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The Jianghuai area is an “important” region not only for its local pollutant accumulation
but the belt for pollutant transportation between North China and the Yangtze River Delta
during the winter half of the year (often from October to next February). In this study, a
movable boundary layer conceptual model for the Jianghuai area in the winter half of the
year is established based on the analyses of characteristics of atmospheric circulations
and boundary layer dynamic conditions. This conceptual model can well explain the
causes of air quality change and frequent fog-haze episodes. Variations of the intensity
and range of the cold and warm fronts in the Jianghuai area in the winter half of the year
lead to form a movable boundary in this area. When the southerly wind is strong, or
affected by strong cold air mass, the air quality in the Jianghuai area may be excellent
with a low air pollution index; Two atmospheric circulations provide favorable conditions
for the fog-haze formation and maintenance in Jianghuai area: 1) When the shallow weak
cold air mass is below the deep moist warm air mass, a stable temperature inversion
occurs. The pollutants are transported to the Jianghuai area by the weak cold air mass,
and local emissions also accumulate. As a result, a severe air pollution episode appears.
2) When the northerly cold air mass is as intense as the southerly moist warm air mass,
the pollutants transported from North China as well as local emissions will continuously
accumulate in the study area, which may lead to more severe air pollution. This
conceptual model can help us analyze atmospheric diffusion capacity, and benefit
the forecast and early warning of airflow stagnation area and fog-haze episode.

Keywords: heavy air pollution, atmospheric circulation, atmospheric boundary layer, movable boundary layer
conceptual model, jianghuai area, China

INTRODUCTION

Regional air quality is a rising concern in East China in recent years, many severe air pollutions were
recorded in East China (Dai et al., 2020; Gu et al., 2020; Shi et al., 2020; Sun et al., 2020; Wang et al.,
2021), Beijing-Tianjin-Hebei region (Liu et al.,, 2019a; Li et al,, 2019, 2020; Lv et al., 2020) and the
Pearl River Delta (Wu et al,, 2013; Li et al,, 2018; Dai et al., 2019), due to rapid developments of
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economy and urbanization in these regions. The rapid and varied
industrial development, the use of coal for power generation, and
the increasing number of vehicles on the roads have increased the
emission of pollutants in the region, especially particulate matter
(PM) and its precursors. Stable circulation, stable atmospheric
stratification, and high humidity are all important factors for the
formation and aggravation of haze pollution (Ding and Liu, 2014;
Mu and Zhang, 2014; Liu et al, 2019b). Zhang et al. (2014)
reported that meteorological factors could explain more than 2/3
of the variance of fog-haze diurnal variation.

East China is a region with frequent fog and haze (Chen et al.,
2021; Wang et al.,, 2020; Zhang et al., 2018; Zong et al., 2020).
Local emissions, pollutants transported from the North China
Plain, and boundary layer change can all affect the intensity and
duration of the fog-haze episode (Liang et al., 2017; Wang et al,,
2016; Yu et al., 2016). The atmosphere boundary layer conditions
in the Jianghuai area, which covers Jiangsu and Anhui provinces
in this article, can affect not only local pollutant concentration but
also pollutant transportation between North China and the
Yangtze River Delta (Dai et al, 2020; Gu et al, 2020; Liu
et al, 2018a; Liu et al, 2018b; Peng et al., 2016; Shen et al,,
2021a; Shen et al., 2021b; Xie et al., 2021; Zhou et al., 2021).

Conceptual models for different types of weather will help us
analyze the synoptic situations and boundary layer features, and
improve forecasting and early warning and understanding the
weather processes (Pal, 2016; Wojtal, et al., 2011). Over the past
decade, different researchers have developed conceptual models
about different weather phenomena (Lohou et al., 2020; Toledo
et al., 2021), for example, Toledo et al. (2021) presents a new
conceptual model for adiabatic fog, Lohou et al. (2020) build a
conceptual model of diurnal cycle of low-level stratiform clouds
over southern West Africa.

