 2020). This synergistic interaction is
crucial for understanding the combined effects of
urbanisation and extreme heat events on local and
regional climates.

The remainder of this paper is structured as follows:
section 2 presents the data and methodology, section 3
presents the results, section 4 involves the discussion and
section 5 provides the conclusions and remarks.

2 | DATA AND METHODOLOGY

2.1 | Study area: GKL, Malaysia

GKL, Malaysia's most highly urbanised conurbation
(Ooi et al., 2017), encompasses ten local governments.
These include the metropolitan city of Kuala Lumpur,
the administrative capital of Putrajaya, and the eight

surrounding local authority regions: Petaling Jaya, Sub-
ang Jaya, Shah Alam, Ampang Jaya, Selayang, Kajang,
Klang and Sepang. Together, they form an urban
agglomeration spanning 2793 km® (Yasin et al., 2022).
Kuala Lumpur City, in particular, boasts a notably high
population density, reaching its peak of 7188 people per
square kilometre (Husin et al., 2021). Situated on the
west coast of Peninsular Malaysia, the GKL is bordered
by the Strait of Malacca to the west and the Titiwangsa
Mountain Range to the east, as illustrated in Figure 1.
Like Peninsular Malaysia, it features a tropical rainfor-
est climate with a specific designation type, Af, in the
K&ppen-Geiger climate classification, characterized by
an average annual temperature of 25.8°C and a precipi-
tation of 2500 mm (Hamray & Choi, 2022). February/
March is recognised as the hottest period in Kuala
Lumpur, with monthly peak temperatures ranging
between 32 and 33°C, while December marks the cool-
est month, with the highest temperature of 31°C
(Elsayed, 2012). Weather patterns in Peninsular
Malaysia are significantly influenced by two primary
factors: the Asian-Australian monsoon and prevailing
winds (Jamaluddin et al., 2018; Tangang et al., 2017).
From June to August, the region experiences southwest-
erly winds, whereas from December to February, north-
easterly winds dominate, locally known as the
southwest and northeast monsoons, respectively. Addi-
tionally, the region experiences an intermonsoon period
from March to April and September to November.
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TABLE 1 Model configurations.

Model version: WRF4.2.2-ARW

Runtime Case 1: March 26, 0800 LST-April 8,
0800 LST, 2016
Case 2: April 15, 0800 LST-April 24,
0800 LST, 2020

Research Case 1: March 28, 0000 LST-April 8,

period 0000 LST, 2016

Case 2: April 17, 0000 LST-April 24,
0000 LST, 2020

NCEP GDAS/FNL (6-hourly data; 0.25°
spatial resolution)

Parent data

SST data OISST ver. 2.1 (daily; 0.25° horizontal
resolution)

Domain do1 do2 do3

Grid spacing 9 3 1

(km)

Grid cell 50 x 50 97 X 97 142 x 142

numbers

No. of vertical 33 layers

layers

Land surface Noah-MP Land Surface Model (Niu

model et al., 2011; Yang et al., 2011)
Urban canopy  Single-layer UCM (Chen et al., 2011; Kusaka
model et al., 2001; Kusaka & Kimura, 2004)
Microphysics Thompson Scheme (Thompson et al., 2008)
Planetary Yonsei University Scheme (Hong et al., 2006)
boundary layer
(PBL)
Shortwave Dudhia Shortwave Scheme (Dudhia, 1989)
radiation
Longwave RRTM Longwave Scheme (Mlawer
radiation et al., 1997)
Cumulus New Tiedtke Scheme X X
(Zhang & Wang, 2017)
2.2 | Model configuration and settings

The WRF-ARW model (version 4.2.2) coupled with a
single-layer Urban Canopy Model (WRF-UCM) was used
in this study. The physical options are listed in Table 1.
The urban surface parameters described by Morris
et al. (2016b) were adopted while examining urbanisation
in GKL. Their previous work on the urbanisation and
urban climate of Klang Valley, Malaysia (also known as
GKL) successfully simulated a 2 m surface temperature
(T2), 2 m relative humidity (RH) and 10 m wind. There-
fore, this setting was deemed reliable for use in the present
study. Three-nested model domains were designed with
spatial grid resolutions of 9, 3 and 1 km (see Figure 1). All
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domains were centred at 3.15°N and 101.7°E, with Kuala
Lumpur as the main reference. The Mercator projection
was used in this study because it is suitable for low-
latitude domains (Wang et al., 2019). The setting of the
nesting boundary is also considered the best practice for
avoiding the border from being set over higher terrain or
mountainous areas while reducing simulation bias.

NCEP GDAS/FNL 0.25 Degree Global Tropospheric
Analysis and Forecast Grids (FNL) with a temporal res-
olution of 6 h were used to create a lateral boundary
condition (LBC). Isa et al. (2020) concluded that the
higher temporal and spatial resolution of LBC, for
instance, the FNL, can regenerate the tropical urban
climate conditions of Kuala Lumpur and reliably por-
tray the near-surface temperature of tropical cities. The
NOAA Daily Optimum Interpolation Sea Surface Tem-
perature (OISST) version 2.1 was employed in this
study (Huang et al., 2021). The data were updated at
daily intervals in the WRF. Both simulations involved a
spin-up period of 40 h, with Case 1 starting on March
26, 2016 at 0800 LST (UTC+8) and Case 2 on April
15, 2020 at 0800 LST. The research period for Case
1 spanned 11 days, from March 28, 2016 at 0000 LST to
April 8, 2016 at 0000 LST, while Case 2, lasted for
7 days, from April 17, 2020 at 0000 LST to April
24, 2020 at 0000 LST. LST is local standard time.

