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ABSTRACT
Atmospheric dynamical and chemical models are conducted to explore impacts of urban land-use change on ozone
concentrations over the Pearl River Delta (PRD) region, China. Two scenarios of land-use distributions are used to
represent early 1990s and current urban land-use distributions. Urbanization increases 2-d averaged daytime (nighttime)
temperature by 0.8 °C (1.5 °C) and reduces wind speed by about 20% over the PRD urban areas. The daytime boundary
layer depth is up to 400 m deeper, while there is a 50-m increase during nighttime. The combination of these seemly
subtle changes in meteorological conditions is able to prompt detectable changes in surface O3 concentration (4—15
ppbv) over major PRD urban areas. Nighttime O3 concentration enhancement is greater than daytime in the urban
expansion regions (e.g. 10 ppbv daytime and 15 ppbv nighttime). Areas with main O3 concentrations increase coincide
with the areas of increased temperature and decreased wind speed, and the timing of maximum ozone concentration
increase occurs a few hours later than maximum temperature increase and wind-speed reduction. Moreover, planetary
boundary layer depth also plays an important role in modulating vertical transport of Oz, which can lead to daytime

surface ozone concentrations reduction in some regions even with increasing temperatures.

1. Introduction

The Pearl River Delta (PRD) region, an area of about 41 700 km?
located in the southern part of Guangdong Province in China,
has experienced remarkable economic development and urban-
ization in the past two decades. Urban area counts for 60% in
the total land use, which is two times higher than the Chinese
national averaged level. The fast urbanization can significantly
modify local and regional meteorological conditions. For in-
stance, under clear skies and light wind conditions, cities are
warmer than surrounding rural environments, that is, urban heat
islands (UHIs) of up to 10 °C can form due to urban-rural dif-
ferences (Bornstein, 1987). These urban-rural differences pro-
foundly modify the surface energy budgets which can change
the mixing layer depth and thermal structures in the boundary
layer. Furthermore, urban areas are able to alter wind velocities
(Bornstein and Johnson, 1977) and precipitation patterns
(Changnon and Huff, 1986). Climatologic data indicate that,
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compared to the long-term average, the mean winter temperature
of southern China increased by approximately 0.326° per decade
for the past 37 yr (Liang and Wu, 1999). These modifications in
meteorological conditions can significantly alter the chemistry
of the lower troposphere and change the formation of secondary
pollutants in the atmosphere (Wang et al., 2005a). In recent years
severe air-pollution episodes with high ozone (O3) and poor vis-
ibility occur in an alarming frequency throughout PRD (Lee and
Sequeira, 2001; Wang etal., 2001). Ambient NO, concentrations
in the PRD have been the highest in China since 1985. Currently
O; and particle matter are the most concerned air pollutants in
the PRD (http://www.gdepb.gov).

Previous studies on regional land-use change within the PRD
area were generally conducted at a local scale (one city or a
few counties or a single Landsat scene) (Seto et al. 2002; Weng,
2002). Recently, Lo et al. (2006, 2007), using an atmospheric
model and a three-dimensional particle trajectory model, pointed
out that urbanization in the PRD can modify regional land—sea-
breeze circulations and potentially enhance the pollutant trap-
ping, and therefore may contribute to the overall poor air quality
in the region. Nevertheless, impacts of urbanization on air qual-
ity in the PRD have not been quantified. Recent development in
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high-resolution land cover data, advanced land surface model,
and improved planetary boundary layer (PBL) parametrization
schemes allow more realistic simulations of the PBL structures
in mesoscale numerical models (Chen and Dudhia, 2001). There-
fore, in this work, we combine mesoscale atmospheric and chem-
ical models to investigate how ozone distributions respond to
changes in atmospheric conditions due to urbanization in the
PRD because ozone is the most important oxidant and indicator
of photochemical smog. Here, we primarily focus on the analy-
sis of ozone modifications to meteorological conditions change
and do not consider chemical processes and emissions changes
response on ozone concentration. A high-pollution episode of
29-30 October 2004, where the API (Air Pollution Index) as
high as 100 in Guangzhou, is selected for this case study.

The reminder of the paper is organized as follows. In
Section 2, we describe the numerical modelling systems used
in this study. A brief discussion of the design of numerical ex-
periments discussed in this paper is also provided. Section 3
presents discussions about impacts of urbanization on meteoro-
logical conditions and on surface ozone concentration. A sum-
mary and concluding remarks are presented in Section 4.

