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Abstract

Atmospheric conditions are often connected with the occurrence of high pollution
episodes especially in urban areas. As part of the PRIDE-PRD2006 intensive cam-
paign, atmospheric boundary layer (ABL) measurements were carried out at Qingyuan,
Panyu and Xinken in the Pearl River Delta (PRD) from 1 July to 30 July of 2006. It was
found that in summer, the surface winds in PRD are more controlled by the south, and
there usually is vertical wind shear at the height of 800 m or so, therefore, PRD is of-
ten influenced by the tropical cyclone/typhoon. The subsidence and precipitation from
a tropical cyclone will affect the air quality of PRD. Under the subsidence, the wind
speed in ABL and the height of ABL will decrease and result in high level concentra-
tions. When the background wind speed is small or calm, the wind profile at Panyu and
Xinken change dramatically with height, which is perhaps caused by the local circula-
tions, such as the sea land breeze. For more understanding about the ABL of PRD, the
simulations by the WRF mesoscale model were used to analyse the ABL characteris-
tics in PRD. From three kinds of weather condition simulations (subsidence days, rainy
days and sunny days) by WRF model, it was found that the simulated temperature,
wind fields in these three cases were moderately consistent with the measurements.
The results show that the diurnal variation of ABL in subsidence days and sunny days
are obvious, but the diurnal variation of ABL on rainy days is not obvious. The ABL
is obviously affected by the local circulation and the features of ABL are different in
various stations. A simulation focus on high pollution episode during the subsidence
days from 12—15 July 2006, occurred under high pressure conditions, accompanied by
a tropical cyclone “Bilis”. Comparing the simulated vertical wind fields and temperature
structure with the ABL measurements at Xinken, Panyu and Qingyuan station, it was
found that, the modelled and measured atmospheric fields reveal that there are two
different kinds of ABL characteristics in PRD: when the surface winds in PRD were
light or almost calm, the local circulation was dominated, such as the sea-land breeze
at Xinken station and the mountain-valley circulation at Qingyuan station. When the
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surface winds were strong, the stations were under the same background weather sys-
tem and the wind directions were almost the same. Furthermore, the modelled results
also suggest that the high Air Pollutant index (API) episode was caused predominately
by subsidence.

1 Introduction

The Pearl River Delta (PRD), China is situated in the middle of Guangdong province,
China, one of the third largest Gross Domestic Product in China. It is a coastal, indus-
trial area situated in a region of very complex wind regimes (Chen et al., 2009; Ding et
al., 2004; Liu et al., 2002). The south of Guangdong province is facing the South China
Sea, in the north is the Nan Ling Mountain and in the centre is PRD, a rapidly growing
area with more than 100 million people (Fig. 1a and b). PRD contains many cities,
including the city of Guangzhou, Shenzhen, Foshan, Dongguan, Huizhou, Jiangmen,
Zhongshan and Zhuhai, sometimes including Hongkong and Macao. There have been
several investigations on the characteristics of atmospheric boundary layer (ABL) over
PRD from the 1980s to 1990s (Huang and Liu, 1985; Guo, 1991; Liang et al., 1992).
But in the last two decades, PRD region has experienced a period of rapid economic
development and urban expansion. The land use and land cover have dramatically
changed. In order to reveal the meteorological and chemical characteristics in PRD
recently, “Programme of Regional Integrated Experiments of Air Quality over the Pearl
River Delta” (PRIDE-PRD) campaign 2004 and 2006 were conducted and a number
of researches focused on these experimental results (Hua et al., 2008; Garland et al.,
2008; Li et al., 2010; Lou et al., 2010; Yu et al., 2010; Verma et al., 2009; Miyazaki et
al., 2009; Zhang et al, 2008a,b; Cheng et al., 2008a). Many results pointed out that the
meteorological fields were closely interacting with the chemical composition, chemical
reaction process and physical optical characteristics (Liu et al., 2008; Jung et al., 2009;
Xiao et al., 2009; Lu et al., 2010; Zhang et al., 2008; Rose et al., 2010; Cheng et al.,
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2008b). The characteristics of the wind, humidity and thermodynamic conditions are
essential to the air quality problem.