2.3 | Land use/land cover map

We depicted the influence of urbanisation on UHI in the
GKL using the Moderate Resolution Imaging Spectrora-
diometer (MODIS) land use and land cover (LULC) data.
The default MODIS dataset in WRF, known as MODIS-
15s, which corresponds to a grid spacing of approxi-
mately 450 m, was used as the input LU data in this
study. Each grid point represents the surface type of
LULC according to the MODIS classification. MODIS
land cover datasets are among the most prominent data-
sets extensively employed as inputs for static data in
urban climate studies and have consistently demon-
strated their ability to produce reliable impacts on results
(Golzio et al., 2021). Initially designated for urban and
built-up areas, the MODIS datasets were refined by
adjusting for the urban category. This adaptation allowed
compatibility with the WRF-UCM model and resulted in
classification under the urban categories of 31 (low-
intensity residential), 32 (medium-intensity residential)
and 33 (high-intensity residential/commercial/indus-
trial). In contrast, rural grid points encompass diverse
natural land cover types, including forests, shrublands,
vegetation and croplands. Information on the data avail-
ability and details of the weather stations that supply data

d “€1 $TOT *$800L601

jouy:sdyy woxy papeoy

:sdiy) SuONIPUOD) pue sua I oy 99§ “[4702/11/S0] U0 ATeIqrT SUIUQ AA[TAL © BQUANST, JO ANSIOATUA - TeQUEIN PAKS GEPLIE] YRILIEYS £q $198"90[/Z001°0 110 /W00 Ka[1Ar"

SuLioy w0 AL

P

25991 SUOWIOY) 2ATIEAI) 2]qeatidde a1 £q PAIIACS AIe SA[aIIE YO oSN JO SA[NI 10§ AIRIqUT AWIUQ AS[IAL U (SO



4890 International Journal

RMets

SYED MAHBAR and KUSAKA

of Climatology

TABLE 2 Observation data information.
Weather station X . Modification LULC .
Classification LULC analysis
WRF-UCM
Lat Lon

Name ID (N) (E) MODIS-15s URB non-URB Period

Petaling  PJ 3.10 101.65 Urban and build up— High intensity residential/ Cropland/natural 1981-

Jaya commercial industrial/commercial vegetation 2010

Serdang SER  3.00 101.70 -

Subang SBG 313 101.55 1981-
2010

Klia KLIA 2.73 101.70
Jalan JA 3.13 101.38 E. broadleaf forest
Akob

SgBuloh SBL  3.30 101.32  E. broadleaf forest

for model verification, LULC modification and HW anal-
ysis are provided in Table 2.

2.4 | Anthropogenic heat emission
datasets

Anthropogenic heat emission (AHE) is produced within
urban areas and plays a pivotal role in subsidising the
UHI (Klysik & Fortuniak, 1999; Kondo & Kikegawa,
2003; Sailor, 2010; Vitanova & Kusaka, 2018). Present-
day AHE datasets (the 2010s) in unit W-m~2, known as
AHAGUC by Varquez et al. (2021), were used in this
study. The spatial resolution was approximately 1 km,
and the datasets encompassed spatial changes resulting
from urban sprawl anomalies and climate change scenar-
ios. The construction of AH4GUC also employs a “top-
down” approach, typically involving the derivation of
energy consumption data from regional or national
levels, which is subsequently downscaled to generate
gridded information.

Our group modified the WRF-UCM model used in
this study to provide a two-dimensional distribution of
the AHE. This modification allowed us to spatially dis-
tribute AHE according to the urban land use categories
within our model domain. This method, which is particu-
larly effective for urban-dominant grids, allows for a
more accurate representation of heat fluxes associated
with urbanisation, as demonstrated in recent work by
Magnaye and Kusaka (2024). To ensure that the modified
AHE data was accurately reflected in the simulation, we
ran “geogrid.exe” as part of the WRF preprocessing sys-
tem (WPS). This step generated the necessary geographi-
cal data, including the updated AHE distribution, which
was then used by the UCM to simulate the impact of
anthropogenic heat on the urban energy balance and

urban temperatures. The AHE dataset is available
monthly and temporally. Figure 2 displays the LULC
information along with the spatiotemporal distribution of
the AHE employed in this study. The fluxes ranged from
approximately 5-80 W-m~? within urban areas around
1600 LST in April. Figure 3 illustrates the diurnal varia-
tion in the AHE in the GKL.

2.5 | Statistical method and analysis:
HW selection/identification

This study identified HW days by referring to the Heat
Wave Magnitude Index daily (HWMId) developed by
Russo et al. (2015). Here, HWMIA is defined as the maxi-
mum magnitude of HW in a year, considering its inten-
sity and duration.

The HWMId function incorporated within the hwmi-
extRemes package version 2.1-3 (Russo et al., 2014, 2015)
served as the basis for selecting and identifying the study
period. This study used temperature datasets from two
urban stations, PJ and SBG (see Table 2), with data span-
ning over 30 years (1981-2010) and calculated the
HWMId. The computation of the index depends on
the daily maximum temperature value (Tmax) surpassing
the 90th percentile threshold for a minimum duration of
three consecutive days. The reference threshold was
established over a baseline period of 30 years centred
within a 31-day window. The interquartile range (IQR),
which is the temperature difference between the 25th
and 75th percentiles of Tmax, served as the unit for mea-
suring HW magnitude. This choice is based on its non-
parametric nature, which makes it a reliable measure of
temperature variability. In this context, a HW day with a
temperature equal to the IQR was assigned a magnitude
of 1. By this definition, if the magnitude on a given day,
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FIGURE 2

LULC map and spatiotemporal distribution AHE of d03 includes GKL areas. (a) MODIS dataset with a higher 15-arc-

seconds resolution corresponding to grid spacing ~450 m known as MODIS-15s. (b) Spatiotemporal distribution of hourly AHE for April at
0800 UTC (1600 LST). [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Diurnal profile of AHE in GKL. The observed
peaks were around 1500-1700 LST with the maximum heat flux of
72.2 W-m™2 at central KL and 26.7 W-m ™2 in residential areas.

denoted as “d” is 3, it signifies that the temperature
anomaly on that day is three times the IQR.

Furthermore, change-point detection analysis using
Pettitt's test has been used to identify abrupt changes or
shifts in a time-series dataset (Jaiswal et al., 2015). In this
study, the test helped pinpoint when significant changes
in Tmax occurred. This finding supports the identifica-
tion of HW cases using the HWMId.

2.6 | UHI analysis

To calculate UHI intensity, we employed two methods of
UHII computation (Chew et al., 2020; Li et al., 2013). The
first method involves direct calculations to obtain
the UHII at specific locations (station-based) by consider-
ing the differences between urban and rural stations. The
second method involved utilising the WRF-UCM by
calculating the difference between the urban setting sim-
ulation (URB) and the “no urban” setting simulation
(non-URB) to extract the impact of urbanisation. To
obtain a non-URB setting, we modified the urban sur-
faces by assigning them the nearest grid vegetation type,
corresponding to type 14 (Cropland/Natural Vegetation
Mosaic) in this case. The computation of the UHII using
URB and non-URB settings is also referenced in Chew
et al. (2020) and Li et al. (2013) as an urban increment
method.

