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ARTICLE INFO ABSTRACT
Keywords: Previous satellite-based studies have shown that Greater Kuala Lumpur (GKL) consistently ex-
Urban cloud hibits a higher cloud frequency than surrounding rural areas. To investigate the underlying

Urban heat island
Atmospheric boundary layer
Tropical city

Kuala Lumpur

mechanisms, numerical experiments were conducted using the Weather Research and Forecasting
(WRF) model for 227 hot days without daytime precipitation during the wet season (DJF) and
141 hot days without daytime precipitation during the dry season (JJA). The results show that
urbanised areas within GKL exhibit higher sensible heat fluxes and deeper boundary layers than
surrounding rural regions. Despite lower latent heat fluxes and reduced near-surface relative
humidity, which would normally suppress cloud formation by raising the lifting condensation
level (LCL), cloud frequency is enhanced over GKL. This enhancement can be explained by two
mechanisms. First, the deeper urban boundary layer largely offsets the negative effect of an
elevated LCL. Second, urban heat island and modified sea-breeze circulations enhance moisture
advection from surrounding rural areas and adjacent oceans, increasing moisture within the
urban boundary layer. The spatial distribution of urban-induced cloud frequency exhibits a clear
seasonal dependence. During DJF, the enhancement extends across the GKL region, whereas
during JJA it is mainly confined to inland urban areas. Areas of enhanced horizontal moisture flux
convergence closely correspond to increased cloud frequency. These seasonal differences suggest
that urbanisation modifies interactions among the background monsoonal flow, sea-breeze cir-
culation, and urban heat island circulation, thereby altering the location and intensity of moisture
convergence and the associated cloud response. These findings provide new insights into urban-
induced cloud formation in tropical cities.

1. Introduction

Land-use and land-cover modifications associated with urbanisation represent a significant anthropogenic forcing that alters
regional atmospheric processes, with important implications for cloud formation and precipitation patterns (IPCC, 2021; Pielke Sr
et al., 2011). By modifying surface energy balance, moisture availability, and aerodynamic roughness, urban environments influ-
ence boundary-layer development, mesoscale circulations, and convective processes that govern cloud evolution (Oke, 1982;
Shepherd, 2005). These changes can lead to measurable anomalies in precipitation characteristics, including variations in rainfall
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intensity, spatial distribution, and timing, both within and downwind of urban areas across a wide range of climatic regimes, including
temperate (e.g., Fujibe et al., 2009; Shepherd et al., 2010; Miao et al., 2011; Kusaka et al., 2014, 2019; Niyogi et al., 2017; Aota and
Kusaka, 2026) and tropical climates (e.g., Lin et al., 2008, 2011; Doan et al., 2021; Li et al., 2022; Hasebe et al., 2026). Recent regional
studies have demonstrated that urban-induced precipitation responses are not uniform but depend on background climate and
meteorological conditions and urban morphology (Sui et al., 2024; Pryor et al., 2025). Such findings highlight the need to better
understand the physical linkages between urban land-cover modification, cloud development, and precipitation processes, particularly
in rapidly urbanising regions where these interactions remain insufficiently explored. Recent studies suggest that urban environments
enhance precipitation through both land-surface processes and aerosol-cloud interactions, with the latter playing an important role in
urban precipitation variability (Moraglia et al., 2024; Moraglia and Crippa, 2026).

Given the fundamental role of cloud cover and frequency in regulating climate variability and precipitation processes, investigating
urban influences on cloud formation provides a key pathway for understanding these interactions (Stephens, 2005; Rosenfeld et al.,
2014; Gettelman and Sherwood, 2016). This can be achieved through various approaches, including observational tools, statistical
analyses, and advanced numerical experiments, all of which are crucial for understanding the processes governing cloud formation,
particularly in urbanised areas. Nevertheless, studies specifically focusing on urban cloud formation remain limited compared with the
extensive literature on urban influences on precipitation (Theeuwes et al., 2019, 2022).

One of the earliest observational studies on urban cloud formation, conducted by Landsberg (1981), examined the effects of ur-
banisation on cloud development. His analysis of cloud frequency over New York City demonstrated that midday cloud cover during
summer was consistently higher over an urban airfield than over a nearby rural site. The study also highlighted the combined effects of
the heat island phenomenon, surface roughness, and the presence of hygroscopic condensation nuclei in shaping urban cloud
microphysics, dynamics, and precipitation patterns.

Subsequent research has built upon Landsberg's findings using a range of observational approaches. Ground-based remote sensing
techniques, such as wind profilers, ceilometers, and airborne lidar, have been employed to investigate cloud properties and boundary-
layer dynamics. For instance, Angevine et al. (2003) utilized these tools over Nashville to assess urban influences on mixing height and
cloud fraction, reinforcing the notion that urban areas experience enhanced cloud formation compared with their rural surroundings.
Danchovski (2024) Employed ceilometer observations in Sofia, demonstrating that during the warm season, cloud-base heights over
the city Centre exceeded those over the periphery by approximately 200 m in the afternoon, reflecting the impact of urban heating and
local convection. Moriwaki et al. (2013) Also used ceilometer observations to demonstrate that cloud-base heights over a medium-
sized Japanese city were higher than those over the surrounding suburban areas. Satellite-based remote sensing has further sub-
stantiated these urban cloud effects on a broader scale. Romanov (1999) Observed increased cloud development over Moscow, while
Theeuwes et al. (2019) documented similar trends over Paris and London. Vo et al. (2023) Reported enhanced daytime cloud cover in
both summer and winter over most U.S. cities. During nighttime, cloud cover increased by up to 5.8% in summer but showed slight
suppression in winter.