The ABL measurements were a very important part of these two intensive cam-
paigns. The characteristics of ABL observations at Qingyuan, Panyu and Xinken in
PRD in October 2004 were analysed in a previous study (Fan et al., 2008). The obser-
vational results showed that a surface high-pressure system (anti-cyclone), descent
motion outside of Typhoon and sea breeze would result in the high-level concentra-
tions. The presence of anti-cyclone high-pressure systems and sea breeze lead to
the formation of three inversion layers and two aerosol layers as well as quite specific
vertical profiles of the wind velocity over Xinken station. This study was based on the
observations from 3 stations only. Limited to the resolution of the observations, it can-
not present the detailed horizontal and vertical characteristics of ABL in PRD regions.
Compared to the investigation of Fan et al. (2008), besides the analysis of measure-
ments, a numerical simulation of the local circulation in PRD region was conducted.
For this purpose, we applied the WRF (WRF, http://www.wrf-model.org/index.php; Ska-
marock et al., 2007) model that simulates atmospheric circulation at a regional scale in
this paper.

The vertical structure, as well as the spatial and temporal variability of the ABL, is
very important in numerical weather prediction (NWP). Many researches have demon-
strated that many meteorological characteristics in the ABL can be represented by
MM5 or WRF mesoscale models (Kwun et al., 2009; Zhu, 2008; Miao et al., 2009).
Furthermore, accurate depiction of meteorological conditions within the ABL is also
important for air pollution modelling. Knowledge of the temperature, the wind, the
mixing layer height, the turbulent kinetic energy (TKE) and the horizontal or vertical cir-
culation are all essential, especially in cases of server air pollution episodes (Prtenjak
et al., 2009; Hanna et al., 2010; Gilliam et al., 2010; Hu et al., 2010). Results from
some model studies (Feng et al., 2007; Wu et al., 2005) also showed that most severe
air pollution episodes in PRD region are very often associated with the subsidence by
tropical cyclone or sea-land breeze. Their studies (Feng et al., 2007; Wu et al., 2005)
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also pointed out the Typhoon caused a strong descending motion in the lower tropo-
sphere, weak surface winds and a relatively low ABL. However, their study was based
on simulations provided by MM5 or WRF model at a horizontal resolution of 12 km.
Thus, it did not offer a detailed insight in the fine-scale lower-tropospheric conditions,
which we have succeeded in doing in this study. Another novelty of this study is that
we utilized WRF model results at 1x1km? resolution. A lot of researches pointed out
that the high resolution forecast was a key task for further progress in NWP model
development (Mayer et al., 2010; Jury et al., 2009; Nolan et al., 2009a,b).

In this study, we investigate the detailed characteristics of ABL in summer 2006 in
PRD region. We especially focus on three kinds of weather, one is the tropical cyclone
process which occurred on 12—15 July 2006, resulting in a high air pollution index (API)
pollution episode. The second period is the rainy days from 14—18 July and the third is
the sunny days from 20-23 July. WRF model was utilized to investigate the features of
ABL in these three periods. The simulation results are compared with the observations.
Besides various horizontal and vertical meteorological fields, the local circulations are
also analysed. In Sect. 2, the field experimental set up and synoptic situations are
described. The model settings and model results obtained from the three-dimensional
numerical simulations are involved in Sect. 3. Conclusions will follow in the last Sect. 4.

2 Experimental set up and synoptic situations
2.1 Experimental set up

The selected PRD intensive campaign period was in summer. In this period of the year,
lower pressure synoptic systems dominate and the PRD region usually experiences
pollution episodes by the Typhoon’s strong descending motion (Feng et al., 2007;
Wu et al., 2005). The campaign began on 1 July 2006 and ended on 30 July 2006.
In order to study the characteristics of ABL over PRD area, five observational sites
were selected, as shown in Fig. 1b, Qingyuan, Guangzhou back garden, Guangzhou,
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Panyu and Xinken. In these stations, Qingyuan, Panyu and Xinken conducted the
sounding observation. Panyu station was located at Panyu meteorological Bureau
(22.56° N, 113.19° E), about 20 km south from Central Guangzhou, in the middle of
PRD. Qingyuan station was located in Qingyuan meteorological bureau (23.40°N,
113.03° E), in the north of PRD. Xinken station was located in Xinken town (22.37° N,
113.35° E), in the south of PRD. Qingyuan and Xinken represent a more rural envi-
ronment. At Qingyuan station, vertical measurements were made with meteorological
radar. Mean wind speed and direction, temperature and relative humidity were auto-
matically derived from radio soundings. These parametres were reported several times
per day between 0 and 3000 m with a vertical resolution of 100 m. At Panyu and Xinken
stations, radio soundings were performed to obtain mean velocity, wind direction and
temperature. Radio soundings were launched seven times (06:00, 08:00, 10:00, 14:00,
18:00, 20:00, 23:00LST) or eleven times (intensive observation, 02:00, 06:00, 07:00,
08:00, 10:00, 14:00, 17:00, 18:00, 19:00, 20:00, 23:00 LST) per day. Mean wind speed
and direction were given between 0 and 2000 m with a vertical resolution of 50 m, while
mean temperature was reported with a vertical resolution of 10 m.

