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The modification of land use is known to be a major climate change driver to the local warming and air
quality in cities. Despite the reduction of NOx over the years, the Selangor state has captured a higher
level of O3 in year 2011. The measurement result has shown that the surge in O3 level was attributed to
the reduction of NOx/NMHC ratio. This paper hence attempted to identify the role of land use change
from 1999 to 2011 on the ground ozone air quality in the tropical urban conurbation, Greater Kuala
Lumpur (GKL), Selangor, Malaysia. With the state-of-the-art chemical weather prediction tool, WRF-
Chem, the external synoptic factors and emission inventory were controlled when comparing the
chronological land use changes. The results showed that the urban-induced temperature and wind bias
in the tropical region has induced stronger wind to disperse the NOx and carries the TVOC from the
suburban to the downwind urban region. The reduction of NOx/TVOC has gradually shifted towards the
optimum O3 formation regime in 2011. The formation of highly concentrated ozone becomes more
sensitive to the increment of TVOC as the NOx level reduces in the urban. This highlights the essential
involvement of TVOC in the ozone formation in lieu of the NOx reduction in the tropical city, a region
with growing emitter of reactive biogenic ozone precursors.

� 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Urbanization-induced land use change is one of the crucial
climate change drivers in expanding cities (Oke,1973,1976; Stewart
and Oke, 2012). The land use conversion, for urbanization and
agriculture, heavily contributes to surface temperature variation
(Kalnay and Cai, 2003; Zhang et al., 2011). In urban, the maximi-
zation of land use functionality replaces the under-utilized natural
surfaces for packed and impervious man-made structures (Oke and
Maxwell, 1975; Akbari et al., 2008). Such surfaces absorb and store
massive heat during the day (Dimoudi and Nikolopoulou, 2003;
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Gao and Jia, 2013) and as the height of buildings increases the
reradiated heat is trapped within the urban canopy. This thereby
increases the ambient temperature and boundary layer height at
night (Civerolo et al., 2007; Wang et al., 2007; Li et al., 2013), and
reduces the airflow within the urban canopy layer (layer from
ground up to average height of the buildings) (Martilli et al., 2002;
Thompson et al., 2007; Grossman-Clarke et al., 2008). Foley et al.
(2005) emphasized the environmental implication of anthropo-
genic land use conversion in modern years and described urban
heating as “an extreme case of how land use modified regional
climate”.

The alteration of physical and thermal properties of land surface
has also affected the chemical constituents of the urban atmo-
sphere (Foley et al., 2005; Mahmood et al., 2010; Pielke et al., 2011).
Ground ozone (O3), a component in urban smog, is well related to
the aggravation of human respiratory and pulmonary health (Bell
et al., 2004; Lacour et al., 2006). The higher nocturnal O3 concen-
tration in few large urban agglomerations was associated with
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urban-induced warming (Wang et al., 2007; Jiang et al., 2008; Yu
et al., 2012). Photochemical O3 production is limited during the
night hence the O3 level is mainly governed by the chemical loss
mechanism of ozone (NO þ O3 / NO2 þ O2). In urban, the
anthropogenic heat and surface heat retained at night induce at-
mospheric instability and vertical mixing of the lower atmosphere.
This aided the dilution of the major titration component of O3, ni-
trogen monoxide (NO) and hence rises the nocturnal O3 concen-
tration (Ryu et al., 2013a; Li et al., 2014). Ambient humidity was
generally known to reduce to O concentration for ozone generation
through the wet-scavenging of the O (1D) radical (quenched O (1D))
as O) and inhibition of O2 photolysis (O2 þ hv / O þ O) through
attenuation of sunlight (Ono et al., 2014). The reduction of midday
ozone under humid conditionwas also related to the dry deposition
through stomatal conductance (Kavassalis and Murphy, 2017).
These also explained the higher ozone level that often observed in
the dry urban environment with less vegetation cover (Romero
et al., 1999; Civerolo et al., 2000; Jiang et al., 2008). The calm
wind conditionwithin the urban regionwas one of the contributing
factors to the accumulation of O3 precursors and O3 exceedance
(Civerolo et al., 2000; Duenas et al., 2002). Frequently, the pollutant
trapped during calm night caused the morning exceedance of
pollution level (Wang et al., 2007; Lai and Cheng, 2009). Therefore,
the surface heat forcing driven by urban land surface has greatly
influenced the flux dynamics of the atmospheric boundary layer
and influence the pollutant transportation (Civerolo et al., 2007;
Sertel et al., 2009; Zhang et al., 2011).

