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transport mechanisms of a haze event over the BTH region from 23 to 24 September 2011
were studied using the Weather Research and Forecasting model and the FLEXible-PARTicle

Keywords:

dispersion model to understand the effects of the local atmospheric circulations and

Air pollution

atmospheric boundary layer structure. Results suggested that the penetration by sea-breeze

Sea–land breeze circulation

could strengthen the vertical dispersion by lifting up the planetary boundary layer height

Mountain–valley breeze circulation

(PBLH) and carry the local pollutants to the downstream areas; in the early night, two

WRF model

elevated pollution layers (EPLs) may be generated over the mountain areas: the pollutants

FLEXPART model

in the upper EPL at the altitude of 2–2.5 km were favored to disperse by long-range
transport, while the lower EPL at the altitude of 1 km may serve as a reservoir, and the
pollutants there could be transported downward and contribute to the surface air pollution.
The intensity of the sea–land and mountain–valley breeze circulations played an important
role in the vertical transport and distribution of pollutants. It was also found that the
diurnal evolution of the PBLH is important for the vertical dispersion of the pollutants,
which is strongly affected by the local atmospheric circulations and the distribution of
urban areas.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Currently, the Chinese central government is considering
plans to build a trilateral economic sphere in the Bohai Bay
area, including Beijing, Tianjin and Hebei (BTH); the Bohai Bay
area is considered China's third economic engine, alongside

the Pearl and Yangtze River deltas. With the rapid economic
and social development in the past 30 years, the BTH region
has become one of China's most economically developed
regions, with a region 216,000 km2 in size and over 100 million
in population; meanwhile, the rapid program of urbanization
and industrial development has resulted in frequent heavy

⁎ Corresponding authors. E-mail: lshuhua@pku.edu.cn (Shuhua Liu).
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haze pollution in the BTH region (Bian et al., 2007; Zhang et al.,
2013; Quan et al., 2011; Tao et al., 2012). The haze pollution can
not only delay the traffic but also induce serious health
problems, from respiratory illness to cardiovascular disease
(Tie et al., 2009).
The coordinated development of the BTH region needs to
strike a balance among the development, environment,
population and resources. To better manage the rapidly
deteriorating air quality in the BTH region and achieve
sustainable development, a better understanding of the
formation of the heavy haze pollution there is necessary.
Due to the unique topography and geographical location, the
air pollution occurring in the BTH region is particularly
complicated, and the local air quality could be strongly
affected by the local atmospheric circulations (Liu et al.,
2009; Chen et al., 2009; Lo et al., 2006). In terms of landform,
the BTH region is surrounded by mountains on the north and
west, making it frequently affected by the mountain–valley
breeze (MVB) circulation. Besides, facing the Bohai Sea on the
east, the BTH region is also under the influence of sea–land
breeze (SLB) circulations. In addition, the presence of the
mega-cities (i.e. Beijing and Tianjin) could generate significant urban heat island (UHI) phenomena there (Miao et al.,
2009).
However, available studies on the haze pollution have
mostly focused on the chemical compositions of aerosols (Fu
et al., 2008; Duan et al., 2014; Sun et al., 2004; Wang et al., 2006;
He et al., 2001; Zhang et al., 2013) and scarcely on the effects of
the local atmospheric circulations (Liu et al., 2009; Chen et al.,
2009). The physical mechanisms of the pollution events have
never been fully understood or qualified.
A severe haze event that occurred 20–27 September 2011
over the BTH region was reported by Liu et al. (2013); high
concentrations of PM2.5, NO, NO2, SO2, O3 and CO were
observed during 23–27 September, 2011, exceeding the
national ambient air quality standards for residents. During
the pollution period, the BTH region was dominated by weak
synoptic systems with calm stable wind background (Liu et
al., 2013), favoring the development of the local atmospheric
circulations and accumulation of the air pollutants. In this
paper, we focus on the features of the MVB and SLB
circulations during this pollution period, and their influences on pollutant transport over the BTH region, which
would be useful for air quality forecasting and would provide
scientific support for the government to take effective
measures to reduce the incidence of regional haze.

