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Abstract Rapid urbanization of cities has greatly modified the thermal and dynamic profile in the
urban boundary layer. This paper attempts to study the interaction of urban heating and the local
topographic-induced flow circulation for a tropical coastal city, Greater Kuala Lumpur, in Malaysia. The role of
sea-and-valley-breeze-orientated synoptic flow (SBOS) on the interaction is determined by comparing two
intermonsoon periods. A state-of-the-art numerical model, Advanced Research Weather Research and
Forecasting model, is used to identify the influence of urbanization through modification of urban surfaces.
The model reasonably reproduces the vertical sounding data and near-surface weather parameters. The
diurnal urban heating pattern is attributed to three predominant factors: (i) weak under calm and clear-sky
condition (morning heating), (ii) weak under larger atmospheric moisture content (late afternoon
convection), and (iii) largest (1.4°C) due to differential cooling rate of urban and rural surface at night. The
interaction of urban thermals and upper level SBOS affects the effect of urbanization on local circulation
during the day. The urban thermals reduce the weak opposing SBOS (<2 m s�1) and enhance the inflow of
moisture-rich sea breeze passage. This increases the intensity of downwind convective precipitation
during late afternoon. On contrary, the strong opposing SBOS (>2 m s�1) suppresses the vertical lifting of
urban thermals and decelerates the sea breeze front. It is discovered that the interaction of urban heating and
topographic-induced flow is interdependent while the synoptic flow plays a critical role in modifying both
factors, respectively.

1. Introduction

The urban boundary layer (UBL) is the internal boundary layer above a city/urban region. It is formed in
response to the buoyant, convective, and drag fluxes induced by the geophysical features and energy budget
of the urban land surface (Oke, 1976; Stull, 1988). In contrast to the rural areas, the dynamic UBL is signifi-
cantly hotter, drier, and more polluted (Barlow, 2014; Collier, 2006; Zhang, Zhu, & Zhu, 2011). Urban surfaces
with high thermal inertia in addition to anthropogenic heat emission retain intense heat within narrow urban
canyons and enhance the turbulent instability within the boundary layer, especially after sunset (Giovannini
et al., 2013; Miao et al., 2009; Oke, 1995). The pressure depression induced by urban heat island (UHI) draws
surrounding air toward the urban core, thereby creating the urban breeze with a diverged risen flow near the
top of the UBL (Miao et al., 2009). The interactions of strong urban thermals with the natural topographic flow
are analogously observed in inland and coastal cities (Freitas et al., 2006; Li et al., 2016; Miao et al., 2009; Ryu &
Baik, 2013). As a result, the displacement or weakening/strengthening of these flows has significantly altered
the rainfall patterns (Dixon & Mote, 2003; Kusaka et al., 2014; Thielen et al., 2000) and pollutant level within
and around the city (Ji, Lee, & Lee, 2013; Thompson, Holt, & Pullen, 2007). The influence of urban thermals
is further extended and complicated by the near proximity of urban to mountains and water body (Von
Glasow et al., 2013).

The differential heating rate of land surface and sea creates the thermal gradient between the surfaces and
induces sea (land) breeze during the day (night). Urbanization has two contrasting influences on the sea
breeze flow propagation toward the urban cities. Increases in urban surface roughness enhance surface fric-
tion and drag that can decelerate atmospheric flow over coastal urban surface. The horizontal wind shear and
frontal lifting due to surface roughness will delay the arrival of sea breeze front in the urban core. This is
observed in cities including New York (Thompson et al., 2007), Greater Beijing (Zhong & Yang, 2015), and
Toulouse (Hidalgo, Pigeon, & Masson, 2008). Such dynamical effect is also observed in Tian Jin (Miao et al.,
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2015), Athens (Dandou, Tombrou, & Nikolaos, 2009), and Houston (Chen et al., 2011) but limited to the
initiation stage of sea (land) breeze flow in the morning (evening) near the upwind of coastal region
(urban core). This occurs when the differential heating of urban is less significant. Therefore, as soon as the
thermal gradient between the urban and water is established to counter the dynamical drag, the sea
breeze passage starts to accelerate toward the urban heat center in the noon. The strength of the sea
breeze advection is subjected to the size of the city which induces UHI effect (Kang et al., 2014). Near the
urban core, the combined vertical lifting and surface friction of urban thermodynamics forcing have
caused the stagnation of sea breeze at the urban center before continue to push inland (Chen et al., 2011;
Freitas et al., 2006; Ryu & Baik, 2013).

Studies have also found the influence of sea breeze passage on the urban heat circulation. Strong sea breeze
has weakened the urban thermal and displaces the UHI around 5 km to 10 km downwind of the city, espe-
cially in cities located in close proximity to the water body (Dandou et al., 2009; Gedzelman et al., 2003).
The UHI returns to the urban center following the dissipation of sea breeze at night (Chemel & Sokhi,
2012). The delicate balance of the sea breeze-urban breeze system is also subjected to the synoptic level con-
dition. The strong prevailing synoptic condition has a suppressive effect on the urban heat circulation
(Lemonsu & Masson, 2002; Seasman et al., 1988). However, the influence of synoptic condition on the topo-
graphic flow is directional; the landward synoptic flow enhances the sea breeze during the day (Gedzelman
et al., 2003; Lai & Cheng, 2009). Conversely, when synoptic flow prevails in the opposite direction of sea
breeze, sea breeze front developed is more prone to the accumulation of secondary pollutant in the rear
of the front.

For cities bounded by elevated surfaces or features, the orographic movements such as up-, down- and cross-
valley flows complicate the sea breeze-urban breeze circulation system. During the daytime, the air from the
valley blows uphill and weakens the urban breeze on the hillside from the opposite direction (Miao et al.,
2015; Ryu & Baik, 2013). The valley breeze has enhanced the sea breeze passage, unlike the flat plain region
that stagnate the sea breeze before the urbanized agglomeration (Ohashi & Kida, 2002). However, the UHI
tends to suppress the night inversion which weakens the down-valley flow and prolongs the duration of
lake/sea breeze periods (Giovannini et al., 2013; Miao et al., 2015). It is also found that a city located within
a valley region with a crossing water body is more prone to pollutant accumulation due to recirculation of
air back to the land as observed in the Pearl River Delta and the Straits of Malacca (Fujita, Kimura, &
Yoshizaki, 2010; Lo et al., 2006).