Regardless of the climatic zone, the nocturnal urban heating
rate is found to logarithmically proportionate to the population
Figure 1. Location of ground weather and air quality stations are marked with black markers
1999, (b) 2003, (c) 2007 and (d) 2011.
density due to modification of urban morphology, local wind flow
and its energy balances (Oke, 1976; Roth, 2007; Lee et al., 2014;
Zhao et al., 2014). Hence, developing countries have expectedly
experienced the most rapidly increasing urban heating for the
past 40 years (Akbari et al., 1992; Kataoka et al., 2009). The United
Nations (UN) census statistics reported that the urban population
in Malaysia has exceeded 60% of the national population and the
growth rate stayed ahead of the average condition of Southeast
Asia (SEA) and Asia countries (United Nations, 2014). Greater
Kuala Lumpur (GKL), also known as Klang Valley is the most ur-
banized conurbation of Malaysia (Department of Statistics, 2011).
The conurbation covers the country’s capital, Federal Territory of
Kuala Lumpur and Putrajaya, alongside with its surrounding
agglomerated cities within the state of Selangor as shown in Fig. 1.
The region falls under the wet and hot tropical climate. Studies in
Malaysia have shown that the daily maximum of ozone level
approximates 50 � 20 ppbv (Banan et al., 2013). The highest
ozone concentration and prolonged exceedance (>100 ppbv;
Department of Environment, 2013) were often recorded at sta-
tions located near the residential region with close proximity to
the highly developed urban cluster or industrial area (Latif et al.,
2012; Ahamad et al., 2014). Most previous work on effect of ur-
banization on local climate and air quality were conducted
through analytical work of air quality recorded from ground
measurement stations. Although it provided a valuable local in-
formation, it has generic difficulty to scrutinize the spatio-
temporal influence of urbanization through land use change. The
ozone formation in the region is correlated with meteorological
condition and primary pollutants while the interactive role of both
, refer to Table 1 for the description of each weather station. Updated LUmap in year (a)



Table 2
Number of functioning air quality monitoring stations in April during study years.

Year Air pollutants

Hourly/8-hourly O3 NO2 NO NMHC

1999 7 7 7 5
2003 8 8 8 7
2007 8 8 8 6
2011 6 6 6 0
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factors in ozone formation is thus far neglected (Ahamad et al.,
2014; Tan et al., 2014).

Seeing that the ozone formation is subjected to the concurrent
factors involving the emission from urban sources, the current
effort to identify the effect of land use change urbanization in the
region on the air quality condition is still not well established.
Therefore, in Section 2, the background pollutant level study during
the period of study is analysed to comprehend yearly and hourly
change of the ground ozone level as well as its ozone precursors. In
Section 3, numerical modelling tool is deployed to account for the
isolate the effect of synoptic climatic forcing and background at-
mospheric composition from the ozone formation process. The
applicability ofmodel is first examined against the near-surface and
vertical meteorological parameters as well as the air pollutants in
Section 4. It is then configured to scrutinize the effect of land use
change on the variation of atmospheric pollutant, especially ground
ozone in Section 5. Fromwhich, the urban-induced changes of local
weather and circulation pattern are subsequently studied to
comprehend the contributing extend of the featured urban envi-
ronment to the air quality issue.

2. Background weather and air quality

The study focused on the effect of urban-induced local climate
change and avoided the period of strong synoptic forcing. The calm
inter-monsoon period, April 2003 was hence studied (Jauregui
et al., 1992; Tangang, 2001; Santamouris, 2015). In this period,
the GKL region was dominated by weak winds with less defined
direction. Such weather condition was more conducive to the
accumulation of pollutant with the higher atmospheric ground O3
amount measured (Latif et al., 2012). On average, April experienced
higher daytime temperature above 30 �C and relative humidity
above 60%. Convective raining with thunderstorm occurred during
the late afternoon from 1400 MYT to 2000 MYT (Sow et al., 2011;
Bhatt et al., 2016).