3.5.1, with 3 two-way nested domains (Fig. 1a and Table 1).
The innermost domain is a 3-km fine-resolution domain,
covering Beijing, Tianjin and most of Hebei Province. The
configurations of the computational domains and the physical
parameterization schemes utilized in this study are summarized
in Table 1. In the vertical dimension, 55 vertical layers were set
from the surface to the 50-hPa level to resolve characteristics of
the local atmospheric circulations. To simulate the cloud physics
processes, the Thompson Graupel scheme (Thompson et al.,
2008) was employed, and the radiation processes were parameterized using the updated Rapid Radiative Transfer Model

a

b

Topography

height (m)

1. Model description and numerical setup
In this study, a mesoscale meteorological model was first
used to replicate the atmospheric conditions during the
pollution episode from 23 to 24 September 2011, and then an
atmospheric dispersion model was employed to reveal the
transport paths of air pollutants.

1.1. WRF model
The mesoscale meteorological model employed in this study
is the Weather Research and Forecasting (WRF) model version

c
Fig. 1 – (a) The nested domains of the WRF simulation. The
topography height (b) and the land use category (c) of the
innermost domain. The solid line in (c) indicates the route of
the vertical cross sections made from point A to B given in
Figs. 11–12 and 14–15, and the point O located at the border of
land and sea is used as the reference point (0, 0) in the
vertical cross sections.
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Table 1 – Domain configurations and Physics options of
the weather research and forecasting (WRF) simulation.
Domain configurations and
Physics options
Domain dimensions
Grid size
Vertical layers
Vertical layers below 1500 m
Microphysics scheme
Cumulus scheme
Radiation scheme
Land surface scheme
PBL scheme

111 × 81, 97 × 82 and 139 × 115
27, 9 and 3 km
55
35
Thompson Graupel scheme
Kain–Fritsch scheme for the 1st
and 2nd domains
RRTMG
Noah LSM with UCM
Yonsei University

RRTMG: rapid rediative transfer model; LSM: land surface model;
UCM: single-layer urban canopy model.

(RRTMG) (Iacono et al., 2008). The Kain–Fritsch Cumulus scheme
(Kain, 2004) was employed for the 27 and 9 km grid spacing
domains. The other physical options included the Yonsei
University (YSU) Planetary Boundary Layer (PBL) scheme (Noh
et al., 2003), the Noah land surface model (LSM) (Chen and
Dudhia, 2001) and the single-layer urban canopy model (UCM)
(Kusaka et al., 2001; Kusaka and Kimura, 2004), whose urban
canopy parameters were set by referring to the study of Wang et
al. (2012). Since the YSU PBL scheme was used, the planetary
boundary layer height (PBLH) in this study was diagnosed using a
critical Richardson number (Hu et al., 2013).
A 66-hour WRF simulation was conducted, from 0800 LST
22 September to 0200 LST 25 September 2011, with the first
16 hr used as the spin-up. The initial and boundary conditions
were set by using the 6-hourly 1° × 1° NCEP Final Analysis
(FNL) data. The land surface of the BTH region has been

a

11

dramatically changed by the urbanization process in the past
two decades; therefore, the latest global land use dataset
called GlobCover 2009 (Bontemps et al., 2011) was used to
update the distribution of the urban areas (Fig. 1c) in this
study. The interval of the model output is half an hour.