Numerical experiments provide a robust means of uncovering the mechanisms driving these contrasts in cloud formation. For
example, Kanda et al. (2001) and Inoue and Kimura (2007) demonstrated that urban areas exhibit higher cloud fractions and sensible
heat fluxes than rural regions. In particular, Inoue and Kimura (2007) found that small cumulus clouds were more frequent over urban
areas but less common over suburban and rural settings. Further studies by Kang and Bryan (2011) revealed that cloud-base height
over warmer surfaces increases with surface heterogeneity. Based on the findings of cloud presence over London (Theeuwes et al.,
2019), Theeuwes et al. (2022) demonstrated that urban heat circulations promote moisture convergence and upward air motion
over London under low-wind-speed conditions. Such land-use perturbation approaches, in which urban grids are replaced by sur-
rounding rural land-cover types, have been widely used to isolate urban effects on clouds and precipitation across a variety of climatic
regions worldwide.

Syed Mahbar and Kusaka (2024a) conducted a statistical study of urban cloud enhancement in the greater Kuala Lumpur (GKL)
region using Himawari-8 satellite observations, which revealed that urban areas consistently exhibit greater cloud cover than rural
areas. This distinct urban-rural contrast is particularly evident at 15:00 local time (LT), with cloud-cover ratios of 1.22 during the
southwest monsoon and 1.24 during the northeast monsoon. Building on this research, we conducted numerical experiments to
investigate the impact of urban areas on cloud formation, with the aim of identifying differences in cloud presence and examining how
variations in the surface heat budget contribute to the increased cloud cover observed over GKL.

The mechanisms driving urban cloud enhancement in tropical cities such as GKL, which experience distinct meteorological con-
ditions, including high solar radiation and abundant moisture, have not been explored in depth through numerical simulations.
Furthermore, how these urban cloud enhancement processes and their spatial distribution vary under changing monsoonal seasons
remains a critical gap. This study aims to fill this gap by providing new insights into the mechanisms of urban cloud formation and their
implications for urban weather and climate. To the best of our knowledge, this study is the first numerical investigation of urban cloud
enhancement in a southeast Asian city.

2. Methods and data
2.1. Study area — GKL
As of 2023, Greater Kuala Lumpur (GKL), Malaysia's primary rapidly expanding urban agglomeration, is home to 22% of the

nation's population (Public Sector Open Data, 2024), making it a densely populated region vulnerable to various urban hazards,
including extreme heat, severe thunderstorms, and flash flooding. The region's climate is influenced by the Asian-Australian monsoon
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system and prevailing wind patterns (Jamaluddin et al., 2018; Morris et al., 2017; Tangang et al., 2017; Ramakreshnan et al., 2019;
Mohammad Hamray and Choi, 2022). The southwest monsoon, characterised by south-westerly winds, occurs from June to August
(JJA), while the northeast monsoon, dominated by north-easterly winds, spans from December to February (DJF). The inter-monsoon
period bridges these two seasons.

Situated on the west coast of Peninsular Malaysia, GKL is bordered by the Strait of Malacca to the west and the Titiwangsa Mountain
Range to the east, as illustrated in Fig. 1. It comprises ten local government areas, including the Kuala Lumpur metropolitan city, the
Putrajaya administrative capital, and the local authority regions of Petaling Jaya, Subang Jaya, Shah Alam, Ampang Jaya, Selayang,
Kajang, Klang, and Sepang (Syed Mahbar and Kusaka, 2024b). Rapid urbanisation in Kuala Lumpur has driven development beyond
the city's core, forming a sprawling urban agglomeration covering 2793 km? (Yasin et al., 2022), encompassing the Kuala Lumpur
Federal Territory and parts of Selangor. A distinctive feature of GKL is the presence of two major rivers, the Klang and Gombak Rivers,
which flow through the city and shape its geographical identity (Bhuiyan et al., 2018).

2.2. Selection of simulation cases

To investigate the influence of urbanisation on cloud formation, WRF simulations were conducted for the cases identified by Syed
Mahbar and Kusaka (2024a). The selected cases correspond to high-temperature days without daytime precipitation over Greater
Kuala Lumpur (GKL) and its surrounding areas, thereby excluding precipitation events primarily associated with large-scale convective
disturbances. Following Syed Mahbar and Kusaka (2024a), high-temperature days were defined using the 80th-percentile temperature
threshold calculated separately for DJF and JJA. The resulting dataset consists of 227 cases during DJF and 141 cases during JJA. The
surface air temperature and precipitation data used for event selection were obtained from observations conducted by the Malaysian
Meteorological Department. Fig. 2 shows the spatial distribution of cloud occurrence frequency for the selected cases analysed in this
study.

This study continues to define DJF as the wet season, rather than the November-March period designated by the Malaysian
Meteorological Department (MET Malaysia). DJF was widely recognised in the research community as a representative period for
Malaysia's wet season (e.g., Shariff et al., 2015; Tangang et al., 2017; Jamaluddin et al., 2018; Tangang et al., 2020; Jamaluddin et al.,
2022; An et al., 2023; Syed Mahbar and Kusaka, 2024a).

2.3. Model configuration and experimental design

The Weather Research and Forecasting (WRF) model (version 4.3.3) (Skamarock et al., 2019), coupled with a single-layer Urban
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Fig. 1. Study area. (a) Nested domains used in the WRF model for the GKL region, showing three domain setups with resolutions of 9 km (D01), 3
km (D02), and 1 km (DO03). (b) Zoomed-in view of the innermost domain (D03), highlighting terrain height, shaded from green to brown, represent
low to high elevation. The locations of weather stations used for verification and analysis are shown: Petaling Jaya (PJ), Subang (SBG), Sg. Buloh
(SBL), and Tennamaran Estate (TE). The fuzzy red lines indicate the GKL boundary, while black lines mark state/district. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Spatial distribution of cloud frequency (%) at 13:00-17:00 LT based on Himawari-8 satellite data for the period 2016-2021. Panels (a) and
(b) show the results for 80th percentile hot days during DJF and JJA, respectively. Meteorological stations are indicated by circles, including
Petaling Jaya (PJ), Subang (SBG), Sg. Buloh (SBL), and Tennamaran Estate (TE). Grey contours indicate terrain elevation at 500 m intervals, while
the dashed black line outlines the urban area. The lower-right corner of each panel shows the number of analysed days and the domain-mean cloud
frequency (%).

