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Abstract. As part of the PRIDE-PRD2006 intensive cam- structure with the ABL measurements at Xinken, Panyu, and
paign, atmospheric boundary layer (ABL) measurementsQingyuan stations found that the modeled and measured at-
were performed in Qingyuan, Panyu, and Xinken over themospheric fields revealed two different types of ABL char-
Pearl River Delta (PRD) on 1-30 July 2006. During the sum-acteristics over the PRD. When the surface winds over the
mer, the surface winds over the PRD are generally controlledRD were light or nearly calm, the local circulation domi-

by the south, usually with vertical wind shear at a height of nated, such as the sea-land breeze at Xinken station and the
approximately 800 m. Subsidence and precipitation from amountain-valley circulation at Qingyuan station. When the
tropical cyclone affects the air quality of the PRD. Under surface winds were strong, the stations were under the same
subsidence, wind speed in the ABL and the height of thebackground weather system, and the wind directions were
ABL decrease and result in high-level concentrations. Wheralmost the same. Furthermore, the modeled results also sug-
the background wind speed is small or calm, the wind pro-gest that the subsidence by the typhoon “Bilis” had a great
file in Panyu and Xinken changes dramatically with height, impact on the high Air Pollution Index (API).

which is perhaps caused by local circulation, such as sea-
land breezes. To better understand the ABL of the PRD,
simulations that used the Weather Research and Forecast-
ing (WRF) mesoscale model were utilized to analyze thel
ABL characteristics over the PRD. Based on three types of

weather condition simulations (i.e., subsidence days, rainy! "€ Péarl River Delta (PRD) in China is located in the mid-

days, and sunny days), the WRF model revealed that the sinfle of Guangdqng province, Wh.iCh is.one o.f the three Igrgest
ulated temperature and wind fields in these three cases wef@'0SS Domestic Productareas in China. Itis a coastal, indus-
moderately consistent with the measurements. The result§ial aréa situated in a region of very complex wind regimes
showed that diurnal variations of the ABL height on subsi- (Chen et al., 2009; Ding et al.,, 2004; Liu et al., 2002). The
dence days and sunny days were obvious, but diurnal variSOUth of Guangdong province faces the South China Sea,
ations of the ABL height on rainy days were not apparent,With Nan Ling Mountain to the north and the PRD in the
The ABL is obviously affected by local circulation, and the Middle. The PRD is a rapidly growing area with more than
ABL features are different at various stations. A simulation _100 million people (Fig. 1a, b). It contains nine cities, mc_lud-
focused on a high pollution episode during the subsidencd"d Guangzhou, Shenzhen, Foshan, Dongguan, Huizhou,
days on 12—15 July 2006, occurred under high-pressure corliangmen, Zhongshan, Zhaoging and Zhuhai, in addition
ditions, accompanied by the tropical cyclone “Bilis”. A com-

to Hong Kong and Macao, called the PRD economic zone
parison of the simulated vertical wind fields and temperatur

Introduction

«(PRDEZ). Several studies investigated the characteristics of
the atmospheric boundary layer (ABL) over the PRD in the
1980s and 1990s (Huang and Liu, 1985; Guo, 1991; Liang

Correspondence taQ. Fan et al., 1992), but in the past two decades, the PRD region
BY (eesfg@mail.sysu.edu.cn) has experienced a period of rapid economic development and

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

6298 S. J. Fan et al.: Atmospheric boundary layer characteristics over the Pearl River Delta

28N 1 23.5N \
JANG XI ZHAO QING GUANG ZHOU
HUI ZHOU
26N 4 FU JIAN 23N
DONG GUAN
1
24N +
GUANG XI a 225N~
22N W 29N e
SOUTH CHINA SEA b ey ' p .
‘ a : B ame yuan
20N + é?ﬁ A cUANG ZHOU BACK GARDEN
215N+ . & cuanc zHou
HAI NAN @ ranvu
110E 112E  114E  116E 118E  120E Lol

112,56 113E 113.5E 114E 1145E 115E

Fig. 1a. Map of Guangdong province and its surroundings. . .
9 P gdong p g Fig. 1b. Map of PRD area. The measurement sites are shown.