The chronological pollutant measurement data in April were
studied at a consistent four-year interval at 1999, 2003, 2007 and
2011. The updated land use maps for Selangor state from 1999 and
2011 at every 4-year intervals were illustrated in Fig. 1. The urban
land use in Selangor state grows from 14% to 29% of total land use
and it mainly replaced the evergreen broadleaf forest which
decreased from 48% to 35% from 1999 to 2011. While the urbani-
zation has concentrated in the GKL agglomeration with 22.6%
increment of urban land use. The urban land use composition
(including LDR, HDR, COM) increased by a total of 9.1%, around
820 km2 from 1999 to 2011. Fig. 1 also marked the location of eight
air quality monitoring stations with details given in Table 1. The
Table 1
Information on weather station for meteorological verification and air quality with
latitude (Lat) and longitude (Long) location and corresponding land use for each
ground observation station. The urban land use has three urbanization levels: low-
density residential (LDR), high-density residential (HDR) and commercial/industrial
region (COM).

Station code Station name Lat (�N) Long (�E) Operator Land use

ST1 Gombak 3.262 101.652 JAS Urban (COM)
ST2 Klang 3.010 101.408 JAS Urban (LDR)
ST3 Kajang 2.994 101.740 JAS Urban (HDR)a

ST4 Shah Alam 3.105 101.556 JAS Urban (COM)
ST5 Subang 3.117 101.550 MMD Urban (COM)a

ST6 Sepang 2.717 101.700 MMD Croplands adjacent
to Urban (COM)

ST7 Kuala
Selangor

3.327 101.259 JAS Grasslands and
shrubs

ST8 KL 3.138 101.705 JAS Urban (HDR)

a The station is in urban land use that is surrounded by grasslands and shrubs.
numbers of functioning stations for each measured pollutant in the
studied years are tabulated in Table 2.

The concentration of photochemical pollutant, O3 was at its
maximum level during the day (hourly ozone: 1400e1500 MYT)
and quickly depleted in the evening as shown in Fig. 2a. Dissimilar
with the ozone concentrationwhich peaked during the day, NO and
NMHC recorded a sharp morning peak (0800e0900 MYT) and an
evening peak after 2200 MYT in Fig. 2d and h. The double peaks
were ubiquitously observed in other cities (Pudasainee et al., 2006;
Han et al., 2011; Ryu et al., 2013a,b). The concurrent peaks indicated
the emissions source originated from incomplete combustion cycle
of engines during working rush hours of the city. The oxidized
products of the hydrocarbons, HO2 and RO2 are not readily recorded
through the measurement, but they contribute immensely as a
strong driving agent for the NO to NO2 oxidizing process. In Fig. 2e,
the NO2 therefore surged an hour later and supplied activated ox-
ygen atom as raw material for O3 formation. The NOx level was
lower during the day time due to the reactive O3 photochemical
reaction and also the noontime heat convection which enhanced
dispersion (Ooka et al., 2011; Ryu et al., 2013a,b). The absence of
solar radiation inhibited the photolysis reaction and hence the NO2
levels increased during the evening. The concentrated amount of
NO2 converted back into the initial NO form and around at
0000 MYT.

The daytime peak O3 concentration has recorded the lowest
(35 � 16 ppbv) in 1999 and highest (47 � 13 ppbv) in 2011 among
the years investigated in Fig. 2a. The stronger wind flow in 1999
during the day (see Fig. 2c) correlated well with the lower con-
centration NO2 and NMHC, which are the main O3 precursors.
Conversely, year 2003 with relatively low wind speed corre-
sponded to the higher pollutant concentration of NO, NO2 and
NMHC. Despite the surge of these ozone precursors, the level of O3
was not exceptionally higher in 2003 compared to the remaining
years. Such phenomenon also could not be related in 2011 with a
moderate wind speed.