In this study, Equation (1) was applied to compute
the UHII (Chew et al., 2020; Doan et al., 2016; Doan &
Kusaka, 2016; Vitanova & Kusaka, 2018) for the HW and
PPHW periods. The term PPHW refers to the periods that
immediately precede and follow HW events and are char-
acterised by Tmax anomalies falling below the 90th per-
centile threshold. This definition assumes that these
periods are the critical phases of adaptation and recovery
in response to HW events. The HW and PPHW days for
Cases 1 and 2 are presented in Table 3. Subsequently,
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TABLE 3 Details of the HWMId output from Petaling Jaya (PJ) station.
HW PPHW
Case HWMId Period Duration (days) Period Duration (days)
1 9.8 March 29-April 4, 2016 7 March 28 to April 5-7, 2016 4
2 2.7 April 18-21, 2020 4 April 17, 22-23, 2020 3
Equation (2) was used to measure the difference in the 129007 et
—e— PPHW1
UHII, referred to as the heat magnitude or heat load - HW2 R
. . . PPHW2
(HM), which represents the increase or decrease in the __1000.0- N
UHII during HW (Ward et al., 2016), £ A
=3 AP
— — 5 750.0- &/
UHII=Tuygrg — Tnon-URB; (1) 5 |
g jo°
[any [/
HM= UHIIHW - UHHPPHW (2) % 5000 - %
%] f
o
O 250.0- 4
,;;?g
3 | RESULTS A/
0.0- o

3.1 | Statistical method and analysis:
Selecting/identifying HW cases

GKL experiences warmer temperatures between January
and May compared to June and December (Figure S1,
Supporting Information). Examining the 99th percentile
of the daily Tmax distribution by month for the recent
10 years (2011-2020) at the urban stations made it evi-
dent that the distribution was overwhelmingly domi-
nated by records from March to April (Figure S2). The
extreme HW cases identified occurred in the same
month. In Case 1, extreme HW occurred in 2016, span-
ning from March 29 to April 4. In Case 2, an extreme
HW event was identified from April 18 to April 21, 2020.
The mean geopotential height at 500 hPa from the
ECMWF Reanalysis V5 (ERAS5) datasets at 0800 LST
(Figure S3) indicates that persistent high-pressure ridging
during the 2016 HW resulted in intense and prolonged
heat, leading to a higher HW magnitude than that in
2020 (see Table 3). Interestingly, although the overall
HW magnitude was lower in 2020, the heat index was
higher. Specifically, the WBGT heat index (Dimiceli
et al., 2012) revealed that the heat index reached 35.5°C
(at 1600 LST on March 30) in Case 1 and 37.2°C
(at 1400 LST on April 20) in Case 2. Both heat index
values fall within the “hazardous” category, posing a risk
of heat-related disorders for residents. This discrepancy
arises because the HW index is based solely on the daily
Tmax, whereas the heat index incorporates humidity as a
critical variable. Under hot and humid conditions, the
effectiveness of evaporative cooling diminishes,

9 12 15 18

Local Standard Time [LST]
FIGURE 4 The diurnal distribution of global solar radiation at
the observation station SBG during HW and PPHW days in Case
1 (black) and Case 2 (blue). The figure clearly indicates that solar
radiation during HW days consistently exceeds that during PPHW
days in both cases. [Colour figure can be viewed at
wileyonlinelibrary.com]

potentially leading to increased core body temperature
(Li et al., 2020). The interaction of these variables makes
studying the UHI effects and HW in tropical cities
uniquely challenging.

The prevailing winds at the 850 hPa level based on
the ERAS datasets at 0800 LST (see Figure S4) facilitate
the transport of moist air from the Pacific Ocean to Pen-
insular Malaysia, including the GKL region, during the
2020 HW. This continued influx of moisture into
the region contributes to higher humidity levels, leading
to a higher heat index. In contrast, during the 2016 HW,
low-pressure systems actively formed over the midlati-
tude region, dictating the movement of air masses and
concentrating the wind flow in these areas. This resulted
in a reduction in moisture influx from the Pacific Ocean
to the region. Additionally, the 2016 HW coincided with
an El Nifio event, characterised by warmer-than-average
sea surface temperatures (SST) in the central and eastern
tropical Pacific, which disrupted normal atmospheric cir-
culation and reduced cloud cover and rainfall in main-
land SEA, including Peninsular Malaysia (Thirumalai
et al., 2017). This reduction in cloud cover potentially
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TABLE 4 Model simulation validation of 2 m temperature (°C), 2 m relative humidity (%) and 10 m wind speed for Case 1.
T2 RH Wind speed

Case 1 ID MBE MAE RMSE R MBE MAE RMSE R MBE MAE RMSE R

HW PJ -0.10 0.97 1.27 0.92 —0.67 7.45 9.23 0.79 0.69 0.99 1.35 0.43
SER 1.14 1.36 1.72 0.94 —0.63 5.62 6.88 0.90 0.74 0.93 1.12 0.50
SBG 0.69 1.02 1.36 0.94 —4.54 8.01 10.59 0.81 0.05 0.70 0.89 0.68
KLIA 1.05 1.13 1.35 0.96 5.13 8.13 9.77 0.81 1.30 1.95 2.36 0.13
JA 0.28 0.87 1.07 0.96 —-6.99 8.48 10.54 0.87 1.15 1.81 2.05 0.42
SBL —0.58 0.82 1.04 0.97 -16.30 16.31 17.59 0.91 2.06 2.11 2.47 0.10

PPHW PJ 0.46 1.24 1.82 0.75 0.10 7.43 10.60 0.67 0.92 1.05 1.34 0.43
SER 1.35 1.80 2.36 0.79 0.16 6.01 8.37 0.84 0.79 0.89 1.02 0.68
SBG 1.03 1.43 2.21 0.73 —3.06 9.11 12.15 0.66 0.44 1.14 1.35 0.35
KLIA 0.78 1.30 1.95 0.79 6.01 941 11.76 0.72 1.37 2.15 2.63 0.11
JA 0.30 0.91 1.15 0.92 —0.58 7.74 10.08 0.75 1.83 1.90 2.15 0.23
SBL 0.01 0.72 0.89 0.95 —10.81 11.56 14.22 0.82 1.90 1.93 2.26 0.22

increased the levels of solar radiation reaching the
Earth's surface during the 2016 HW compared with the
2020 HW, as evidenced by data from the urban SBG sta-
tion shown in Figure 4. The figure also highlights the
noticeable discrepancy in solar radiation, with elevated
levels observed during HW conditions compared
to PPHW.