urban expansion. Land use and land cover have dramati-
cally changed (Wang et al., 2007). To reveal the meteoro- The vertical structure and spatial and temporal variability
logical and chemical characteristics of the PRD, the “Pro-0f the ABL are very important for numerical weather pre-
gramme of Regional Integrated Experiments of Air Quality diction (NWP). Many studies have demonstrated that many
over the Pearl River Delta” (PRIDE-PRD) campaign of 2004 meteorological characteristics of the ABL can be represented
and 2006 was initiated. Much research has focused on thed@y the MM5 and WRF mesoscale models (Kwun et al., 2009;
experimental results (Hua et al., 2008; Garland et al., 2008Zhu, 2008; Miao et al., 2009). Furthermore, an accurate
Li et al., 2010; Lou et al., 2010; Yu et al., 2010; Verma et depiction of the meteorological conditions within the ABL
al., 2010; Miyazaki et al., 2009; Zhang et al, 2008a,b; Chengs also important for air pollution modeling. Knowledge
et al., 2008a). Many studies found that the meteorologicalf temperature, wind, the mixed layer height, turbulent ki-
fields closely interacted with chemical composition, chem-netic energy (TKE), and horizontal and vertical circulation
ical reaction processes, and physical optical characteristicis essential for episodes of severe air pollution (Prtenjak et
(Liu et al., 2008; Jung et al., 2009; Xiao et al., 2009; Lu et al., 2009; Hanna et al., 2010; Gilliam et al., 2010; Hu et
al., 2010; Zhang et al., 2008; Rose et al., 2010; Cheng et al@l., 2010). The results from some model studies (Feng et
2008b). The characteristics of wind, humidity, and thermo-al., 2007; Wu et al., 2005) showed that the most severe air
dynamics are essential for analysing air quality problems. pollution episodes over the PRD region were very often as-
The ABL measurements were a very important part of Sociated with subsidence by tropical cyclones or sea-land
these two intensive campaigns. The characteristics of th&reezes. These studies (Feng et al., 2007; Wu et al., 2005)
ABL observations in Qingyuan, Panyu, and Xinken over the /S0 showed that typhoons cause strong descending motion
PRD in October 2004 were analyzed in a previous study (Far" the lower troposphere, weak surface winds, and a rela-
et al., 2008). These observational results showed that a suflvely low ABL. However, these studies were based on simu-
face high-pressure system (anti-cyclone), descending motiofftions provided by the MMS or WRF model at a horizontal
outside of typhoons, and sea breezes result in high-level corfesolution of 12km. Thus, they did not offer detailed in-
centrations. The presence of anti-cyclone high-pressure sysights into fine-scale lower-tropospheric conditions, which
tems and sea breezes led to the formation of three inversioW® have accomplished in the present study. Another novelty
layers, two aerosol layers, and specific vertical profiles of0f the present study is that we utilized WRF model results
wind velocity over Xinken station. This study was based on@t 1x 1k resolution. Many studies indicated that high-
the observations from three stations only. Limited by ob-'ésolution forecasts were keys for further progress in NWp
servational resolution, the results cannot present the detailefodel development (Mayer et al., 2010; Jury et al., 2009;
horizontal and vertical characteristics of the ABL over the Nolan etal., 2009a, b).
PRD. Compared with the investigation by Fan et al. (2008), The present study investigated the detailed characteris-
in addition to the analytical measurements, a numerical simtics of the ABL over the PRD during the summer of 2006.
ulation of local circulation over the PRD was conducted. ForWe focused on three types of weather: (i) the tropical cy-
this purpose, the Weather Research and Forecasting (WRFJone process, which occurred on 12-15 July 2006, and
model qttp://www.wrf-model.org/index.phpSkamarock et  resulted in a high API pollution episode, (i) the rainy
al., 2007) was used to simulate atmospheric circulation on alays on 14-18 July 2006, and (iii) the sunny days on 20—
regional scale. 23 July 2006. The WRF model was utilized to investigate
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Fig. 2. The measured temperature, precipitation, and air pollution index (API) at Guangzhou station in July 2006 (period I: 12—15 July;
period II: 14-18 July; period I11: 20—23 July).

the features of the ABL during these three periods. Thetimes (06:00, 08:00, 10:00, 14:00, 18:00, 20:00, 23:00 LST)
simulation results were compared with the observations. Inor eleven times (intensive observation, 02:00, 06:00, 07:00,
addition to various horizontal and vertical meteorological 08:00, 10:00, 14:00, 17:00, 18:00, 19:00, 20:00, 23:00 LST)
fields, local circulation was also analyzed. Section 2 be-per day. Mean wind speed and direction were obtained at O
low describes the field experiment setup and synoptic situand 2000 m with a vertical resolution of 50 m. Mean temper-
ations. The model settings and model results obtained fronature was reported with a vertical resolution of 10 m.