The morning rush-hour spike of NO is most apparent in 2003
with a notable rise in nocturnal concentration. The NO level shows
a clear reduction (around 30 ppbv) in 2007 and dropped by another
10 ppbv in 2011. However, it was observed that the reduction of the
anthropogenic pollutant did not significantly reduce the O3 level, in
turn, it increased greatly in year 2011 with lowest NO. In Fig. 2f, the
higher value of NO2/NO was observed in 2007 and 2011 during the
day generated a greater level of oxidant and hence the growth of O3
level. Inversely, it also applied to the lowest daytime O3 level in
1999. Therefore, despite the highest value of individual NO and NO2

species recorded in 2003, the ozone level was not exceptionally
higher due to the moderate NO2/NO ratio. The NO2/NO ratio indi-
cated the photolysis potential of NOx to produce oxygen atom to
fuel O3 generation. However, this ratio has ideally assumed the loss
and generation of O3 depended on the conversion of NO to NO2 in
the null cycle of NO2, NO andO3 reaction (Han et al., 2011). It did not
account for the entire complexity of the photochemistry reaction in
real time. For instances, O3 did not involve in the removal of NOx
through deposition, production of NO2 from NO and O2 as well as



Figure 2. Diurnal hourly averaged (a) O3, (b) 2-m temperature, (c) 10-m wind speed, (d) NO, (e) NO2, (f) NO2/NO, (g) NOx, (h) NMHC, (i) NOx/NMHC in April of 1999, 2003, 2007,
2011.
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conversion between NO and NO2 by other peroxyl radicals (Clappa
and Jenkin, 2001; Pusede et al., 2015).

The ratio of NOx (NO þ NO2) to NMHC was then investigated to
identify the sensitivity regime of the formation of O3 (Sillman,
1999) and to account the processes overlooked by the previous
indicator. It was known that O3 concentration increases linearly
with NOx and NMHC when they present at low concentration
respectively. However, continual increment of individual species
limits the others and reduces the ozone production. Hence, the
local maxima of ozone occurred within an optimum ratio of NOx
Figure 3. Concentration distribution of O3 in the NMHC and NOx xy-plo
and NMHC. Fromwhich, the region above the optima inclines to the
NMHC-sensitive regime and the below inclines the NOx-sensitive
regime. The measurement of NMHC was discontinued after 2007,
hence, the analysis is conducted up to 2007 as shown in Table 2. The
comparison focused on the period of 1100e1900 MYT with the
highest O3 formation rate and NO2/NO ratio. The level of O3 was
shown in transitions of colour in the NOx versus NMHC plot in
Fig. 3. The best-fitted line of NOx/NMHC showed the general dis-
tribution slope of the entire year. It was found that the daytime
NOx/NHMC ratio (1100e1900MYT) of themeasured data decreased
t from 1100 MYT to 1900 MYT in April (a) 1999, (b) 2003, (c) 2007.
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from 0.1505 (1999), 0.1149 (2003) to 0.073 (2007). It resonated with
above increment of ozone from 1999 to 2007. Such circumstance
suggested that the reduction of NOx/NMHC falls, if not, was
approaching the optimum O3 formation regime. It resonated with
the highest O3 recorded in 2011 with the continuous reduction of
NOx from 2007, as shown in Fig. 2a and g. Hence, the O3 level was
likely to increase due to the reduction of NOx. Another plausible
projection for the level of O3 was the increment of NMHC in the
region. This was particularly critical seeing the rapid expansion of
palm plantation (around 650 km2) as seen Fig.1. Thematurity of the
plantation is likely to emit a large amount of isoprene, a highly
reactive O3 precursor (Silva et al., 2016).

The meteorological factors, particularly temperature is a com-
mon indicator of urban-induced heat. However, the measurement
result is unable to isolate the urbanization effect in the measure-
ment study since its signal might be mixed with the variation of
climatic forcing and green-house effect. The numerical model was
subsequently run to focus on the effect of land use change on the
atmospheric composition through the enhanced surface forcing of
the urbanization effect.

3. Model physics and experiment design

Weather Research and Forecast software with ARW dynamical
core (WRF-ARW) in combination with the online chemistry model,
typically known as WRF-Chem, was deployed to study the impli-
cation of urban land use change over the years (1999, 2003, 2007 to
2011) on the regional air composition. The cases were named as
Figure 4. Location map with terrain height information and domain settings of GKL for W
number of domain.
LU1999, LU2003, LU2007 and LU2011 respectively. The simulations
were run with the same initial and lateral boundary weather con-
dition and emission inventories for the same period to effectively
control the influence of synoptic weather variation or atmospheric
chemistry composition on the urbanization effect. The simulation
period started from 1st April 2003 and lasts for 9 days and the first
day served as the spin-up period for steady throughout.