Fog-haze weather researches are all aspects, the research on
conceptual models of weather is very systematic, which
contributes to a comprehensive understanding of different
types of weather (Ding et al., 2017; Wu et al., 2017). Wu et al.
(2017) give a conceptual diagram for the formation mechanism of
persistent haze pollution events in North China. When a severe
persistent haze event occurs, North China is dominated by zonal
westerly airflow or by northwesterly airflow in the mid-upper
troposphere.

The purpose of this study is to analysis the relationship between
synoptic weather patterns and the boundaries layers in the Jianghuai
area, China and in comparison with the North China Plain (Xu et al.,
2012; Jiang et al., 2015; Li et al., 2015; Ding et al., 2017; Meng et al.,,
2017) and the Pearl River Delta, China (Fan et al., 2005, Fan et al.,
2006). To explore air quality change and frequent fog-haze episodes
in the Jianghuai area, China during the winter half of the year,
characteristics of atmospheric circulation and BL dynamic and
thermal conditions are analyzed. A movable boundaries layers
conceptual model approach using synoptic analysis methods is
proposed here to investigate the good air quality synoptic
situations, and the heavy air pollution weather synoptic background.

The remainder of this paper is organized as follows: The study
area, data, and methods are described in Section 2. In Section 3
we summarize the atmospheric circulation and boundary layers’
dynamic conditions on fog-haze days. A movable BL conceptual
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FIGURE 1 | The geographical environment of the Jianghuai area (where

the red triangles region), referring to as Jiangsu and Anhui provinces in this
article. The red triangles represent the primary meteorological stations
(Xuzhou (X2), Sheyang (SY), Fuyang (FY), Nanjing (NJ), Shanghai (SH),
Hangzhou (H2)) in the Jianghuai area, the red line is used to analyze the wind
field and the conceptual model, and the black dots are the other stations of
CMA. The color is the altitude.

model is established in Section 4. Finally, summary and
conclusions are presented in Section 5.

THE STUDY AREA, DATA, AND METHOD
Study Area

The geographical environment of the Jianghuai area referring
to as Jiangsu and Anhui provinces in this article (Figure 1). In
terms of physical geography, the Jianghuai area located in the
transitional area from the subtropics to the warm temperate
zone belongs to the East Asian monsoon region. The Huai River
divides the Jianghuai area into two parts. The north part
belongs to the warm temperate zone and is of humid and
semi-humid monsoon climatic region. The south part is of
subtropical humid monsoon climate. With the Yellow Sea to
the east, the Jianghuai area is significantly impacted by the
ocean. The solar radiation, atmospheric circulation, specific
geographical location, and landform characteristics jointly
make the area a place with a mild climate, distinct seasons,
and significant monsoons. In terms of economic geography, the
Jianghuai area is the transition area for the Yangtze River Delta
economic belt and north China economic Belt. Therefore, the
Jianghuai area is an “important” region not only for its local
pollutant accumulation but the belt for pollutant

Frontiers in Environmental Science | www.frontiersin.org

November 2021 | Volume 9 | Article 802316


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Liu et al. Movable Fog-Haze Boundary-Layer Conceptual Model
70N - 70N
65N 1 65N £ 5280 ‘
60N ) 60N _3289\\ NZSO
55N 1= 55N A
50N 50N (
45N 45N
40N 1 40N
35N 1 35N i
30N 30N Ry e e 5640
25N 1 25N =
20N - 20N - —
15N 1 15N
10N GE S0E 60F 70E BOE 9OF 100F 110F 120F 130F 140F 150E 160E ' 4OF SOE 60E 70E 8OE 9OF 100F [10E 120F 130E 140E 150E 160E
70N 70N
o \ 5080~ 6N _,5400\ \ \S N N |
60N { L\ ) goN P20 5400 / ;,// \\ (:>
55N A 280 5040—————" 55N = o 54002/
50N { 5‘@\Nﬁ san- = A\
45N - w 45N - v St

5520 = 5760

40N A 5520 y 40N - e —e S \ : /O
35N 1 5640 35N -75880 \ 5760 - k
30N 45640 5640 ——F—5760—] 30N = M =
25N {5760 == S —=]  25N; / 5880_—/