Diverging from the common practice in UHI-HW
synergy studies, which primarily emphasises summer
HW (known as the southwest monsoon period in
Malaysia), this research emphasises the interaction
between UHI and extreme HW events during the inter-
monsoon period in the GKL. These exceptional HW
events have been statistically observed to occur mainly
during March and April within the intermonsoon period,
marking the transition from the wet to the dry season.
During this transition period, the large-scale atmospheric
pressure systems driving the monsoons are weaker and
less dominant. This synoptic condition within the inter-
monsoon allows the specific physical characteristics of
the local climate to take precedence (Li et al., 2013; Ooi
et al., 2018a, 2018b).

3.2 | Model validation

The validation process of the model involved a compari-
son with data from six weather observation stations
under the Malaysian Meteorological Department (MET
Malaysia), which are strategically positioned across the
GKL. The assessment of mean model biases entails
the utilisation of three error indices, namely the mean
bias error (MBE), mean absolute error (MAE) and root-

mean-square error (RMSE), to gauge the statistical
robustness between the model output and observed
datasets.

3.21 | 2 m temperature, 2 m relative
humidity and 10 m wind speed

Tables 4 and 5 present the model performance outcomes
for Cases 1 and 2 on both HW and PPHW days. The
urban stations are denoted as PJ, SER, SBG and KLIA,
whereas the rural stations are represented by JA and SBL
(see Table 2). Overall, the WRF-UCM simulation accu-
rately reproduced the diurnal profiles of both T2 and RH
in both cases. From the model bias analysis, the WRF-
UCM excelled in predicting T2 for both cases, displaying
smaller RMSE values (<2.0°C) with a strong positive lin-
ear relationship. Specifically, during HW days, the biases
for T2 are consistently smaller, with RMSE ranging from
1.0 to 1.7°C in Case 1 and 0.9 to 1.6°C in Case 2, com-
pared to PPHW days where RMSE values ranged from
0.9 to 2.4°C in Case 1 and 1.7 to 2.3°C in Case 2. Similarly,
this pattern holds for RH, with most of the stations show-
casing RMSE values below the threshold of <10.0% with
a strong positive linear relationship. It is noteworthy that
this threshold validity aligns with that of Chew et al.
(2020) and Ramamurthy and Bou-Zeid (2016).

A significant disparity in the diurnal T2 and RH pro-
files was observed during the transition from HW to
PPHW days in both the observations and the WRF simu-
lations, as depicted in Figure 5. The WRF effectively cap-
tures these diurnal profiles and distinguishes variations
between urban and rural environments. During the HW
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TABLE 5 Model simulation validation of 2 m temperature (°C), 2 m relative humidity (%) and 10 m wind speed for Case 2.
T2 RH Wind speed
Case 2 ID MBE MAE RMSE R MBE MAE RMSE R MBE MAE RMSE R
HW PJ 0.10 0.86 1.25 0.92 2.59 6.85 8.15 0.87 0.96 1.10 1.37 0.59
SER 0.43 0.98 1.23 0.95 0.33 4.61 5.95 0.93 0.81 0.97 1.19 0.42
SBG 0.08 1.17 1.57 0.89 —-6.03 7.72 10.58 0.84 0.11 0.92 1.19 0.56
KLIA 0.35 0.92 143 0.89 4.87 9.62 12.08 0.67 1.94 2.13 2.45 0.38
JA -0.34 0.70 0.89 0.97 3.11 8.56 9.52 0.93 1.21 1.29 1.56 0.35
SBL -0.27 0.96 1.28 0.93 —-3.42 6.85 8.61 0.94 1.36 1.48 1.95 0.28
PPHW PJ 0.79 1.36 2.00 0.80 -1.42 7.14 10.15 0.77 1.17 1.32 1.63 0.39
SER 1.17 1.44 2.27 0.81 —5.08 6.34 9.54 0.85 0.86 0.99 1.29 0.34
SBG 0.47 1.36 2.13 0.80 —6.63 8.47 11.41 0.81 0.54 1.03 1.30 0.42
KLIA 1.20 141 2.39 0.75 —0.99 7.65 11.05 0.67 2.26 2.29 2.84 0.52
JA -0.14 1.25 1.72 0.88 5.20 8.66 10.14 0.92 1.35 1.43 1.99 0.30
SBL 0.51 1.16 1.81 0.86 —3.68 6.04 8.40 0.90 1.19 141 1.89 0.16
(a) Case 1 (b) Case 2
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FIGURE 5 The diurnal profiles of 2m temperature (T2), 2m relative humidity (RH) and 10-m wind speed for both urban and rural

categories during HW and PPHW days in Cases 1 and 2. Urban profiles are based on four urban stations (PJ, SER, SBG and KLIA), and rural
profiles are based on two stations (JA and SBL). The circles represent the observation data, while solid lines depict the WRF simulation.
Throughout HW, T2 and RH consistently surpasses that of PPHW days in both cases. A distinct profile in T2 and RH between urban and
rural areas is clearly observable, particularly from midday until night-time. Wind speed variations are less pronounced in both scenarios.

[Colour figure can be viewed at wileyonlinelibrary.com]
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events, T2 was notably higher than during the PPHW.
Specifically, the average daytime peak reached 35.2°C
(Case 1) and 34.7°C (Case 2) in urban areas during HW
events, compared to 33.2°C (Case 1) and 33.1°C (Case 2)
during PPHW periods. This distinction highlights the
substantial temperature increase associated with the HW
conditions. Similarly, variations in RH were also
observed, where a lower peak was observed between
1300 and 1600 LST during HW events, dropping to as low
as 42% (Case 1) and 52% (Case 2) in urban areas and 50%
(Case 1) and 58% (Case 2) in rural areas. This is com-
pared to the RH levels of 55% (Case 1) and 58% (Case 2)
in urban areas and 62% (both cases) in rural areas during
the PPHW.

Additionally, the WRF model successfully reproduced
night-time temperatures in all scenarios, beginning at
midnight and continuing until sunrise. However, the
model tends to delay forecasting the peak of T2 over rural
areas by 1-2h compared with the observed data.
Theeuwes et al. (2015) discovered that the delay behav-
iour was due to the influence of atmospheric boundary
layer conditions, leading to a higher morning heating
rate in rural environments than in urban areas. The WRF
consistently overpredicted T2 from 1400 to 2200 LST for
Case 1 and from 1400 to 1800 LST for Case 2 in urban
areas during PPHW days. The primary factor contribut-
ing to this overprediction appears to be the inability of
the model to accurately simulate precipitation events
during these specified timeframes, resulting in an overes-
timation of surface temperatures. Overall, both observa-
tions and simulations indicate that heat waves
significantly elevate temperatures and reduce relative
humidity. This highlights the model's greater robustness
in simulating HW periods, where atmospheric interac-
tions are less complex, compared to PPHW periods,
which involve more intricate atmospheric processes such
as precipitation events. Moreover, it is worth noting that
a clear distinction between HW and PPHW days, charac-
terised by a range of differences in T2 and RH profiles,
was particularly evident during the Case 1 event.