2. Description of models and numerical
experiments

2.1. The MM5 model

The coupled fifth-generation Pennsylvania State University—
National Center for Atmospheric Research non-hydrostatic

M Broadleaf Forest
M Needleaf Forest
M Mash or Wet Land

Dry Crop/Grass 27-km grid spacing; Domain 2 (D2): 9-km

Irrigated Crop grid spacing; Domain 3 (D3): 3-km grid
spacing, (b) terrain height in D3, (c)
1992-1993 USGS data used in MM5 V3.7
for D3 and (d) Land-use data based on 2004
0.5-km MODIS products aggregated to 3-km
for D3. The only change between (c) and (d)

is the urban areas marked in red colour.

Water

Mesoscale Model (MMS5)—land surface modelling system is
used in this study. MMS5 (Grell et al. 1994) is configured for the
current study with three two-way interactive grids having hori-
zontal grid spacings of 27, 9 and 3 km and grid point dimensions
of 127 x 118,97 x 97 and 79 x 79, respectively. The locations
of the nested domains are shown in Fig. 1a. The coarse outer do-
main, D1, comprises a large portion of China and extends farther
south into the Southern China sea, and the second domain D2
covers most of Guangdong province. To better capture influences
of UHIs and urbanization on the PRD, a 3-km grid, in conjunc-
tion with high-resolution land-use maps, is used for the MM5
inner domain. As shown in Fig. 1b there is a gentle increase
in terrain height (~400 meters) from cities to their surround-
ing rural areas in the PRD. MMS5 is a terrain-following model
that uses the sigma vertical coordinate. The same 22 sigma lev-
els were specified for all simulations. Pressure at the top of the
model, where a radiative boundary condition is used, is 100 hPa.
The lowest half-sigma level is located at 38 m above ground
level. Since a major objective of the current study is to examine
the effect of urbanization on PBL structures, vertical resolution
is significantly enhanced in the lowest 1-km atmosphere.

Table 1 shows the parametrization schemes in MMS5 and in-
put/output data. Medium range forecast (MRF) PBL scheme
(Hong and Pan, 1996) and the NCAR Community Climate Model
(CCM2) longwave and shortwave scheme (Hack et al, 1993)
were used in all domains. An explicit microphysical scheme
that predicts rain, snow, graupel, cloud water and cloud ice is
used on all domains. This scheme is based on Reisner et al.
(1998) but has been modified to include graupel and ice number
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Parametrizations

Meteorological fields on 27-, 9- and 3-
km grids that include: 3-D: wind, tem-
perature, pressure, rain water mixing
ratio, cloud water ratio, water vapour
ratio 2-D: ground temperature, bound-
ary layer height, precipitation rate, u™*,

Table 1. Input/output for MMS5 and STEM-2K1 models
Models Input Output
MMS5 1° x 1° resolution NCEP
global reanalysis data
w* [7*
STEM-2K1  Hourly output from MMS5 me-

teorological fields on 27-, 9-,
and 3-km grids Hourly emis-
sions, chemical species initial
and boundary conditions

3-D gas-phase species including SO»,
NO, NO;, Oz, ethane, propane,
formaldehyde, PAN etc., Photolysis
rate, 3-D Aerosol including: BC, OC,
PM2.5, PM10 etc.

PBL scheme: MRF Cumulus:
Kain—Fritsch  Microphysics:
Reinser2 Radiation: Same as
in CCM2 Noah LSM

SAPRC99 gas-phase chemical
mechanism; online TUV for
photolysis rates
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concentration prediction equations. The Kain—Fritsch cumulus
parametrization scheme (Kain and Fritsch, 1993) was used for
the two outermost domains (D1 and D2), whereas no cumulus
parametrization scheme was used for the finest domain (D3) be-
cause it was assumed that convection is reasonably well resolved
by the explicit microphysics (Weisman et al, 1997).