the three-dimensional numerical simulations are presented in The Guangzhou Back Garden and Guangzhou stations ob-
Sect. 3. The conclusions are presented in Sect. 4. tained hourly wind speed, wind direction, temperature, ra-
diation, and relative humidity. The Guangzhou Back Gar-
den station was located in the Guangzhou Back Garden
(23.55 N, 113.07 E), approximately 50 km north of cen-
tral Guangzhou. Guangzhou station was located on the 16th
floor (50 m above ground level) of the Guangdong Provin-

The selected PRD intensive campaign period occurred in th&'@ Environmental Monitoring Center (GPEMC) building
summer. During this period of the year, lower-pressure syn-(23'13> N, 113.26 E).
optic systems dominate, and the PRD region usually experi-
ences pollution episodes attributable to the strong descending.2 Weather conditions in July 2006
motion of typhoons (Feng et al., 2007; Wu et al., 2005). The
campaign occurred on 1-30 July 2006. According to the Central Meteorological Station in Guang-
To study the characteristics of the ABL over the PRD, dong, the meteorological conditions over the PRD in July
five observational sites were selected (Fig. 1b): Qingyuan2006 were characterized by high temperature and much pre-
Guangzhou Back Garden, Guangzhou, Panyu, and Xinkercipitation. Figure 2 shows the measured temperature, pre-
Among these stations, Qingyuan, Panyu, and Xinken con<ipitation, and APl at Guangzhou station during July 2006,
ducted sounding observations. Panyu station was located athich had two periods of high temperatures on 12-14 and
the Panyu Meteorological Bureau (22296, 113.19 E), ap-  23-25 July that corresponded to two strong tropical cyclones,
proximately 20 km south of central Guangzhou in the middle Bilis and Kaemi, respectively. Two peaks in the API val-
of the PRD. Qingyuan station was located at the Qingyuarues were also influenced by these two tropical cyclone pro-
Meteorological Bureau (23.40, 113.03 E) in the north of  cesses. Two strong precipitation processes occurred on 15—
the PRD. Xinken station was located in the town of Xinken 17 and 26-30 July. On other sunny days, the entire PRD
(22.37 N, 113.35 E) in the South of the PRD. Qingyuan and region was dominated by subtropical high pressure. In July
Xinken represent a more rural environment. At the Qingyuan2006, the surface winds over the PRD were more controlled
station, vertical measurements were conducted with a meteddy the south, and the winds sometimes veered to the north
rological radar. Mean wind speed and direction, temperaturefrom midnight until the morning in the northern areas. Verti-
and relative humidity were automatically derived from radio cal wind shear usually occurred at a height of 800m. The
soundings. These parameters were reported several timésfluence of sea-land breezes was obvious in the southern
per day between 0 and 3000 m with a vertical resolutionarea of the PRD. This region is also often affected by trop-
of 100 m. At the Panyu and Xinken stations, radio sound-ical cyclones in the summer. Subsidence and precipitation
ings were performed to obtain mean velocity, wind direc- from a tropical cyclone are vital to the air quality over the
tion, and temperature. Radio soundings were launched sevaPRD. The wind speed in the ABL and ABL height decreases