We also validate the 10 m wind speed simulations, as
wind circulation significantly influences the interaction
between the UHI and HW (Ao et al., 2019). Although the
WRF model tended to overestimate wind speeds at both
the urban and rural stations (Tables 4 and 5), it effec-
tively captured their diurnal patterns (Figure 5). Notably,
both observations and simulations show ambiguous dis-
tinctions in wind speed variations during HW events,
lacking the typical reductions reported in other studies
(Ao et al., 2019; Li et al., 2016; Ngarambe et al., 2020) or
increases (Li et al., 2016). It is worth highlighting that
several factors could contribute to the larger RMSE value
and overestimation of wind speed. For instance, the

of Climatology

Global Solar Radiation [W/m?]

1500 1500
o Hwl
e PPHWI
PPHW1
1250 y =1.08x +76.91 1250
R 0.73
1000 ° 1000
°
L ]
c L]
2 750 k750
<
g ° ® 'y=0.96x+43.73
b PPHW2 R 0.93
w y = 0.96x +130.94
T 500 500
= R2: 0.80
& o®
250 s +250
. oHW2
‘= 1.03x + 57.10
® R20.90
0 ores, 0
HW2
PPHW2
0 250 500 750 1000 1250 1500
Observation Data
FIGURE 6 The correlation results of solar radiation between

the urban station SBG and the WRF simulation for all scenarios. As
the figure details, the linear relationship between the variables is
expressed in the accompanying equation. The spatially average
solar radiation of LULC type 33 (represents high intensity
residential/commercial/industrial) derived from the simulation
under the URB setting. [Colour figure can be viewed at
wileyonlinelibrary.com]

influence of surface roughness parameters, as discussed
by Varquez et al. (2014), can significantly affect wind
speed simulations. Additionally, the representation of
urban morphological characteristics (Wang et al., 2020) is
another important factor to consider.

In addition, while the observational datasets used are
among the best available for validation, the limited num-
ber of representative observation sites may contribute to
uncertainties and potential limitations in the results. This
concern has been discussed in several studies (e.g.,
Tapiador et al., 2017), which highlight the impact of sta-
tion density and representativeness on model validation
and bias assessment can lead to inaccuracies or unsup-
ported conclusions when evaluating model performance.

322 |
radiation

Heat fluxes component: Global solar

Global solar radiation data, or downward (incoming)
shortwave radiation, are essential in climate modelling
because they directly influence the surface energy bal-
ance and local climate conditions. In this study, we uti-
lised the urban station SBG to validate the WRF model
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UHII pattern and heat magnitude/heat load (HM) changes. The top panel displays the comparison of station-based (M1) UHII

profiles between model simulation and observation stations. The bottom panel displays the spatially averaged (M2) diurnal UHII profiles from

the simulation (URB-non-URB), denoted by the solid line, while the bar plot indicates the HM changes, calculated from the difference of
UHII during HW to PPHW days. Values above 0 indicate additional HM, and below 0 indicate reduced HM. M1 computation involves data
from four urban stations, PJ, SER, SBG and KLIA, and two rural stations, JA and SBL. M2 values for each category are calculated by spatially

averaging the T2 of all grids (within d03), as discussed in section 2.6. [Colour figure can be viewed at wileyonlinelibrary.com]

and simulate the patterns and intensity of solar radiation,
which are essential for driving the thermal and dynamic
processes within the model. As shown in Figure 6, the
model data closely matched the observed data, demon-
strating intense goodness of fit. Specifically, the coeffi-
cient of determination (R®) was notably high, reaching
approximately 0.93 (HW in Case 1), 0.90 (HW in Case 2),
0.73 (PPHW in Case 1) and 0.80 (PPHW in Case 2). In
other words, the model performance was superior during
HW conditions compared to PPHW conditions, aligning
with other bias assessments conducted for T2 and RH.

3.3 | UHI-HW interaction

The interaction between UHI and HW is a complex phe-
nomenon involving intricate relationships between urban

environments and extreme heat events. This
section discusses the diurnal variations and spatial pat-
terns of the UHII in response to HW and PPHW days.
UHII analysis is conducted using the “station-based”
(M1) and spatially averaged method (averaging values
from multiple grid points within each category) under
distinct URB and non-URB settings (M2), as outlined in
section 2.6. The utilisation of both the M1 and M2 set-
tings in our study serves different purposes and provides
complementary insights into the UHI dynamics and their
interaction with HW events. M1 enables localized UHI
examination. Conversely, M2 provides a broader perspec-
tive, averaging values across URB and non-URB catego-
ries, facilitating a larger-scale assessment and spatial
UHII distribution analysis across the entire study area.
Besides the computational methodology distinction
between M1 and M2, the M2 method also largely
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eliminates the impact of sea breezes, clouds and topogra-
phy on surface temperature (Bohnenstengel et al., 2011;
Li et al., 2013). Both methods are essential for a thorough
knowledge of UHI-HW dynamics. The daytime analysis
in this study spans from 0700 to 1900 LST, with the
remaining period covering night-time. All the analyses
and results presented herein are based on the
averaged term.

The WRF-UCM replicated the temporal trend of the
UHI profiles in both cases, as illustrated in Figure 7. Dur-
ing the daytime, it is typical to observe a minimal temper-
ature difference between urban and rural areas owing to
the abundance of incoming solar radiation, accelerating
the heating process over both surfaces. The lower heating
rate experienced in urban areas compared to rural envi-
ronments during the daytime results in a subdued UHI
difference, especially within the initial 4 h after sunrise,
and is known as the urban cool island (UCI) (Theeuwes
et al., 2015). This cooling phase lasted for 3-5 h, followed
by a notably swift temperature increase propelled by the
higher sensible heat flux in urban areas, as shown in
the same figure. This temperature surge was most promi-
nent during the late afternoon and extended to night-
time. Notably, the cooler daytime temperature pattern
was not evident in simulation M2, indicating that the
non-URB settings consistently produced lower tempera-
tures, resulting in a positive UHII.