The Noah land surface model (LSM) coupled to the MMS5
(Chen and Dudhia, 2001; Ek et al., 2004; Chen 2005) is based on
the Oregon State University (OSU) LSM (Pan and Mahrt 1987).
The LSM has a single canopy layer and predicts volumetric soil
moisture and temperature in four soil layers. The depths of the
individual soil layers from top to bottom are 0.1, 0.3, 0.6 and
1.0 m. The root zone is contained in the upper 1 m (top three
layers) no matter what land-use type. The Noah LSM urban
enhancements by Liu et al. (2006) included: (1) increasing the
roughness length to 0.8 m to better account for the drag due to
buildings; (2) reducing the surface albedo to 0.15, where this
reduction accounts for the shortwave radiation trapping in the
urban canyons; (3) increasing the volumetric heat capacity to
3.0 x 10° Jm~3 K~! and the soil thermal conductivity to 3.24 W
m~! K~! to be more consistent with the prevailing concrete or
asphalt materials and (4) reducing the green vegetation fraction
to reduce evaporation. The performance of the MMS5 modelling
system coupled to this simple urban treatment was verified with
surface and wind profiler data for the Oklahoma City area (Liu
et al., 2006) and for the PRD region (Lo et al., 2006a).

The initial and boundary conditions are interpolated from the
1-degree resolution NCEP global reanalysis data (Kistler et al.,
2001) to the MMS5 coarse domain (D1) with a grid spacing of
27 km and to the 22 sigma levels. Surface and upper-air conven-
tional observational data are incorporated into the analysis using
a Cressman-type analysis scheme. Initial conditions for the two
finer domains are obtained by interpolating from the outer do-
main. Because the MM5 simulations are initialized with a cold
start (no initial hydrometeors), it takes at least 12 hr on average
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for the model to spin up (Colle et al., 1999). In this study, the
simulation started from 0000 UTC 28 October and ended at 2300
UTC 30 October 2004. The first 16-hr MMS simulation is used
to spin up the model.

2.2. Land-use data sets and sensitivity experiments

Two land-use scenarios are used for the PRD region in the
MMS D-3 in this case study to explore the effect of urban ex-
pansion. The United States Geological Survey (USGS) global
land-use map in MMS is based on 1992-1993 1-km Advanced
Very High Resolution Radiometer (AVHRR) data (see Fig. 1c),
which, to a large degree, reflects the distribution of cities (mainly
Guangzhou and Hong Kong) in the late 1980s in PRD. By con-
trast, an updated land-use based on the 2004 500-m Moderate
Resolution Imaging Spectroradiometer (MODIS) data is used to
refer to today’s distributions of cities in PRD (see Fig. 1d) with
rapidly urbanized areas centred in Guangzhou, Foshan, Dong-
guan and Shenzhen. The MODIS instrument provides high ra-
diometric sensitivity (12 bit) in 36 spectral bands in wavelength
ranging from 0.4 um to 14.4 um. The images used to identify
urban areas are composed of the first three channels of MODIS
with the resolution of 500 m. The colour of urbanized areas in
these images is dark grey, outstanding from other land cover, and
can easily be identified. The 500-m MODIS data are aggregated
onto 3-km D3 using the same approach in MMS to aggregate the
1-km USGS land-use data.

With the MMS5/Noah coupled model, two simulations are
conducted using the same initial and lateral boundary condi-
tions, the same physics packages, and the same model config-
urations. The only difference between these two simulations is
the land-use map: the control simulation (PRE-URBAN) uses
the USGS AVHRR land-use map mimicking the PRD land-
use distribution prior to the rapid urban and industrial develop-
ment occurred in the last two decades; the sensitivity simulation
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(URBAN) uses the MODIS land-use data describing today’s
land-use distribution.

2.3. The stem-2K1 model

In this study, STEM (Sulfur Transport and dEposition Model)-
2K1 (Carmichael et al., 2003a,b; Tang et al., 2003) is executed,
on the same grids as MMS (i.e. 27-, 9- and 3-km grid) using
the PRE-URBAN and URBAN land use maps to investigate the
influence of land use change on ozone over the PRD. This model
was used in the TRACE-P (Transport and Chemical Evolution
over the Pacific) experiment and compared with observed data
in the PRD region by Wang et al. (2005b). STEM-2K1 is driven
by MMS5 meteorological output in the three domains, which has
the same vertical and horizontal resolution with MMS5. Table
1 shows the connection between STEM-2K1 and MMS5. Time
interpolation was performed to treat the rapid changes in PBL,
especially in the morning and evening. For chemical species
initial and boundary conditions, those profiles obtained from the
TRACE-P aircraft observations were used for the coarse domain.
The initial and boundary conditions for the inner two domains
were interpolated from corresponding mother domain. Emis-
sions were interpolated into each domain from 6 min resolution
emission inventory.

