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ABSTRACT: In this study, the fifth-generation Pennsylvania State University-National Center for Atmospheric Research
Model (MM5) was used to investigate the effects of urbanization on land—sea breezes (LSBs) in the Pearl River Delta
(PRD) region, which is a rapidly developing area located in southern China. LSBs in the 2003/2004 winter were simulated
utilizing an approach in which the NCEP Final Analysis data averaged in the 2003/2004 winter is used as initial and
lateral boundary conditions for the model. The simulated surface winds are shown to be capable of reproducing the basic
features and diurnal variation of the LSBs. Sensitivity experiments with changes in land uses were performed with this
model. Results of these experiments show that urbanization in the PRD region can have significant effects on the patterns
of the LSBs and circulation in the region. In particular, it has been shown that the urbanization of Shenzhen (a major
city located in the eastern coast of the PRD and neighbouring to the north of Hong Kong) may significantly enhance the
sea breeze to the west of Hong Kong in the early afternoon. This may enhance the low-level convergence in Hong Kong
and may worsen the air pollution problem there. On the other hand, the effects of urbanization in the western coast of
the PRD region are relatively local and LSBs on the eastern PRD are generally not affected. Copyright © 2009 Royal
Meteorological Society
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1. Introduction impacts on the LSBs and regional circulations. Particu-
larly, some previous studies have suggested that the LSB
circulation in the PRD region may significantly influence
the airflow pattern and air quality over Hong Kong (Kok
et al., 1997; Fung et al., 2005; Huang et al., 2005; Lo
et al., 2006).

Some numerical studies have been conducted to study
the influence of urban modification on LSBs over the
PRD. For example, Ding ef al. (2004) simulated LSBs
in the PRD region and investigated the transport of

The Pearl River Delta (PRD) region is located in south-
ern China with a population over 50 million and includ-
ing some major cities of China including Guangzhou,
Shenzhen, Hong Kong, Macau, Dongguan and Zhuhai
(Figure 1(b)). As a result of policy change and economic
growth, this region has experienced enormous changes
since the 1980s and has become one of the world’s
largest industrial zones. However, the rapid urbaniza-

tion and industrial development in the region also led k )
to severe air pollution problems such as high concen- pollutants during a prolonged ozone episode. Tong et al.

trations of ozone and particulate matter (Fung et al., (2005) also simulated the urban boundary layer over the
2005; Wang et al., 2007). Previous studies have sug- complex terrain of Hong Kong, and their simulations
gested that land—sea breezes (LSBs) and heat island Suggested that urban heat island and the occurrence
circulation are closely related to regional air pollution ©f a LSB circulation can have significant impacts on
problems (Vukovich ef al., 1971; Bornstein et al., 1975; air pollution transport and dispersion. Lin er al. (2007)
Sawai ef al., 1978). Because most of the urban areas in and Lo eral. (2007) used different land use datasets
the PRD region are located near the coastal region, it is to investigate the changes in meteorological conditions
likely that urbanization in this region can have significant ~associated with a typical air pollution case.

Although some features of LSBs associated with the
I — ) ) i urbanization in the PRD region have been revealed by
* Correspondence to: Kim-Chiu Chow, Department of Mathematics, . ..
The Hong Kong University of Science & Technology, Clear Water these studies, the general effects of urbanization on the
Bay, Hong Kong, China. E-mail: kchow @ust.hk LSB circulation, e.g. on a seasonal scale, are not easily
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Figure 1. (a) Domains for MMS5 Simulations (b) Enlarged view of

domain 3 (D3) showing the terrain (m, contours) and locations of some

major cities in the Pearl River Delta region. This figure is available in
colour online at www.interscience.wiley.com/ijoc

concluded from these previous works since these are case
studies for a period of a few days or under particular
situations such as typhoons or fronts. To the knowledge
of the authors, the seasonal mean LSBs and wind field in
the PRD region have not been addressed in the existing
literature. It may be due to the relatively few and sparse
distribution of the weather stations in the region and the
expensive computing cost in obtaining the seasonal mean
model simulations in such a fine spatial scale.