1.2. FLEXPART model
The FLEXible-PARTicle dispersion model (FLEXPART) is a
Lagrangian Particle Dispersion Model (LPDM), developed at the
Norwegian Institute for Air Research in the Department of
Atmospheric and Climate Research (Stohl et al., 2005). The
FLEXPART model uses a terrain-following Cartesian vertical
coordinate. The FLEXPART model can not only be driven by the
meteorological data from global models, but also conducted by
using mesoscale meteorological model output (Brioude et al.,
2013), such as the WRF model. FLEXPART has been validated by
a number of tracer experiments (Stohl et al., 1998; Stohl and
Trickl, 1999; Forster et al., 2007), and employed in many air
pollution studies (Stohl et al., 2002, 2003; Forster et al., 2001; de
Foy et al., 2011). For more details of the FLEXPART model, please
refer to the following website: http://www.flexpart.eu.
To understand the effects of the local atmospheric
circulations on the pollution event, a 48-hr numerical ideal
dispersion experiment was conducted from 0000 LST 23
September to 0000 LST 25 September 2011 driven by the
3 km fine-resolution WRF simulation. In the vertical direction,
there are 38 layers from 5 to 17,500 m, which are 5, 15, 25, 35,
50, 70, 90, 125, 175, 225, 275, 325, 375, 425, 475, 525, 575, 625,
675, 725, 775, 900, 1100, 1350, 1750, 2250, 2750, 3250, 3750, 4250,
4750, 5250, 5750, 6500, 7500, 9000, 12,500 and 17,500 m. To
understand how the local atmospheric circulations affect the
transport and trapping of the air pollutants released from the
near-surface urban areas of the BTH region, an air tracer was
continuously released in the lowest vertical layer over the
urban regions (shown in the Fig. 2a), and the source emission

b

Fig. 2 – The distributions of the tracer released sources (a) and the meteorological stations (b). The blue shades in (a) indicate the
source distributions over the urban regions; A is Beijing, B is Langfang, C1–3 are Tianjin, D is Baoding, E is Renqiu, F is
Cangzhou and G is Tangshan. The black dots in (b) illustrate the locations of the ground-based meteorological stations, and the
circle with cross indicates the location of the atmospheric-sounding station.
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Table 2 – Locations and altitudes of the meteorological
stations given in Fig. 2b.
No.
1
2
3
4
5
6
7

ID

Station

54398
54399
54410
54431
54433
54514
54511

Shunyi
Haidian
Foyeding
Tongzhou
Chaoyang
Fengtai
Guanxiangtai

the effects of the local atmospheric circulations and urbanization are presented.

Longitude Latitude Altitude (m)
116.617
116.267
116.117
116.617
116.467
116.25
116.467

40.117
39.967
40.583
39.917
39.95
39.867
39.783

2.1. Evaluation of WRF simulation

29.6
46.9
1216.9
40.6
36.5
57
32.5

Observed time series of 2-m temperature, 10-m wind
speed and wind direction at six ground-based stations
were used to evaluate the 3 km resolution WRF simulations (Figs. 3–5). It was found that at night, the simulated
temperatures at Haidian and Fengtai stations (Fig. 3b and
f) were higher than the measurements. Despite this
discrepancy, the diurnal cycle of surface temperature was
well simulated.
As depicted in Fig. 4, under the stable synoptic
condition, the surface wind speed was relatively low
during the simulated period, with a value lower than
4 m/sec at most times of the simulation period. Comparing
the simulations with the measurements, it is found that
the wind speeds at Haidian and Fengtai stations (Fig. 4b
and f) are overestimated by the WRF model. Despite this
discrepancy in wind speed simulation, most of the
fluctuation characteristics and variation trend of surface
wind at the six sites during the simulation period could be
replicated by the WRF model.
From the time series of wind direction at the six sites
(Fig. 5), a typical pattern of the MVB circulation can be
observed. In the early morning, before the mountain areas
are warmed by the sunlight, the Beijing area is dominated by

rate was 2.2 × 10− 6 g/(m2·hr). It should be pointed out that the
chemical interactions were ruled out in this idealized numerical dispersion experiment to help understand the purely
physical mechanism of this pollution event, and the discussions and conclusions are based on analyzing the relative
value of the tracer concentration; therefore, the value of the
emission rate, which can be set to any arbitrary value, is
irrelevant to the conclusions given in Section 3.