Canopy Model (WRF-UCM) (Kusaka et al., 2001; Kusaka and Kimura, 2004; Chen et al., 2011), was used in this study. The single-layer
UCM represents urban street-canyon geometry and urban material properties, and calculates roof, wall, and road surface temperatures,
as well as surface heat and momentum fluxes.

In the standard WRF-UCM officially released by NCAR, urban areas are classified into three or ten urban categories, and urban
parameters such as urban fraction and anthropogenic heat flux are prescribed for each category. In contrast, the WRF-UCM used in this
study was modified to directly ingest grid-by-grid two-dimensional (2D) distributions of urban area fraction and anthropogenic heat
flux. Similar 2D extensions of the WRF-UCM framework have been successfully implemented in previous studies (e.g., Lin et al., 2016;
Doan and Kusaka, 2018; Doan et al., 2019; Aota and Kusaka, 2026; Hasebe et al., 2026).

The physical parameterisation schemes used in the numerical simulations are listed in Table 1 and follow the operational validation
guidelines and baseline configurations documented in the Technical Note published by the Malaysian Meteorological Department
(MET Malaysia) (Yusof, 2022). Among these schemes, cloud microphysics plays a key role in representing cloud formation and pre-
cipitation processes and is known to strongly influence simulated precipitation, particularly in convection-permitting simulations
(Jankov et al., 2005; Morrison et al., 2009). In this study, the Thompson microphysics scheme was adopted as the baseline configu-
ration because it provides a balanced representation of mixed-phase cloud processes while maintaining computational efficiency for
regional-scale applications (Thompson et al., 2008). This configuration is also consistent with that used by Syed Mahbar and Kusaka
(2024b), who demonstrated satisfactory performance in reproducing urban thermal environments and boundary-layer processes. To
assess the robustness of the simulated urban cloud response to the choice of microphysics parameterisation, additional simulations
were conducted using the Milbrandt-Yau double-moment microphysics scheme (Milbrandt and Yau, 2005a, 2005b).

Table 1
Model configuration.

Model version: WRF4.3.3-ARW

Parent Data

SST Data

Domain

Grid spacing (km)
Grid cell numbers
No. of vertical layers
Land Surface Model
Urban Canopy Model
Microphysics
Planetary Boundary Layer
Shortwave Radiation
Longwave Radiation

Cumulus

NCEP GDAS/FNL (6-hourly data; 0.25° spatial resolution)
OISST ver. 2.1 (daily; 0.25° horizontal resolution)

DO1 DO2 DO3

9 3 1

100 x 100 121 x 121 151 x 151
34

Noah-MP Land Surface Model (Niu et al., 2011; Yang et al., 2011)

Single-layer UCM (Chen et al., 2011; Kusaka et al., 2001; Kusaka and Kimura, 2004)
Thompson Scheme (Thompson et al., 2008)

Mellor-Yamada Nakanishi Niino Level 2.5 (Nakanishi and Niino, 2006, 2009)
Dudhia Shortwave Scheme (Dudhia, 1989)

RRTM Longwave Scheme (Mlawer et al., 1997)

New Tiedtke Scheme

(Zhang and Wang, 2017)




S.F. Syed Mahbar et al. Urban Climate 68 (2026) 103050

Three nested model domains centred on Kuala Lumpur were configured with horizontal grid resolutions of 9 km, 3 km, and 1 km
(Fig. 1). The outermost domain, consisting of 100 x 100 grid cells, was designed to adequately capture synoptic-scale conditions
provided by the NCEP Global Data Assimilation System Final (GDAS/FNL) analysis while maintaining computational efficiency.
Although the model domain is relatively limited in spatial extent, the three-level nesting configuration ensures that the innermost
analysis domain remains sufficiently distant from the lateral boundaries, thereby minimising boundary effects on simulated urban-
scale processes (Skamarock et al., 2019). This configuration is suitable for investigating urban-scale processes rather than large-
scale circulation features. Lateral boundary conditions were provided by the FNL dataset at 0.25° spatial resolution and 6-h tempo-
ral intervals. Sea surface temperature (SST) fields were obtained from the NOAA Daily Optimum Interpolation Sea Surface Temper-
ature (OISST) version 2.1 dataset (Huang et al., 2021) and updated daily throughout the simulations. Each simulation included a 16-h
spin-up period.

Urban representation followed the baseline methodology of Syed Mahbar and Kusaka (2024b), whose configuration has been
demonstrated to perform reliably in simulating extreme high-temperature conditions. The urban surface parameters used in this study
are summarised in Table 2 and were established based on Morris et al. (2016).

This study used the “High Resolution Land-Use and Land Cover Map of Southeast Asia in 2023” (HRLULC-SEA) dataset developed
by the JAXA Earth Observation Research Center (EORC). This advanced dataset characterises forest canopies with superior precision,
distinguishing evergreen and deciduous forests from agricultural plantation croplands. To incorporate HRLULC-SEA into WREF, the
original land-use classes were reclassified according to the conversion rules summarised in Table 3.

Fig. 3 presents the land-use data used in WRF (HRLULC-SEA), including the modifications applied to the urban (URB) and no urban
(noURB) scenarios, together with the horizontally distributed two-dimensional (2D) urban fraction and anthropogenic heat emission
(AHE) datasets used in the URB scenario. For the noURB scenario, urban grid cells were replaced with the dominant surrounding rural
land-use type, namely the Cropland/Woodland Mosaic category, and no anthropogenic heat emissions (AHE) were prescribed. All
other land-use classifications were kept identical to those in the URB scenario to isolate the effects of urban land use on local cloud-
forming processes. This approach, in which urban grid cells are replaced by neighbouring rural vegetation types, has been widely used
to quantify the impacts of urbanisation and urban heat island intensity while minimising changes in large-scale meteorological
conditions (e.g., Miao et al., 2011; Han et al., 2014; Kusaka et al., 2014; Chew et al., 2020; Ghielmini et al., 2024; Moraglia et al., 2024;
Syed Mahbar and Kusaka, 2024b; Aota and Kusaka, 2026; Hasebe et al., 2026). The main differences between the URB and noURB
scenarios are summarised in Table 4.