Guangzhou back garden and Guangzhou station conducted an automatic weather
station by obtaining hourly wind speed, wind direction, temperature, radiation and rela-
tive humidity. Guangzhou back garden station was located in Guangzhou back garden
(23.55° N, 113.07°E), about 50 km north from the Central Guangzhou. Guangzhou
station was located on the 16th floor (50 m a.g.l.) of the Guangdong Provincial Envi-
ronmental Monitoring Center (GPEMC) building (23.13° N, 113.26° E).

2.2 Weather conditions in July 2006

According to the Central Meteorological Station of Guangdong province, meteorolog-
ical conditions over PRD in July 2006 were characterised by high temperature and
much precipitation. Figure 2 shows the measured temperature, precipitation and API
at Guangzhou station during July 2006. There were two periods of high temperature
weather from 12-14 July and 23-25 July, corresponding to strong tropical cyclone
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“Bilis” and typhoon “Kaemi”, respectively. There were also two peaks in API values in-
fluenced by these two tropical cyclone processes. Two strong precipitation processes
occurred in 15—-17 July and 26-30 July. In other sunny days, the whole PRD regions
were more dominated by the subtropical high pressure. It was found that in July 2006,
the surface winds in PRD are more controlled by the south, and the winds sometimes
veer to north from midnight to morning in the north areas in PRD. There was usually
vertical wind shear at the height of 800 m or so. The influence of sea-land breeze is
obvious in the south of PRD, besides, this region is often affected by the Tropical cy-
clone in summer. The subsidence and precipitation from a tropical cyclone are vital to
the air quality in PRD. The wind speed in the ABL and the ABL height will decrease
under subsidence, which will result in the air pollution episode. The analysis from the
sounding data in this experiment show that when the background wind speed is small
or calm, the wind fields at Panyu and Xinken station change dramatically with height,
which is perhaps caused by the local circulations, such as the heat island circulation
and the sea-land breeze. The wind profile at Panyu station is very complex with the
subsidence. So in this study, we will discuss these three kinds of ABL features in PRD.
As shown in Fig. 2, period | belongs to the subsidence days from 12—15 July, period I
corresponds to the rainy days from 15—18 July and period Il is the sunny days from
2022 July. As stated in the introduction, many researches (Feng et al., 2007; Wu et
al., 2005) have already pointed out that the strong descending motion can result in the
high pollution weather in PRD. The two API peaks in this July were also caused by
the subsidence motion from tropical cyclones. So we will especially focus on the ABL
characteristics in PRD from 12—15 July, the detail synoptic situation during this period
were illustrated in the following.

Influenced by subtropical high pressure and subsidence by strong tropical cyclone
“Bilis”, it appeared as high temperature in PRD region from 12—14 July, the maximum
temperature exceeded 32 °C in these three days. Figure 3 shows the surface weather
situation during 12—15 July. Bilis originally formed from a tropical depression on 9 July
2006 over the Western North Pacific. It intensified from a tropical storm to a severe
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tropical storm at 14:00LST on 11 July. It made landfall at Yilan in Taiwan at midnight
on 13 July and then tracked northwest. It then landed at Xiapu in Fujian province at
12:00LST on 14 July. PRD region was west or southwest of Bilis during its movement.