2. Results
In this section, the WRF simulated results are first validated
against the measurements from the ground-based and
atmospheric-sounding stations (Fig. 2b and Table 2). Then
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Fig. 3 – Time series of observed and simulated 2-m temperature (°C). (a) Shunyi; (b) Haidian; (c) Foyeding; (d) Tongzhou; (e) Chaoyang; (f) Fengtai.
The simulations are obtained from the grids nearest to the stations.
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Fig. 4 – Time series of observed and simulated 10-m wind speed (m/sec). (a)–(f) refer to Fig. 3 for the descriptions of the figures.
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Fig. 5 – Time series of observed and simulated 10-m wind direction. (a)–(f) refer to Fig. 3 for the descriptions of the figures.
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Fig. 6 – Observed and simulated profiles of potential temperature (K), mixing ration (g/kg) and wind speed (m/sec) at the
GuanXiangtai atmospheric sounding station. (a–c) 2000 LST 23 September, (d–f) 2000 LST 24 September.

the cold northern mountain-breeze. By noon, as the mountain
areas continue to be warmed by the sun, the dominant wind over
the Beijing area turns into the warmed southern valley-breeze. At
night, as the mountain areas are cooled by nocturnal radiation,
the southern valley-breeze disappears gradually and is replaced
by the northern down-slope mountain-breeze. The evolution of
the MVB circulation was well simulated by the WRF model during
the simulated period.
The simulated and observed vertical profiles of potential
temperature, mixing ratio and wind speed are also given in
Fig. 6. It is observed that the vertical thermal structure of the
atmosphere was well simulated, which is crucial for the
atmospheric dispersion simulation. At 2000 LST 23 and 24

a

September, an inversion layer was formed near the surface
because of the nocturnal surface radiation (Fig. 6a and d).
Compared with the simulated potential temperature, the
simulations of the mixing ratio and wind speed had higher
biases. However, the general vertical structures of the
moisture and wind speed were able to be replicated by the
WRF model.
Fig. 7 depicts the simulated sea-level pressure fields over
the outermost domain, which are quite similar to the
observed ones presented in the study of Liu et al. (2013). In
short, the WRF model was capable of simulating the atmospheric conditions from 0000 LST 23 September to 0000 LST 25
September 2011.

b

Fig. 7 – WRF simulated sea-level pressure fields (hPa) at (a) 0500 LST 23 September and (b) 0500 LST 24 September over the
outermost domain.
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2.2. Effects of the SLB and MVB circulations
As reported by Liu et al. (2013), from 23 to 24 September, the
BTH region was dominated by weak weather systems with
stable synoptic conditions, favoring the development of the
local atmospheric circulations.
Fig. 8 depicts the 10-m wind vector field and the distribution
of the lowest level vertical wind component. From the evolution
of the vertical wind component and horizontal wind vector
fields over the mountain areas, it is clear that the MVB
circulation was well established during the simulation period.
At 0500 LST (Fig. 8a and d), before sunrise, the mountain areas
were dominated by the downward mountain-breeze blowing
from the mountains to the plain. After sunrise, as the mountain
areas were warmed by the sunlight, the mountain-breeze
disappeared gradually and was replaced by the upward
valley-breeze blowing from the plain to the mountains (Fig. 8b
and e). Then after sunset, as the mountain areas were cooled by
the nocturnal radiation, the dominant wind would turn into the
downward mountain-breeze again (Fig. 8c and f).
In addition to the MVB circulation, the SLB circulation is
also driven by the local thermal forcing, which is established
over the Bohai Bay under this stable synoptic condition