The parent domain (d01) covering entire Malaysia with 27 km
grid size was nested to 9 km covering the Malay Peninsula and
finally the third domain (d03) with 3 km resolution to cover the
west coast and Selangor state where GKL is located. The domain
configurationwas shown in Fig. 4. To capture the rapid near-surface
atmospheric variability especially for the heterogeneous urban
environment, the vertical resolution for the lowest 1 km is covered
with 15 full sigma vertical levels, adding into the total of 37 levels
from the surface up to the model top at 50 hPa. The updated land
use for Selangor state (Fig. 1) was used as the input land use map
while single-layer urban canopy model was adopted with the local
calibrated urban parameters (Morris, 2016). Mellor-Yamada-Janji�c
(MYJ) boundary layer schemewas used alongwith EtaMM5 surface
layer schemewith modified MZT roughness length to parameterize
the vertical diffusion and turbulence within the boundary and
surface layer (Janjic, 2001; Chen and Zhang, 2009). RADM2 was
used as gas chemistry packages (Stockwell et al., 1990). MADE/
SORGAM was chosen as aerosol size distribution and chemistry
packages to include the anthropogenic emissions. MADE was cho-
sen for usage due to its reasonable particle size sorting scheme and
flexibility in including additional schemes. SORGAM is able to
RF simulation; d is denoted as domain with the following numbering indicates the



Table 3
Model settings and physics options.

Parameters Value/Option Parameters Value/Option

Simulation period 10 days for 2003 (1st April 0800 MYT e 10th April 0800 MYT) Cumulus scheme Betts-Miller-Janji�c
(enabled for d01 and d02)

Analysed period
(One-day spin up)

9 days for 2003 (2nd April 0800 MYT e 10th April 0800 MYT) Lateral boundary data ERA-interim 6-hourly reanalysis
data (Dee et al., 2011)

Domain setting 1st (d01): 27 km (110 � 100) The entire Malaysia
including Borneo

Anthropogenic emission
inventories

REanalysis of TROpospheric
(RETRO) (Schultz et al., 2007)
Emission Database for Global
Atmospheric Research (EDGAR)
version 4.2

2nd (d02): 9 km (100 � 103) Malay Peninsula
3rd (d03): 3 km (100 � 100) West Malay Peninsula

Vertical levels (in eta levels) 37 vertical eta levels. 15 level for bottom 12 km Chemical boundary data MOZART-4 (Emmons et al., 2010)
Land surface model (LSM) Noah LSM coupled with single-layer urban canopy model Biogenic emission inventory MEGAN Community Data

Portal (CDP) (Guenther et al., 2006)
Planetary boundary layer (PBL)

and surface layer scheme
MYJ PBL scheme and Eta MM5 surface layer Gas chemistry mechanism RADM2

Radiation scheme (long wave
and short wave)

RRTMG Aerosol size distribution and
chemistry mechanism

MADE/SORGAM

Microphysics scheme Purdue Lin single moment Biogenic gas chemistry Online MEGAN
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predict the POA (Primary Organic Aerosols) at comparably low
computational cost (Ahmadov et al., 2012; Athanasopoulou et al.,
2013). Other physics settings and initial and boundary data used
were given in Table 3.

4. Model evaluations

With the available data from the 8 ground measurement sta-
tions in Table 1, the model was verified its performance to simulate
the near-surface weather parameters and atmospheric chemical
composition. The model is tested with the four statistical error
indices to reflect the conformity of modelled data (Emery et al.,
2001; Willmott and Matsuura, 2005; Yu et al., 2006). Mean Abso-
lute Error (MAE) shows the average departure of simulated value
from actual result while Root Mean Square Error (RMSE) empha-
sizes the impact of larger error that runs away from the observa-
tion. Both indicators give positive value and the larger value implies
large error departure frommeasured data. The asymmetrical of the
result is accounted with Fractional Averaged Error (FAE) by refer-
encing it to the average of both datasets. Seeing that the value range
(in fractions) of the latter might be confused with conventional
representation, Normalized Mean Absolute Error (NMAE) is
therefore introduced to represent the absolute error factor of the
mean observation value.