Sitting at the heart of Maritime Continent (MC), weather prediction of Greater Kuala Lumpur (GKL),
Malaysia, is trickier due to the heterogeneity of land-sea mask. The large composition of water body within
the scattered land surface complicates the weather and hydrological cycle in the region (Chang et al., 2005;
Kikuchi & Wang, 2008). Among all western coastal states of Peninsula Malaysia, the case study region, GKL,
is well shaded by the central backbone of the peninsula, Titiwangsa mountain range, and the Sumatra
island (Oki & Musiake, 1994; Varikoden, Samah, & Babu, 2010). The geographical location produces a
contrasting precipitation profile in the region of GKL and highlights the individuality of local weather.
The orientation of coast being perpendicular to the prevailing monsoonal wind causes such an out-of-
phase climatic behavior more pronounced among the rest of the MC region (Ding & Chan, 2005). In the
case of GKL, the sea (land) breeze orientates with the valley (mountain) breeze for the narrow plain
between coastline and higher terrain. Therefore, the local flows including land-sea and orographic flow
are prone to change due to the presence of GKL along the path. Despite the complexity of the MC region,
studies on urban boundary layer in the Southeast Asia are still lacking compared to other tropical and sub-
tropical regions (Roth, 2007).

The urban region is able to induce local circulation and also modifies the topographic flow as demonstrated
in the previous studies. To resolve the movement of current, a high-resolution numerical simulation tool, the
Advanced Research core of the Weather Research and Forecasting (WRF-ARW) system version (v3.6.1), is used
(Wang et al., 2015). This paper aims to investigate the effect of urbanization on the regional boundary climate
in GKL, with particular interest in its interaction with the evolution of land-sea and orographic flow.
Investigations are also conducted during two intermonsoon periods to evaluate the implications of synoptic
flow on the interaction of the urban and topographic-induced circulation. To ensure the appropriate
representation of boundary layer, the model is tested against the measurement and sounding data in the
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area to assess the strengths and weaknesses before applied to the UBL study in the most developed
metropolitan in Malaysia.

2. Model Settings
2.1. Background Weather

The climatic forcing from mainland Asia plays an immense role on the seasonal wind field and precipitation
pattern in Malay Peninsula (Sani, 1977). The North-East Monsoon during boreal winter (November to March)
carries large amount of moisture to the Malay Peninsula. The South-West Monsoon (SWM) during boreal sum-
mer (May to September) carries dry air to the Malay Peninsula after rain shadowed by Sumatra island. The
SWM is the active biomass burning season when the atmospheric aerosol quality, cloud formation, and radia-
tion amount are altered substantially in Southeast Asia (Lin et al., 2013; Reid et al., 2013). Formation of the
complete urban heat circulation is intense during the weak synoptic period under a clear-sky and calm con-
dition (Lai & Cheng, 2009; Santamouris, 2015). Hence, considering on the study of local weather phenom-
enon, periods with less seasonal synoptic atmospheric forcing and rainfall anomalies are preferred
(Jauregui, Godinez, & Cruz, 1992; Santamouris, 2015). The two calm intermonsoon months, April and
October, with minimal seasonal convection on local weather of west coast of Malaysia are chosen to repre-
sent the boreal spring and boreal fall, respectively (Li et al., 2013; Sani, 1977). Under El-Niño (La-Niña) period,
Southeast Asia experiences above (below) average sea surface temperature and receives lesser (more) rainfall
and variation in atmospheric composition (Inness et al., 2015; Tangang & Juneng, 2004). Although there is no
established study that suggest the role of El Niño–Southern Oscillation (ENSO) on the urban heat, potential
variability of the heat and precipitation induced by the precipitation anomaly might confuse with urban-heat
signal (Tangang et al., 2012). Therefore, the period of intense ENSO as well as severe haze episode is screened
out (Department of Environment Malaysia, 2016; NOAA, 2017), and the current urban study focuses in 2003,
the year of weak El-Niño (McPhaden, 2004). According to the measurement from the eight weather stations
in GKL (white markers in Figure 3), the region receives rather weak winds with average wind speed of
1.7 m s�1 and 2.1 m s�1 in April and October, respectively. The weather data compiled in Table 1 shows that
April experiences higher average daytime temperature of 30.6°C and a higher amount of precipitation, com-
pared to October (29.6°C). Convective raining usually occurs during the late afternoon in the April and night-
time in October (Oki & Musiake, 1994). Such diurnal rainfall signal is common in the MC due to the presence
of mountain near the coastline in the region (Bhatt, Sobolowski, & Higuchi, 2016; Sow et al., 2011; Teo
et al., 2011).

On the mesoscale profile shown in Figure 1, strong synoptic wind is observed in October blowing toward the
southeast direction while April is experiencing weaker winds from northeast. Similar to the rain gauge result,
spatial profiles in Figures 1a and 1b show more precipitation activities over GKL during April compared to
October month. A contrasting precipitation profile is observed at the Straits of Malacca off the coast of
GKL rest of MC in Figures 1a and 1b. Following the withdrawal of the winter monsoon in April, the

Table 1
Weather Information Extracted From the Measuring Stations Marked in Figure 3, Except for the Rain Data Which are Extracted
from Sepang (ST6) Only

Weather parameters October April

Temperature (°C) Daily 27.1 27.5
Daytime (0830–1730) 29.6 30.6

Humidity (%) Daily 77.1 81.1
Daytime (0830–1730) 66.9 69.1

Wind speed (m s�1) Daily 1.5 1.2
Daytime (0830–1730) 2.1 1.7

Precipitation recorded at ST6* Total rain amount (mm) 42.8 324.6
Rain (total) percentage throughout the day 9.6% 15.7%
Occurrence of rain (total) from 2100 to 0800 MYT 49% 15%
Rain (thunderstorm) percentage throughout the day 4.1% 11.8%
Occurrence of rain (thunderstorm) from 1400 to 2000 MYT 21% 55%

Note. Data are compiled during the 18 day simulation period. MYT stands for Malaysian Time.
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weakening of prevailing anticyclone, if any, over the Bay of Bengal significantly reduces the strength of north
easterlies over east coast of Malay Peninsula (Ding & Chan, 2005). The sea breezes from the Straits of Malacca
and north easterlies originating from the east coast enhances the convergence over the GKL in April (Joseph
et al., 2008). On the other hand, the asymmetrical movement of monsoon trough from the boreal summer to
winter forms a low-pressure belt off the coast of Borneo in October (Chang et al., 2005). The pressure
depression converges the westerlies from equatorial Indian Ocean to flow past the Malay Peninsula as
shown in Figures 1c and 1d. It carries a large amount of moisture over the MC region well before the onset
of the winter monsoon in 2003 (Moten et al., 2014). The mountain ridge on the Sumatra island
subsequently obstructs the moisture bearing flow and creates a wet and cloudy environment for the
entire MC but it is particularly dry in GKL in October.