15

(Fig. 8). The WRF-simulated surface temperature anomalies are presented in Fig. 9, illustrating that in the early
morning (0500 LST) before sunrise, the temperature of
the sea is higher than that of the land, which favors the
development of a land breeze (Fig. 9a and d). During the
daytime, since the heat capacity of water is larger, the
land is warmer than the sea, favoring the development
of a sea breeze (Fig. 9b and e). At night, the land surface
cools faster than the neighboring water bodies, reversing
the temperature gradient, favoring the development of
land breeze again (Fig. 9c and f).
The intensity of the SLB circulation is quite sensitive to the
synoptic conditions. At 0500 LST 23 September, when the BTH
region was controlled by the two high pressure systems
located to the east and south-west of Beijing (Fig. 7a), the
land-breeze (blowing from the land to sea) was eliminated by
the south-east synoptic wind over Bohai Bay (Fig. 8a). In the
daytime, when the sea-breeze appeared, the penetration
process was enhanced by synoptic forcing (Fig. 8b and c),
reaching the urban area of Beijing at 1900 LST 23 September.
In comparison, after the weak high pressure systems moved
out of the BTH region and vanished (Fig. 7b), the Bohai Bay
was dominated by the land-breeze at 0500 LST 24 September
(Fig. 8d); and the inland penetration distance of the sea-breeze
was shortened (Fig. 8e and f).
The distributions of the tracer concentration are shown in
Fig. 10. The concentration at the surface is related to the

w (10-3 m/sec)

Fig. 8 – The simulated 10-m wind vector field (m/sec) and the
vertical wind component on the lowest vertical level (10− 3 m/
sec), which is about 12 m height above groud. (a) 0500 LST 23
September, (b) 1600 LST 23 September, (c) 1900 LST 23
September, (d) 0500 LST 24 September, (e) 1600 LST 24
September, (f) 1900 LST 24 September. The location of sea
breeze inland front is indicated by the red dash line, where is
the convergence zone with high vertical wind component.

Temperature anomaly (°C)

Fig. 9 – The simulated surface temperature anomalies. (a)
0500 LST 23 September, (b) 1600 LST 23 September, (c) 1900
LST 23 September, (d) 0500 LST 24 September, (e) 1600 LST 24
September, (f) 1900 LST 24 September.
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Tracer (ng/m3)

Fig. 10 – Distribution of the simulated tracer concentration
(ng/m3) at the height of 5 m. (a) 0500 LST 23 September, (b)
1600 LST 23 September, (c) 1900 LST 23 September, (d) 0500
LST 24 September, (e) 1600 LST 24 September, (f) 1900 LST 24
September.

atmospheric boundary layer structure and wind field. At 0500
LST 23 and 24 September, before sunrise, the mean values of
the PBLH over the WRF innermost domain were 81 and 102 m;
therefore, the vertical diffusion and dilution processes of the
tracer were restricted within the shallow nocturnal mixed
layer, which favored the accumulation of pollutants near the
surface (Fig. 10a and d).
In the daytime, as the surface was warmed by the solar
radiation, the atmospheric boundary layer deepened gradually and reached 1–2 km in the afternoon, and then kept a
relatively constant depth during most of the afternoon. At
1600 LST 23 and 24 September, the depth of the boundary
layer was up to 1 km, which is good for the vertical dilution of
ground pollutants (Fig. 10b and e).
At night, as the sun set, in the absence of thermal forcing,
the depth of the atmospheric boundary layer decreased
quickly, down to about 200 m at 1900 LST (Fig. 10c and f).
Compared with the surface tracer pattern in the afternoon,
there were more pollutants trapped near the surface (Fig. 10c
and f).
In the vertical dimension, the evolution of the PBLH plays a
significant role in the vertical transport and dispersion of the
pollutants. For the horizontal dispersion and transport of the
pollutants, the spatial distribution of the pollutants (Fig. 10) is
directly affected by the horizontal wind field (Fig. 8), controlled by both the synoptic forcing and the thermally educed