The verification through statistical errors in Table 4 recorded
error magnitude for 2-m temperature around 3.3 �C RMSE, 2-m
relative humidity around 11.2% RMSE and 10-m wind speed
around 3.39 mse1. Compare to the previous WRF work done, the
integration of chemical module creates higher uncertainty to the
ground parameters (Ooi et al., 2017). The radiosonde sounding
Table 4
The meteorological model performance of WRF-Chem evaluated through error indices.

Near-surface parameters 2-m temperature (�C)

Average OBS 26.12
MAE 2.02
RMSE 3.27
FAEa 0.075
NMAEa 0.077

Vertical parameters Potential temperature (K)

MAE 0.58
RMSE 0.67
FAEa 0.002

a FAE and NMAE are dimensionless.
station (ST6) supplies verification data for the vertical boundary
weather profile at morning and evening transitional period of
0800e2000 MYT (University of Wyoming, updated daily). The
model generally predicted a good agreement of the potential
temperature, mixing ratio and wind speed on the vertical scale. The
air pollutant concentrations of O3, NOx and TVOC were verified on
the hourly basis against the measured data. The modelled pollutant
level reproduced the diurnal trend and underestimated the NOx

and TVOC concentration as shown in Fig. 5b and c. Owing to the
model chemical mechanism used for photochemical aerosols, the
modelled TVOC did not account for all the hydrocarbons in the
measured NMHC. The limited measurement result explains the
large gap in the comparison. Underestimation of these local surface
sources, especially NOx is closely related to the quality of the
emission inventory (Tie et al., 2010; Fallmann et al., 2016). The
available emission inventories used for the anthropogenic and
biogenic emissions are on a global scale, with the resolution of 0.5�

(w55 km) monthly and 0.1� (w11 km) yearly data (Schultz et al.,
2007; Zhang et al., 2009). The coarse resolution is relatively ho-
mogenous considering the model resolution of 3 km and it has
surpassed the ability of the model down-scaling. The model over-
estimated the hourly ground O3 with an overall RMSE 18 ppbv as
tabulated in Table 4. Compared to the emission inventory resolu-
tion, the accuracy of modelled O3 level depended more on the WRF
grid resolution, which involved the meteorological forcing from
radiation and local wind field (Tie et al., 2010). However, the higher
O3 level remained affected by the underestimated NOx concentra-
tion through reduced titration processes. The modelled pollutants,
at this point, was valid to serve as a control case study by comparing
the effect of urbanization. However, the quantitative investigation
2-m relative humidity (%) 10-m wind speed (ms�1)

68.0 3.91
8.50 2.49
11.24 3.39
0.116 0.811
0.125 0.638

Mixing ratio (kg/kg) Wind speed (ms�1)

0.70 0.70
1.01 0.84
0.054 0.179



Figure 5. Comparison of hourly-averaged (a) O3, (b) NOx, (c) TVOC concentration profile of modelled data to measured data in April 2003.
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on the actual amount of pollutant produced could be done, only if
the high-quality emission inventory of associated resolution was
developed or made available.

5. Effect of urbanization on local climate and air quality

During the day, the urban cooling effect was observed, and the
cold bias increased steadily over the years from �0.1 �C (LU2003-
LU1999) to �0.2 �C (LU2011eLU1999) around 1000e1200 MYT.
This was attributed to the increment of packed urban lands which
heat exchanges between the urban canopy and the atmospheric
layer above inefficient. The phenomenon known as the cool island
effect is commonly detected in the tropical region due to the tall
vegetation with greater heat retention capability (Jauregui et al.,
1992; Li et al., 2013; Zhao et al., 2014). The cool island effect
exerted a high-pressure region which suppresses the vertical
mixing and local wind flow in the region. The stronger cooling
effect in LU2011 has suppressed and delayed the vertical updraft
of the heated air in the GKL region around 1100 MYT. Apart from
that, Fig. 6c also showed that ground wind speed is greatly
weakened around 1000-1200 MYT when the sea breeze propa-
gated into the region (change of ground wind direction). It is
attributed to the urban land use with a larger roughness that
slowed down the wind speed entering the urban region
(Thompson et al., 2007; Zhong and Yang, 2015). After the sea
breeze passage pushed into the urban, the rising warm air near
the urban has strengthened the inflow of the sea breeze into the
around 1300 MYT. This has subsequently caused the vertical up-
draft (positive wind speed seen in Fig. 6b) to intensify around
1300e1400 MYT when the cooling effect weakened. Such effect of
enhancing wind speed near the urban core is often observed at
coastal cities located near to elevated highlands (Freitas et al.,
2011; Ryu et al., 2013a,b).