20N 5880
1oy 4 m

ON T T T T T T T v T y T
40E 50E 60E 70E 80E 90E 100E 110E 120E 130E 140E 150E 160E

Nf—————
40E 50E 60E 70E 80E 9OE 10OE 110E 120E 130E 140E 150E 160E

65N

60N

50N 1

45N 1

35N

30N

20N 1

15N 1

RS 0 ——7e0—
N

<

20N - S —5760—— 5880
P P _ Y
70N ——
55N 177
40N A
25N
10N

40E 50E 60E 70E 8OE 9OE 100E 110E 120E 130E 140E 150E 160€

FIGURE 2 | Five 500-hPa circulation patterns favoring hazes in the Jianghuai area, China. They are (A) zonal circulation pattern, (B) two troughs and one ridge
pattern, (C) one trough and one ridge pattern, (D) two ridges and one trough pattern, and (E) uniform dynamic geopotential height pattern.

transportation between North China and the Yangtze River
Delta during the winter half of the year (often from October to
next February).

Four primary meteorological stations (Xuzhou (XZ), Sheyang
(SY), Fuyang (FY), Nanjing (NJ)) in Jianghuai Area and two
(Shanghai (SH), Hangzhou (HZ)) in the Yangtze River Delta are
selected for analysis. The red line (Figure 1) is used to analyze the
wind field.

Data and Method

The sounding data from stations XZ, SY, FY, NJ, HZ, and SH
are used in this study, with temperature profiles as the main
variable. The sea-level pressure data from 709 stations of the
China Meteorological Administration during the same period
are also used (Figure 1). The Final Operational Global
Analysis (FNL) data from the National Centers for

Environmental Prediction (NCEP) of the U.S. are used for
cross-section wind and boundary layer height. The FNL data
have a spatial resolution 1°x1°.

ATMOSPHERIC CIRCULATION AND
BOUNDARY LAYERS

Circulation Characteristics

Circulations on 500 hPa

According to the synoptic conditions in the Jianghuai area over
the past 30 years, the 500-hPa circulations on haze days can be
classified into five patterns (Figure 2). They are zonal circulation
patterns, two troughs, and one ridge patterns, one trough and one
ridge patterns, two ridges and one trough patterns, and uniform
geopotential height patterns.
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TABLE 1 | 10 heavy haze episodes in the past few years.

Date Date
1 Jan. 1-10, 2013 6 Dec. 14-16, 2016
2 Dec. 1-10, 2013 7 Dec. 18-20, 2016
3 Dec. 27-31, 2014 8 Dec. 22-24, 2016
4 Jan. 3-4, 2015 9 Dec. 21-24, 2017
5 Jan. 7-11, 2015 10 Nov. 24-30, 2018

The zonal circulation pattern is featured in Figure 2A. The
high levels (700-500 hPa) of the Jianghuai area are controlled by
the westerly. Occasionally, weak cold air mass from the polar
vortex moves eastward along the westerly airflow, with its main
part located to the north of 35°N. Thus, the cold air mass has little
impact on the Jianghuai area. When the cold air mass is in North
China, the surface of the Jianghuai area is on the south of the weak
cold high-pressure system and under weak high-pressure control,
with a stable atmospheric stratification.

The two troughs and one ridge patterns are featured in
Figure 2B. Sometimes, a small trough or ridge in front of a
big ridge or trough invades North China and East China. When
the cold air mass leaves, the surface pressure quickly weakens and
the atmosphere becomes stable, which facilitates the
accumulation of air pollutants. When the pollutants reach a
certain level, haze may form, usually before the arrival of the
next cold air mass. If the cold air mass cannot reach the south of
35°N, the haze in the Jianghuai area will aggravate, and a
persistent haze is likely to appear. If the cold air mass can
reach 30°N, the haze will dissipate. The duration of this kind
of haze episode is related to the southernmost location the cold air
mass can reach.