Anthropogenic heat emissions (AHE) is defined as the sum of building heat emissions and transportation heat emissions in this
study. AHE used in the URB scenario were estimated using the AH4GUC methodology developed by Dong et al. (2017) and Varquez
etal. (2021). The AH4GUC approach provides a 1 km resolution AHE dataset derived from LandScan population data (Lebakula et al.,
2025), VIIRS nighttime light observations, and regional energy statistics. In this study, the AHE dataset was updated using population
and energy consumption statistics for 2022. Because seasonal variations in AHEs are generally small in tropical regions (e.g., Blunn
et al.,, 2024), the same annual-mean AHE dataset was applied to both monsoon seasons. The spatially distributed AHE fields
included prescribed diurnal variations and were incorporated into the modified WRF-UCM framework as external inputs. The AHE
fields were directly prescribed as a heat source in the lowest atmospheric layer of WRF.

Table 2
The urban surface parameters used in this study were adapted from Morris et al. (2016). Urban category 31 represents low-intensity residential
areas, category 32 corresponds to high-intensity residential areas, and category 33 represents commercial or industrial zones.

Urban surface parameters

Parameters Urban Category

31 32 33
Mean building height (m) 8 12.5 14
Standard deviation of building height (m) 1 4 5
Building roof width (m) 9 11 11
Road width (m) 5 14 21
Heat capacity of roof (MJ m 3K 1) 1.20 1.20 1.20
Heat capacity of building wall (MJ m3K™1) 1.40 1.40 1.40
Heat capacity of ground -road (MJ m3K™!) 1.68 1.68 1.68
Thermal conductivity of roof (W m~1K 1) 0.67 0.67 0.67
Thermal conductivity of building wall (W m~1K 1) 0.80 0.80 0.80
Thermal conductivity of ground -road (W m~'K1) 1.32 1.32 1.32
Surface albedo of roof 0.20 0.20 0.20
Surface albedo of building wall 0.20 0.20 0.20
Surface albedo of ground -road 0.11 0.11 0.11
Surface emissivity of roof 0.90 0.90 0.90
Surface emissivity of building wall 0.90 0.90 0.90
Surface emissivity of ground -road 0.93 0.93 0.93
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Table 3
Land use classification conversion from JAXA to weather research and forecasting model (USGS).
JAXA WRF (USGS)
Water Water Bodies
Built-up Urban and Built-Up Land
Solar Panel Barren or Sparsely Vegetated
Cropland Mixed Dryland/Irrigated Cropland and Pasture

Single-crop Paddy Field

Multi-crop Paddy Field

Herbaceous Wetland

Grassland

DBF: Deciduous Broad-leaved Forest
EBF: Evergreen Broad-leaved Forest
ENF: Evergreen Needle-leaved Forest
Rubber Tree Plantation

Oil Palm Tree Plantation

Mangrove Forest

Bare

Irrigated Cropland and Pasture
Irrigated Cropland and Pasture
Herbaceous Wetland
Grassland

Deciduous Broadleaf Forest
Evergreen Broadleaf Forest
Evergreen Needleleaf Forest
Cropland/Woodland Mosaic
Cropland/Woodland Mosaic
Wooded Wetland

Barren or Sparsely Vegetated

3°N 1 30N =
LEGEND
@ Weather Station
== Cross-section
Point X-Y
[ State/District Border
1 1 . 1
101°E 101°E 102°E
M Industrial or Commercial WHigh Intensity Residential Low Intensity Residential
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Fig. 3. Maps of JAXA HRLULC-SEA land-use classification for the innermost domain (D03) in the WRF model. (a) Land use map for URB case. The
dotted line represents cross-section points (X-Y) used for vertical transect analysis. (b) Land use map for noURB case, where urban areas are replaced
with rural land covers, predominantly Cropland/Woodland Mosaic. (c) Spatial distribution of hourly Anthropogenic Heat Flux (AHE) average over
the analysis period. (d) Urban fraction distribution over the GKL. The PJ stations is classified as urban-high intensity residential, SGB as urban-low

intensity residential, and SBL and TE as Cropland/Woodland Mosaic.
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Table 4
The differences between the URB and noURB settings.
Aspect URB setting noURB setting
Land use (LU) categories LU is modified to represent urban land use: LU is modified to represent rural
categories 31 (low-intensity residential areas), 32 (high-intensity residential environments:
areas), and 33 (commercial or industrial zones). category 6 (Cropland/Woodland Mosaic).
Anthropogenic Heat Spatially distributed AHE data (see Fig. 3) according to the urban land use AHE set to 0, as there are no anthropogenic
Emissions (AHE), W/m? categories is derived from population density datasets, energy consumption, contributions in rural environments.
traffic emissions, and others (Dong et al., 2017; Varquez et al., 2021).
Urban fraction Spatially distributed Urban Area Fraction (see Fig. 3c) according to the urban No urban fraction applied, as the grid cells
land use categories represent entirely rural areas.
Urban parameters Urban-specific parameters (e.g., building heights, thermal properties as listed in No urban parameters applied, as the rural
Table 3) included through URBPARM.TBL. setting assumes no urban infrastructure.

2.4. Diagnostic methods

2.4.1. Model validation metrics

To evaluate the performance of the WRF model, three standard statistical metrics were calculated for 2 m air temperature (T2) and
2 m relative humidity (RH): mean bias error (MBE), mean absolute error (MAE), and root mean square error (RMSE). Pearson's
correlation coefficient (r) and the coefficient of determination (r*) were also computed to assess the strength of the linear relationship
and the overall agreement between simulations and observations.