2.2. Model Physics and Experiment Design

All simulations are initiated from 0800 Malaysia Time (MYT) starting on first day to 0800 MYT of twentieth day
for April and October in 2003. The simulation periods selected fall well within the transitional period of the
twomonsoon seasons (Diong et al., 2015; Moten et al., 2014). The analyzed result excludes the first 24 h which
is used as a spin-up period for steady throughput. The remaining 18 days are then used for analysis through-
out in this paper. The parent domain covering the entire Malaysia (including Borneo) is dynamically down-
scaled from 27 km to 9 km, 3 km, and 1 km to the Selangor state (d04) as shown in Figure 2. Here 37
vertical eta levels were used with model’s top at 50 hPa. Fifteen of the lowest vertical layers are reserved
below the lowest 2 km of boundary layer to further resolve rapid atmospheric changes. The initial and lateral
boundary conditions are obtained from the 6-hourly ERA-Interim Reanalysis data processed by European
Centre for Medium-Range Weather Forecasts (Dee et al., 2011). The simulation updates the original

Figure 1. Precipitation profile extracted from Tropical Rainfall MeasuringMission (TRMM) for (a) October and (b) April. The TRMMdata set uses the daily accumulated
precipitation product at level 3 (3B42) generated from the 3-hourly research quality derived with the version 7 TRMM Multi-Satellite Precipitation Analysis (TMPA)
algorithm. The figure shows the daily-averaged product during the period of study (refer to section 2.2). Cloud cover profile and wind field at 850 hPa from the
ERA-interim reanalysis data (Dee et al., 2011) for (c) October and (d) April. Location of GKL is marked with red dotted circle. EQ stands for equator.
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Moderate Resolution Imaging Spectroradiometer land use map to incorporate three urban subdivisions and
better represent the built-up area as shown in Figure 3. Single-layer urban canopymodel (UCM) package with
detailed specification urban morphology is coupled with Noah Land Surface Model to bridge the gap
between microscale urban land surface environment and near-surface layer atmospheric conditions (Chen
et al., 2011). It is shown that the locally calibrated urban parameters, including impervious portion of urban
grid, canopy geometry, and thermal properties, have substantially improved the prediction of the near-
surface temperature and wind field (Morris et al., 2017; Ooi et al., 2017). The atmospheric heating fueled by
longwave and shortwave radiation budget is resolved through the Rapid Radiative Transfer Model (Mlawer
et al., 1997).

The local planetary boundary layer (PBL) scheme, Mellor-Yamada-Janjić (MYJ), is able to predict the genera-
tion, transportation, and dissipation of turbulent kinetic energy and the entrainment near PBL top (Janjic,
1994; Skamarock et al., 2008). Preliminary comparative study found that the MYJ shows an edge to reproduce
the stable and localized boundary layers during the monsoon transitional period compared to the nonlocal
PBL schemes, Yonsei University and Asymmetrical Convective Mechanism. In WRF, the MYJ PBL scheme is
tied to Janjić Eta Monin-Obukhov (Eta) surface layer scheme. The latter is adjusted to parameterize the ther-
mal roughness length according to land use (MZT) to improve the heat exchange processes between atmo-
spheric and ground vegetation (Chen & Zhang, 2009). It outperforms the MM5 surface layer scheme bonded
to the nonlocal PBL schemes and predicts a closer approximation of near-surface temperature, water mixing
ratio, and rainfall amount. The heterogeneous land sea mask in MC shelters the GKL region from large-scale
turbulence movement and creates a relatively calm weather condition compared to the rest of the Malay
Peninsula (Chang et al., 2005). In such a context, the local scheme (MYJ) remains a more suitable candidate
of PBL scheme for the current study under relative stable weather condition, resonating with the findings
from Shin and Hong (2011).

Figure 2. Domain settings and location map with terrain height information for WRF simulation; d is denoted as domain
with the following numbering indicates the number of domain.
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The model is found to produce greater error during the days with heavy precipitation. In order to reduce the
model uncertainty stemmed from single physics representation, this paper incorporates the multiphysics
ensemble study for cumulus and microphysics schemes (Berner et al., 2011; Toth, 2001). The physics options
incorporated include Betts-Miller-Janjić (BMJ) and Kain-Fristch (KF) cumulus schemes, as well as Purdue Lin
single moment (Lin) and WRF Single-Moment 6-Class (WSM6) microphysics schemes. The moisture cycle is
explicitly parameterized with the two microphysics scheme to determine the mixing ratios of water sub-
stance in six forms including water vapor, cloud water, rain, ice, snow, and graupel. They adopted the similar
graupel processes (Lin, Farley, & Orville, 1983) but WSM6 scheme improves rainfall prediction by introducing
separate saturation process for ice and water and the sedimentation/accretion process for snow and graupel
(Hong, Dudhia, & Chen, 2004; Hong & Lim, 2006). Both schemes are suitable for high-resolution research pur-
pose in tropical study (Cruz & Narisma, 2016; Skamarock et al., 2008). The cumulus scheme is incorporated for
the two outer domains (grid scale larger than 5 km) where the aforementioned microphysics routine is
unable to resolve the horizontal and vertical subgrid-scale fluxes of the cloud (Janjic, 1994). The statistical-
equilibrium scheme, BMJ scheme, has reproduced the convective rainfall pattern and intensity well
(Salimun, Tangang, & Juneng, 2010) in the Malay Peninsula where the afternoon precipitation mainly occurs
due to instability of rising air movement over mountain (Sow et al., 2011; Teo et al., 2011). The KF convective
scheme that releases the instability capped from convective inhibition has reproduced the diurnal precipita-
tion cycle in the MC (Bhatt et al., 2016). The combination of WSM6 microphysics and KF convective is omitted
due to the instability generated and overly estimated vertical wind speed that diverges up the boundary
layer. Hence, the three ensemble members adopted for this study that represent the microphysics and cumu-
lus schemes, respectively, are (a) Lin and BMJ, (2) WSM6 and BMJ (2), and (3) Lin and KF.