The stronger wind has greatly affected the atmospheric chem-
ical composition in the urban. The NOx emission with the peak
recorded during the morning was dispersed by the strong winds
over the years as illustrated in Fig. 6d. Same applied for the TVOC in
Fig. 6e but the TVOC level in LU2011 has increased slightly than
LU2007, around 7 ppbv. It was observed that O3 varies the most
during the day (1000e1600 MYT) over the year. The O3 level
(Fig. 6a) dropped and the difference has reduced from 4 ppbv
(LU2003 - LU1999) to 0.6 ppbv (LU2007eLU2003). In 2011, the O3
concentration has increased by 3 ppbv compared to LU2007.
However, it was still lower than the level of LU1999 from
1300e1600 MYT. Several joint factors were found to contribute to
the concentration variations. The relative reduction rate of NOx and
TVOC has increased the NOx/TVOC ratio in LU2003 and reduces in
LU2007 and LU2011. The ozone level in the urban became more
limited by the NOx due to the increased amount of TVOC. The
daytime NOx/TVOC ratio (1100e1900 MYT) decreased over the
years from 0.24 to 0.16.

The pollutant distribution for the entire Selangor region, which
included the suburban peripheries of GKL region as investigated.
In Fig. 6g, O3 level in Selangor was higher by approximately 3 ppbv
compared to GKL. The TVOC level in Selangor (Fig. 6h) was also
much higher in Selangor region and agrees with the higher TVOC
under stronger wind condition. The rising trend of TVOC was
noticeable in the measured data as discussed above. The GKL re-
gion is identified as the land-side coastal tropical precipitation
regime that features great influence of land-sea breezes (Kikuchi
and Wang, 2008) which determines the diurnal local atmo-
spheric chemistry (Wakamatsu et al., 1999). The increment of the
TVOC was postulated to be a directional advection following the
inflows of strong wind in Fig. 7. Larger O3 concentration was
generally observed while comparing the suburban region to the
urbanised region that is NOx-saturated (Sillman, 1999). A similar
decreasing trend of NOx/TVOC in Selangor was illustrated in Fig. 6i.
The O3 level in LU2011 has even exceeded that of LU1999 in
Selangor region when the daytime NOx/TVOC ratio dropped from
0.15 to 0.09. This indicated that the reduction of NOx and
increasing TVOC has approached the optimized fraction for O3
production. The ground ozone in the model agreed well with the
observation and showed an increasing trend dependent on the
reducing NMHC/NOx ratio.

During the night, the temperature increased with the growing
urban land use from LU1999 to LU2011, around doubled from
0.16 �C to 0.38 �C (comparing GKL and Selangor). The vertical wind
speed also increased over the years as agreed with the growing
boundary layer height. The concentration of NOx has reduced
following the greater mixing at night and thus reduced the night-
time titration effect. The spatial distribution of ozone at
1000 MYT has clearly shown a great contrast between the urban-
ised region with its surroundings in Fig. 7iel. The ozone has
increased by less than 1 ppbv in LU2011, however, the reduction of
ozone was not as apparent compared to the day.

The urban land use hasmodified themeteorological condition in
the GKL and Selangor regions differently during day and night.
However, both period (day/night) was related to the increase wind



Figure 6. Hourly averaged profile of (a) hourly O3, (b) vertical wind speed, (c) 10-mwind profile, (d) NOx, (e) TVOC, (f) NOx/TVOC for GKL region and (g) O3, (h) TVOC, (i) NOx/TVOC
for Selangor state for LU1999, LU2003, LU2007 and LU2011.
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speed due to temperature change (reduce/increase). Dilution of
both NOx and TVOC levels have contributed to the reduction of O3
in the initial period. However, in 2011, the NOx did not reduce
further while TVOC has started to increase owing to the inflow from
the suburban (industrial) region. The NOx/TVOC hence gradually
approached the optimum ratio for O3 formation and the O3 started
to increase. Both simulation and measured data observed the
similar trends. The modelling has shown that biogenic emission
(isoprene) made up of around 20% of the TVOC. The frequency of
the 2011 cases is projected to increase owing to the growing
popularity of the lucrative plantation (palm species) in the region
which emit a high amount of reactive biogenic VOC.