2 Experimental setup and synoptic situations

2.1 Experimental setup
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under subsidence, which results in an air pollution episodewere below a height of 2 km. The finest topographical input
The analysis of the sounding data in this experiment showedvas extracted from 3Bresolution global terrain and land use
that when the background wind speed was small or calm, thdiles. The original USGS 24-category land cover data were
wind fields at Panyu and Xinken stations changed dramatiemployed.
cally with height, which was perhaps caused by local circu- The main physics options included Lin et al. microphysics,
lation, including heat island circulation and sea-land breezesBetts-Miller-Janjic cumulus parameterization, the RRTM
The wind profile at Panyu station was very complex with sub-long-wave radiation scheme, the Goddard short-wave radi-
sidence. Therefore, the present paper discusses three typason scheme, and the MRF boundary layer scheme. For the
of ABL features over the PRD. As shown in Fig. 2, period | two inner domains (D03 and D04), convection was assumed
includes the subsidence days on 12-15 July. Period Il into be reasonably well resolved by the explicit microphysical
cludes the rainy days on 15-18 July. Period lll includesparameterization scheme, and no cumulus parameterization
the sunny days on 20-22 July. As stated in the Introduc-scheme was used.
tion above, many studies (Feng et al., 2007; Wu et al., 2005) To represent the different ABL features, three types of
have already shown that strong descending motion can resulteather were chosen. The first simulation period (period 1)
in high-pollution weather over the PRD. The two API peaks was from 00:00 UTC on 12 July 2006, to 00:00 UTC on
during this month of July were also caused by subsidencel5 July 2006, representing the subsidence days. The second
motion from tropical cyclones. So we focused especially onsimulation (period I11) was from 00:00 UTC on 14 July 2006,
the ABL characteristics over the PRD on 12-15 July. Theto 00:00 UTC on 18 July 2006, representing the rainy days.
detailed synoptic conditions during this period are discussedrhe third simulation period (period IIl) was from 00:00 UTC
below. on 20 July 2006, to 00:00 UTC on 23 July 2006, represent-
Subtropical high pressure and subsidence caused by thieg the sunny days. In all of these simulations, the lateral
tropical cyclone Bilis influenced the high temperatures overand initial conditions for the WRF simulations were obtained
the PRD region on 12-14 July. The maximum temperaturefrom NCEP/NCAR reanalysis daily°X 1° grid data. In the
exceeded 32C on these 3 days. Figure 3 shows the surfacepresent study, 12 h was used for the spinning up time.
weather conditions on 12—15 July. The tropical cyclone Bilis  To better understand the summer boundary layer charac
originally formed from a tropical depression on 9 July 2006 teristics of the PRD, the WRF mesoscale model was em-
over the western North Pacific. It intensified from a tropical ployed to study the detailed horizontal and vertical charac-
storm to a severe tropical storm at 14:00 LST on 11 July. Itteristics.
made landfall at Yilan in Taiwan at midnight on 13 July and
then tracked northwest. It then landed at Xiapu in the Fujian3-2 Measured vs. modeled data

province at 12:00 LST on 14 July. The PRD region was west
or southwest of Bilis during its movement. To validate the WRF simulation results, the model results

were compared with the available surface observations fur-
nished by the main meteorological stations in domain 4
(Fig. 4). Table 1 shows some common statistical variables
used to evaluate the performance of the model simulations,
3.1 WRF model and settings including the correlation coefficientR], mean bias (MB),
mean absolute gross error (MAGE), root mean squared error
To study the event, the WRF mesoscale model was em{RMSE), and fractional absolute error (FAE). MB, MAGE,

ployed. The WRF model consists of fully compressible non- RMSE, and FAE are defined as the following (Yu et al.,

3 Model results

hydrostatic equations on a staggered Arakawa C grid. 1t2005):

vertical coordinate is a terrain-following hydrostatic pres- 1

sure coordinate. The Runge-Kutta 3rd order time integra-MB = —ZZ(C C] o) 1)
tion scheme, 5th order advection scheme in a horizontal di- MN j=1k=

rection, and 3rd order scheme in a vertical direction were

used. A time-split small step for acoustic and gravity-wave

modes was utilized. In the present study, four domainsMAGE: WZZ‘C%_C%‘ @)
(Fig. 4), centered in the Pearl River Estuary, were config- j=lk=1

ured on a horizontal grid of 13991, 181x 148, 322x 223, I N 1/2

and 367x 277 points with resolutions of 27, 9, 3, and 1 km, E— Z 1 Z( mo_co 2 )
respectively. The central latitude and longitude of the coarse — ko Tk

domain (DO1) were 23N and 113 E. Two-way nesting was

applied for the domains. For the model to adequately re- M N ‘Cm _co ‘
solve the boundary layer processes from the top to the surpag — 1 Z Pk ik (4)
face level, 35 vertical sigma levels were used. Twenty layers MN == (C7 +C5 /2

Atmos. Chem. Phys., 11, 629631Q 2011 www.atmos-chem-phys.net/11/6297/2011/
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Fig. 3. Surface weather conditions on 12—15 July 2006.

Table 1. Statistical parameters between the measured 2 m air temperajuriiid speed (WS), and wind direction (WD) and the modeled
WRF results on 12—15 July 2006 (period 1), 15-18 July 2006 (period Il), and 20-23 July 2006 (period lII).