Simulation cases are respectively run for the two aforementioned intermonsoonal periods to evaluate their
corresponding performance with cases set up. With bilinear interpolation of neighboring grids, all cases
are verified against near-surface measurement data obtained from eight weather stations while vertical
sounding profile is limited to Sepang station (ST6) operated by Malaysia Meteorological Department
(MMD) and Department of Environment (DOE) as shown in Figure 3. Knowing the low reliability of the mea-
sured wind direction under calm winds, the verification wind direction data with wind speed weaker than
1.5 m s�1 is filtered out (Zhang, Pu, & Zhang, 2013). The no urbanization case (noURB) is run with the similar
ensemble model settings but replaces the urban land use with the surrounding vegetated surfaces. The

Figure 3. Existing land use map (URB) with terrain height (contour). Two lines have indicated the vertical cross-sectional profile extracted in later analysis. AA0 has
crossed plane (70,28) while BB0 crosses plane (60,28), both with angle of 45°. ST1 to ST8 are stations where near-surface measurement data is extracted. ST6
(Sepang) also provides the sounding data.
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fictitious case is designed to indicate the influence of urban presence on boundary climate compared to its
surrounding land use while isolating the spatial variation of background climate. The grassland and shrubs
land use category with larger sky view factor is also chosen as the nonurban surface due to the great contrast
of thermal response compared to the urban surfaces (Li et al., 2013). The approach is widely applied to iden-
tify the sole impact of urbanization in the urban climate sector (Freitas et al., 2006; Thompson et al., 2007).

3. Model Evaluation
3.1. Vertical Profile

The performances of the model in October and April are evaluated with available sounding data during the
morning and night transitional hours at 0800 MYT and 2000 MYT. The major difference between the two
intermonsoon periods is shown in the vertical wind profile. Strong northwest winds dominate the upper layer
atmosphere in October as illustrated in Figures 4c and 4d while April experiences weak influence of north-
easterlies as shown in Figures 4g and 4h. The former agrees well with the reanalysis data at 850 hPa level por-
trayed in Figures 1c and 1d. In October, the prevailing flow driven by the convergence belt near Borneo
(Chang et al., 2005) is flowing from northwest with wind speed up to 9 m s�1 in the range of 1000 m to
1400 m height throughout the day (Figure 4c) where the convective heating in the Asian monsoon region
is most indicative (Wang, Wu, & Lau, 2001). The strong shearing at this level therefore implies that intensive
convective heating and moisture convergence are occurring over the boundary layer. All simulated cases
typically generate a weaker jet flow at higher height. The underestimation of horizontal wind speed from
800 m to 1600 m is mainly stemmed from the low-level jet (centered at 1000 m) develops from 4 to 8
October 2003. It is a potential result of enhanced mixing produced by MYJ PBL scheme, though the local
PBL scheme generates more localized mixing compared to the nonlocal counterparts (Balzarini et al., 2014;
Xie et al., 2012). Similar findings suggested that the discrimination remains the systematic error of unrealistic
of PBL parameterization that prone to enhanced vertical mixing (Storm & Basu, 2010; Zhang et al., 2013).
Despite the weaker intensity of the low-level jet, the model has reasonably captured the period of occur-
rence. The weak low-level jet on the layer in Figure 4c hence induces the cold (Figure 4a) and wet bias
(Figure 4b) in October.

In April, the vertical wind profile shows a smoothly increasing curve with a slight inflection near the stable
boundary layer in Figures 4g and 4h. Similarly, the boundary layer winds below 500 m flows from the north
around 2000 MYT while the simulation result shows an inclination to the northwest but returns to north
around 2200 MYT. The interaction of land surface and atmospheric level is imperative under frontal condition
in April especially the coupling performance of surface layer parameterization (Pichelli et al., 2014; Zhang
et al., 2013). The model performance is tabulated in Table 2 and is evaluated with mean absolute error
(MAE), root-mean-square error (RMSE), and fractional average error (FAE),

MAE ¼ 1
Nt

X
Mni � Onij j (1)

RMSE ¼ 1
Nt

X
Mni � Onið Þ2

� �1=2

(2)

FAE ¼ 1
Nt

X Mni � Onij j
Mni þ Onið Þ=2 (3)

where n is the station number, i is the simulation time in hour, N is the total number of stations, and t repre-
sents the total simulation hours. M and O represents the modeled and observed variables, respectively. On
the vertical scale, it shows an overall better accuracy during April than October during the transitional phase
of boundary layer. The local parameterization scheme (MYJ) is known to estimate vertical quantities through
prognostic eddy diffusivity of adjacent grids and hence simulate cases under stable and slightly unstable con-
dition better compared to convective condition (Mellor & Yamada, 1982). Despite the stronger vertical mixing
during the low-level jet in October, it has an edge in solving stable and localized boundary conditions in the
calm month of April. Up to this point, the model is only verified when the sounding is available during the
stability transitional phase. Therefore, it is only representative during the entraining and detraining process
between the stable and unstable atmospheric condition when the model is evaluated. The temporal verifica-
tion is subsequently complemented with the diurnal evaluation of the near-surface weather parameters.
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3.2. Near-Surface Characteristics

Diurnal data from ground weather network are compiled to examine the performance of accompanying sur-
face layer scheme of each PBL scheme that resolves the exchange of surface heat (Shin & Hong, 2011). The
near-surface condition of simulation result is averaged over the study period to produce the hourly variation
profile. In Figure 4i, the model reproduces the hourly 2 m temperature (T2) trend reasonably well with a cold
bias attained for peak temperature at 1400 MYT in April. A generally lower amplitude variation is observed;

Figure 4. Evaluation of model performance to sounding data (in markers) for vertical profile of (a and e) potential temperature, (b and f) mixing ratio, (c and g) wind
speed, and (d and h) wind direction against sounding data at 0800MYT and 2000MYT in October (column 1) and April 2003 (column 2), respectively. Hourly averaged
of (i) 2 m air temperature, (j) 2 m relative humidity, (k) 10 m wind speed, and (l) 10 m wind direction extracted for grid points that collocate with eight ground
observation stations in October and April 2003 (column 3).
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that is, modeled result is colder during the day and hotter at night, and is pertinent to the diurnal
anthropogenic heat which is lacking in the current configuration of UCM (Lin et al., 2008; Morris et al.,
2017). The air within the tropical wet region is humid all year round (Roth, 2007), with no less than 60%
relative humidity. Figure 4j shows results for the 2 m relative humidity derived from the water vapor
mixing ratio. In contrast with the vertical level, the scheme underestimates the humidity level during April
but good agreement is attained in October during the day.