From the same figure, a notable increase in the UHII
during the HW was detected in both the actual measure-
ments and simulations. UHII increments were observed
with additional heat loads measured in all scenarios,
except for the daytime UHII in simulation M2 for Case
2, which exhibits a slightly reduced heat load of —0.06°C.
This minimal reduction can be attributed to the slightly
lower temperatures produced by the URB setting and the
relatively higher temperatures produced by the non-URB
setting for type 12 (croplands) during HW. According to
Harun et al. (2020), the shading effect of high-rise build-
ings in Kuala Lumpur contributes to reducing UHII and
can create a cool island effect during the day. Conversely,
croplands tend to be warmer and absorb more heat
(Wickham et al., 2012) because they are less obstructed
by downward solar radiation. These conditions may have
minimised the differences between URB and non-URB
settings, potentially leading to an underestimation of the
daytime UHII peak. Consequently, the average daytime
heat load for this specific case slightly decreased. The
results of the UHII and heat load analyses are presented
in Table 6. Clearly, the degree of the UHII was most pro-
nounced during the night-time and heightened during
HW. However, the maximum peak was observed
during the daytime. It is also evident that simulation M2
consistently provides lower UHII values than the direct

of Climatology

measurements, which is attributed to spatial averaging
that smooths local variations and reduces the impact of
extremes. Figure 8 illustrates a discernible contrast in the
spatial distribution of the nocturnal UHII during the HW
and PPHW periods.

3.4 | Heat fluxes responses to HW
Quantifying the energy components within surface
energy balance models is essential for understanding the
energy exchange during HW and PPHW days, particu-
larly in urban areas. The observation of global solar radi-
ation data clearly highlights a substantial increase during
HW conditions compared to PPHW conditions in both
cases (see Figure 4). In Case 1, the peak occurred at
1400 LST, registering 1083.3 W-m™> during HW and
750.0 W-m™2 during PPHW. Similarly, in Case 2, higher
global solar radiation was recorded with a peak of
888.9 W-m ™2 compared to the PPHW, with 805.6 W-m~2
at 1300 LST. This finding aligns with observations of
cloud cover at urban stations.

An examination of the ground heat flux, Qs as
depicted in Figure 9, provides valuable insights into the
distinction in heat storage between urban and rural
areas. Notably, Qs simulations in urban environments
exhibit a substantial increase during HW owing to the
heightened heat storage within the urban infrastructure,
including pavements, buildings and other structures.
Consequently, this elevation in Qg contributes to ampli-
fied night-time urban temperatures during HW days in
comparison to PPHW days, with nocturnal heat loads
reaching 0.8°C in Case 1 and 0.4°C in Case 2 (see
Figure 8).

Figure 10 shows the cumulative sensible heat flux Qg
simulated using the WRF model. The use of the cumula-
tive Qy allowed us to capture the cumulative effect of
heat transfer over time, providing valuable insights into
the overall heat dynamics during HW events. The inten-
sification of Qy during HW was evident in both urban
and rural areas, indicating the influence of extreme heat
events on heat dynamics. Furthermore, the contrasting
patterns between urban and rural regions during these
events emphasise the role of variations in urbanisation
factors. In Case 1, the daytime average cumulative Qg
from the ground surface of the urban area exhibited a
growth rate of 0-2361.1 W-m™? during HW days, indicat-
ing increased heat transfer from the urban surface to the
atmosphere. This growth rate surpassed that of PPHW
days by 289.7W-m™2, indicating a higher magnitude of
heat flux during HW events. In Case 2, with a growth
rate of 0-2083.3 W-m™~? during the HW period and PPHW
days exceeding 135.0W-m 2 A similar anomaly is
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FIGURE 8 The spatial
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distribution of nocturnal UHII in
the GKL area during HW days on
April 3, 2016 (Case 1) and April

19, 2020 (Case 2). The peaks reached
1.9 and 1.8°C in Cases 1 and

2, respectively. The same
information for PPHW days, April
6, 2016 (Case 1) and April 17, 2020
(Case 2), had peaks at 1.1 and 1.4°C
in Cases 1 and 2, respectively. The
black circle serves as a marker,
indicating the centre of the

urban area. [Colour figure can be

309°N

L 3SVI

viewed at wileyonlinelibrary.com]
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101.63°E

FIGURE 9
flux, Qg profiles during HW on 3-
April 3, 2016 (Case 1) and April

19, 2020 (Case 2) and, PPHW April
6, 2016 (Case 1) and April 17, 2020
(Case 2). Two distinct categories are

The ground heat

distinguished by colour: black for
URB and blue for non-URB. The
average values are calculated by
spatially averaging the Qg of all
grids (within d03) for each category.

[W-m~]

Ground Heat Flux (x 10?)

[Colour figure can be viewed at
wileyonlinelibrary.com]

o s w0
Local Standard Time [LST]

observed in rural areas, with an average cumulative Qy
difference of 498.5W-m~? for Case 1 and 286.9 W-m ™2 for
Case 2 when comparing HW to PPHW days. Here, the
term “rural” refers to the results obtained using the M2
method, which provides a broader-scale analysis for a
comprehensive assessment of UHI dynamics across the
entire study area.

¢3SV

101.63°E
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Additionally, the analysis of Bowen's ratio values
underscores a notable difference between urban and
rural areas, with these differences becoming more pro-
nounced during the HW. In urban environments, Bowen
Ratio values in hourly averages exceed 20 in Case 1 and
8 in Case 2, indicating the prevalence of Qg, whereas in
rural areas, Bowen Ratio values remain below 2 in both
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FIGURE 10 Spatially averaged cumulative Qy and Bowen

Ratio measurements during daytime for HW and PPHW days, with
(a) corresponds to Case 1 analysis, while (b) for Case 2. The line
plots represent cumulative Qy, while the bar plots depict Bowen
Ratio. Two distinct categories are distinguished by colour: black for
URB and blue for non-URB. The average values are calculated by
spatially averaging the Qg of all grids (within d03) for each
category. The persistence of a higher Bowen Ratio during HW
episodes indicates intensified heat transfer mechanisms, primarily
driven by Qy, in urban areas. [Colour figure can be viewed at
wileyonlinelibrary.com]

cases, highlighting the dominance of latent heat flux, Qg.
The widening gap in Bowen Ratio values between urban
and rural areas during HW events reflects the distinct
heat dynamics in these environments.

4 | DISCUSSION

From the results discussed in the previous section, urban-
isation clearly induced surface temperatures in the GKL
and amplified the UHI effect. In the context of the
GKL and urban warming, our study underscores the pre-
vailing dominance of the nocturnal UHII over its daytime
counterpart, which is consistent with prior numerical
studies (Morris et al., 2016a, 2016b; Ooi et al., 2017).