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 0.46 042 0.72 0.45 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 4.47 1.29 52.88 0.99 131
RMSE 51.07 2.19 2.19 4739 4.96 1.53 69.92 1.22 1.63
FAE (%) 41 140 15 6.0 21.9 1.2 8.7 147 1.2

M is the number of stationgV is the number of numerical perature during the three periods are all close to the obser-
hours, excluding the spinning up timeZ™ and C° repre-  vations. Good correlations were found between the simu-
sent the modeled and observed values, respectively. Frorfated temperature and observations during periods | and lll,
the definitions above, the more MB, MAGE, RMSE, and with the correlation coefficient reaching 0.72 and 0.91, re-
FAE approach zero, the better the model simulations arespectively. The MB, MAGE, RMSE, and FAE values with
In Table 1, with the exception of wind speed in period Il, respect to temperature werel.08, 1.80, 2.19C, and 1.5%

the average simulated wind direction, wind speed, and temduring period | and-1.26, 1.31, 1.63C, and 1.2 % during

www.atmos-chem-phys.net/11/6297/2011/ Atmos. Chem. Phys., 11, 62972011
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period I, indicating good overall agreement between the ob-
servations and the simulations. For wind speed and wind di-2
rections during the three periods, the correlation coefficients € ~
were all approximately 0.4, and the MB, MAGE, RMSE, and =
FAE values indicated that the model overestimated the wind

] g 20 08 20 08 20 08
fields most of the time. Notably, because the vector char- 12JuL 13JUL 13JuL 14JUL 14JuL 15JUL
acteristics of the wind directions, MB, MAGE, RMSE, and —measurement  ----model results

FAE for wind directions were calculated by finding the actual 340,00
differences in the angle between the modeled directions ancc
observed directions. The simulated results during the subsi-§ 270.00 -
dence days (period 1) and sunny days (period Ill) were better
than those during the rainy days (period ).

The time series of the hourly 2 m temperature, 10 m wind .
speed, and wind direction observed at Guangzhou station or
12-15 July (period 1) and the corresponding simulations are g
shown in Fig. 5. The model generally performed well in the

irect

180.00

90.00 -+

m Wind Di

20 08 20 08 20 08

simulations of the diurnal variation tendency of air temper- 12JuL 13)uL 13JUL 14JUL 14Ul 15)UL
ature. The increase in temperature on 14 July was capture( —measurement ----model results

well by the WRF model, but the model tended to underpre-

dict temperature, especially on 12—-13 July and 15 July. InFig. 5. Observed and simulated 2m temperature, wind speed, and
the case of wind speed, the WRF simulations were in modWind direction at Guangzhou station on 12-15 July 2006.

erate agreement with the observations in terms of diurnal

variations and magnitudes most of the time. Compared with , ,

the measurements, the simulated wind speeds were slightly-2-1 Atmospheric boundary layer heights

lower on 13 July and slightly higher after the night of 14 July. The ABL height is a critical parameter for vertical disper-

Regarding wind direction, the observed and simulated winds_. . .
) . : . sion. An accurate assessment of boundary layer information
were all from the west during the simulation period. The

. . . on a finer scale should improve the ability to assess the pol-
WRF mode| achieved goc_ad results, with the _excepnoq c)flutant diffusion process. The variation of the modeled WRF
noon on 13 July. At that time, the observed wind direction

. ABL height for the Qingyuan, Back Garden, Guangzhou, Pa-
was northwest, but the simulated result was from the east, . . X ) .
With the exception of that time, the wind direction results Yt 31 Xinken stations (Fig. 1b) during the three simula

. tion periods and the Light Detection and Ranging (LIDAR)
were satisfactory. normalized relative backscattering signal observed at Yuen-
Long station in Hong Kong are shown in Fig. 6.

At all five stations, the simulated diurnal variation of ABL
height on the subsidence days and sunny days were all more
obvious than on the rainy days. On the rainy days, the change
in ABL height was instantaneous, and the ABL changed
quickly from the stable regime to the convection regime. In
contrast, on the subsidence days and sunny days, the ABL

Atmos. Chem. Phys., 11, 629631Q 2011 www.atmos-chem-phys.net/11/6297/2011/
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meters. Compared with these four stations, the daily evolu-

gl QEYAN tions of the ABL height at Xinken station were very special.
For example, on the subsidence days, the daily maximum
g w ABL height at Xinken station was approximately 400 m at

08:00 LST, which was much lower than those at the other

stations. This time of occurrence was also earlier. Addition-

t f-T' ik st ally, the ABL height at Xinken station from 09:00 LST on
Mﬂ"ﬂ\\w 13 July to 07:00 LST on 14 July remained very low. The
;‘\m A\ ( ABL was statically stable, which was beneficial to the high

o - . . R pollution episode. From the wind profile measurements, the
vertical wind direction and wind speed changed dramatically

o] Suanethou on these 2 days at Xinken station, which could have caused
: 2. M the ABL height at Xinken station to be lower than those at

. the other stations. The wind fields at Xinken station were
complex because it is located in the Pearl River Estuary. In
addition to the impact of the system wind, it is also affected
by local circulation, such as sea-land breezes.