The daytime response of atmospheric pollutant composition
due to climatic forcing can reduce the forming potential of ozone.
However, the current resolution of chemical boundary data was
unable to be captured in the land-sea mask in this study. To tackle
the quality of the emission inventory data, approaches were pro-
posed to build emission inventory that produced reasonably ac-
curate the local emission map from the limited measurement
information (Streets et al., 2003; Zhang et al., 2009; Wang et al.,
2010). With the referenced methodology, a basic inventory could
be developed to overcome the incompetency resolution of global
emission inventory to apply in the case study region. The locally
calibrated inventory database was able to improve the accuracies of
anthropogenic emission, which highly dependent on the local
anthropogenic activities (Tie et al., 2010; Fallmann et al., 2016). This
could subsequently improve the accuracy of the model to estimate
the atmospheric composition.



Figure 7. 10-mwind speed and (aed, iel) O3, (eeh) TVOC spatial profile for (a, e, i) LU1999, (b, f, j) LU2003, (c, g, k) LU2007, (d, h, l) LU2011 at (aeh) 1200 MYT and (iel) 1000 MYT.
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6. Conclusions

In this context, the role of urban land use change is discussed as
the driver of the climate change and its associatedmodification of air
quality in the tropical urban conurbation, GKL, Selangor, Malaysia.
The GKL region has experienced a total expansion of 1400 km2 of
urban land use and 900 km2 oil palm plantation over a decade time
(1999e2011). The pollutant concentrationmeasured that the level of
NOx reduces through the years with occasional surge due to the
reduced wind speed as seen in year 2003. The 2-m temperature and
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O3 do not show a clear variation and increment through the years in
the GKL region. Nevertheless, the measured ozone was positively
correlated with reduced wind speed and increased NO2/NO ratio
under the regionwith increasing ozone formation sensitivity to NOx.
It is predominantly caused by the growth of NMHC in the region.
Therefore, urbanization with surges of NMHC levels was able to
stimulate increasing O3 level in the coming years.

Numerical chemical weather prediction tool, WRF-Chem was
deployed to scrutinize the effect of urban land use change on local
climate and its climatic forcing on the air quality in the region. The
control study focused on the modification of local climate through
chronological urban land use change. The GKL region experienced
reduced heat and increased physical roughness length concurrently
due to urbanization in the morning hours. Transitioning into the
afternoon, the increased temperature and wind speed over the re-
gion has dispersed the NOx concentration in the GKL are which re-
duces the daytime O3. However, the strong upwind flow has carried
TVOC into the urban and increased the O3 level in the episodic
LU2011. The nighttime ozone reduction corresponded well to the
urban warming effect that enhanced the local wind circulation and
mixing for pollutant dispersion. The overall land use change from
1999 to 2011 showed that the gradual expansion of urban land use
increased the ground ozone concentration during the day. It also
agrees with the analysis from the measuring data that the ozone
formation in urban gradually shifts to the high O3 forming potential
regime. This highlights the essential role of the TVOC emission on
the ground ozone formation in the tropical urban compared to the
effect of urbanization in terms of urban-induced climatic change.

Despite the essential role in ozone formation, the ground
measurement of NMHC was discontinued in all weather stations in
Malaysia and prevent further research possibilities. Moreover, the
discrimination of the model result has suggested that the urban
study required correspondingly high-resolution chemical bound-
ary condition before the output result of chemical constituents was
deemed sensible. It was proposed that future research ventures
into the selection of suitable emission inventory, if not, the building
of inventory for the region. Such research effort was beneficial to
stimulate and attracted more research interest in the SEA region.
Notwithstanding its limitations, this study has offered some insight
into the effect of urbanization in the SEA tropical region that is
experiencing a rapid change of land use.
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