3 Model results
3.1 WRF model and settings

To study the event, WRF mesoscale model was employed. The WRF model consists of
fully compressible nonhydrostatic equations on a staggered Arakawa C grid. Its vertical
coordinate is a terrain-following hydrostatic pressure coordinate. The Runge-Kutta 3rd
order time integration scheme and 5th order advection schemes in a horizontal direc-
tion and the 3rd order in vertical ones are used. A time-split small step for acoustic and
gravity-wave modes is utilized. In this study, four domains (Fig. 4), all centred at Pearl
River Estuary, are configured with a horizontal grid of 139x91, 181x 148, 322x223 and
367x277 points and a resolution of 27, 9, 3, 1km, respectively. The central latitude
and longitude of the coarse domain (D0O1) were 23°N and 113° E. Two-way nesting
were applied for the domains. For the model to adequately resolve the boundary layer
processes, from the top to the surface level, there were 35 sigma levels in the verti-
cal. Twenty layers were below a height of 2km. The most fine topography input was
extracted from the 30"-resolution global terrain and land use files. The original USGS
24-category land cover data was employed.

The main physics options included Lin et al. microphysics; the Betts-Miller-Jdanijic
cumulus parameterization; the RRTM longwave radiation scheme; the Goddard short-
wave radiation scheme and MRF boundary layer scheme. For the two inner domains
(D03 and D04), it was assumed that the convection was reasonably well resolved by
the explicit microphysical parameterization scheme and no cumulus parameterization
scheme was used.
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In order to represent the different ABL features, three kinds of weather were chosen.
The first simulation period (period I) was from 00:00 UTC 12 July 2006 to 00:00 UTC
15 July 2006, corresponding to the subsidence days. The second simulation (pe-
riod II) began at 00:00 UTC 14 July 2006 and ended at 00:00 UTC 18 July 2006, this
period represented the rainy days. The third simulation period was from 00:00 UTC
20 July 2006 to 00:00 UTC 23 July 2006, corresponding to the sunny days. In all these
simulations, the lateral and initial conditions for WRF simulations were obtained from
NCEP/NCAR reanalysis daily 1°x1° grid data. In this study, 12h were used for the
spinning up time.

3.2 Model results

For more understanding about the summer boundary layer characteristics of PRD,
A WRF mesoscale model was employed to study the detail horizontal and vertical
characteristics of ABL in PRD.

3.2.1 Measured vs. modelled data

In order to validate the WRF simulation results, the model results were compared with
the available surface observations furnished by the main meteorological stations in
domain 4 (shown in Fig. 4). Table 1 show some commonly statistical variables used
to evaluate the performance of model simulations, including the correlation coefficients
(R), mean bias (MB), mean absolute gross error (MAGE), root mean squared error
(RMSE), and fractional absolute error (FAE). MB, MAGE, RMSE, and FAE are defined
as follows (Yu et al., 2005):

1 M N 1 M N
- 0] - m _ mno
B= z -C3,) MAGE=—-3 > |CT,-C?,
j=1k=1 j=1k=1
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C

1 M N 1/2 ]
RMSE = — Cm —C° FAE = —_——
RZ[RZen-e] Pl

Where M is the number of stations and N is the number of numerical hours excluding
the spinning up time, C™ and C° represent the modelled and the observed values, re-
spectively. From the definitions above, the MB, MAGE, RMSE, and FAE are more near
zero, the model simulations best. It should be noted in Table 1 that except for the wind
speed in period Il, the average simulated wind direction, wind speed and temperature
in three periods are all close to the observations. There are good correlations between
the simulated temperature and the observations in period | and period Ill, with the cor-
relation coefficient reaching 0.72 and 0.91, respectively. The values of MB, MAGE,
RMSE, and FAE with respect to temperature are —1.08, 1.80, and 2.19°C and 1.5% in
period | and —1.26, 1.31, and 1.63°C and 1.2% in period lll, indicating a good overall
agreement between the observations and the simulations. For wind speed and wind
directions in three periods, the correlation coefficients are all about 0.4 and the values
of MB, MAGE, RMSE, and FAE indicated the model overestimated the wind fields in
most of the time. It should be mentioned that because of the vector characteristics of
wind directions, MB, MAGE, RMSE, and FAE for wind directions were calculated by
finding the actual differences in the angle between modelled directions and observed
directions. In all, the simulated results in the subsidence days (period |) and in sunny
days (period Ill) are better than those in the rainy days (period Il).