In this study, we used the mesoscale Pennsylva-
nia State University-National Center for Atmospheric
Research Model (Penn State/NCAR) MMS5 to investi-
gate how different scenarios of urbanization in the PRD
region might have affected the seasonal mean struc-
ture and diurnal variations of the local circulation and
LSBs in the region during the winter between 2003 and
2004. Simulating the LSB circulation utilizing a high-
resolution mesoscale model for a whole winter is very
computationally expensive, particularly with the addition
of sensitivity experiments. Therefore, a new approach in

Copyright © 2009 Royal Meteorological Society
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simulating the seasonal LSB circulation is introduced in
this study. In this approach, the NCEP Final Analysis
data averaged in the 2003/2004 winter is used as ini-
tial and lateral boundary conditions. The year 2004 is
chosen in this study because the LSB circulation sim-
ulated by this new approach can be validated with the
existing data of normal MMS runs for the whole winter
between 2003 and 2004 (which will be further discussed
in the next section). Three sensitivity experiments with
changes in land use were then carried out with the models
using the new approach. This study will focus on win-
ter because according to observations, the frequency of
LSBs in winter is higher than in other seasons (Zhang
et al., 1999) and high air pollution episodes often occur
in autumn and winter. The season of autumn was not
considered in this study because tropical cyclones often
occur in early autumn (September) in this region. There-
fore, when studying the seasonal mean features in the
PRD region using the approach presented in this study,
winter is more appropriate since in winter the weather in
southern China is generally calm and fair with prevailing
northeasterly wind associated with the winter monsoon.

The model set-up, experimental designs and data used
in this study will be discussed in Section 2. Description
and results of the three sensitivity experiments will be
discussed in Section 3. The main conclusions of this study
will be summarized in Section 4.

2. The numerical model

2.1.

The numerical model used in this study is the fifth-
generation Penn State/NCAR MMS5 version 3.7 (Dudhia
et al., 1993). Three nested domains with horizontal grid
spacing of 13.5 km (D1), 4.5 km (D2) and 1.5 km
(D3) are used (Figure 1(a)). The smallest domain D3 is
designed to resolve the regional-scale circulation features
over the PRD. There are 35 vertical sigma layers in all
domains, with the lowest 12 levels allocated below the
altitude of 1 km in order to have a finer resolution of the
planetary boundary layer (PBL).

As indicated in some previous studies (e.g. Chen and
Dudhia, 2001; Lo et al., 2007), the original land use
data used by MMS5 from the U.S. Geological Survey
(USGS) (Figure 2(b)) is not up to date (last updated 1993)
for the PRD region, as urban areas have significantly
increased during the past decades. In this study, the
recently updated land use data, which was originally
compiled by the Planning Department of the Hong Kong
SAR Government (HKPD) in 2003 (HKPD, 2003), is
used as in Lo etal. (2007) (Figure 2(a)). The high-
resolution (30 m) HKPD land use data was reformatted
to supersede the original 30 arc second in the MMS5 data
over the PRD region.

The NCEP Final Analysis (FNL) data of 1° Ilati-
tude/longitude resolution averaged for the 3 months of
the winter from December 2003 to February 2004 is
used as the initial and lateral boundary conditions for

Model set-up

Int. J. Climatol. 30: 1089-1104 (2010)
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Figure 2. Land use map of D3 given by (a) new 2003 HKPD land use in CTRL, (b) old USGS land use in EXP_OLD, (c) new land use
except over Shenzhen (circled) used in EXP_SHENZHEN, (d) more urban areas (in red colour) in the western coast of PRD (circled) used in
EXP_URBAN. This figure is available in colour online at www.interscience.wiley.com/ijoc

the model. In the control experiment (CTRL), the model
is run for 4 days from UTC 00 of 14 January to UTC 00
of 18 January 2004. This is the period in the middle of
the winter so that the solar declination angle is close to
the corresponding mean value in the season.

The design of CTRL is to obtain a converged circula-
tion in the PRD region, i.e. the daily cycle or the diurnal
variation of the simulated circulation does not vary signif-
icantly from day to day. The converged flow field driven
by the seasonal mean FNL data is considered in this study
as the mean circulation for the season. It has been shown
in a number of trial runs that it is not easy to obtain a
converged simulation of the relatively chaotic precipita-
tion field (or other condensational processes), and thus the
converged flow field is also not easy to obtain due to the
effects of heat release associated with the precipitation.
To obtain the converged flow field, fake dry runs with no
cumulus parameterizations are used in the present study.
Other physics parameterizations are chosen following Lo
et al. (2007), in which the LSB circulation in the PRD
region has been successfully simulated. In all the three

Copyright © 2009 Royal Meteorological Society

domains, the NCEP medium-range forecast (MRF) PBL
scheme (Hong and Pan, 1996) and the rapid radiative
transfer model (Mlawer et al., 1997) combined with the
cloud radiation shortwave scheme are used.