The simulated ABL heights during the nights of the sub-
sidence days were much lower than those on other days. In-
fluenced by the descending motion, the ABL was stable, and
the ABL height decreased. The observations from the LI-
DAR signals showed that the maximum ABL height during
the day reached approximately 1500 m, and the ABL height
during the nights of the subsidence days dropped to several
hundred meters. The WRF model can capture the tenden-
cies of diurnal variations in ABL height, and the simulated
ABL heights during the day were moderately consistent with
the LIDAR results. However, the heights at night were much
lower than the measurements. At some stations, the simu-
lated ABL heights were near zero. This was caused by the
MRF high-resolution planetary boundary layer parameteri-
Fig. 6. Variation of the modeled WRF atmospheric boundary layer zation scheme used in the model. The ABL heights at night
height (m) at the Qingyuan, Back Garden, Guangzhou, Panyu, angg|culated by this scheme were much lower.

Xinken stations and the LIDAR normalized relative backscattering Figure 7 shows the measured air pollutant concentrations
signal at Yuenlong station in Hong Kong. at Guangzhou station on 13-22 July. The comparison of
the simulated ABL height results with the observed ambient
was of a nocturnal regime at night and a free convectionconcentrations shows that the temporal variations in ambi-
regime with strong heating from below. This can also beent concentrations were closely related to the meteorologi-
seen from the LIDAR normalized relative backscattering sig-cal conditions. On 13-14 July, when the ABL height was
nal observed at YuenLong station in Hong Kong. These LI-high, the ambient concentrations were comparatively low un-
DAR measurements were obtained from Hong Kong Univer-der good diffusion conditions and vice versa. During this
sity of Science and Technology. The LIDAR observations episode, the PRD area was under the influence of a subtrop-
also showed obvious diurnal changes in ABL height on thejcal high-pressure system and tropical cyclone Bilis. The
subsidence days and sunny days. On the rainy days, diurngbmbination of low ABL height, strong descending motion,
variations were not apparent. and weak surface wind acted to keep the pollutants in the

The daily evolutions and magnitude of ABL height at ABL, leading to comparatively high API values. During pe-
Xinken station were all different from the other four sta- riod Il on 15-17 July, the ambient concentrations decreased
tions. The ABL heights during the three simulation peri- because of the wet deposition by precipitation process. On
ods at Xinken station were much lower than those at thethe sunny days on 21-22 July, the ambient concentrations
other stations, and the diurnal variations in ABL height at again appeared as obvious diurnal variations. A stable ABL
Xinken station were also not clear. At the other four sta- and low ABL height resulted in high ambient concentrations.
tions, the development of a well-mixed layer began at 08:00—

09:00 LST (e.g., 2-3 h after sunrise), reaching a maximum
of 1500 m at approximately 14:00 LST. At night, the ABL
was most stable, with heights lower than several hundred

" 'ii' ;' T'
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Fig. 7. Measured air pollutant concentrations at Guangzhou station on 13—-22 July 2006 (units; rﬁg’rn*3; SOy, ppb; NG, ppb).

3.2.2 Vertical wind and temperature distribution above 1000 m were mainly southeasterly and below 1000 m
features were southwesterly. At 14:00 LST, the wind in all of the
ABLs was nearly from the south. After 16:00 LST, the wind
The vertical radio sounding experiments were conducted ayeered to the southeast. The model results in Fig. 8d can
reproduce the features of the measurements. At the begin-

Panyu and Xinken stations in July 2006. Vertical measure-

ments were made with a meteorological radar at Qingyuannlng of 21 July, the wind in the low ABL was southwesterly

station to explore the ABL features in different regions. For and changed to southeasterly after 16:00 LST. At06:00 LST,

various reasons, the sounding data at these three stations d the southwest wind veered to the south at increasing heights.

ing this month were inadequate. According to the actual cori‘l[rhe minimum wind speed occurred at noon on 21 July. The

rected data during our three simulation periods, the verticaf’vt')n(\j/Spleoeodo'zqcre;s:d adft:ar tth:OO L?T,taznsd' égel_v;'_?d_?:e(xi%z
wind profile at Panyu station and vertical temperature profilea ove changed fo the €ast at 2o. - e

. . profiles reproduced by the WRF model were generally sat-
at Qingyuan station on 14 and 21 July were analyzed. isfactory. On the subsidence days and sunny days, the wind