local circulations. Therefore, even though we focus on the
weak synoptic condition in this study, the development and
movement of the synoptic system would affect the evolution
of the local wind field significantly, as well as the distribution
of the pollutants. At 0500 LST 23 September, when the Bohai
Bay was controlled by the south-east synoptic wind, the
pollutants released from Tangshan, Tianjin and Cangzhou
were transported to the north and west of the cities (Fig. 10a);
however, at 0500 LST 24 September, the pollutants from these
three regions were transported more to the north and east of
the cities (Fig. 10d). A similar phenomenon is also noticed at
1600 LST and 1900 LST, which is that the surface pollution
plume at 23 September extended more to the west than that
of the next day at the same time (Fig. 10).
It is also worth noting that during this pollution period,
under the stable synoptic condition, without a strong synoptic
ambient wind, the dispersion process of pollutants was
restricted, and much of the pollutants released from the
urban regions could not be dispersed and transported out of
the urban regions quickly (Fig. 10); the stagnant synoptic
condition was the key factor to the formation of the haze
pollution event (Liu et al., 2013).
To better understand the effects of the local atmospheric
circulations on the dispersion process of air pollutants, the
vertical cross sections of the wind field and tracer concentration
along the solid line in Fig. 1c are shown in Figs. 11 and 12. At
1600 LST 24 September, the PBLH over land were all more than
1 km (Fig. 11a), and a close anti-clockwise circulation of the
valley-breeze can be found in Fig. 11a, which was constituted by
the warm upward valley-breeze that can reach the altitude of
2–3 km over the mountain areas and the accompanying
anti-valley wind that descends at the middle of Beijing and
Lanfang (about 110 km away from the coastline).
At 1600 LST, the seaside was dominated by the sea-breeze;
the sea-breeze front penetrated inland about 30 km from the
coast, where the PBLH was lifted up to about 2 km. The higher
PBLH over the sea-breeze-penetrated zone was good for the
vertical dilution of the ground pollutants (Figs. 11a and 12a).
Another PBLH-lifted zone was formed near the mountain
areas (Figs. 11a and 12a), which were dominated by the
upward valley-breeze; the pollutants released near the
mountain areas could be transported along the mountains to
higher altitude (about 2.8 km). The presence of these two
lifted zones may have alleviated the surface air pollution in
the daytime. Also, it is noted that the PBLH over the urban
areas of Beijing and Lanfang were also lifted up slightly, while
the PBLH of the suburban areas of Beijing (about 110 km away
from the coastline) were lowered slightly due to the subsidence of anti-valley wind. The effects of the urbanization on
the local atmospheric circulations and air quality will be
discussed in Section 2.3.
The penetration of the sea-breeze can not only strengthen
the vertical dispersion process, but also carry the local
pollutants to the downstream areas in the horizontal direction, which may alleviate the local surface air pollution to
some extent (i.e. in Tianjin). On a larger scale, the pollutants
carried by the sea-breeze may slightly aggravate the pollution
in the downstream urban areas (Fig. 10c).
At 2130 LST 24 September, as the PBLH over the land
dropped down to only a few hundred meters (Fig. 11b), most
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w (m/sec)
Fig. 11 – Vertical cross section of simulated wind filed from A to B in Fig. 1c, with the reference point (0, 0) located at the border
(point O in Fig. 1c) of land and sea. (a) 1600 LST 24 September, (b) 2130 LST 24 September. The urban land use grids are indicated
by the red dots, while the water land uses grids that are shown by the blue dots. And the distribution of PBLH is demonstrated
by the pink dot line. To plot the vector field, the horizontal wind component and w have been multiplied by a factor of 0.5 and
10, while the real value of w is shown by the color shade background. There are three cities are crossed from A to B, which are
Tianjin, Langfang and Beijing, respectively.