During HW, amplification of UHII heightened and
increased the heat magnitude or heat loads during day-
time/night-time by 1.0°C/0.9°C (observation),
1.1°C/1.0°C (simulation M1) and 0.2°C/0.4°C (simulation
M2) in Case 1 and 0.6°C/0.1°C (observation), 0.1°C/0.3°C
(simulation M1) and —0.1°C/0.2°C (simulation M2) in
Case 2. UHII amplification was more prominent in Case
1 than in Case 2. Despite both cases occurring in record-
warm years, a notable difference existed in their ENSO
conditions. Case 1 occurring within a stronger El Nifio
year, which resulted in an abundance of solar radiation
reaching the Earth's surface due to reduced cloudiness
during the episodes. In contrast, Case 2 occurred during
an early 2020 neutral year. During HW, the maximum
UHII peak is likely to occur at noon, consistent with a
study in Shanghai (Ao et al., 2019) with observed heat
loads reached 2.3°C at 1600 LST in Case 1 and 3.7°C at
1500 LST in Case 2. The daytime UHII peak correlated
with the surplus solar radiation received under HW con-
ditions (see Figure 4). For instance, the global solar radia-
tion peak during HW surpasses the PPHW days by
304.6 W-m™? in Case 1 and exceeds by 83.3 W-m™ in
Case 2. This condition significantly boosts daytime Qg
owing to sparse vegetation coverage and the absence of
surface moisture in urban areas (Ao et al., 2019; Meng
et al., 2011).

Regarding the surface energy budget, there is a pro-
nounced change in Qy, Qg, Qg and net radiation during
the HW in the GKL. Compared with normal days, the
ground absorbs a substantial amount of heat input during
HW and increases heat storage, particularly in urban
areas with heat-absorbing surfaces such as asphalt and
concrete. At night, ground heat loss prolongs Qy release
elevates night-time temperatures and is amplified during
HW. This is evident with elevated of average nocturnal
UHII during HW at 1.4, 1.9 and 1.3°C in Case 1, and 1.1,
1.7 and 1.1°C in Case 2, for observation, and simulations
M1 and M2, respectively. Our results are consistent with
those of most studies in the literature that show a positive
UHI-HW synergy.

As no other NWP studies have examined UHI-HW
synergy in the GKL area, our findings are juxtaposed
with those of Chew et al. (2020) for Singapore, a tropical
coastal city in SEA. Their study corresponds to Case 1 of
our research, conducted during the same HW year in
April. In contrast to our findings, their conclusion
asserted no observed UHII amplification during HW,
with heat storage fluxes remaining unchanged compared
to normal days. Although the GKL and Singapore are
part of the maritime continent, their unique geographical
contexts may contribute to differences in the UHI-HW
interactions. GKL's proximity to the coast allows pro-
nounced land-sea breeze interactions (Ooi et al., 2017).
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In contrast, Singapore, an island city at the southern tip
of Peninsular Malaysia, is surrounded by smaller islands
and relatively narrow water bodies, which may result in
different land-sea breeze dynamics. These geographical
differences can affect local microclimates, including tem-
perature distribution, wind patterns and humidity levels,
which, in turn, influence the UHI effects and heatwave
interactions observed between the two cities.

In addition, solar radiation distribution differed sig-
nificantly between the two cases. During the HW in
GKL, there was a marked increase in solar radiation com-
pared to PPHW days, which was not observed in
Singapore. This increase in solar radiation during the
HW in the GKL likely contributed to the higher surface
temperatures and a more pronounced UHIIL. Although
there was a discrepancy in the observed UHI-HW syn-
ergy between GKL and Singapore, neither case demon-
strated significant changes in wind speed during the
HW. According to Ao et al. (2019), the diverse outcomes
of the UHI-HW synergy across cities stem from various
physical mechanisms, including heightened increases in
urban net radiation and AHE input under HW condi-
tions. The study also revealed that UHII amplification
was more pronounced when the regional wind speed was
reduced and under the influence of sea breezes during
HW. Hence, the careful selection of reference stations,
particularly in areas close to the coast, significantly
affected the UHII amplification results under the influ-
ence of HW.

Furthermore, a comparison of the findings across dif-
ferent climates provided additional insights. For instance,
studies in temperate cities, such as Shanghai (Ao
et al., 2019) and Seoul (Ngarambe et al., 2020), showed
that maximum UHII peaks occurred at different times of
the day and exhibited varied heat load intensities during
HW events. In Shanghai, the synergistic effect was most
pronounced at noon, whereas in Seoul, it occurred
between noon and late at night. In contrast, Zhao et al.
(2018) discovered that daytime synergy effects in cities
with dry climates are negligible in the current climate
but develop in the future. These differences underscore
the complexity of UHI-HW interactions, which are influ-
enced by urban morphology, local climatic conditions
and regional atmospheric dynamics. Understanding these
variations is crucial for developing effective mitigation
strategies tailored to specific urban environments.

Notably, the tropics exhibit unique features compared
to temperate climates, such as differences in atmospheric
circulation patterns, moisture availability and land-sea
interactions. In tropical regions, higher humidity levels
during heat waves can exacerbate heat stress owing to
the reduced effectiveness of evaporative cooling, which is
less of a concern in temperate climates, where humidity

of Climatology

levels are generally lower. Additionally, diurnal tempera-
ture variations are typically smaller in tropical regions,
making the impact of heat waves potentially more severe
owing to sustained high temperatures throughout the day
and night. Furthermore, in areas with distinct seasons,
such as temperate zones, heat waves may occur during
specific periods of the year, often coinciding with the
summer peak (e.g., Hua et al., 2023; Robine et al., 2007;
Russo et al., 2015). In contrast, tropical regions may expe-
rience heat waves at any time of the year because sea-
sonal temperature variations are less pronounced. This
lack of seasonality can contribute to the unpredictability
and frequency of heat waves in tropical areas, posing
continuous challenges to adaptation and mitigation.