The one trough and one ridge patterns is featured shown in
Figure 2C. The Jianghuai area is under the westerly in front of an
inclined trough. For the surface pressure field, the main cold air
mass is to the north of Xinjiang and the west of Lake Baikal.
Occasionally, the weak cold air mass is detached from the main
part and moves eastward along the westerly, affecting East China.
Similar to the two troughs and one ridge pattern, the haze always
appears in the latter half of the intermission between two cold air
masses. The haze will dissipate when the new cold air mass
arrives. For this pattern, the interval between the two cold air
masses is relatively long.

The two ridges and one trough pattern is featured in
Figure 2D. In most cases of this pattern, the study region is
under a large but weak high-pressure system, extending across the
Hetao region of Inner Mongolia to the Guanzhong District of
Shaanxi Province and the west of it. The Jianghuai area is located
under the weak pressure system, on the east of the high-pressure
system. So, the atmosphere is stable, and the haze episode usually
lasts for about 2 days. In the above four patterns on 500 hPa, if the
northern trough is located further north and the southern trough
is located further south, the mid-and high-latitude circulations
would become zonal and haze could last for a longer time.

The uniform geopotential height pattern is featured in
Figure 2E. The Jianghuai area is located north of the southern
trough, and under the uniform geopotential height field in front

Movable Fog-Haze Boundary-Layer Conceptual Model

of the northern trough. The Jianghuai area is under the weak
pressure zone of a high-pressure system, with a stable
atmospheric stratification; the situation can remain for a
longer time.

We analyzed 10 heavy haze episodes in the past few years,
there were westerly or northwesterly airflows on 500 hPa
(Table 1), and the wind direction turned to northwesterly in
6-12 h before the haze dissipated. For example, on Dec. 28, 2014,
a westerly was maintained on 500 hPa and turned into the
northwesterly at 2:00 on Dec. 29. Eight hours later, the heavy
haze in Jiangsu Province was reduced to light/moderate haze. At
14:00 on Dec. 30, the westerly prevailed on 500 hPa over the
Jianghuai area, and the circulation in the mid-latitude area was
relatively zonal. The cold air mass was weak, and an equalized
pressure field was likely formed. The static wind was conducive to
the maintenance of heavy haze. However, at 2:00 on Dec. 31, the
northwesterly appeared on 500 hPa. Visibility started to improve
at 10:00 on Dec. 31, and the haze was finally mitigated. As the
wind on 500 hPa turned northwesterly, the downward transport
of momentum could intensify the turbulence in the BL. The wind
near the surface was then strengthened. Clearly, the 500-hPa wind
direction change can indicate the mitigation of heavy haze, about
6-12 h in advance. Therefore, an analysis of high-level circulation
on heavy haze days should help predict the evolution
characteristics of the high levels 12 h before heavy haze.

During the large-area, persistent haze episode over the
Jianghuai area in January 2013, the 500-hPa circulation in the
mid and high latitudes of Eurasia (Figure 2A) was zonal. There
was a flat and weak trough over Jiangsu Province, while the main
trough was over North China. The trough gradually moved
eastward, and its south part moved more slowly. The southern
branch of the trough over the Bay of Bengal was relatively
shallow, and the frontal zone was to the south of 28°N. The
corresponding west-southwesterly wind was south of the Lower
Reach of the Yangtze River. Such a weak weather system could
not bring precipitation for the wet deposition of pollutants.

During the first 10 days of Dec. 2013, large-size fog and haze
existed in the Jianghuai area. In this period, the area was
controlled by the zonal circulation on 500hPa, so the
meridional wind was weak. The configuration of the upper-
and lower-level circulations facilitated the accumulation of
pollutants in the BL, which was a typical synoptic condition
for a persistent fog-haze episode.