The vertical wind profile measured at Panyu station andprofiles at Panyu station were all very complex. The wind
the simulated results using the WRF model on 14 and 21 Ju|)épeed and direction changed very fast, which was mainly
are shown in Fig. 8. The sounding measurements were can=gysed by the local circulation.
celled on the rainy days, so the measurements on the subsi- Figure 9 shows the vertical temperature distribution mea-
dence days and sunny days were used for the comparisongyred by radar sounding and the results obtained by the
Obvious discrepancies were found in the vertical wind fieldsmgqdel at Qingyuan station on 14 and 21 July. On 14 July,
during the subsidence days and sunny days. The wind unthe WRF model captured the decrease of temperature with
der the ABL at Panyu station was from the west all day ontne height increase for three times, especially below 1000 m.
14 July, with a low jet at a height of approximately 500 m at From 1000 to 3000 m, the model overestimated the temper-
06:00 LST. The wind was from the southwest near the sur-atyre about 1-2C. At 07:00 LST on 21 July, the model re-
face and veered to the west at a very low height. The ABLgsyts were consistent with the measurement. At 17:00 LST
height at that time was very low. The modeled ABL height and 19:00 LST on 21 July the model also reproduced the
in the WRF model was also very low (Fig. 6). At 16:00 LST measurement well below 1000 m, however, above 1000 m the
and 17:00 LST, the wind in all of the ABLs changed to the mode| underestimated the measurement. During these two
southwest. The model results in Fig. 8b capture the ABL periods, there was a slight inversion at 1500 m at Qingyuan
characteristics quite well, with the exception of the char- station. The model shows that the temperature increased with

acteristics near the surface. The temporal resolution of thgne height increase at about 1500 m, which is, however, lower
WRF model was h|gher than that of the measurements. Thﬂ']an the actua' Value from the measurement.

ABL features can be illustrated more clearly by the model re-

sults. The wind speed increased from 00:00 LST on 14 July3.3 Horizontal wind fields on 12-14 July

reaching a maximum at approximately 07:00 LST. The max-

imum speed was located at a height of several hundred meAs stated in Sect. 3.2 above, the temperatures and wind fields
ters. The wind direction was nearly northwest, which corre-simulated by the WRF model were moderately consistent
sponded to the measurements. After 10:00 LST, the windvith the measurements during the subsidence days, rainy
speed began to decrease and was maintained for approxilays, and sunny days. Among these three types of weather,
mately 7h. At 17:00 LST, the wind speed increased againthe subsidence days were the most important for the diffu-
and veered to the southwest. Figure 8c shows that the wingion of air pollutants. The detailed horizontal wind fields
prof"e was Comp|exl In the morning of 21 ‘]u|y’ the wind di- and vertical circulation simulated by the WRF model during
rections changed dramatically with height. Wind directions the subsidence days are analyzed below.
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Fig. 8. Vertical wind profile by radio soundings at Panyu station on 14 July and 21 July 280Bbservations on 14 Julyb) Simulations
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Figure 10a and b show the observed and simulated 10 ntwo stations were influenced by local circulation, which was
wind vectors over the PRD region at 20:00 LST on 12 July different from the other three stations. At that time, the tropi-
and at 02:00 LST on 13 July. These clearly show that dif-cal cyclone Bilis still had not made landfall, and the location
ferent local circulations dominated the PRD region, and theof Bilis was far from the PRD region. The average wind
wind vectors varied at different stations. Figure 10a showsspeed in Guangzhou on 12 July was 1.547h sUnder the
that at Xinken station, which is located in the Pearl River small background system wind fields, local circulation was
Estuary, the winds were from the south. The wind was obvi-essential for the various stations. Figure 10c and d show the
ously influenced by the sea breezes. At Panyu station, apebserved and simulated wind vectors over the PRD region
proximately 20 km south of central Guangzhou, the windat 08:00 LST on 14 July and at 14:00 LST on 14 July. In
direction was southeast and the wind speed decreased. Abntrast to Fig. 10a and b, the wind fields at the various sta-
Guangzhou station in the urban center, the wind veered totions seemed very similar. In Fig. 10c, the aforementioned
ward the east and the wind speed increased. At Guangzhostations were all controlled by westerly winds. At that time,
Back Garden station, the wind speed decreased again. Ahe tropical cyclone Bilis had made landfall, and the PRD
Qingyuan station, the wind changed to the south. The sim+egions were deeply influenced by Bilis. The average wind
ulated wind fields were almost consistent with the observaspeed in Guangzhou on 14 July was 3.46th sThe winds
tions. The wind speeds at Xinken and Guangzhou stationgt the various stations over the PRD tended to be less under
were larger than at the other stations. At 02:00 LST onsuch background system wind fields. The winds in Fig. 10d
13 July (Fig. 10b), the wind speeds were less than those atvere almost northwest. The wind direction at Qingyuan sta-
20:00 LST on 12 July (Fig. 10a), and local circulation was tion was southwest because it is located to the south of the
also very apparent. The winds at Xinken station changed tdNanling Mountain areas and is influenced by the downstream
the west, which was also affected by sea-land breezes. At thow from the slopes of the high mountains.