Model performance was evaluated using hourly surface meteorological observations from four weather stations operated by the
Malaysian Meteorological Department (MET Malaysia). To assess model performance under different land-use conditions, the stations
were grouped into urban and rural categories. Petaling Jaya (PJ) and Subang (SBG) were classified as urban stations, representing the
densely built-up environments within Greater Kuala Lumpur (GKL), whereas Sg. Buloh (SBL), and Tennamaran Estate (TE) were
classified as rural stations, representing the surrounding rural and agricultural environments.

2.4.2. Urban cloud island intensity
To quantify the impact of urbanisation on cloud occurrence, this study defines the urban cloud island intensity (UCII) as the
difference in cloud occurrence frequency between the URB and noURB simulations:

UCII = CFygp — CFnours
where CF denotes cloud occurrence frequency at each grid cell. In this analysis, CF was derived from the column cloud fraction, which

was calculated from the three-dimensional cloud fraction diagnosed using the scheme of Xu and Randall (1996). The three-
dimensional cloud fraction was first converted to a column cloud fraction based on the random-overlap assumption:

N
Ca=1-[[1-C)

=1

~

where C, is the column cloud fraction, Cy is the cloud fraction at the k-th model layer, and N is the total number of model layers. A grid
cell was classified as cloudy when C., > 0.2 at a given output time. Cloud occurrence frequency, CF, was then calculated as the
percentage of cloudy samples relative to the total number of samples within the analysis period and time window.

Positive UCII values indicate an increase in cloud occurrence frequency associated with urbanisation, whereas negative values
indicate a decrease.

2.4.3. Moisture transport analysis
To examine the role of moisture transport in urban cloud formation, the vertically integrated horizontal moisture flux was

calculated from the WRF outputs. The horizontal moisture flux 17; is defined as the product of specific humidity and the horizontal wind
vector (Athar and Ammar, 2015; Cuckow et al., 2022).

To quantify moisture transport within the atmospheric boundary layer, the flux was vertically integrated from the surface to 1000
m above ground level (AGL):

E-[ 7 e Ve a

=0

where p(2) is the air density (kg/m®), q(2) is the specific humidity (kg/kg), v(z) is the horizontal wind vector (m/s). The units of F_'(; are
kgm~'s7!, representing the rate of moisture transport per unit area.

This formulation is based on the vertically integrated moisture flux approach of Peix6to and Oort (1992), in which moisture
transport is integrated through a vertical atmospheric column (Athar and Ammar, 2015; Scian et al., 2006). In contrast to studies that
analyse moisture transport at individual pressure levels, the present approach quantifies the total moisture transport within the lower
atmosphere, where urban influences are most pronounced. Moisture flux convergence (MFC, kg m~2s~!) was also analysed. MFC is a
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widely used indicator in studies of cloud initiation, convective development, and precipitation patterns (e.g., Kusaka et al., 2014,
2019).

3. Results
3.1. Model validation

The results of the model validation are presented in Table 5, and the corresponding diurnal profiles are shown in Fig. 4. For T2, the
model underestimated temperatures, particularly during the daytime (13:00-15:00 LT), but successfully reproduced the observed
diurnal variations for both DJF and JJA, as well as the differences between urban and rural environments. In DJF, the bias was —0.9 °C
in both urban and rural areas, while the correlation coefficients (r) were 0.90 and 0.94, respectively. In JJA, the bias was —0.2 °C in
urban areas and —0.4 °C in rural areas, while the corresponding r values were 0.88 and 0.94, respectively. These statistics indicate
good model performance, with accuracy comparable to that reported in previous studies conducted in Malaysian cities (e.g., Morris
et al., 2016; Ooi et al., 2017) and U.S. cities (e.g., Moraglia et al., 2024; Moraglia and Crippa, 2026).

For RH, the model overestimated daytime values but effectively reproduced the observed diurnal variations. The bias remained
below 10%, while the correlation coefficients ranged from 0.86 to 0.90 during DJF and from 0.73 to 0.84 during JJA. In addition,
although the model slightly overestimated the 10-m wind speed, it successfully captured the diurnal variations in both urban and rural
environments during both seasons. The wind speed bias was comparable between urban and rural areas, with values of approximately
0.9 m s~ during DJF and 1.1 m s~ ! during JJA.

The high frequency of daytime cloud occurrences over GKL on hot days was demonstrated in the analysis of Himawari satellite
cloud imagery by Syed Mahbar and Kusaka (2024a). A similar trend was reproduced in the URB simulations of this study. For example,
during DJF, the frequency of daytime cloud occurrences over GKL was, on average, 8% higher than over the surrounding rural areas
and 5% higher compared to JJA.

3.2. Urban-rural thermal contrast

Fig. 5 shows the distribution of urban heat island intensity (UHII), calculated as the difference between the URB and noURB
simulations. During DJF, UHII is evident from 11:00 to 19:00 LT and gradually strengthens throughout the day. The centre of the UHII
is located over the inland urban area of KL, whereas the UHII is relatively weak near the coast because of the cooling influence of the
sea breeze. A similar spatiotemporal evolution is observed during JJA, but the UHII is weaker until 17:00 LT. These results indicate a
clear diurnal cycle and spatial pattern of UHII in both seasons.

The observed spatial pattern may be associated with seasonal differences in sea-breeze and monsoonal circulations. During DJF, the
sea breeze is weak or absent during the late morning, allowing positive UHII to develop across most of the urban area. As the sea breeze
penetrates inland during the afternoon, the urban-rural temperature contrast decreases near the coast because of the cooling influence
of marine air. In contrast, the inland urban area remains relatively warm, resulting in a more pronounced UHII over inland KL. During
JJA, however, the region is under the persistent influence of the southwest monsoon throughout the day. As a result, the coastal urban
area is continuously affected by the advection of relatively cool marine air, which suppresses UHII near the coast and contributes to the
weaker daytime UHII, particularly before 17:00 LT, compared with DJF.