The time series of the hourly 2-m temperature, 10-m wind speed and wind direction
observed at Guangzhou station from 12 to 15 July (period 1), and the corresponding
simulations, are shown in Fig. 5. It can be seen that the model performed generally
well in the simulations of the diurnal variation tendency of air surface temperature.
The increase of temperature during 14 July was captured well by WRF model, but the
model tended to under predict the temperature especially from 12 July to 13 July and
in 15 July. In the case of wind speed, WRF simulations were in moderate agreement
with the observations in terms of diurnal variations and magnitudes during most time.
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Compared with the measurements, the simulated wind speeds were a little lower during
13 July and slightly higher after the night of 14 July. Regarding the wind directions,
the observed and simulated winds were all from the west during the simulation period.
WRF model achieved good results except at noon of 13 July. At that time, the observed
wind direction was northwest, but the simulated result was from the east. Except for
that time, the wind direction results were satisfied.

3.2.2 Atmospheric boundary layer heights

The ABL height is a critical parameter for vertical dispersion. Accurate assessment
of boundary layer information on a finer scale should improve the ability to assess
the pollutant diffusion process. The variation of the modelled WRF ABL height for
Qingyuan, Back garden, Guangzhou, Panyu and Xinken stations (Fig. 1b) during three
simulation periods and the lidar normalized relative backscattering signal observed at
YuenLong station in Hongkong are shown in Fig. 6.

In all the five stations, the simulated diurnal variation of ABL height in subsidence
days and sunny days were all more obvious than those in rainy days. In rainy days,
the change of ABL height was instantaneous, the ABL changed quickly from the stable
regime to the convection regime. But in subsidence days and sunny days, the ABL
were of a nocturnal regime in the nighttime and a free convection regime when there
has strong heating from below. It also can be seen from the lidar normalized relative
backscattering signal observed at YuenLong station in Hongkong. These lidar mea-
surements are from Hongkong University of science and technology. The observations
by lidar also showed that there were obvious diurnal changes of ABL height in subsi-
dence days and sunny days. In the rainy days, the diurnal variation was not apparent.

The daily evolutions and magnitude of ABL height at Xinken station were all different
from the other four stations. The ABL heights in three simulation periods at Xinken
station were much lower than those in the other stations and the diurnal variations
of ABL height at Xinken stations were also not clear. In the other four stations, it
can be seen that the development of a well-mixed layer begins 08:00-09:00LST, e.g.,
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2-3h after the sunrise, reaching up to the maximum (1500 m) at about 14:00LST.
Whereas in the nighttime, the ABL are most stable, with the heights all lower than
several hundred metres. Compared with these four stations, the daily evolutions of the
ABL height at Xinken are very special. For example, in the subsidence days, the daily
maximum of ABL height at Xinken was around 400 m at 08:00LST, which was much
lower than those in other stations. The occurrence time was also earlier. Besides, the
ABL height at Xinken from 09:00LST on 13 July to 07:00LST on 14 July maintained
a very low value. The ABL was of static stability, which was beneficial to the high
pollution episode. From the wind profile measurements, the vertical wind direction and
wind speed changed dramatically in these two days at Xinken. It could have caused
the ABL height at Xinken to have been lower than those in other stations. The wind
fields at Xinken were complex because it locates in the Pearl River Estuary. Besides
the system wind, it is also affected by the local circulation, such as sea-land breeze.

The simulated ABL heights during the night of subsidence days were much lower
than those in other days. Influenced by the descent motion, the ABL is stable and the
ABL height will be decreased. The observations from lidar signals showed that the
maximum ABL height in the daytime reached 1500 m or so, and the ABL height during
the night of subsidence days dropped to several hundred metres. WRF model can
capture the diurnal variation tendency of ABL height and the simulated ABL heights in
the daytime were moderately consistent with the lidar results, but the heights in night-
time were much lower than the measurements. In some stations, the simulated ABL
heights were near zero. It was caused by the MRF high resolution planetary boundary
layer parameterization scheme used in the model. The ABL heights calculated by this
scheme in the nighttime were much lower.