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 the southeast. These

Atmos. Chem. Phys., 11, 629631Q 2011 www.atmos-chem-phys.net/11/6297/2011/
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Fig. 11. Vertical cross-sections of WRF modeled wind (¥ along 113.2 E (a) at 03:00 LST on 13 July an) at 03:00 LST on 14 July.

3.4 \Vertical circulation on 12—14 July When the system wind was moderate, the wind fields over
the PRD region tended to be similar. At03:00 LST on 14 July
The modeled vertical cross-sections of the wind vectors(Fig. 11b), the tropical cyclone Bilis had already made land-
along 113.2E at 03:00 LST on 13 July and at 03:00 LST on fa|| and decreased in intensity. The PRD region was located
14 July are presented in Fig. 11. The analysis concentratedouthwest of the cyclone. The entire PRD region was con-
on local circulation. At 03:00 LST on 13 July (Fig. 11a), dif- trolled by the north wind in the low troposphere, with nearly

ferent wind fields were noted near the coast compared withegligible discrepancies between the different stations.
adjacent urban cities. As mentioned above, when the system

wind speed was small, the local circulation was essential for _
the various stations. During this episode, the tropical cyclone# Conclusions

Bilis made landfall at midnight on 13 July. The influence of o ) .
Bilis was not very apparent over the PRD region at 03:00The ABL characteristics at different sites over the PRD were

LST on 13 July. Figure 11a shows that the coastal area@nalyzed by measurements and model results from the WRF

(such as the Pearl River Estuary at approximately 2)2 mesoscale model during three types of weather, with a focus

were dominated by the south. The surface layer was un®n @ comparatively high API episode on 12-15 July 2006.

der the influence of the incoming sea breeze. The air Con:I'he results showed that the ABL characteristics at the dif-

verged and ascended in the coastal region, and the wind gferent stations varied. These local-scale meteorological con-
rection veered toward the north at 900 hPa, with obvious seaditions could not be captured by 50 km and 10 km resolution
land breeze circulation. The wind fields were influenced byMeteorological models. Fine-scale (i.e., 1 km resolution) me-

urban heat island circulation at Panyu and Guangzhou stateorological (WRF) results demonstrated a successful simu-

tions. The heat island circulation was comparatively com-ation of the ABL and reasonable agreement with the avail-

plex. The ascending and descending motion was weak an@Ple observations. The main meteorological results provided
the horizontal south (near the surface) and north wind fieldd?Y the present study can be used for other PRD July intensive
(approximately 850 hPa) were apparent. Compared with th&2MpPaign studies. The meteorological model results can be

coastal areas, the urban regions were under the control of dfUrther used in air quality models to perform air concentra-

vergence and resulted in a stable and low ABL. The wind_tion simulations. The tempqral variation tend(_ancies of var-
direction at Qingyuan station (approximately ) was ~ 10US air pollutant concentrations can alsq be interpreted by
also south, but with ascending motion in the high vertical lat-d&tailed ABL features. The main conclusions of the present
itude. Another circulation appeared to affect the wind fields StUdy are summarized below.

in Qingyuan. In the North of Qingyuan is Nanling Moun-
tain (approximately 25N), and the flow from the south en-
counters 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 moun-
tains. Overall, when the system wind is weak, three types of
local circulations occur—sea-land breeze, urban heat island,
and mountain-valley wind—over the PRD region. These lo-
cal circulations make the ABL characteristics over the PRD
unique.

— The ABL features associated with three types of
weather (i.e., subsidence days, rainy days, and sunny
days) in July 2006 were analyzed using observations
and WRF model simulations. The results showed that
the model could reproduce the meteorological fields
moderate well. The ABL evolution on the rainy days
was different from the ABL evolution on subsidence
days and sunny days. Diurnal variations in ABL height
on rainy days were not apparent.
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