In comparison with the discussed surface variables, it is notable that the wind profile shows less diurnal var-
iation over the two months. The model captures the diurnal variation of 10 m wind speed and produces
stronger airflow during the day, in response to the perturbative movement induced by the heated land sur-
face as shown in Figure 4k. Resonating with other WRF case studies conducted within flat plain valley region,
the near-surface wind strength is generally overestimated throughout the day (Jiménez et al., 2013; Pichelli
et al., 2014; Xie et al., 2012). It is discovered that the stronger wind is a result of underestimated surface drag
of WRF model that only resolves the vegetation roughness (Mass & Ovens, 2011). The inclusion of orographic
factor into the subgrid-scale surface drag parameterization is shown to reduce the positive error of 10mwind
speed. The scheme depends greatly on the topographic representation and initial condition of soil layers but
is not available for the working PBL scheme (Jiménez & Dudhia, 2012; Wang et al., 2015). The 10mwind direc-
tion is fairly predicted throughout the day with mean bias of 17° as shown in Figure 4l. Among which, the
model captures the abrupt change of wind direction from northeast to southwest direction around 1000
to 1200 MYT in April. During these hours of sea breeze passage, the rapid shift of land to sea breeze in periods
of weak synoptic influence has slightly affected the reproduction of 10 m wind direction which is more
dependent to the surface conditions and land surface model (Cheng & Steenburgh, 2005; Zhang et al., 2013).
Table 2 compiles the model performance to predict near-surface parameters using additional error indices,
namely, the correlation coefficient (R2) and normalized mean absolute error (NMAE),

NMAE ¼
P

Mni � Onij jP
Oni

(4)

The result shows satisfying agreement with the observation data, and performance is comparable among
both months. The near-surface profile associates closely to the surface layer parameterization that resolves
the exchange of the surface heat. This implies that the Eta similarity theory of MYJ scheme determines the
2 m temperature and relative humidity well. The good performance of the local scheme is also attributed
to incorporation of modified surface layer approach. It resolves the heat transfer coefficient according to
the roughness length of the surfaces and shown to improve especially the heat exchange processes between
atmospheric and ground vegetation (Chen & Zhang, 2009). It also reliably addresses the entrainment effect
on near-surface temperature during transition from stable boundary to convective layer. Initial surface con-
dition and improvement to surface drag parameterization is capable to further improve the model predict-
ability. However, at presence stage, considering the strong coupling of the MYJ PBL, Eta similarity surface

Table 2
Diurnal Analysis Error Indices for Model Performance in Vertical and Near Surface Parameters

Month October April October April October April

Vertical Temperature (°C) Mixing ratio (g/kg) Wind speed (m/s)

Time 0800 2000 0800 2000 0800 2000 0800 2000 0800 2000 0800 2000
MAE 0.43 0.38 0.33 0.18 1.53 1.42 1.09 1.39 1.38 1.06 0.90 0.79
RMSE 0.50 0.49 0.37 0.24 1.75 1.56 1.28 1.77 1.81 1.31 1.07 0.91
FAEa,b 0.14 0.12 0.11 0.06 0.13 0.13 0.10 0.10 0.22 0.17 0.27 0.21
Near surface 2 m temperature (°C) 2 m relative humidity (%) 10 m wind speed (m/s)
Average OBS 27.09 27.49 77.08 81.12 1.47 1.22
MAE 1.31 1.65 6.74 9.62 0.92 0.83
RMSE 1.65 2.08 8.56 11.67 1.26 1.15
FAEa 0.05 0.06 0.09 0.13 0.62 0.65
R2a 0.67 0.64 0.58 0.65 0.31 0.26
NMAEa 0.05 0.06 0.09 0.12 0.63 0.69

aFAE, R2, and NMAE are dimensionless. bThe vertical potential temperature is multiplied by 100.
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layer, and ensemble members of microphysics and cumulus schemes, it prompts the subsequent analysis on
the effect of urbanization to be conducted with the combination.

4. Effect of Urbanization on Local Climate
4.1. Diurnal Analysis of Canopy Urban Heat Island (UHI) Intensity

The thermal response of canopy level to urbanization is indicated through the difference of diurnal 2 m tem-
perature between the simulation case with and without urban development (noURB). The discrepancy is
known as the UHI intensity. Figure 5a records daily-averaged UHI intensity of 0.88°C and 0.77°C for
October and April, respectively. The intensity profile varies between three time segments: night (1900 to
0700 MYT), morning (0900 to 1300 MYT), and evening (1500 to 1800 MYT). The highest intensity profile of
1.35°C is observed for both months after sunset from 1900 to 0700 MYT. The vegetated surface cools down
at a higher rate than the urban surface and subsequently increases the nocturnal UHI intensity as shown in
Figure 5b. The urban surface cooling at night decreases from low-density to high-density residential and
commercial regions characterized. The differential cooling is characterized with higher heat capacity, lower
surface heat emissivity, and lower aspect ratio of urban canopy (Grossman-Clarke et al., 2008; Loughner
et al., 2012; Oke & Maxwell, 1975). The positive UHI phenomenon agrees with the spatial distribution of tem-
perature difference in Figure 6. The presences of the rough urban surface as well as the heated urban conver-
gence zone impede the mountain flow and thus the outflow of the urban air mass (Li et al., 2013; Miao et al.,
2015). Despite being the hotter month, the nocturnal UHI intensity in April remains comparable to October
due to the reference rural region that is equally hot at night. This affirms that the nocturnal UHI effect is less
governed by the temperature variation between the months.