Synoptic Conditions Near the Surface

Surface synoptic conditions on heavy haze days include equalized
pressure (EQP), advancing edge of a cold front (ACF), base of
high pressure (BOH), backside of high pressure (BAH), inverted
trough (INT), and others. The EQP is featured in Figure 3A: the
cold air mass is blocked in the north, and the Jianghuai area is
controlled by an EQP field. The ACF is featured in Figure 3B: the
cold air mass from the north strongly advances southward, and
the Jianghuai area is controlled by the advancing edge of the cold
front. The BOH is featured in Figure 3C: with the continental
high moving southward slowly, the Jianghuai area is located at the
base of the high. The BAH is featured in Figure 3D: as the
continental high moves eastward, the Jianghuai area is on the
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FIGURE 3| Surface conditions on heavy haze days. They are (A) equalized pressure field (EQP), (B) advancing edge of a cold front (ACF), (C) base of high pressure
(BOH), (D) backside of high pressure (BAH), and (E) inverted trough (INT).

backside of the high that is over the sea. The INT is featured in ~ weak high-pressure system recedes, and an inverted trough
Figure 3E: the Jianghuai area is affected by the weak high-  develops. The Jianghuai area is below the top of the inverted
pressure system over the ocean in the early stage. Then, the  trough. In a persistent haze episode in our study area, the surface
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condition is among the five surface types mentioned above (Peng
et al., 2016).

During the large-size, persistent haze episode over the
Jianghuai area in January 2013, the surface cold high ridge
was in North and Northeast China. Jiangsu Province was
under the equalized pressure at the front of the cold high-
pressure system, and an easterly prevailed in the lower levels.
According to the change in the surface pressure field in January
2013, Jiangsu Province experienced two surface synoptic
situations successively: the equalized pressure field at the front
of the cold high-pressure system and the equalized pressure field
at the back of the high-pressure system. Both were favorable for
the fog-haze episode in Jiangsu Province.

Another example is the fog-haze episode in the Jianghuai area
during the first 10 days of December 2013. The central and
eastern parts of the surface pressure field were controlled by the
equalized pressure. The pressure gradient was weak, so was the
horizontal wind speed. The configuration of the upper- and
lower-circulations was beneficial for the accumulation of
pollutants in the BL, which was a typical synoptic situation for
a persistent fog-haze episode.

Configuration of Upper- and Lower-Level Circulations
Based on the above analyses, several circulation patterns favoring
hazes are summarized, including the equalized high-pressure
field, the cold air mass southward diffusion, and the backside
of a high-pressure system over the ocean (Figure 4).

The high or equalized pressure pattern is shown in Figure 4A.
The study area is under a high or equalized pressure system, the
circulation at high levels is zonal, and the stratification is stable. It
is sunny with strong radiative cooling at night. So, an inversion
near the surface is likely to form. The surface wind speed is less
than 3m/s. The air pollutants mainly come from local
accumulation. The diurnal variation of pollution is significant.
The heavy pollution mainly occurs at night and in the morning
and, the air quality will improve in the afternoon.

The cold air mass southward diffusion pattern is given in
Figure 4B. The high-level trough guides the cold air mass to
advance southward. The weather gradually turns to be overcast or
rainy, the cloud cover increases, and precipitation may occur
(mainly as light rain). The wind gradually turns to be northerly
and becomes stronger. The local pollutants from previous days
and the external pollutants transported from the north jointly
cause heavy pollution. Its duration is related to the cold air’s
intensity and its southward speed. The affected area is closely
related to the intensity of the cold air mass, and the relatively
strong cold air mass can affect northern Zhejiang Province.
Large-scale heavy pollution episodes often occur under this
circulation pattern.

The backside of a high-pressure system over the ocean is the
pattern featured in Figure 4C. On the west of the backside of the
high-pressure system over the ocean, there is usually an inverted
trough extending eastward. As the high-level trough moves
eastward, the weather gradually turns to be overcast or rainy,
and precipitation occurs. It is mainly light rain during the
pollution days. The Jianghuai area is dominated by gradually
strengthening southerly wind. The high relative humidity is
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conducive to the growth of pollutant particles, reduction of
visibility, and aggravation of pollution. The heavy pollution is
mainly due to local pollutants, though there is a certain amount of
transported pollutants (mostly in southern Jiangsu and northern
Zhejiang). With the further strengthening of the wind, the
pollution is reduced.