The key module in STEM-2K1 is the SAPRC99 gas-phase
chemical mechanism (Tang et al., 2003) and the second- or-
der implicit Rosenbrock method (Verwer et al., 1997) for the
chemical integrator is employed in these simulations. SAPRC99
contains 93 species and 213 chemical reactions, including 30
photolysis reactions.

Clouds and aerosols have important impacts on photoly-
sis rates, hence influence photochemistry. The online TUV
(Tropospheric  Ultraviolet-Visible) model (Madronich and
Flocke, 1999) was used to consider the influences of clouds,
aerosols, and gas-phase absorptions due to Oz, SO, and NO, on
photolysis rates. TUV employs MM5 outputted cloud water con-
tent to derive cloud optical properties. The optical properties of
water clouds were calculated with a simple scheme (Madronich,
1987). We adopted the method of Ebert and Curry (1992) to esti-
mate ice cloud optical properties. At each integrating time step,
the online TUV inputs aerosol concentrations from the STEM
main module and converts them from mass concentrations to
aerosol optical properties according to Hess et al. (1998). Here
we assume all aerosols are mixed externally. TUV outputs pho-
tolysis rates for SAPRC99 mechanism. Here the TUV has a
higher top (80km) than that of the chemical-transport domain
(~15 km). The interaction of TUV with STEM was described
by Tang et al. (2003). The upper layers were used to compute
the ozone absorption. The input data is daily variations in ozone
columns that are accounted for by using the observed TOMS
(Total Ozone Mapping Spectrometer) total columns. Zonal mean
values are used for the regions that the TOMS satellite did not
cover. Ozone profiles calculated by STEM are used in TUV for

the tropospheric component, and the upper atmosphere ozone ab-
sorption column is calculated by the difference between TOMS
ozone and STEM column ozone.

The anthropogenic emission rates used in this analysis are
based on the estimates of Streets et al. (2003). Estimates of
emission from individual sectors (i.e. industry, power, domestic,
transportation and shipping) are included in the analysis. Mea-
surements obtained in the TRACE-P experiment during February
and April, 2001 are used in conjunction with regional modelling
analysis to evaluate emission estimates for Asia (Carmichael
etal., 2003a, b). It was found that the emission inventories are of
sufficient quality to support preliminary studies of ozone produc-
tion. Biomass burning emission (from open burning) for South-
east Asia are based on the March averaged estimates for the
year of 2001(Woo et al., 2003). Biogenic emissions came from
GEIA (Guenther et al., 1995). The emissions are gridded using
the methodology described in Woo et al. (2003). Lighting NO,.
emissions were diagnosed from the meteorological model ac-
cording to deep convective intensities (Pickering et al., 1998).
Emissions of dust, generated from the arid and semi-arid regions
in Asia, were calculated online using model calculated friction
velocities according to the method of Nickling and Gillies (1993)
and Liu and Westphal (2001). Sea salt emissions were also cal-
culated online following Monahan et al. (1986). The simulation
length is the same as MMS5. As our main objective is to ex-
plore the influences of urban-induced changes in meteorological
conditions on air quality, we use the same surface biogenic and
industrial emission rates (reflecting today’s situation) in both
land use maps. The impacts of emission rate changes will be
investigated in the future.

3. Results and analysis

3.1. Influences of urban expansion on meteorological
conditions

In the study of Lin et al. (2007), a total of 31 MMS simulations
(every day) in relation to the South China on October 2004,
were conducted. Comparing with observed monthly mean tem-
perature, the simulated monthly mean 2-m temperature is close
to the observations in the northern part of Guangdong province
but has lower bias (~1.2 °C) near the coastal urban zones.
Fig. 2 shows averaged differences of daytime and nighttime wind
speed, temperature and PBL depth at 38 m above ground level
between URBAN and PRE-URBAN MMS simulations for D3.
The simple urban land-use treatment in MM5/Noah has demon-
strated its ability to capture main features of UHI (Liu et al., 2006;
Lo et al., 2006a). After previous dry cropland was changed to
current urban land, UHI effect becomes evident. MMS simula-
tions show obviously nighttime temperature enhancement in all
urban expansion districts, which is typical UHI effect. It should
be noted that Guangzhou is an urban site in both PRE-URBAN
and URBAN scenarios. However, URBAN scenario has much
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INFLUENCES OF URBAN LAND-USE CHANGE ON OZONE 637

Latitude (North)