Figure 7 shows measured air pollutant concentrations at Guangzhou station from
13 July to 22 July. Comparing the simulated ABL height results with the observed air
concentrations, it can be seen that the temporal variations of air concentrations were
related to the meteorological conditions closely. From 13 July to 14 July, when the ABL
height was high, the air concentrations were comparatively low under the good diffusion
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condition, and vice verse. During this episode, PRD area was under the influence of
a subtropical high pressure system and a tropical cyclone “Bilis”. The combination
of the low ABL height, the strong descent motion and the weak surface wind acts to
keep the pollutants in the ABL and leading to comparatively high API values. During
period Il from 15 July to 17 July, the air concentrations had all decreased due to the wet
deposition by precipitation process. In the sunny days from 21 July to 22 July, the air
concentrations appeared as obvious diurnal variations again. When the ABL is stable
and the ABL height is low, this results in high air concentrations.

3.2.3 Vertical wind and temperature distribution features

The vertical radio sounding measure experiments were conducted at Panyu and Xinken
stations during July in 2006. Besides, the vertical measurements were made with me-
teorological radar at Qingyuan station in order to explore the ABL features in different
regions. Due to various reasons, the sounding data at these three stations in this
month were inadequate. According to the actual corrected data in our three simulation
periods, the vertical wind profile at Panyu station and the vertical temperature profile at
Qingyuan station on 14 July and 21 July were analysed in the following.

The vertical wind profile measured at Panyu station and the simulated results by
WRF model on 14 July and 21 July are shown in Fig. 8. The sounding measures were
cancelled on the rainy day, so the measurements on the subsidence day and sunny
day were used to compare. It can be seen that there have been obvious discrepancies
in the vertical wind fields during the subsidence day and the sunny day. The wind under
the ABL at Panyu station was from the west all day on 14 July and there had been the
low jet at about 500 m height at 06:00 LST. The wind is from the southwest near the
surface and veered to the west at a very low height. The ABL height at that time was
very low. The modelled ABL height in the WRF model was also very low in Fig. 6. At
16:00LST and 17:00 LST, the wind in all the ABLs changed to southwest. The model
results in Fig. 8b can capture the ABL characteristics quite well except for the near sur-
face. The temporal resolution of WRF model is higher than that in the measurements,
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the ABL features can be illustrated by model results more clearly. The wind speed
increased from 00:00LST in 14 July and reached the maximum at about 07:00 LST.
The maxima speed located at several hundred metres high. The wind direction was al-
most northwest which corresponded with the measurements. After 10:00 LST, the wind
speed began to decrease and maintained for about 7 h. At 17:00 LST, the wind speed
increased again and veered to the southwest. In Fig. 8c, the wind profile was complex.
On the morning of 21 July, the wind directions changed dramatically with height. Wind
directions above 1000 m were mainly southeasterly and below 1000 m southwest. At
14:00 LST, the wind in all the ABLs was almost from the south. After 16:00 LST, the
wind veered to the southeast. The model results in Fig. 8d can reproduce the features
explored by the measurements. At the beginning of 21 July, the wind in the low ABL
was southwesterly and the wind changed to southeast after 16:00 LST. At 06:00 LST,
the southwest wind veered to the south with the height. The minimum wind speed
occurred at noon of 21 July. The wind speed increased after 16:00LST and the wind
direction higher than 1000 m had changed to the east at 23:00 LST. In general, the wind
profiles reproduced by WRF model were satisfied. In subsidence day and sunny day,
the wind profiles at Panyu station were all very complex. The wind speed and direction
changed very fast, which was mainly caused by the local circulation.

Figure 9 shows the measured vertical temperature distribution by radar sounding
and the modelled results at Qingyuan station on 14 July and 21 July. On 14 July,
WRF model can capture the decreasing of temperature with the height at three times,
especially below 1000 m. From 1000 m to 3000 m, the model overestimated the tem-
perature about 1-2°C. At 07:00 LST on 21 July, the model results were consistent with
the measurements. At 17:00LST and 19:00 LST on 21 July, the model also reproduced
the measurement well below 1000 m, but above 1000 m the model underestimated the
measurements. During these two periods, there was a little inversion at 1500 m at
Qingyuan station. It can also be seen in the model results that the temperature in-
creased with the height at about 1500 m, but the actual temperature values were lower
than the measurements.
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3.2.4 Horizontal wind fields from 12 July to 14 July

As stated in Sect. 3.2.1, the temperature, wind fields simulated by the WRF model
were moderately consistent with the measurements during the subsidence days, rainy
days and sunny days. Among these three kinds of weather, the subsidence days were
the most important to the diffusion of air pollutants. The detailed simulated horizontal
wind fields and the vertical circulation by WRF model during the subsidence days were
analysed in the following.