Boundary Layer Conditions in Jianghuai

Area

Boundary Layer Structures During the Heavy Haze
BL condition is an important factor for the formation and
maintenance of haze. According to the patterns of the surface
synoptic conditions introduced in previous sections, the BL
structures of different patterns are compared and analyzed.
The heavy haze in EQP is characterized by an inversion or
isothermal layer near the surface, and the inversion is mainly
in a single layer or double layers (Figure 5A). The BL structure in
ACF shows that the height of the inversion layer varies in
different haze processes. The height of the inversion is very
low, and the inversion mainly appears in a single layer. But
the isothermal layer often appears at high levels (Figure 5B). In
BOH, there is a relatively large difference in the heights of the
inversion layers among the stations, but the inversion appears
below the height of 950 hPa at all these stations, and multi-layer
inversions are also found (Figure 5C). In BAH, the inversion or
the isothermal layer mainly appears near the surface, and most of
the cases exhibit multi-layer inversion structures (Figure 5D). On
hazy days, the BL in INT is typically characterized by a thick

inversion layer and a high bottom of the inversion (Figure 5E)
(Peng et al., 2016).

Dynamic Conditions in the Boundary Layer

Under the long-lasting inversion near the surface, the atmosphere
is relatively stable. Taking the spatiotemporal profiles of wind at
stations Fuyang, Nanjing, Xuzhou, and Sheyang on Dec. 1-9,
2013 as an example (Figure 6), there were mainly southwesterly
or southeasterly airflows below 500 m (inside the inversion layer)
in Jiangsu Province and its surrounding areas. The wind was
weaker than 3 m/s, with an average wind speed of 1-2 m/s. When
the fog appeared, the wind speed was between 0.5 and 1.5 m/s.
Therefore, the low wind speed was the dynamic condition for this
fog-haze event, and a poor dynamic condition was not conducive
to the vertical diffusion of air pollutants and water vapor. As a
result, the fog-haze event was maintained for a long time.

To investigate the spatial variation characteristics of the BL in
the Jianghuai area (line in Figure 1), we analyze the south-north
cross-section of the wind field in the area using the NCEP
reanalysis and observation data. Figure 7 displays the results
of two typical cases that occurred at 0,800 on Dec. 19, 2016, and at
2000 on Dec. 23, 2016. When the wind was strong (Figure 7A),
the wind speed near the surface was relatively uniform, without
local recirculation. When the wind became weak (Figure 7B),
local recirculation appeared in the Jianghuai area, that the wind
directions in the layers 0-2 km were northerly wind, and the layer
2-5 km was southerly wind, which was greatly affected by other
many factors, such as landform, urban heat island, the differences
of underlying surfaces, and so on.
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FIGURE 6 | Spatiotemporal cross-sections of the wind field at Xuzhou,
Sheyang, Fuyang, and Nanjing during Dec. 1 and Dec. 9, 2013.

ATMOSPHERIC BOUNDARY LAYER
CONCEPTUAL MODEL AND ITS
APPLICATIONS IN JIANGHUAI AREA

The Fixed Boundaries Over the North China

Plain and the Pearl River Delta, China

On the west of the Beijing-Tianjin-Hebei region (the North China
Plain), there is the north-south-oriented Taihang Mountain. To
the north of this region is the east-west-oriented Yanshan
Mountain. When the stratification is stable or the
southeasterly wind prevails, local pollutants and the pollutants
transported from other places accumulate here, which can easily
lead to heavy haze (Figure 8A). Unique landform and weather
conditions play certain roles in the formation of haze in the
Beijing-Tianjin-Hebei region (Ding et al., 2017). The blocking of
the westerly by the Taihang Mountain is an important factor in
the aggravation of air pollution in the central and southern parts
of Hebei. When the prevailing wind is southerly, the wind will
recirculate locally or climb over the Yanshan Mountain, which
leads to decreased wind speed near the surface. It is unfavorable
for the diffusion of pollutants, and the air pollutions are
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FIGURE 7 | The north-south cross-section (along with the red line in
Figure 1) of the wind field in the Jianghuai area (top) 0,800 19-12-2016
(bottom) 2000 23-12- 2016.