3.3. Cloud frequency

To assess the impact of urbanisation on cloud development, Fig. 6 shows the spatial distribution of cloud occurrence frequency
differences between the URB and noURB simulations. This difference is referred to as the urban cloud island intensity (UCII), which

Table 5

Model validation results for 2 m temperature (T2, °C) and 2 m relative humidity (RH, %). For validation, data from Petaling Jaya (PJ) and Subang
(SBG) stations were used to represent urban areas, while data from Sg. Buloh (SBL), and Tennamaran Estate (TE) stations were used to represent rural
areas. The availability of datasets during the study period served as the basis for selecting these stations. The bias assessment compares the observed
dataset with the model simulation outputs, averaged across both urban and rural land-use categories.

Season Category Variable MBE MAE RMSE r I
DJF Urban T2 -0.9 1.3 1.6 0.9 0.82
RH 0.3 6.2 7.9 0.86 0.74
WS 0.9 1.1 1.3 0.51 0.26
Rural T2 -0.9 1.2 1.4 0.94 0.88
RH 1.0 4.9 6.2 0.9 0.82
WS 0.9 1.0 1.2 0.55 0.31
JJA Urban T2 -0.2 1.0 1.3 0.88 0.77
RH -1.0 7.4 9.2 0.73 0.53
WS 0.8 1.0 1.2 0.69 0.47
Rural T2 -0.4 1.0 1.2 0.94 0.89
RH -1.3 6.3 7.8 0.84 0.7
WS 1.1 1.1 1.3 0.71 0.5
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Fig. 4. Diurnal profiles of 2 m temperature (T2), 2 m relative humidity (RH), and 10 m wind speed (WSPD) for urban and rural categories during
hot-day cases. Results are shown separately for DJF and JJA. Red colours represent the urban category, and purple colours represent the rural
category. The scatter plots represent observational data, while the line plots represent model simulations. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

represents the extent to which urbanisation enhances or suppresses cloud formation relative to the surrounding rural areas.

During DJF, enhanced cloud development is evident over the urban core as early as 14:00-16:00 LT. Positive CF differences are
found across the entire urban area, exceeding 3% in most locations. The largest increase occurs around the PJ area, where the CF
difference exceeds 18%. The spatial distribution of UCII closely corresponds to the urbanised area, indicating a positive UCII signal
over GKL. This feature persists until 19:00 LT and becomes more pronounced with time. In JJA, positive UCII values are primarily
confined to the inland (downwind) side of the urban area. Compared with DJF, the UCII signal is weaker, covers a smaller area, and
exhibits less pronounced diurnal variability. The contrasting diurnal evolution of UCII between DJF and JJA is also reflected in the
temporal variation of the urban area-averaged UCII (Fig. 7).

3.4. Surface heat fluxes

Sensible heat flux (SH) serves as a direct indicator of surface heating and plays an important role in controlling atmospheric
stability and boundary-layer development. In urban environments, SH is strongly influenced by impervious surfaces, reduced vege-
tation cover, and anthropogenic heat emissions, all of which enhance surface warming. As shown in Fig. 8, urban areas in GKL
consistently exhibit higher SH than the surrounding rural areas. The maximum simulated SH in urban areas is approximately 1.4 times
greater than that in rural areas during both JJA and DJF, reflecting the enhanced surface heating associated with urbanisation. The
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Fig. 5. Urban heat island (UHI) intensity (°C) during DJF (top) and JJA (bottom), derived from the simulations (URB — noURB). Panels (a), (b), and
(c) show the mean UHI distribution during 11:00-13:00 LT, 14:00-16:00 LT, and 17:00-19:00 LT, respectively, for DJF, while panels (d), (e), and (f)
show the corresponding distributions for JJA. The 10 m wind vectors are overlaid, and the locations of the sites of interest (TE, SBL, JA, SBG, and PJ)
are indicated for reference. Shaded colours represent UHI intensity, with warm colours indicating positive values and cool colours indicating
negative values.

diurnal evolution of SH is similar in both seasons, increasing rapidly after sunrise, peaking between 13:00 and 15:00 LT, and gradually
decreasing toward the evening. In contrast, latent heat flux (LH) is consistently lower in urban areas and higher in rural areas,
reflecting the reduced evapotranspiration associated with urban land cover.

3.5. Boundary layer dynamics and moisture availability

Fig. 9 illustrates the diurnal evolution of planetary boundary layer height (PBLH) and lifting condensation level (LCL) over the
central urban area. During DJF, the boundary layer in the URB simulation is consistently deeper than that in the noURB simulation
owing to enhanced surface heating. The difference in PBLH reaches approximately 260 m at 15:00 LT. Urbanisation also increases the
LCL by 200 m at 15:00 LT because the URB simulation exhibits higher air temperatures and lower relative humidity than the noURB
simulation (Fig. 10). These results suggest that the enhanced boundary-layer development associated with urbanisation largely offsets
the negative effect of elevated LCL on cloud formation. A similar relationship is observed during JJA; however, the urban-induced
increases in both PBLH and LCL are smaller than those during DJF.

Fig. 11 shows the impact of urbanisation on water vapour mixing ratio in a vertical cross-section. The water vapour mixing ratio in
the URB simulation exceeds that in the noURB simulation, with the largest differences occurring between approximately 1200 and
2500 m in DJF across the urbanised region. The maximum increase occurs near 2400 m altitude over the inland urban area adjacent to
the mountain, reaching up to 1.8 g kg ! in the URB simulation relative to the noURB simulation. This pattern suggests that moisture
advection from surrounding rural areas and adjacent oceans increases atmospheric moisture content within and above the boundary
layer, despite the lower surface latent heat flux in the URB simulation than in the noURB simulation. In JJA, the maximum increase
occurs at lower altitudes and is confined to the inland urban area and the adjacent mountain slope.
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Fig. 6. Cloud occurrence frequency contrast between the URB and noURB simulations, defined as urban cloud island intensity (UCII), for DJF (top)
and JJA (bottom) during (a) 11:00-13:00 LT, (b) 14:00-16:00 LT, and (c) 17:00-19:00 LT, illustrating the progression of cloud development over
the urbanised GKL region. Red to magenta tones highlight higher values of cloud frequency contrast, brown to yellow tones represent moderate
contrast, white indicates small differences, and grey tones indicate negative differences. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