Fig. 2. Differences of weather variables at
38 m above the ground between URBAN
and PRE-URBAN simulations (URBAN
minus PRE-URBAN) averaged for the
daytime and nighttime simulation period. (a)
Daytime wind speed (m s~ '), (b) nighttime
wind speed (m s7h, (©) daytime temperature
(K), (d) nighttime temperature (K), (e)
daytime PBL depth (m) and (f) nighttime
PBL depth (m).

broader urban areas than PRE-URBAN scenario in Guangzhou
surrounding areas. MMS5 simulations show the highest tempera-
ture enhancement in Guangzhou (Figs. 2¢ and d) and the second
temperature enhancements are in Dongguan and Shenzhen. The
increase in temperature in the Guangzhou district is up to 0.8 °C
in the daytime and 1.5 °C at the nighttime due to strong turbulent
mixing after urbanization in the daytime.

Areas with main reduction in wind speed also coincide with
the fastest urban expansion regions such as Guangzhou, Dong-
guan and Shenzhen due to increase surface roughness length.
Wind speed in those regions decrease up to 1.0 m s~} about 20%
change. This change also show a diurnal feature: the strongest
wind velocity decrease appeared at night due to increased sur-
face roughness length in URBAN scenario and relatively weak
vertical exchange of wind momentum at night. The maximum re-
duction in wind speed due to urbanization occurs at night, which
is well correlated with large increase in temperature.

The spatial distributions of the daytime and nighttime mean
differences of the PBL depth between URBAN and PRE-
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URBAN are shown in Figs. 2e and f respectively. The PBL de-
velopment over urban areas is significantly enhanced by urban
expansion, as the PBL depth is up to 400 m deeper during the
daytime in Guangzhou area, while there is a 50-m increase of
the PBL depth during the nighttime.

3.2. Influences of urbanization on Oz concentration

‘We have seen so far that urbanization can modify temperature,
wind speed, and the PBL mixing-layer depth and stability. In this
section, we focus on impacts of those modified meteorological
conditions on spatial and temporal distributions of ozone (O3,
concentration, because it is the traditional indicator of photo-
chemical smog in the PRD. Figure 3 shows influences of urban
expansion on daytime and nighttime averaged surface O3 con-
centrations. While surface O3 concentrations over major cities
increase both during daytime and during nighttime, the night-
time enhancements in O3 concentrations outpace those during
daytime in the urban expansion regions. For instance, during
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Fig. 3. Differences of surface ozone concentration (ppbv) between URBAN and PRE-URBAN simulations (URBAN minus PRE-URBAN). (a)

Averaged for the daytime and (b) averaged for nighttime simulation.

daytime, the maximum O; concentrations augmentation occurs
over the Hongkong area (~10 ppbv) with a second maximum
over the Guangzhou area (~4 ppbv). The nighttime maximum
Oj; increase has larger amount (>15 ppbv) and is located over
major urban expansion areas such as Guangzhou and Dong-
guan. Areas with main O3 concentrations increase generally co-
incide with the areas of temperature increase and wind-speed
reduction. These results are consistent with previous studies
showing the direct link between increased ozone concentrations
and higher temperatures (Sillman and Samson, 1995; Aw and
Kleeman, 2001). Nevertheless, it should be noted that, in the
daytime, some urban regions such as Foshan and suburb of
Guanghou experience slight reduction in surface ozone concen-
tration even with higher temperature and lighter wind in those
areas. This implies that the temperature enhancement alone is
not sufficient to explain changes in surface O3 concentrations.
Because in the real world, temperature change will likely be cou-
pled to changes in other meteorological variables such as the PBL
depth that will in turn affect O; concentrations. In fact, deeper
daytime, convective boundary layer over major urbanized areas
can lead to stronger vertical mixing that dilutes surface O; con-
centrations. For example, over the Guangzhou district (Fig. 2),
the daytime increase in the PBL depth (>400 m) is greater than
the nighttime increase (~100 m). Hence, the surface O is trans-
ported to upper mixing layer and the O3 concentration increases
throughout the entire mixing layer up to 1700 m (not shown).
By contrast, despite the slightly unstable, nocturnal surface layer
caused by more pronounced nighttime UHI, the increase of O3 is
mainly confined within the lowest 150 m above the ground, lead-
ing to higher surface O3 concentration. Therefore, the more en-
hanced nighttime surface Os is a consequence of slightly higher
surface temperature (Figs. 2c and d) and, more importantly, of

shallower mixing layer (Figs. 2e and f). The other reason for
large nocturnal increase in surface O3 concentration is weaker
wind speed, which reduces horizontal transport of pollutants and
results in local O3 accumulation.