aggravated in the cities in the central and southern Beijing-
Tianjin-Hebei region (Jiang et al., 2015). There is a high-value
band of pollutants from northeast to southwest in North China,
with the highest center concentrated in front of the Taihang
Mountain and the Yanshan Mountain, affecting Tangshan,
Beijing, Tianjin, Langfang, Baoding, Shijiazhuang, Xingtai, and
Handan (Meng et al., 2017). Li et al. (2015) also found that the
remote transport rates of PM,s; in Beijing, Tianjin, and
Shijiazhuang were 58, 54, and 39%, respectively. During a
heavy pollution event of Oct. 6-12, 2014 in the Beijing-
Tianjin-Heibei region, the pollutants were transported from
south to north, and the interregional transport greatly affected
PM,s concentration in various regions (Li et al, 2015).
Influenced by the southerly, the region along the Taihang
Mountain and the Shandong Peninsula-Bohai Bay area made
great contributions to the summer air pollution. Especially, the
high concentrations of O; and PM, s in the summer over the
Beijing-Tianjin-Hebei region had important impacts on the
overall pollutant concentration increase in the background air
pollution of North China (Xu et al., 2012).

Similar to the Beijing-Tianjin-Hebei region (the North China
Plain), to the north of the Pearl River Delta (South China) is the
south-east-oriented Nanling Mountains. When the stratification
is stable or the southerly prevails, the pollutants are accumulated,
and the accumulation may easily lead to heavy haze or air
pollution (Figure 8B). Fan et al. (2006) reported that the
unique geographical environment of the Pearl River Delta,
which is surrounded by mountains on three sides, went
against the transport and diffusion of air pollutants. The air
pollutants from different cities and sources in the Pearl River
Delta all have sizeable impacts on the air quality of the whole
Pearl River Delta.
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The Movable Boundaries of the Jianghuai

Area

The landform and terrain of the Jianghuai area are rather
different from those of the Beijing-Tianjin-Hebei region or the
Pearl River Delta. There are no significant mountains around the
area. From the south of the North China Plain to the Jianghuai
Plain and the Taihu Plain, the terrain is relatively flat with a dense
river network and better moisture conditions. The Yangtze River
Delta in the south has a prosperous economy. Although there is
no significant boundary, haze occurs more frequently from
October to the following February (winter half of the year). As
mentioned in Section 3.1, in the winter half of the year the cold
dry northerly and the warm moist southeasterly influence this
area alternately. The changes in the intensity and range of the cold
and warm fronts can influence the changes in the range and
boundary of a haze episode. Thus, a unique movable boundary
forms as the changes of the cold and warm fronts in the Jianghuai
area. We establish a movable boundary conceptual model in this
study (Figure 8C).

A Conceptual Model for Fog-Haze Episodes

in the Winter Half of the Year

Transport From Jianghuai Area to North China

In the winter half of the year, when the Jianghuai area is
affected by strong southerly or by significant precipitation, the
air quality is good (Figure 9A shows the reasons). With a
strong and long-lasting southerly, the pollutants can be
transported to North China by the southerly, instead of
accumulating in the Jianghuai area. Thus, the air quality in
the study area can be excellent. Besides, significant
precipitation can improve the air quality by wet scavenging.

Strong Cold Air Mass Sweeping Over North China and
East China

In the winter half of the year when the Jianghuai area is
influenced by strong cold air mass, the air quality may
remain good in the Yangtze River Delta. Figure 9A explains
the reasons. As long as the cold air mass is strong enough and
the duration is long enough, the pollutants can be transported
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and (C) fog and heavy air pollution due to both the weak cold air and
southerly wind (the scale with the city name represents the distance between
the cities on the red line in Figure 1).

to the south of the Jianghuai area by the northerly, instead of
accumulating in the Jianghuai area. The air quality may be
excellent. The cold air affecting the Jianghuai area mainly has
three paths: the easterly path, the westerly path, and the middle
path. According to previous analyses, the influence of the
easterly-path cold air mass on the Jianghuai area is greater
than that of the westerly-path cold air mass; and the influence
of the middle-path cold air mass is the weakest. When the
strong wind sweeps over North China and East China, it can
blow away pollutants and improve air quality in these regions
(Gu et al., 2020).