Figure 10a and b show the observed and simulated 10-m wind vectors in PRD re-
gion at 20:00LST on 12 July and at 02:00LST on 13 July. They clearly show that
different local circulations dominated PRD regions, and the wind vectors were various
at different stations. It can be seen from Fig. 10a that at Xinken station, located in
the Pearl River Estuary, the winds were from the south. It was obviously influenced
by the sea breeze. At Panyu station, about 20 km south from Central Guangzhou, the
wind direction was southeast and the wind speed decreased. At Guangzhou station,
in the urban centre, the wind veered toward the east and the wind speed increased. At
Guangzhou back garden station, the wind speed decreased again. At Qingyuan sta-
tion, the wind changed to south. The simulated wind fields were almost consistent with
the observations. The wind speeds at Xinken and Guangzhou stations were larger than
other stations. At 00:00 LST on 13 July (Fig. 10b), the wind speeds were smaller than
those at 20:00 LST on 12 July (Fig. 10a), the local circulations were also very obvious.
The winds at Xinken station changed to the west, it was also affected by the sea-land
breeze. At Panyu and Guangzhou stations, the wind directions were still from the west,
but the wind speeds decreased. At Guangzhou back garden station, the winds veered
to the east and at Qingyuan station the winds changed to southeast. These two sta-
tions were influenced by the local circulation, different from the other three stations. At
that time, the tropical cyclone “Bilis” still had not made landfall, the distance between
“Bilis” and PRD region was far. The average wind speed at Guangzhou on 12 July
was 1.54ms™'. Under the small background system wind fields, the local circulation
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is essential to various stations. Figure 10c and d shows the observed and simulated
wind vectors in PRD region at 08:00LST on 14 July and 14:00LST on 14 July. Dif-
ferent from Fig. 10a and b, the wind fields at various stations seem very similar. In
Fig. 10c, the aforementioned stations were all controlled by west. At that time, the trop-
ical cyclone “Bilis” had already made landfall, PRD regions were deeply influenced by
“Bilis”. The average wind speed at Guangzhou in 14 July was 3.46 m s™'. The winds at
various stations in PRD tend to be similar under such background system wind fields.
The winds in Fig. 10d were almost northwest. The wind direction in Qingyuan station
was southwest, because it locates in the south of Nanling Mountain areas, which was
influenced by the downstream flow from the slopes of the high mountains.

3.2.5 Vertical circulation from 12 July to 14 July

Modelled vertical cross-sections of wind vectors along 113.2° E at 03:00 LST on 13 July
and 03:00LST on 14 July are presented in Fig. 11. Here, the analysis is concentrated
on the local circulation. At 03:00LST on 13 July (Fig. 11a) different wind fields can be
noted near the coast compared to adjacent urban cities. As mentioned above, when
the system wind speed is small, the local circulation is essential to various stations.
In this episode, the tropical cyclone “Bilis” made landfall at midnight on 13 July. The
influence from “Bilis” was not very apparent in PRD region at 03:00 LST on 13 July.
Figure 11a shows the coastal areas (such as Pearl River Estuary, about 22.2° N) were
dominated by the south. The surface layer was under the influence of the incoming
sea breeze. The air converged and ascended in the coastal region. The wind direction
veered toward the north at 900 hPa. There was an obvious sea-land breeze circula-
tion. The wind fields were influenced by the urban heat island circulation at Panyu and
Guangzhou station. The heat island circulation was comparatively complex. The as-
cend motion and descend motion were weak, the horizontal south (near surface) and
north wind fields (850 hPa or so) were apparent. Compared with the coastal areas,
the urban regions were under the control of divergence, and resulted in stable and low
ABL layer. The wind direction in Qingyuan station (about 23.4° N) was also south, but
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with the ascend motion in the high vertical latitude. It seems that there was another
circulation affecting the wind fields in Qianyuan. The north of Qianyuan is Nanling
Mountain (about 25° N), the flow from the south encounters the mountains and uplifts,
then veers to the north at high latitude and descends. Qingyuan is always affected
by the mountain-valley wind from the slopes of the high mountains. Overall, when the
system wind is weak, there were three kinds of local circulations: sea-land breeze,
urban heat island and mountain valley in PRD regions. These local circulations make
the characteristics of ABL in PRD unique.