air pollutants were trapped in the shallow nocturnal mixed
layer (Fig. 12b). Two elevated pollution layers (EPLs) can be
found over the Beijing area in Fig. 12b, which were caused
by the transport of the former valley-breeze in the
afternoon. The pollutants in the upper EPL at the altitude
of 2–2.5 km are favored to disperse by long-range transport,
while the lower EPL at the altitude of 1 km may serve as a
reservoir, and the pollutants there may be transported
downward and contribute to the surface air pollution
(Berkowitz et al., 2000; Chen et al., 2009). The two schematic
transport paths over the mountain areas are also demonstrated in Fig. 12b; if the pollutants can be lifted up to 2 km
altitude by the valley-breeze in the daytime, this part of the
pollutants would be cleared away; however, if the pollutants can only be lifted up to 1 km altitude in the daytime,
the pollutants would be recaptured into the nocturnal
atmospheric boundary layer and aggravate the surface air
pollution. The intensity of the MVB circulation plays an

important role in the transport and distribution of air
pollutants in Beijing. During a diurnal cycle, there may
exist multi-scale valley-breeze circulations and EPL of
different altitudes over the mountain areas.
In addition, it was found that the PBLH over the sea was
almost the same at 1600 LST and 2130 LST 24 September, and
the diurnal variation of the PBLH over the sea was about
200 m, which is only one fifth as much as that over the land.

2.3. Effects of the urbanization
In this part, to examine the effects the presence of the cities on
the local atmospheric circulations and the air pollution event,
another numerical experiment was carried out by changing the
grids of urban land use into that of crop land use (hereafter
referred as RURAL experiment). The numerical experiment, run
by using GlobCover 2009, is regarded as the control run
(hereafter referred as CNTL experiment). Except for the change

Tracer (ng/m3)
Fig. 12 – Vertical cross section of the simulated tracer concentration field from A to B in Fig. 1c. (a) 1600 LST 24 September, (b) 2130
LST 24 September. The black arrows in (b) indicate the schematic transport paths of the tracer. Please refer to Fig. 11 for more
details of the figure description.
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Temperature 2-m (°C)
Fig. 13 – Changes (CNTL-RURAL) in the 10-m wind fields (m/sec) and the 2-m temperature due to urbanization at (a) 1600 LST
and (b) 2130 LST 24 September.

of land use distribution, all the other parameters of the WRF and
FLEXPART were the same in the RURAL and CNTL cases.
The changes (CNTL-RURAL) due to the urbanization in the
surface wind and temperature fields are presented in Fig. 13. It
is obvious that the presence of the cities increases the surface
temperatures over the urban areas, especially at night; and
several convergent zones are formed and imposed on the
surface wind field over the urban areas.
At 1600 LST 24 September, when the mixed layers were
fully developed over the land, the positive surface temperature perturbation and convergence on the surface layer may
have induced updrafts over the urban areas (Fig. 14a),
especially over the urban areas of Beijing. When the cities
are present, the updraft perturbation could raise more
pollutants at up to 1 km altitude to form another EPL and
mitigate the surface air pollution to some extent (Fig. 15a).
However, as analyzed in Section 2.2, if the horizontal

advection at the altitude of 1 km is not strong enough, the
EPL formed by the perturbation may serve as a reservoir to
affect the surface pollution a few hours later.
At 2130 LST 24 September, the urban perturbations of
surface temperature and wind field were similar to those of
1600 LST 24 September; however, at night, the depths of the
mixed layer over land were only a few hundred meters
(Fig. 11b), restricting the development of the updraft motion
(Fig. 14b). Therefore, at night, compared to the RURAL
experiment, the convergence perturbation induced by the
urbanization would trap more pollutants near the surface
(Fig. 15b).
In general, urbanization may increase the air temperature and
impose a convergent zone in the lower atmosphere over the
urban areas. In the daytime, when the mixed layer is well
developed, the presence of the cities could strengthen the vertical
dispersion and transport of pollutants, which may mitigate the

w (m/sec)
Fig. 14 – Changes (CNTL-RURAL) in the vertical wind fields (m/sec) due to urbanization at (a) 1600 LST and (b) 2130 LST 24
September. Please refer to Fig. 11 for more details of the figure description.
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Tracer (ng/m3)
Fig. 15 – Changes (CNTL-RURAL) in the vertical tracer concentrations (ng/m3) due to urbanization at (a) 1600 LST and (b) 2130
LST 24 September. Please refer to Fig. 11 for more details of the figure description.