2.2. Model validation

In the 96-h simulation of CTRL, the first 48 h are
considered as the spin-up time for the model. The same
simulated surface wind and temperature fields in D3
on Day 3 and Day 4 of CTRL (Figure 3) suggest that
converged circulation of the PRD region can be attained
in the third day of the simulation. Therefore, in the
sensitivity experiments described in the Section 3, the
models were run for 3 days and the discussion will focus
on the Day 3 model results. To investigate whether CTRL
can successfully simulate the seasonal mean large-scale
wind field, the daily mean wind in D1 of CTRL on Day
3 (Figure 4(b)) is compared with the FNL data averaged
for winter 2003/2004 (Figure 4(a)). It can be observed
from Figure 4 that CTRL is capable of reproducing
the season’s mean large-scale wind parameters for both

Int. J. Climatol. 30: 1089-1104 (2010)
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Figure 3. Surface wind and temperature fields in Domain 3 on Day 3 and Day 4 of the control experiment. (a),(c) at LT 1400; (b),(d) at LT
0200. This figure is available in colour online at www.interscience.wiley.com/ijoc

direction and speed. The prevailing wind direction is
northeasterly, and the wind speed is larger over the ocean
at a magnitude of 10 m s~!. In addition to successfully
simulating the synoptic wind field, Figure 4(b) shows that
CTRL may also simulate some smaller scale regional
circulations over the land surface due to topography. In
addition to simulating well the surface field, Figure 4(c)
suggests that the CTRL is also capable of reproducing the
vertical variation of the horizontal wind averaged over the
PRD region for the winter 2003/2004.

Although CTRL can simulate well the large-scale
wind field, the small-scale circulation in D3 should
also be validated to see if the model is capable of
simulating the mean diurnal variation of the regional
wind field over the PRD region during the 2003/2004
winter. However, the data for validation is generally
not available because weather stations are sparse in the
region. One way to obtain the climatology of the wind
field over such a small scale is to perform numerical
simulations. However, simulating the small-scale flow
field for the time scale of one year is very expensive

Copyright © 2009 Royal Meteorological Society

and therefore simulation data is rare. Yim et al. (2007,
YIM2007 hereafter) used the MMS5 to develop a high-
resolution wind map for complex terrain to investigate
the potential of using wind energy in Hong Kong. In their
study, hourly wind fields were simulated for one year
from 2003 to 2004 by MMS5 with four nested meshes from
40.5 km down to 1.5 km horizontal resolution using the
2003 HKPD land use data. Their simulation results were
shown to be good by comparing with the data of local
weather stations. In this study, we used the YIM2007
simulation data averaged in the winter 2003/2004 to
validate the results of CTRL. It can be observed from
Figure 5 that CTRL can successfully simulate the basic
features of the diurnal variation of the surface wind and
temperature fields in the PRD region although the LSBs
are generally stronger in CTRL. One possible reason is
that in the fake dry run of CTRL the radiation effects
of clouds are absent and the ground surface may receive
more solar radiation compared with the more realistic
simulations of YIM2007. It is also worth noting that
the flows over the land surface in YIM2007 data are

Int. J. Climatol. 30: 1089-1104 (2010)
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Figure 4. Daily-mean surface wind fields in D1 for (a) FNL data
averaged for winter 2003/2004, and (b) control experiment on day
3. (c) shows the corresponding vertical profiles of horizontal velocity
vectors averaged over the Pearl River Delta region (112.5-115 E,
21.5-23.5°N). This figure is available in colour online at www.
interscience.wiley.com/ijoc

much smoother than those in CTRL (cf. Figure 5(a), (¢),
(e) and (g) and Figure 5(b), (d), (f) and (h)), since the
less organized flows related to the terrain are generally