When the system wind is moderate, the wind fields in PRD regions tend to be similar.
At 03:00LST on 14 July (Fig. 11b), the tropical cyclone “Bilis” has already made landfall
and decreased, PRD region was located in the southwest of the cyclone. The whole
PRD region was controlled by the north wind in the low troposphere. The discrepancy
between different stations was almost ignored.

4 Conclusions

The characteristics of ABL at different sites in PRD were analysed by measurements
and model results from mesoscale model WRF during three kinds of weather, espe-
cially focusing on a comparatively high API episode during 12—15 July 2006. The
results show that the characteristics of ABL at different stations are various. These
local scale meteorological conditions could not be captured by 50 km and 10 km reso-
lution meteorological model. Fine-scale (at a resolution of 1 km) meteorological (WRF)
results demonstrated a successful simulation in ABL and reasonable agreement with
the available observations. The main meteorological results provided by this study can
be used for other studies in PRD July intensive campaign. The meteorological model
results can be further used to the air quality model to perform the air concentration
simulation. The temporal variation tendency of various air pollutant concentrations can
also be interpreted by the detailed ABL features. The main conclusions by this study
are summarized as follows.
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— The features of ABL under three kinds of weather: subsidence days, rainy days

and sunny days in July, 2006 were analysed with observations and simulations
by the WRF model. The results show that the model can reproduce the mete-
orological fields well. The evolution of ABL in rainy days is different from those
in subsidence days and sunny days. The diurnal variation of ABL height in rainy
days was not apparent.

The evolution of the ABL height at Guangzhou, Panyu, back garden and Qingyuan
stations are similar. The diurnal variation process is obvious. In daytime, the
ABL is convective and the maximum ABL height can reach 1500m or so. In
nighttime, the ABL turns to stable and the ABL height decrease very much, just
several hundred metres. At Xinken station, the ABL height is comparatively lower
than those in other stations, the wind direction and wind speed also changed
dramatically from the observations.

Compared with other days in July 2006, the temperature and API values were
higher during 12—15 July. The stable and low ABL layer, the descend motion and
the weak horizontal wind are also not benefit to the diffusion of air pollutants and
result in the high air concentrations.

The detailed analyses of wind regimes and thermo-dynamical structure of the
lower troposphere in PRD show that there has obvious discrepancy between dif-
ferent sites under small background wind circumstance. The differences are in-
duced by the local effects in PRD areas, such as sea-land breeze effects, urban
heat island effects and mountain valley effects. When the system background
wind speed is moderate, the differences between various sites are not apparent.
The wind fields tend to be similar.

The ABL characteristics are important to identify the air pollution problem. The
ABL features are very complex in PRD region, especially in weak winds and
calms, which are always accompanied by high pollutant concentrations. However,
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the episode in this paper was characterised by extremely complex ABL, accom-
panied with subsidence by tropical cyclone “Bilis”. Thus, simultaneous local cir-
culations were responsible for different wind fields at various sites. Finally, it can
be summarized that the local meteorological conditions were favourable for the
formation of the stable ABL and the air pollution episode.
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Table 1. The statistic parametres between the measured 2-m air temperature (7), wind speed
(WS) and wind direction (WD), respectively, and the modelled by WRF model during 12—15 July
2006 (period 1), 15—18 July 2006 (period Il) and 20—-23 July 2006 (period III).

WD WS T WD WS T WD WS T
Mean observable 254.0 2.97 30.86 169.3 3.06 27.29 176.6 1.83 30.09
Mean simulation  257.9 3.88 29.78 187.6 7.45 27.99 172.0 218 28.73
R 0.46 0.42 0.72 045 0.39 0.49 0.61 043 0.93
MB 392 091 -1.08 18.33 4.39 0.70 -457 035 -1.26
MAGE 36.34 1.78 1.80 39.02 447 1.29 52.88 0.99 1.31
RMSE 51.07 219 219 4739 496 1.53 69.92 122 1.63
FAE (%) 4.1 14.0 1.5 6.0 219 1.2 8.7 14.7 1.2
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Fig. 2. The measured temperature, precipitation and air pollution index (API) at Guangzhou
station during July 2006 (I: 12 July to 15 July; II: 14 July to 18 July; IlI: 20 July to 23 July).
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