surface air pollution. However, at night, when the shallow mixed
layer is established over the land, the convergence perturbation
induced by the urbanization would trap more pollutants near the
surface and aggravate the local air pollution to some extent.
In this pollution episode, the presence of cities may have
affected the air pollution from the following two aspects. First,
the cities are the air pollution source areas. Almost all of the air
pollutants are released from the urban areas, which are produced
from anthropogenic activities; when the discharge of pollutants
overcomes the removal capability of the atmosphere, a pollution
event would occur. Second, the presence of cities may affect the
local atmospheric circulations, as well as the dispersion process
of the pollutants; however, the presence of the cities of 2009
cannot change the general state of the SLB and MVB circulations
(Fig. 14), as well as the general state of air pollution (Fig. 15).

3. Conclusions and discussion
In this study, the pollutant transport mechanisms of a haze
event over the BTH region from 23 to 24 September 2011 was
numerically studied by using WRF and FLEXPART to understand the effects of the local atmospheric circulations, such as
the SLB and MVB circulations.
It was found that the diurnal evolution of the PBLH played a
significant role in the vertical transport and dispersion of the
pollutants, which was strongly affected by the SLB and MVB
circulations and the distribution of urban areas. In the daytime,
when the sea-breeze penetrated inland, the PBLH of the inland
front would be lifted up and strengthened the vertical dispersion processes there; in the horizontal direction, the sea-breeze
may carry the local pollutants to the downstream areas;
therefore, the presence of sea-breeze may alleviate the local
surface air pollution to some extent (i.e. in Tianjin). However, on
a larger scale, the downstream urban areas may suffer a little
heavier air pollution because of the horizontal advection of
pollutants (Fig. 10c).
The PBLH could also be lifted up by the upward
valley-breeze over the mountain areas in the daytime, and
two EPLs would be formed in the early night. The pollutants in
the upper EPL at the altitude of 2–2.5 km were favored to

disperse by long-range transport, while the lower EPL at the
altitude of 1 km may serve as a reservoir, and the pollutants
there may be transported downward and contribute to the
surface air pollution (Berkowitz et al., 2000; Chen et al., 2009).
The intensity of the MVB circulation played an important role
in the vertical transport and distribution of air pollutants in
Beijing; when the valley-breeze was strong enough to drive
the pollutants to 2 km altitude, this part of the pollutants
would be cleared away; however, if the pollutants could only
be lifted up to 1 km altitude, they would be recaptured into
the nocturnal atmospheric boundary layer and aggravate the
surface air pollution (Fig. 12). During a diurnal cycle, there
may be multi-scale valley-breeze circulations and EPL of
different altitudes over the mountain areas.
The presence of cities could also lift the PBLH over the
urban areas. The urbanization may increase the air temperature and impose a convergent zone in the lower atmosphere.
In the daytime, when the mixed layer was well developed, the
presence of the cities could strengthen the vertical dispersion
and transport of pollutants, which may mitigate the surface
air pollution. At night, when the PBLH over land dropped
down to only a few hundred meters, the convergent perturbation induced by the urbanization would trap more pollutants near the surface and aggravate the local air pollution to
some extent. In other words, the presence of cities may affect
the local atmospheric circulations, as well as the dispersion
process of the pollutants. However, at present, the scale of
cities over the BTH region cannot change the general state of
the local circulations (Fig. 14) and pollution distribution
(Fig. 15). On the other hand, the urban areas were the primary
air pollution source areas; when the discharge of pollutants
overcame the removal capability of atmosphere, a pollution
event would occur.
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