Copyright © 2009 Royal Meteorological Society
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smoothed out in the 3-month averaged data of YIM2007.
It can be observed from Figure 5 that at LT 0800 and
LT 0200, the land surface is cooler than the ocean and
so the land breezes (LBs) are well developed over the
Pearl River Estuary. In the afternoon (LT 1400), CTRL
shows a prominent sea breeze (SB) developing along the
eastern coast of the PRD (Figure 5(d)) because of the
increase in surface temperature over the land surface.
This northwesterly sea breeze towards the eastern coast
of the PRD is not very obvious in the YIM2007 data
(Figure 5(c)). However, the anomalous (local times daily
mean) surface wind field (Figure 6) shows that CTRL
is capable of reproducing well the diurnal variation of
the LSBs in the region. In particular, the anomalous
westerly sea breeze towards the eastern coast of the
PRD at LT 1400 is clearly shown in both the results of
CTRL and YIM2007 (Figure 6(c) and (d)). This results
in a convergence zone in the eastern PRD particularly
in the west of Hong Kong, which may reduce the
dispersion of pollutants in Hong Kong, thereby enhancing
the air pollution there. More details about this afternoon
convergence zone will be further discussed in the next
section.

The relatively weak anomalous easterly and northeast-
erly winds over the PRD estuary at night (LT 0200)
and morning (LT 0800) can also be captured by CTRL
(Figure 6). However, the anomalous surface wind field
at LT 2000 simulated by CTRL is relatively poor (cf.
Figure 6(e) and (f)) compared with the other three time
periods. A possible explanation for this discrepancy is
that LT 2000 is in the transition period when SBs start
changing to LBs. The complex wind field can be seen
in CTRL but it is smoothed out in YIM2007 data. In
CTRL, the LBs are strong near the western bank of the
Pearl River Estuary but are weak in the eastern PRD
(Figure 6(f)). These results are similar to those obtained
by Buckley and Kurzeja (1997) and Ding et al. (2004).

In conclusion, although the surface wind fields from
CTRL and YIM2007 have some differences, the diurnal
variations of the wind and temperature fields show similar
patterns. The results from CTRL suggest that the model
set-up in this study could capture the basic features and
diurnal variation of the LSB circulation in the PRD region
during the 2003/2004 winter.

3. Sensitivity experiments

3.1

Three sensitivity experiments were carried out with the
idealized model described in Section 2. The model
configurations in all three experiments are the same as
in CTRL except with different land use patterns over the
PRD region to investigate the effects of urbanization in
the region.

In the first sensitivity experiment EXP_OLD, the USGS
land use data of 1993 is applied (Figure 2(b)). This
dataset is derived from the 1-km Advanced Very High
Resolution Radiometer (AVHRR) data in a 12-month

Description of the experiments

Int. J. Climatol. 30: 1089-1104 (2010)
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period spanning from April 1992 to March 1993 (Guo
and Chen, 1994; Liu et al., 2006). Comparing the land
use patterns in CTRL and EXP_OLD (cf. Figure 2(a)
and (b)), we can see that in 1993 there were fewer
urban areas (red colour) and most regions were cropland.
However, in 2003 the urban area had increased to
about 22% of the whole land area. Most of the cities
in the PRD had not been highly urbanized and were
small towns in the USGS land use data of 1993. This
sensitivity experiment is motivated by previous studies,
which suggested this urbanization might change the local
meteorological conditions in the PRD region (Fung et al.,
2005; Lam et al., 2006; Lo et al., 2006) and that more
urbanization in the eastern PRD might induce stronger
local SBs (Lo et al., 2006).

In the second sensitivity experiment EXP_
SHENZHEN, the 2003 HKPD land use data is still
applied over the PRD region as in CTRL except that the
urban land use for the city Shenzhen is replaced by shrub-
land (cf. Figure 2(a) and (c)). As shown in Figure 1(b),
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Shenzhen is a major city located on the eastern coast of
the PRD and neighbouring north Hong Kong. The design
of this sensitivity experiment aims to investigate whether
the heat island effect associated with the rapid devel-
opment of this major city in the past two decades has
affected the local circulation in Hong Kong.

The third sensitivity experiment EXP_URBAN is
designed to investigate the effects of a possible future
urbanization scenario in the PRD region on the regional
circulation. In this experiment more urban areas are added
to the western coastal region of the PRD. At present, these
areas are primarily farmland (cf. Figure 2(a) and (d)).
To simulate this scenario, land uses of regions with ter-
rain lower than 50 m within the region (113.3-113.6°E,
22.18-22.83°N) are converted to urban area.