We highlight some limitations that could potentially
influence the study outcomes. First, the utilisation of spa-
tially distributed AHE data, which is essential for captur-
ing localised heat sources and their impact on UHI
intensity. However, the existing data do not explicitly
consider extreme events such as heat waves. The AHE
data adopted from Varquez et al. (2021) are based on data
from the International Institute of Applied Systems Anal-
ysis (ITASA) and the 2010 records of country-level gross
domestic product (GDP) from The World Bank. This data
source may have affected the accuracy of the simulation
results, particularly for 2020, considering the 10-year time
difference. Using more accurate and up-to-date informa-
tion regarding the spatial distribution of anthropogenic
heat during the study period could have led to more pro-
nounced differences in heat loads. The AHE input is
expected to be higher during HW, leading to a stronger
synergistic influence in the future. Future research
should consider obtaining more detailed AHE data,
including information on energy consumption during
heat waves compared to normal days, to improve the pre-
cision of the study's findings.

Second, consider integrating urban morphological
characteristics into the WRF model to gain more realistic
heterogeneities in the city. While it is essential to
acknowledge the advancements offered by newer land
use data frameworks, such as the Local Climate Zone
(LCZ) classification, and platforms such as WUDAPT
(Chen & Hu, 2022; Ren et al., 2016), our current analysis
using the MODIS dataset remains robust and credible,
especially when simulating extreme heat events. Despite
its age, the MODIS dataset is highly regarded for its reli-
ability in land cover classification, vegetation mapping
and climate modelling at regional and global scales
(Ganguly et al., 2010; Gaur et al., 2020; Jin et al., 2005;
Mallick et al.,, 2020; Nandini et al.,, 2022; Wickham
et al., 2012). In urban climate research for GKL, the data-
set is frequently used as a standard reference for land
cover and vegetation information (e.g., Hamray &
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Choi, 2022; Li et al., 2020; Morris et al., 2016a, 2016b),
making it reliable for the current study. With the recent
advancements in WRF version 4.6, including the avail-
ability of explicit distributions of urban parameters,
future studies stand to benefit significantly from leverag-
ing these new features. In future work, we aim to
improve the spatial resolution and fidelity of our simula-
tions to better capture the heterogeneous nature of urban
areas. Specifically, we plan to explore the utilisation of
LCZ classification and incorporate detailed urban mor-
phological parameters into the WRF, enhancing the
accuracy and reliability of our modelling outcomes.

Third, this study is limited by the analysis of only two
extreme HW events occurring in the most recent years.
Both cases coincided with specific ENSO conditions
known to influence the strength and magnitude of HW
(Li et al., 2020), which showed an amplification of UHII
in GKL. However, it is important to recognize that the
findings may not be fully generalizable. The limited num-
ber of cases means that different or additional HW events
might produce varying results. Future studies should con-
sider a broader range of HW cases, including those occur-
ring in different seasons and under varying climatic
conditions, to validate the findings and provide a more
comprehensive  understanding of the UHI-HW
interaction.

5 | CONCLUSION AND REMARKS

This study, employing the WRF-UCM, represents the
most recent numerical study investigating the synergistic
interaction between UHI and HW in GKL, a tropical
urban area in Malaysia. We examined the 2 m tempera-
ture behaviour and surface energy budget variations dur-
ing HW and PPHW days. This study focused on specific
cases of extreme HW events that occurred in 2016 and
2020, which are recognised as among the top three warm-
est years on record. The selection of these cases was
based on the computation of the HWMId. The conclu-
sions of this study are as follows.

1. A heightened UHII is evident during heat waves in
both observations and simulations, particularly pro-
nounced during night-time with average heat loads of
0.9°C (observation), 1.0°C (simulation M1) and 0.4°C
(simulation M2) in Case 1, and 0.1°C (observation),
0.3°C (simulation M1) and 0.2°C (simulation M2) in
Case 2.

2. During heat waves, both observations and simulations
exhibited a UHII peak during the daytime, consistent
with the surplus solar radiation manifested during the
day compared to PPHW days. The observed maximum

heat loads are likely to occur at noon with a magni-

tude increase of 2.3°C at 1600 LST in Case 1 and 3.7°C

at 1500 LST in Case 2.

3. Analysis of the heat flux components from the surface
energy balance model provided empirical support for
the synergy between the UHI and HW.

a. The recorded global radiation data at the urban
station showed an increase in radiation during the
HW compared to the PPHW conditions for both
cases. The most pronounced variation in hourly
averages was recorded at 1500 LST, with
433.0 Wm™2 in Case 1, and at 1600 LST,
with 243.1 W-m~? in Case 2.

b. A significant increase in cumulative daytime Qg
was observed during HW days compared to PPHW
days in both urban and rural areas. The average
cumulative Qp difference is notable, reaching
289.7W-m~2 in Case 1, and 135.0W-m~2 in Case
2 for urban and 498.5W-m™> in Case 1 and
286.9 W-m~2 in Case 2, for rural.

c. The Bowen Ratio consistently increased during the
transition from the HW to PPHW conditions.
The most prominent increase was observed, reach-
ing 11.9 at 1700 LST in Case 1 and 1.4 at 1600 LST
in Case 2 for urban areas. There is a remarkable
contrast in the Bowen Ratio between urban and
rural areas, with hourly averages exceeding 20 in
Case 1 and 8 in Case 2 in urban settings, while
remaining below 2 in both cases in rural
environments.

This study can potentially provide invaluable insights,
particularly in urban planning. The ongoing urbanisation
trends in Malaysia accentuate the relevance of these
insights. In 2020, Malaysia achieved a notable urbanisa-
tion rate of 79%, which is expected to increase further to
approximately 85% by 2040, as outlined in the Third
National Physical Plan (NPP-3) (PLANMalaysia, 2022).
In the face of rapid urbanisation, a deep understanding
of the intricate dynamics of UHI and their interplay with
extreme weather events, such as heat waves, has become
increasingly crucial. Leveraging the capabilities of
numerical predictions in urban climate modelling can
play a significant role in addressing the challenges posed
by global warming.

Furthermore, the findings provide essential guidance
for urban planners and policymakers by influencing criti-
cal urban development, infrastructure and climate resil-
ience decisions. This study has the potential to
significantly contribute to Kuala Lumpur's vision, as
articulated in the Kuala Lumpur Climate Action Plan
2050 (KLCAP2050). Incorporating the insights derived
from this research can empower stakeholders to tackle
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the challenges associated with urban heat and heat waves
more effectively, ultimately enhancing the well-being
and comfort of urban residents in swiftly urbanising
Malaysia. In addition, comparing the two cases, it
appears that the occurrence of heat waves under specific
ENSO conditions may influence the strength and magni-
tude of the UHII in cities. Research on this topic could
aid future planning and mitigation strategies for urban
residents vulnerable to extreme weather events. Given
the distinctive nature of each case, further research is
imperative to establish a consensus on this relationship,
particularly in vulnerable tropical urban regions.
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