The UHI intensity at the hottest period around 1400 MYT (Figure 5) approximates zero for both period of
investigation. The minimal influence of urban during the peak temperature hour is equally shown in
Singapore city which shares similar weather background (Li et al., 2013). During the morning heating period
(0900 to 1300 MYT), April yields a strong negative intensity up to �0.58°C in Figure 5a. Such “cool pool”
phenomenon is commonly observed in UHI study (e.g., Chow & Roth, 2003; Jauregui et al., 1992). Similar
to the decelerated cooling at night, the urban surfaces experience a lower heating rate and thermal admit-
tance due to the shadowing effect of tall buildings which hinders the absorption of radiative heat (Oke,
1987; Santamouris, 2015). In Figure 5b, the greater heating rate of vegetation in the morning of April high-
lights the immediate thermal response of the dry surface to the radiative cycle. As such, the humid vegeta-
tion cover caused by late night precipitation in October is heated up slower and therefore explains the
near-zero UHI intensity (�0.01°C). The prolonged effect of regular heavy showers and thunderstorm on

Figure 5. (a) Hourly averaged UHI intensity of urban surfaces (COM, HDR, LDR, and all urban) obtained through the
difference between simulation and noURB case. (b) Diurnal T2 profile (line: October; dotted line: April) and heating/cooling
rate (filled dot: October, hollow dot: April) in both April and October months for urban surface (urban) and after being
replaced by vegetation (veg).
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Figure 6. Spatial difference of 2 m temperature (°C) and 10 m wind vector (m/s) with noURB case at (a and b) morning,
(c and d) evening, and (e and f) night for October (left column) and April (right column). The diagram has masked out less
significant thermal difference between �0.1°C and 0.1°C.
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the UHI intensity of the subsequent days is also pointed out by Kim and Baik (2002). This agrees well with
the other low-latitude cities where the thermal response is predominantly governed by the wet/dry condi-
tion that than the hot/cold variation of the midlatitude cities (Arnfield, 2003; Jauregui, 1997). The clear sky
in April facilitates the radiative heating transfer of the surface heat which the entire land surface heats up
uniformly, as illustrated in Figures 8a and 8b and 7. It similarly enhances the radiative cooling of the heated
surface as shown in Figure 6 which the cool pool is formed for the urban region. Inversely, The widespread
coverage of cloud in (Figure 8) October inhibits the vertical transportation of near-surface air (Morris,
Simmonds, & Plummer, 2001). It also decelerates the dissipation rate of heat generated at the urban and
explains the accumulation of heat over the land mask as shown in Figure 6.

Subsequently, April yields UHI intensity of 0.61°C, 0.22°C lower than that of October from 1500 to 1800 MYT,
when the afternoon convective precipitation occurs. The concurrence of precipitation activities suggests the
association of the prevailing moisture-bearing sea breeze flow and the UHI intensity. The urban surface gen-
erates a clear profile of “urban dry island” with lower moisture content in Figure 8. The urban upwind region
in October, in particular, forms a cool pool (Figure 6c) with higher moisture content compared to the adja-
cent urban (Figure 8c). The presence of urban land along the wind path reduces the strength of the sea
breeze on the upwind side of the urban. This indicates that the strong inland urban heating draws immense
moisture from the sea to the coastal region during the initiation hour of afternoon convective precipitation.
The increment of precipitation tendency due to urbanization is highlighted in several cities (Daniels et al.,
2016; Zhong & Yang, 2015). During this period, the urban heat is mutually affected by the interaction of
sea breeze and synoptic weather condition which is further discussed in section 4.2. The urban cool pool
recedes gradually and gives way to the growing urban heating patch in the evening. A prominent UHI is
formed at night in both months (Figure 6).

In April, the sea breeze stalls on the upwind of the urban core in the evening period (Figure 6) due to the
inflow of gap winds (lower ground marked in Figure 3) and its driven mountain breeze from the inland
mountain range. Around evening period in Figure 7, the sea breeze sweeps past GKL and converges near
the gap located on the right of the GKL (marked as lower ground in Figure 3) which acts as an aperture.
The lower strength of UHII in April month is likely to be attributed to the reduction of sea breeze strength
and hence the moisture inflow. The varied response of daytime UHI intensity highlights the potential ten-
dency of daytime UHI to respond differently to the synoptic condition during the two intermonsoonal sea-
sons. The interaction of UHI and local topographic flow is further elaborated in the subsequent section.

The synoptic effect imposes larger urban-induced thermal response during the day than the night of both
transitional months in the tropical region. In the morning to midday, clear sky is responsible for the formation
of urban cool pool in April. The enhanced sea breeze flow due to urban confluence zone has effectively
subdued the urban heating effect on the upwind of urban in the evening. The passages of sea/land breezes
and mountain/valley breezes vary according to the synoptic condition by comparing the two months. The
presence of urban surface therefore alters the circulation of these flows depending on the synoptic
frontal condition.

4.2. Sea-Land Breeze and Orographic Breeze Circulation

The vertical dynamics of local climatic circulation is investigated through the cross-sectional profile (AA0) that
cut perpendicularly across the sea surface, urban, and the elevated ground on the east as illustrated in
Figure 3. In this context, the influence of synoptic forcing (~850 hPa) on the local circulation is only accounted
for the portion which is orientated to the sea/valley (land/mountain) breeze. Therefore, despite the strong
synoptic forcing in October, the GKL region experiences weak synoptic flow which orientates with the sea
breeze (SBOS) as seen in Figure 1b. Such condition is conducive for the formation of weak sea breeze front
(SBF). Conversely, the weak synoptic condition (Figure 1b) in April is flowing on the direct opposite of the
sea breeze flow on the 850 hPa level but not sufficiently strong to prevent the formation of sea breeze as dis-
cussed below. This thereby forms a strong SBF condition.
4.2.1. October
At 1300 MYT, the strength of the sea breeze is strengthened from 2.52 m s�1 (noURB) to 2.83 m s�1 by the
confluence region created near the heated urban surface as shown in Figure 9. The stagnation of sea breeze
that is equally found in noURB is accounted as the blocking effect of the elevated terrain (Qian, Epifanio, &
Zhang, 2012). At 1500MYT, a large amount of moisture is carried into the upwind side of the urban as shown
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Figure 7. Spatial 10 m wind (m/s), 2 m temperature (°C), and sea level pressure (hPa) profile in the morning, evening, and
night for (left column) October and (right column) April.
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Figure 10, explaining the wetness near the coast as seen in Figure 8c. The sea breeze has sustained for an hour
longer until 1800 MYT for urbanization case. Subsequently, at 1900 MYT, weaker cold air mass from the
mountain top moves downhill over the urban region, parallel with the land breezes that flow toward the
Straits of Malacca. The downslope breezes are weakened by urban surface drag and also the weaker night
inversion formed as a result of urban heating. This is a common nocturnal phenomenon observed due to
urbanization (Giovannini et al., 2013; Kang et al., 2014; Li et al., 2013). The weakening of land breeze as a
result of urbanization is prone to the inland progression of air mass from the sea in the following morning.