3.2. Results of the experiments

In general, the effects of urbanization have the largest
impact during the afternoon period when urban areas
are heated up rapidly by the maximum solar radiation
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Figure 5. Surface wind and temperature fields (LT 08, 1400, 20, 02) in D3. (a), (c), (e), (g) are from YIM2007 data. (b), (d), (f), (h) are from
the control experiment on day 3. This figure is available in colour online at www.interscience.wiley.com/ijoc
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at mid-day (Lo et al., 2007). It has been discussed
previously that in CTRL a strong westerly SB towards
the eastern coast of the PRD can be observed at LT 1400
(Figures 5(d) and 6(d)). In this study we focus on the
effects of different scenarios of urbanization in the three
sensitivity experiments on the LSBs in this afternoon
period. In fact, the results of the sensitivity experiments
indicate that the largest responses also occur at LT 1400,
while the corresponding responses at other time periods
are much smaller. Thus, the discussion in this study will
be focused on the results of the sensitivity experiments at
LT 1400. However, the corresponding results at LT 0200
will also be shown to let the readers get a better picture
about the effects of urbanization on the diurnal cycle.
The differences in surface wind fields and low-
level divergences averaged for the three lowest levels
below 50 m between experiment EXP_OLD and CTRL
(Figure 7) show that more urban areas over the PRD
region in 2003 (CTRL) may enhance the westerly SBs
in the PRD at LT 1400 and result in the maximum
convergence to the west of Hong Kong (Figure 7(a)).

Copyright © 2009 Royal Meteorological Society

However, at LT 0200 when the LBs develop over the
Pearl River estuary, there are no obvious differences
between CTRL and experiment EXP_OLD. This strong
low-level westerly and convergence at LT 1400 may have
adverse effects on the dispersion of pollutants out of
Hong Kong and so may worsen the pollution problems
there. It can be observed from the time variation of the
area-averaged low level convergence over the Hong Kong
region (113.8—114.4°E, 22.18-22.55°N) in Figure 13
that the convergence starts to increase from about LT
0800 and attains the maximum value at about LT 1400.
The higher proportion of urban areas in CTRL may help
to increase the convergence from LT 1100 to LT 1600
(cf. CTRL and EXP_OLD in Figure 13). After LT 1700
the effect is negligible.

The stronger westerly SB at LT 1400 in CTRL
may be due to the prominent development of urban
areas in the eastern PRD, particularly in the coastal
regions of the eastern PRD such as Shenzhen (cf.
Figure 2(a) and (b)). In fact, the corresponding results of
experiment EXP_SHENZHEN at LT 1400 (Figure 8(a))

Int. J. Climatol. 30: 1089-1104 (2010)
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are similar to those in experiment EXP_OLD. The
increased westerly winds and convergence can also be
seen clearly in the western part of Hong Kong. The
time variation of the convergence in Hong Kong in
EXP_SHENZHEN is also similar to that of EXP_OLD
and CTRL, with the maximum convergence occurring at
LT 1400 (Figure 13), although the magnitude is slightly
lower when compared to EXP_OLD. The similarity
of the results in EXP_OLD and EXP_SHENZHEN is
interesting, because this suggests that compared to the
development of other cities in the PRD region the
urbanization of Shenzhen plays a dominant role in
modifying the afternoon SBs in the region. This is a
slightly surprising result because comparing the land use
in EXP_OLD and CTRL (cf. Figure 2(a) and (b)), the
urbanization of the highly populated city Guangzhou is
prominent but its effect on the afternoon SB over the
PRD region is not significant. This is in agreement with
the results of our ongoing research, in which numerical
experiments show that the urban heat island effect of

Anomalous (LTOROO=daily mean
surface winds{m/s)and temperature(C) in winter
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Guangzhou has a negligible effect to the LSB circulation
in the PRD region.

The anomalous westerly SB at LT 1400 between CTRL
and EXP_SHENZHEN is likely related to the increase in
surface temperature over Shenzhen due to urbanization
(Figure 10(a)). It is worth noting that in this case in
the PRD region the increase in surface temperature over
Shenzhen does not enhance the convergent flow locally
but at a southern location to the west of Hong Kong.
In addition, the stronger westerly winds may result in a
lower sea surface temperature near the western coast of
Hong Kong (Figure 10(a)) basically due to the enhanced
surface heat exchange between the sea surface and the
overlying SB.