Local Accumulation and Pollutant Transportation
From North China

In the Jianghuai area, fog, haze, poor air quality, and high air
pollution index often appear in the days with poor air diffusion
capacities, such as calm wind and significant inversion (Liu
et al., 2014a, Liu et al., 2014b). Figures 9B,C reveal that two
situations may cause poor air quality and high air pollution in
this area. First, when the cold air mass from the north is
relatively weak, the thin cold air mass is pushed from north to
south but sits under the deep warm moist air mass, forming a
stable inversion in the BL. In this situation, the wind speed is
relatively low; thus, the pollutants are transported by the weak
cold air mass from North China to the Jianghuai area.
Meanwhile, the local pollutants accumulate rapidly. Then,
such conditions lead to the formation of the heavy air
pollution. Second, when the intensity of the cold northerly
is equal to that of the warm moist southerly, the wind speed in
the BL is so low that it is difficult for horizontal diffusion of
pollutants. The inversion layer is like a large-cap that prevents
the pollutants from spreading upwards. Therefore, the
pollutants keep accumulating in the Jianghuai area. This

Movable Fog-Haze Boundary-Layer Conceptual Model

can lead to severe air pollution. In the above two situations,
the front edge of the cold or warm air mass is the horizontal
boundary when the wind speed is less than 3 m/s. The upper
boundary and horizontal boundary are the inversion layer and
downward flow or are the wind shear zone between the
southerly and northerly. The heavy pollution episodes are
caused by both pollutant transportation and local emissions.
These two situations often appear in the winter half of the year.
Once there is a high humidity condition, it is easy to form
dense fog over a large area, which will cause more serious
problems for both traffic and public health.

CONCLUSION

Based on the analyses of atmospheric circulation
characteristics and BL conditions in the Jianghuai area, a
movable boundary conceptual model is established. The
model can explain the causes of frequent haze and the
change in the environmental air quality in the study area.

The changes in the intensity and range of the cold and warm

fronts in the winter half of the year lead to unique movable
(fluid) boundary characteristics in the Jianghuai area, which
affect the range and boundary of the haze in this area. Based on
these characteristics, the movable boundary conceptual model
in the Jianghuai area is established. The main features of the
conceptual model are as follows:

1)

2)

3

~

4)

With a strong southerly, the pollutants can be spread to North
China. Thus, the air quality in the Jianghuai area can be
excellent, and significant precipitation can also improve the
air quality by wet scavenging.

Under the influence of strong cold air mass, the air quality of
the Jianghuai area is excellent. The influence of the easterly-
path cold air mass on this area is greater than that of the
westerly-path cold air mass, and the influence of the middle-
path cold air mass is the weakest.

The thin cold air mass sits under the deep warm moist air
mass, and a stable inversion is thus formed. The pollutants
from both local accumulation and remote transportation can
jointly cause heavy air pollution in the study area.

When the intensity of the cold northerly is equal to that of the
warm moist southerly, the pollutants from local emissions and
from North China can keep on accumulating in the Jianghuai
area, which may lead to more severe air pollution.

Under the situations of (3) and (4), the front edge of cold/

warm air mass (wind speed less than 3 m/s) is the horizontal
boundary. The upper boundaries are the inversion layer or
downward flow, or the wind shear zone between the southerly
and northerly. The heavy pollution episodes are caused by both
pollutant transportation and local emissions. Combined with
the results of the numerical weather forecast, this model has
been applied to guiding the air quality weather forecasting and
all of the air pollutant processes can be accurately predicted.
Although this conceptual model needs to be tested and verified
by more cases, it will help analyze the atmospheric diffusion
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capacity in the Jianghuai area. It can provide the forecast and
early warning of airflow stagnation area or fog-haze.
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