During the day (from 0800 MYT to 1800 MYT), it is noticed that urbanization enhances the large-scale hori-
zontal advection of air mass on the upper layer from the sea toward the inland mountainous region well

Figure 8. The total cloud column (g/kg) in the morning (0900–1300 MYT) for (a) October and (b) April. Spatial difference of
2 m water vapor mixing ratio (g/kg) and 10 m wind vector (m/s) with noURB case for October (Figure 8c) and April
(Figure 8d) at the evening (1500–1800 MYT). Figures 8a and 8b and 8c and 8d have masked out less significant cloud
column and response below 0.1 g/kg and mixing ratio response between �0.1 g/kg and 0.1 g/kg, respectively.
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Figure 9. Vertical cross-sectional profile AA0 (cross-sectional profile across the urban, shown in Figure 3) in October for horizontal wind at 1000 MYT, 1100 MYT, 1300
MYT, 1400 MYT, 1700 MYT, 1800 MYT, 1900 MYT, and 2200 MYT. (left) noURB cases and (right) URB cases. Horizontal wind displayed has masked out less
significant response between�0.25 m/s and 0.25 m/s. The color bar at the bottom indicates the land use type of the urbanization case along the longitude. The blue
for water body, green for nonurban, and red for urban. The vector annotation shown is doubled the actual vector size.
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Figure 10. Vertical cross-sectional profile AA0 for vertical wind at 1300 MYT, 1500 MYT, 1700 MYT, and 1900 MYT in October and April. Vertical wind displayed has
masked out less significant response between �5.0 cm/s and 5.0 cm/s. The blue contour represents the water vapor mixing ratio in kg/kg. Refer to Figure 9 for
detailed information.
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before the initiation of sea breeze at 0800 MYT. The weak SBOS is equally observed in the upper boundary
layer (1.5 km to 5 km) with less than 2 m s�1 from the mountain region as shown in Figure 9. The SBF is lifted
as high as 850 hPa, almost one time more than the noURB case. At 1300 MYT as shown in Figure 10, the
intensive vertical turbulence generated by the city reduces the tendency of weak opposing SBOS on the hill-
side of urban. This is more favorable for sea breeze passage inland. The ability of urban-induced circulation to
weaken the mountain breeze flowing in the opposite direction of the sea breeze is similarly observed in
Beijing agglomeration (Miao et al., 2015). This agrees well with Ji et al. (2013) that found that days with weak
SBOS are also conducive to develop deeper SBF. Without the presence of urban region, themeeting of the sea
breeze and opposing downhill wind systems leads to the intensification of vertical updraft of the sea breeze
to stagnate on the upwind of urban. This is also clearly shown in Figure 10 at 1500 MYT. The prevailing north-
westerly synoptic flow across the gap creates the all-day depression on the mountain east in Figure 11. This
also explains the tendency of urban-side flow to be drawn toward the east after the opposing SBOS is wea-
kened by the urban thermals. Thus, the connection of both wind systems is the collective contribution the
mountain gap and urbanization under weak SBOS condition. At this point, urban land weakens the hillside
SBOS and plays a critical role in bridging the two large-scale wind movements from the east and west coast.
4.2.2. April
In April, the land breeze dissipates later around 1000 MYT before sea breeze moves onshore at 1100 MYT,
alongside with the up-slope mountain breezes shown in Figure 12. The sea breeze passage enters the urban
cluster at 1500 MYT after accumulating sufficient strength (5.71 m s�1). Without the drag imposed by the
urban surface (noURB), the sea breezes grow stronger up to 5.87m/s with a further 2.6 km penetration inland.
This resonates well with the urban cool pool formed during the period which weakens the sea breeze
strength. The mountain breeze continues to flow toward the urban confluence zone while the core of the
sea breeze remains around the upwind coastal region. It is well noted that similar to October, the nocturnal
mountain breeze and gap winds reduce in strength due to urbanization. The vertical lifting of the sea breeze
is greatly suppressed under 850 hPa as shown in Figures 10 and 12. The unstable Kelvin-Helmholtz billow is
also more likely to developed at the top of the sea breeze front under such circumstances (Chemel & Sokhi,
2012; Thompson et al., 2007). At night, a clockwise circulation flow between the surface land breeze and ele-
vated inflow from the sea is induced where subsidence occurs near the Titiwangsa mountain region. This
agrees well with the convergence of surface night flow along the Straits of Malacca during the calm
intermonsoon period (Fujita et al., 2010). Under the strong SBOS condition, April has shown a clear diurnal
circulation of SLB in MC (Hara et al., 2009).

The effect of urbanization on local circulation differs according to the strength of the opposing SBOS in both
months. Under the calm and weak synoptic condition, the clear sky and scarce cloud coverage in April
enhances the heating of the land surface and the subsequent growth of the sea breeze. The sea breeze flows
at a greater magnitude with a prolonged duration (10 h) compared to the October even without urbaniza-
tion. It is because the lower pressure system is formed near the central of the GKL in April. Despite that,
the UHI intensity becomes negative as a result of higher dissipation rate under clear sky in April. The urban
cool pool in April has resisted the inflow of sea breeze. Conversely, the positively induced UHI intensity
increases the strength of the sea breeze flow in October. Taking account of the synoptic influence, both
months have similarly experienced opposing SBOS flow but it is weaker in October than April. Under such
circumstances, the strong UHI intensity becomes critical to weaken the opposing SBOS from the hillside in
October. Subsequently, sea breeze gains sufficient momentum to push inland and enhances the horizontal
advection of sea breeze passage and mountain breeze on a higher elevation height. On the other hand,
the strong opposing SBOS in April enhances the gap winds and mountain flows into the GKL region through-
out the day as shown in Figure 11. The mountain breeze accelerates after 1500 MYT when the UHI starts to
form in place of the cool pool. Therefore, the influence of urbanization on local flow circulation is subjected to
both the cloud coverage and the strength and direction of SBOS.