3.6. Moisture transport

Fig. 12 shows the vertically integrated moisture flux and moisture flux convergence (MFC) during the convective afternoon period
(13:00-17:00 LT) for DJF and JJA. The corresponding differences between the URB and noURB simulations (URB — noURB) are also
presented. In DJF, the vertically integrated moisture flux vectors in the URB simulation indicate that moisture transported from the
ocean and the surrounding mountainous region converges over the urban area (Fig. 12a). The difference between the URB and noURB
simulations shows that urbanisation enhances moisture transport toward GKL and increases moisture convergence across the urban
region (Fig. 12b). These results suggest that urbanisation strengthens both the sea-breeze circulation and the urban heat island (UHI)-
induced circulation over the region, leading to enhanced moisture flux convergence. The areas of enhanced MFC correspond closely to
the areas of increased cloud occurrence frequency, supporting the hypothesis that enhanced moisture convergence contributes to
increased cloud occurrence over GKL. In JJA, moisture is transported primarily from the south (Fig. 12c). Urbanisation slightly en-
hances moisture transport from the southwest (Fig. 12d). The increase in moisture convergence is mainly confined to the inland urban
area. As in DJF, the regions of enhanced MFC correspond closely to the regions of increased cloud occurrence frequency. These results
indicate that urbanisation-induced changes in moisture transport also contribute to enhanced cloud occurrence frequency during JJA.

This seasonal difference is likely a result of seasonal changes in monsoonal wind direction (Fig. S1), which modify the interaction of
sea-breeze and urban heat island circulations and consequently alter the location and spatial extent of moisture convergence. These
results suggest that urbanisation modifies the interaction between the background monsoonal flow, sea-breeze circulation, and UHI
circulation, thereby altering the location and intensity of moisture convergence and the associated cloud response.

11
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Fig. 7. Time series of urban cloud island intensity (UCII) during (a) DJF and (b) JJA, averaged over all cases within the region enclosed by the black
dotted line in Fig. 6(a). The dashed black lines denote the UCII derived from the URB — noURB simulations. The bars show the regional mean cloud
frequency (CF), with red and purple shades representing results from the URB and noURB experiments, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

Our study demonstrated that urbanisation leads to greater boundary-layer development over urban areas than over surrounding
rural areas. This result is consistent with the findings of Kang and Bryan (2011) and Moriwaki et al. (2013), who reported higher cloud-
base heights and planetary boundary-layer heights (PBLH) over warmer surfaces. The enhanced boundary-layer growth found in this
study promotes the upward transport of moisture and increases the likelihood of cloud formation over urban areas.

Previous studies have shown that urban-induced thermal forcing can modify local circulations and moisture transport. Kang and
Bryan (2011) and Theeuwes et al. (2022) demonstrated that urban heating generates mesoscale circulations that enhance moisture
convergence and cloud development. In particular, Theeuwes et al. (2022) showed that UHI-induced circulations, together with sea-
breeze effects, transport moisture from surrounding areas toward the urban centre, resulting in enhanced cloud formation. Our study,
conducted in Kuala Lumpur, supports these findings. During midday, a sea breeze from the Straits of Malacca interacts with urban
heating, contributing to moisture transport toward GKL. Ooi et al. (2017) similarly showed that urban-induced heating intensifies the
land-sea breeze circulation, establishing GKL as a convergence zone that attracts moisture-laden air toward the city. The analysis of
vertically integrated moisture flux (0-1000 m AGL) in the present study further supports this mechanism, showing enhanced moisture
convergence over GKL in the URB simulation relative to the noURB simulation. Together with the increased water vapour mixing ratio
over the urban area, these results suggest that urban-induced circulations strengthen moisture convergence and create favourable
conditions for cloud formation. Furthermore, our results indicate that these circulations do not operate independently of the large-
scale environment. Rather, the sea-breeze and urban heat island circulations are embedded within the prevailing monsoonal flow
and are substantially modified by urbanisation. The resulting changes in the interaction among these circulation systems contribute to
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the web version of this article.)

the enhanced moisture convergence and cloud formation observed over GKL.

Seasonal differences also emerge in the spatial extent of moisture convergence. During DJF, the convergence field is broader and
more spatially continuous, whereas during JJA, enhanced convergence is mainly confined to the inland urban area. These findings
provide a physical explanation for the higher cloud occurrence frequency over urban areas reported in the satellite-based statistical
analysis of Syed Mahbar and Kusaka (2024a). They further indicate that GKL acts as a regional moisture sink, enhancing local moisture
convergence through interactions among the monsoonal flow, sea-breeze circulation, and urban heat island circulation.

Moreover, urban size, urban morphology, geographical setting, surface characteristics, and thermal properties can all influence
cloud occurrence (Vo et al., 2023; Quante, 2004; Cui et al., 2026). As Vo et al. (2023) highlighted, larger cities with stronger urban heat
islands tend to exhibit enhanced cloud formation owing to stronger thermal gradients and associated moisture transport. Similarly,
Quante (2004) emphasised the importance of moisture transport from oceans and other water bodies to inland areas. Our results are
consistent with these previous studies.

In recent years, increasing attention has been given to projecting future urban climates. Lin et al. (2008) and Miao et al. (2011)
demonstrated that urban expansion can modify precipitation patterns over Taipei and Beijing, respectively, highlighting the impor-
tance of urban development in shaping local hydroclimatic conditions. Kusaka et al. (2014) showed that, even when the urban area is
held constant, a hypothetical commercial-city scenario generates more convective precipitation than a hypothetical residential-city
scenario in the Tokyo metropolitan area. Zhang et al. (2022) further demonstrated that city morphology can significantly affect
urban precipitation. These findings suggest that further urban development in GKL may lead to additional increases in cloud occur-
rence and precipitation.