In EXP_URBAN, urban areas are substantially in-
creased along the western coast of the PRD (Figure 2(d)).
The difference in urban areas between EXP_URBAN
and CTRL is much larger than that between EXP_
SHENZHEN and CTRL. Therefore, it is rather surpris-
ing that the afternoon SB in the PRD is not significantly

(b) anomalous (LTOAAO=daily mean)
surface winds(m/s) and tempem{ureicj on day 3
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1128E 1130E 1134E 1137 114E  114.3E 114.8E

3

(d) Anomalous (LT1400=daily mean)
surface winds(m/'s} and temperature(C) on day 3
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3

Figure 6. As in Figure 5, but for the anomalous (local times daily mean) surface wind and temperature fields. This figure is available in colour
online at www.interscience.wiley.com/ijoc
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Figure 6. (Continued).

changed in EXP_URBAN (Figure 9(a)). It can also be
observed from the time series of the convergence in Hong
Kong (Figure 13) that EXP_URBAN has a negligible
effect on the low-level convergence at Hong Kong at all
times, as it is very similar to that of CTRL. Nevertheless,
the heat island effect due to the substantial increase in
urban areas in EXP_URBAN can still be identified over
the western PRD in early afternoon, where significant
anomalous convergence associated with the anomalous
northwesterly and southeasterly flows can be observed
in the western PRD (Figure 9(a)). This convergence is
likely caused by the increase in surface temperature over
the western PRD due to the increase in urban areas
(Figure 10(b)). The results from EXP_URBAN indicate
that the effects of urbanization in the western coast of the
PRD region are relatively local, and may only worsen
the local air pollution problem due to the increase in
low-level convergence. Similar to the previous two exper-
iments, the increase in urbanization over the western PRD
does not have significant effect on the LSB circulation
over the PRD region at LT 0200 (Figure 9(b)).

Copyright © 2009 Royal Meteorological Society

As has been discussed above, changes in urban areas
in the PRD region in EXP_OLD and EXP_SHENZHEN
may significantly change the early afternoon conver-
gence in the west of Hong Kong due to the changes in
the westerly SBs along the eastern coast of the PRD.
The changes in the early afternoon westerly SBs can
be further examined from the vertical circulations of
the four experiments utilizing cross sections through
Hong Kong at LT 1400. It can be observed from
Figure 11(a) that some closed circulations are well devel-
oped near the coastal regions in CTRL and the most
prominent one is located over the Pearl River Estuary
(113.6—113.9°E). Near the western boundary of Hong
Kong (~113.9°E), the upward flow may attain up to
approximately 1000 m (PBL height) and the maximum
vertical velocity can reach 0.25 ms~'. On the other
hand, downward motion is occurring over the Pearl
River Estuary. This loop of vertical circulation is com-
pleted by the strong westerly flow over the Pearl River
Estuary, which is largely confined to an altitude below
200 m.

Int. J. Climatol. 30: 1089-1104 (2010)
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Differences in surface wind fields and low level divergence
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Figure 7. Differences (CTRL — experiments) in surface wind fields and low-level divergences (shadings, 10™* s~

1 averaged for the three lowest

levels below 50 m) between experiment EXP_OLD (old land use) and CTRL at (a) LT 1400, (b) LT 0200. This figure is available in colour
online at www.interscience.wiley.com/ijoc

In experiment EXP_OLD, the vertical circulation over
the PRD discussed in the last paragraph is generally
absent (Figure 11(b)). As a result, the westerly flow over
the Pearl River Estuary is replaced by the prevailing
easterly winds, and the upward vertical velocity near the
western boundary of Hong Kong is reduced to about

Copyright © 2009 Royal Meteorological Society

0.05 m s~'. The corresponding difference in vertical
circulations between CTRL and experiment EXP_OLD
(Figure 12(a)) clearly shows that the substantial urbaniza-
tion of the PRD region in 2003 of CTRL might lead to the
increase in downward flows over the Pearl River Estuary,
and stronger upward flows occur at the western boundary

Int. J. Climatol. 30: 1089—1104 (2010)
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Differences in surface wind fields and low level divergence
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Figure 8. Same as Figure 7, but for experiment EXP_SHENZHEN

www.interscience.

of Hong Kong. This heat island circulation enhances the
SB circulation, and this interaction may affect the cities
near the eastern coast of the PRD.