In order to further investigate the relationship between tem-
perature and wind-speed perturbation and surface O3 concentra-
tions changes, we examined the diurnal cycle of the difference
of O3 concentrations between URBAN and PRE-URBAN sim-
ulations as function of surface temperature and wind speed in
the Guangzhou district (Fig. 4). Clearly, surface O3 concentra-
tions change has stronger relationship with temperature vari-
ations than with surface wind speed. Note that the maximum
O3 concentrations increase happens around 0004 LST, while
the maximum temperature increase happens at midnight and
the maximum wind-speed reduction happens at 2200 LST. The
temperature increase happens during mid-night with O3 concen-
trations increase. However, surface ozone increases from 0200
LST to dawn (particularly for the second night) with decreasing
temperature because of more ozone are confined in the surface
layer.

4. Summary and conclusions

The PRD region has experienced remarkably fast economic de-
velopment and rapid urbanization in the past two decades, form-
ing a virtual PRD city cluster with a population of 50 million.
Accompanying to such industrial and urban expansion, the air
quality in PRD has been increasingly deteriorated in recent
years. In this work, mesoscale atmospheric MMS5 and chem-
istry STEM-2K1 models are employed to investigate the degree
to which extensive urbanization can influence ozone concentra-
tions over the PRD, which is a major indicator of photochemical

Tellus 59B (2007), 3
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Fig. 4. Diurnal cycle of the difference between URBAN and PRE-URBAN at an urban site over the Guangzhou district. (a) Temperature and O3 and

(b) wind speed and O3.

smog. For a high-pollution case study (29-30 October 2004), two
types of urban land-use database, representing late 1980's and
current urban land cover in PRD, are used in MMS5 simulations.
Meteorological conditions generated in these two MMS5 simula-
tions are then used to drive the chemistry STEM-2K1 model to
simulate temporal and spatial distribution of ozone under these
two meteorological scenarios.

MMS simulations show that areas with significant changes
in meteorological conditions coincide with the fastest urban ex-
pansion regions such as Guangzhou, Dongguan, and Shenzhen.
Maximum changes in temperature and wind speed usually occur
between late evening and midnight, as expected from the UHI
effect. Two-day averaged temperature increase up to 0.8 °C in
the daytime and 1.5 °C at the nighttime over urban regions, while
wind speed reduces up to 1.0 m s~! in the lower atmosphere. The
maximum reduction in wind speed due to urbanization occurs at
night, which is well correlated with large increase in tempera-
ture. The PBL depth is up to 400 m deeper in the daytime, while
there is 50 m increase at the nighttime.

When combined, those seemly small changes in meteoro-
logical conditions are able to prompt detectable changes in
ozone concentration. Generally, averaged ozone concentrations
increase coincides with temperature increase and wind-speed
reduction in urban areas. For instance, 2-d averaged daytime
O; concentration increases up to 10 ppbv over the Hong Kong
metropolitan areas in the downwind direction of the Guangzhou
urban area (Fig. 3a), while about 4 ppbv increase in O3 con-
centrations is observed in Guangzhou areas. However, the PBL
depth also plays an important role in the daytime vertical trans-
port, which can lead to surface ozone concentrations reduction
in some regions, even with increased temperatures in those ar-
eas. This is because on one hand, stronger daytime urban heating
certainly helps increase ozone concentration. On the other hand,
however, it often results in a deeper mixing layer with more vig-
orous transport of surface ozone to upper boundary layer and
hence dilute surface ozone concentration. During nighttime, the
increase in O3 concentration, resulted from nocturnal urban heat
island effects and more wind-speed reduction, is more confined
to near surface layer because of generally stable boundary layer.
Surface O3 concentrations change has stronger relationship with
temperature variations than with wind speed, but the timing of
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maximum ozone concentrations increase occurs a few hours later
compared to maximum temperature increase and wind-speed re-
duction.

This study provides a first step to understanding the impacts of
rapid urbanization on regional and local ozone distributions in the
PRD region, and these results can be valuable for state and local
policy makers for future development planning. Nevertheless,
more comprehensive studies need to be conducted in the future
to invoke different surface emissions scenarios and to investigate
urban effects under different weather regimes.
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