Prior researches have shown that urban precipitation simulations are often more sensitive to the choice of cloud microphysics
parameterisation than to urban area itself (e.g., Zhou et al., 2024). To assess the sensitivity of our results to the choice of microphysics
scheme, additional simulations were conducted using the Milbrandt-Yau double-moment microphysics scheme in the present study.
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Fig. 10. Vertical profiles of potential temperature and relative humidity in the URB and noURB simulations during DJF and JJA. Panels (a) and (b)
show potential temperature and relative humidity at 15:00 LT, respectively, while panels (c¢) and (d) show potential temperature and relative
humidity at 19:00 LT, respectively. The profiles represent area averages over the region enclosed by the black dotted line in Fig. 6(a), composited
over all cases. Solid lines denote urban conditions from the URB simulation, whereas dashed lines denote rural conditions from the noURB
simulation. Blue and orange lines correspond to DJF and JJA, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The impacts of urbanisation on cloud occurrence were generally consistent with those obtained using the Thompson scheme, and no
fundamental differences were identified between the two sets of simulations (Fig. 13). One possible explanation is that GKL is located
in a tropical coastal environment, where the representation of boundary-layer processes and sea-breeze circulation may play a more
important role than the choice of microphysics scheme. Further research is required to better understand the relative importance of
these processes.

5. Conclusions

The findings of this study have broader implications for understanding urban cloud formation in densely populated tropical cities
such as GKL. Numerical experiments with and without urban areas demonstrate that urbanisation amplifies cloud formation compared
with rural surroundings through the combined effects of enhanced sensible heat flux, deeper boundary-layer development, and
moisture advection driven by urbanisation-induced modifications of the interaction between the background monsoonal flow, sea-
breeze circulation, and urban heat island (UHI) circulation.

Enhanced sensible heat flux from urban areas contributes to a consistently deeper mixed layer over the urban region. Interestingly,
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Fig. 11. Vertical cross-sections at 15:00 LT along the X-Y transect shown in Fig. 3. Colours indicate the URB — noURB differences in water vapour
mixing ratio, while grey shading denotes terrain. The coloured bands at the bottom of each panel indicate the land-use categories used in the model
(see the legend in Fig. 3). Panels (a) and (b) show the results for DJF and JJA, respectively.

despite lower latent heat fluxes and reduced near-surface relative humidity—which would typically raise the lifting condensation level
(LCL) and suppress cloud formation—cloud frequency is nevertheless enhanced over GKL. This apparent contradiction points to two
distinctive mechanisms that promote cloud development in urban areas. First, the enhanced boundary-layer height associated with
urbanisation largely offsets the negative effect of an elevated LCL on cloud formation. Second, UHI and sea-breeze circulations
facilitate horizontal moisture advection from surrounding rural areas and the adjacent ocean into the urban area, increasing atmo-
spheric moisture within the urban boundary layer and creating conditions more favourable for cloud development. Our results broadly
support previous studies, including Theeuwes et al. (2019, 2022), which demonstrated that urban areas can enhance cloud formation
and identified these mechanisms.

The spatial distribution of urban-induced cloud occurrence frequency exhibits a clear seasonal dependence. During the wet season
(DJF), urbanisation increases cloud occurrence frequency throughout much of the GKL region. In contrast, during the dry season (JJA),
enhanced cloud occurrence frequency is spatially confined to inland urban areas. Areas of enhanced horizontal moisture flux
convergence closely correspond to areas of increased cloud occurrence frequency. These findings indicate that urban cloud formation
is strongly controlled by moisture convergence within the boundary layer. Furthermore, the seasonal differences suggest that ur-
banisation modifies the interaction between the background monsoonal flow, sea-breeze circulation, and urban heat island circulation,
thereby altering the location and intensity of moisture convergence and the associated cloud response.

Understanding how urban environments intensify cloud formation and alter boundary-layer dynamics is essential for improving
the prediction of local weather phenomena, including convective rainfall, cloud-cover variability, and temperature fluctuations, in
rapidly developing urban areas. This knowledge also supports urban planning aimed at mitigating heat-related risks, managing urban
hydrology, and enhancing resilience to climate extremes.

While this study provides valuable insights, several limitations should be acknowledged. First, the findings are based on a single
case study of a tropical conurbation, and further investigations in other tropical cities are needed to assess the broader applicability of
the findings. Second, the WRF model underestimated the daily maximum temperature during DJF, suggesting biases in the simulated
mean potential temperature and boundary layer height. These biases may be related to uncertainties in the lateral or lower boundary
conditions, including errors in the global objective analysis data or an underestimation of the surface sensible heat flux. Third, the
present study did not consider the effects of aerosols on cloud formation and precipitation. Aerosol-cloud interactions are known to
influence cloud microphysical processes and may modify the impacts of urbanisation on cloud development. Assessing these effects
requires additional modelling complexity and therefore warrants dedicated investigation. Further research is needed to quantify the
role of aerosols in urban cloud formation over GKL. Despite these limitations, the present study advances our understanding of the
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Fig. 12. Vertically integrated horizontal moisture flux and moisture flux convergence (MFC) over the GKL region during the afternoon period
(14:00-18:00 LT). Panels (a) and (c) show the moisture flux and MFC from the URB simulation during DJF and JJA, respectively, while panels (b)
and (d) show the corresponding URB — noURB differences. Black arrows indicate the vertically integrated horizontal moisture flux, and shaded
colours represent MFC. In panels (b) and (d), both quantities are shown as URB — noURB differences. Positive MFC values indicate moisture

convergence, whereas negative values indicate moisture divergence. Light grey contour lines denote terrain elevation at 500 m intervals, and black
contour lines delineate the urban area.

influence of urbanisation on cloud formation in tropical environments and highlights several important directions for future research.
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Fig. 13. Same as Fig. 6, but for the sensitivity experiment using the Milbrandt-Yau double-moment microphysics scheme.
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