The vertical cross section in EXP_SHENZHEN is
similar to that in EXP_OLD (c¢f. Figure 11(b) and (c))
and is consistent with the similar differences in surface

Copyright © 2009 Royal Meteorological Society
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(without Shenzhen). This figure is available in colour online at
wiley.com/ijoc

wind fields at LT 1400 (Figures 7(a) and 8(a)). Without
the development of Shenzhen, the afternoon westerly SB
might also be replaced by the prevailing easterly wind
(Figure 11(c)). The corresponding difference in vertical
circulations (Figure 12(b)) indicates that the development
of Shenzhen may also result in a small anomalous

Int. J. Climatol. 30: 1089-1104 (2010)
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Figure 9. Same as Figure 7, but

vertical circulation which may enhance the downward
flow and the westerly SBs in the eastern coast of PRD,
increasing the upward motion near the western boundary
. Again, the similarity in surface
wind fields and vertical circulations of EXP_OLD and
EXP_SHENZHEN suggests that the afternoon SB and

of Hong Kong (113.9°E)
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at LT0200 between CTRL and EXP_URBAN

AR A NP EREPAIATT Y AR Y VNN E R Y e T ARt e A
VA AR AL PrarCPATF S dgTrt baqg ¥V RIS pppy Foaygarid biea
Phiqdd bri CErRtY¥ Y g VEVaog cldbpgqeVbbiby eryg didgobdpd vy
ErE by prgy Ao s FAEI b gy Ay VIV dyg ok VR y Ehpprbd LV R
VT I o, e MYk Tl ey p VI YVYE Y LALLMV AY Y AY RSy pA N
B I R
AV PRI h b 3 PRy oy ey Ty gy AR A L e £
L o N v s = PR prA sy d ¥ s Y Ry
Bhp  epr I VUV IV IS LS fe A Vg e d MYy rd ey by e bay

FEW LG FAYL A Bud
brrrygqorikaddd qgep et
CERE R EFECERE e L L
WUV h g Yl as - A A
L LISy = — e
TR T A S Y
Mpwr whky ey pree e
Vhky bk Why g e v eV &

Shd P T E A p AR oy g pael Ay LAV

AN vl bW ¥ g g i Al Ll gy
AL par VL L VIRV g o ATV L g
AL EEE TN S LR N L A R I
FPMEdy y 2y Spd pav? pY CLa CCAbEY g gAY
v LR A R AT TRy wdh by g gy

B T T,

LAhdoy gyibdppyyY Phvveds Jga ] (2] 4
Ay LFEE gy pFIN IV gl sy ke &
vy bvr,  feabivy P Frwhypy e

TETETERE R ER LR PR LR Y S LR R
el aad Ry eV B i hyy L

B AL EELTEN AV T T ALl iy s eA P LT 4 R s

roepbgdosild by shag sa708kyh yy rEiVirabadrry

,_:-;;;.P'!Av! g ey w o ey Py LR LA R ] 3

Py rrAEE & T I N I P T PR R O TR SR O T

|Moinlr~ edavyilgbagugealillredarsn Aty rrry o

Pavasg bWddard

rlad rER Az Ed IV wooguyy AL R iy o
3' L kLl S IR EE TS s
¥ st Hrn-u'
LR o

Fad % 1 FErrT ER L
e -.."g vrrbisyaazare
v by vy LER 1T
PRy L (R
!l‘.l-,,..‘
Hp€ad pEa r$r14riiln—h=)} PRSI FLY KLy sy vare
S FE R T e R R A T PRFEEE LS ]
RS

FrLbpprrry
St bt b A 5 PO Y 2
rEeE e L A LR S ]
L " L APS CEpad R ad
E Y TFTE Y qVhkveinadbrry podrarrrr pEbvibryy -y
b S L S P R A S e T T R b b ]
Ib",’.“‘illflﬂ'"1“5‘&5‘[[“-}’,-““&.‘\’1".'Lﬁ‘.‘“

P L b LW g ey d Y badaga £
bEparis by apd by ndanipdd 2 g
Papgpprid sprdavns
Vadddyg pda it rddbdyg deny

ATYFF TP
e L 2
oy
Ciw vr W ad b e Pff ¥4 po A TR AAS BB Y AA N IEVY F Ay e dd T A
R Wy m VR g WL AR AP R BV by g VI A gy kT YR w1
5
AFEEbARI Y dpd A v bl yopk dd by VIV Ry g kY

113 113.2E 113.4E 113.8E 113.8E 114 1142E 114.4E 11480 114.8E

—_—

4

for experiment EXP_URBAN (more urban areas in the western coast of PRD). This figure is available in colour
online at www.interscience.wiley.com/ijoc

low-level convergence towards the western boundary
of Hong Kong in CTRL are primarily caused by the
development of Shenzhen.