In April, the potential formation of Kelvin-Helmholtz billow is more likely to accumulate at the tail of the SBF
and surges the level of secondary pollutants such as ozone in April (Ji et al., 2013). However, during the night,
strong gap winds induced by the southwest flow continuously enters the urban region in April. This reveals
that the region located near the saddle receives additional gap winds from the east on top of mountain
breeze and therefore is better ventilated than October. The exit land breeze flow which responsible of the
nocturnal air quality is therefore enhanced in April while impeded in October.
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Figure 11. Vertical cross-sectional profile BB0 (cross-sectional profile across the gap, shown in Figure 3) for horizontal wind
of noURB at 0800 MYT, 1300 MYT in October and vertical wind case at 0800 MYT, 1900 MYT in April. Refer to Figure 9
for detailed information.
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Figure 12. Same as Figure 9 but in April at 1000 MYT, 1100 MYT, 1300 MYT, 1500 MYT, 1700 MYT, 1800 MYT, 1900 MYT, and 2200 MYT.
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Figure 13. Rain water amount at 1700 MYT, 1800 MYT, 1900 MYT, and 2000 MYT for October and April for noURB and urbanization cases.
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4.3. Precipitation Analysis

As discussed earlier, the existence of urban cluster enhances the interaction of sea breeze on the upper
boundary layer connecting the sea and the mountain top in October. The moisture influx into the higher
boundary layer on the windward side of the mountain suggests potential modification on the precipitation
profile. The resulting inflow of moist air from the sea with the forced convection at the steep mountain slope
is favorable for the formation of tropical convective raining (Mori et al., 2004; Sato & Kimura, 2005) and also
the neighboring West Sumatra (Sasaki et al., 2004). Figure 13 hence shows a tendency to precipitate on the
hilly side of the urban during the peak hours from 1700MYT to 2000MYT. Urbanization produces comparable
total accumulated rainfall with noURB but the precipitation arrives 2 h later as shown in Figure 13. This is in-
sync with the delayed retreat of sea breeze and the subsequent initiation of the mountain breeze. The effect
of urbanization on precipitation is found to be largely dependent on the urban influence on the evolution of
moisture-rich sea breeze. Such delay is equally observed due to the prolonged effect of sea breeze in Greater
Beijing Metropolitan Area (Zhong & Yang, 2015).

In April, the hourly total rainfall amount in Figure 13 notes that the rainfall is more concentrated on the
upwind of urban. This is highly associated with the confrontation of the weaker sea breeze system and the
mountain flow from the east during the strong sea breeze front month as shown in Figure 12. The gap
between mountain range has enhanced the interaction of propagating wind systems from each side of
the peninsula which initiates the thunderstorm in GKL during the calm synoptic condition (Joseph et al.,
2008; Sow et al., 2011; Teo et al., 2011). The precipitation concentrates on the upwind region of urban due
to the buoyancy lifting induced by the UHI at 1800 MYT as shown in Figure 10. The downdraft intensity might
be also contributed by several other factors including the anthropogenic heat, type of urban surfaces, and the
amount of cloud condensation nuclei especially in the polluted urban (Han, Baik, & Lee, 2014; Kaufmann et al.,
2007; Sharma et al., 2016). This finding has shown that urbanization displaces and intensifies the precipitation
activities as observed in many previous studies (Dixon & Mote, 2003; Pathirana et al., 2014; Thielen
et al., 2000).

The result emphasizes the evolution of sea breeze movement on the precipitation profile (Sakurai et al.,
2005). The presence of urban greatly modifies the sea breeze passage which is later reflected in the late after-
noon precipitation pattern. However, it should be aware that the ability of simulation model to predict the
short time-span convective precipitation is still limited and under continual assessment and improvement
(Bhatt et al., 2016).

5. Conclusions

The effect of urbanization on local topographic circulation is studied with WRF simulation model at the most
developed cluster in GKL, Malaysia. The role of the synoptic condition on the interaction of urban heating
and topographic-induced circulation is also evaluated between two intermonsoonal months (April and
October). The ensemble model performance of WRF is first evaluated against sounding data and near-
surface weather parameters within the period of study. The selection of MYJ PBL local scheme is able to
realistically produces the vertical temperature and wind profile especially in the atmospherically stable
April month. The allocation of thermal roughness length to respective land use also improves the ability
of the Eta similarity theory surface layer scheme (coupled with MYJ PBL scheme) to estimate the heat
transfer coefficient and hence better determines the near-surface condition. Three combinations of micro-
physics and cumulus schemes are run to reduce the erratic signal of near-surface weather condition and
precipitation field.

The diurnal heating of urban surface is stronger at night than the day, recording around 1.4°C in both
months. Unlike the nocturnal UHI intensity that is rather consistent between the months, the daytime
UHI intensity varies between October and April. Hot bias is observed in October while April month pro-
duces a colder surface in midday (0900 MYT–1300 MYT) compared to the noURB case. The negative UHI
intensity in April during this period is mainly attributed to the higher heating rate of the vegetation cover
influenced by the previous day precipitation. The differential heating rate is further enhanced in the clear-
sky condition of April. Later in 1500 MYT to 1800 MYT, larger positive UHI intensity developed in October is
to carry more moisture to the upwind region of urban. This occurs concurrent to the initiation hours of late
afternoon convective raining and therefore confirmed the association of urbanization with precipitation.
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The local influence of urbanization generally depends on the strength of the urban heating and also SBOS.
GKL experiences opposing synoptic flow which subsequently forms the SBF in both months. During the
day, urban thermals tend to reduce the strength of the weak opposing SBOS in October. This enhances
the magnitude of the sea breeze flow. The large inflow of moisture-bearing sea breeze toward the higher
ground therefore generates larger amount of precipitation on the downwind of the urban region. On the
other hand, the urban cool pool formed under the clear sky decelerates the sea breeze in April. The strong
opposing SBOS in April further suppresses inland propagation of the sea breeze. Its accelerated core stalls
over the upwind region before the urban where the convective precipitation occurs. The effect of urbaniza-
tion on precipitation is hence found to be largely dependent on its influence on the evolution of moisture-
rich sea breeze.

The nocturnal effect of urbanization is less variant between the months. The nocturnal land and mountain
breezes decelerate due to the urban drag and the intense urban heating effect at night. Nevertheless, strong
opposing SBOS in April significantly enhances the land breeze and gap winds in April and suggested better
ventilation in GKL during the night compared to the October month. The analyses therefore conclude that
the influence of urbanization on local regional weather is highly dependent on the synoptic condition during
the day while the local thermal response is most apparent during the night.

The availability data limit the verification temporal and spatial of vertical profile but each verification step
complements each other well to confirm the robustness of the model. However, the discrepancies of vertical
wind speed and surface humidity profile suggest that the convective mechanism of the model could be bet-
ter improved. It is noteworthy that this study conducted is a first step to identify the influence of urbanization
on the urban boundary climate in terms of thermal, wind circulation, and precipitation condition in the
particular year of weak precipitation anomaly. It should not be generalized to represent the typical response
of the urbanization. With the existing findings, the chemical driver for the investigation of the effect of
urbanization on the formation and transportation of the local urban pollutant can be incorporated and this
will be pursued in the future.
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