The corresponding vertical circulation in EXP_URBAN
is very similar to that in CTRL (Figure 11(a) and (d)).
This is consistent with the results shown in Figure 13

Int. J. Climatol. 30: 1089—1104 (2010)



LAND SEA BREEZE CIRCULATION OVER THE PEARL RIVER DELTA 1101

@) Differences in surface temperatureéC)
at LT1400 between CTRL and EXP_SHENZHEN
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Figure 10. Differences (CTRL — experiments) in surface temperature fields at LT 1400 between CTRL and experiments (a) EXP_SHENZEHN,
(b) EXP_URBAN. This figure is available in colour online at www.interscience.wiley.com/ijoc

and further suggests that an increase in urban areas over been studied using an idealized setting of the mesoscale
the western PRD does not significantly affect the vertical meteorological model MMS5. To avoid using a large
circulation in the eastern PRD. amount of computing resources, an alternate approach
to simulating the seasonal mean wind field is adopted in
this study, in which the seasonal mean reanalysis data
is used as the initial and boundary conditions to drive
the model. The model has been shown to be capable of
The general effects of urbanization on the seasonal LSBs simulating well the basic feature and diurnal variation of
and the local circulation in the 2003/2004 winter have the LSBs in the PRD region for this season.

4. Concluding remarks

Copyright © 2009 Royal Meteorological Society Int. J. Climatol. 30: 1089-1104 (2010)
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Vertical cross sectmn{LTHClG at lat. 22.3{CTRL)
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(d) EXP_URBAN. This figure is available in colour online at www.interscience.wiley.com/ijoc

Three sensitivity experiments with changes in land
use have been carried out to investigate the impacts of
urbanization in this region. The responses of the LSB
circulation to urbanization, which generally correspond to
the changes in surface temperature, are most significant
around the early afternoon at LT 1400, and are noticeable
in the period from LT 1100 to LT 1600. The results
of the experiments suggest that the location of urban
development in the PRD region can have important
effects on the regional LSB circulation in the afternoon.
For instance, the experimental results show that the
urbanization of Shenzhen, though relatively small in
area compared with the PRD region, may significantly
enhance the SBs and the local circulation near the western
coast of Hong Kong in the early afternoon. This may
increase the low-level convergence in Hong Kong and
worsen the air pollution problem there. The effect of
urbanization at Shenzhen on this low-level convergence
is comparable to that due to the urbanization in the
whole PRD region. On the other hand, the experimental

Copyright © 2009 Royal Meteorological Society

results show that an urban development in the western
coast of the PRD, though much larger than Shenzhen
in area, does not show significant effects on the LSBs
in the PRD estuary. Its effects are relatively local and
may only affect the afternoon circulation in the western
PRD land areas. These results indicate that the effects
of urbanization on the regional circulation and LSBs
are complicated. Not only are the areas of urbanization
important but also the location of the urban areas. This
suggests that when planning for future development
in some delta or bay regions like the PRD region,
numerical studies similar to the present one are worth
undertaking.

Finally, it is worth mentioning that the experiments in
this study are idealized experiments in which no clouds
and precipitation effects are considered. The seasonal
solar radiation received at the surface is generally higher
than the real situation, which may result in stronger LSBs
in the model. As a result, the situations simulated by the
model may represent the upper bound of the responses

Int. J. Climatol. 30: 1089-1104 (2010)
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Differences of vertical cross section(LT1400) at lat. 22.3
between CTRL and EXP_OLD
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Figure 12. As in Figure 11, but for the differences (CTRL — experiments) in (a) EXP_OLD, (b) EXP_.SHENZHEN. This figure is available in

colour online at www.in

due to urbanization, basically corresponding to a fine
sunny day in the real situation. Furthermore, this study
only considers the changes in the LSB flow field due
to the changes in urbanization. Studying the transport of
air pollutants associated with these changes in LSBs is
worthy of further investigation.

Copyright © 2009 Royal Meteorological Society
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