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This paper analyzed the surface conditions and boundary-layer climate of regional haze events and heavy haze in southern Jiangsu
Province in China. There are 5 types with the surface conditions which are equalized pressure (EQP), the advancing edge of a cold
front (ACF), the base of high pressure (BOH), the backside of high pressure (BAH), the inverted trough of low pressure (INT), and
saddle pressure (SAP) with the haze days. At that time, 4 types are divided with the regional haze events and each of which has a
different boundary-layer structure. During heavy haze, the surface mainly experiences EQP, ACE, BOH, BAH, and INT which also

have different boundary-layer structures.

1. Introduction

The people of East China, the Yangtze River Delta, and the
Pear] River Delta have been subjected to health risks due to
haze since the 21st century, particularly during autumn and
winter. The nature of haze is suspended dust particles. In
meteorological terms, these particles are called aerosols. Over
the last century, many international experts have researched
haze [1-15]. In recent years, domestic experts gradually began
studying zonal haze and urban haze [16-19].

Regional haze research has also progressed. In China,
experts have suggested that the spatial distribution of haze
days is expansive in the east and localized in the west; three
high-incidence regions in the east were the middle and lower
reaches of the Yangtze River, North China, and South China
[20-23]. Research has noted distinct transboundary pollution
between the cities of the Yangtze River Delta [24]. Experts
have analyzed haze and fog in East China and have indicated
that haze days gradually increased in most East China cities
over the last 30 years [25, 26]. Song et al. [27] analyzed haze
days in Jiangsu Province and indicated that frequent haze
days occurred in southern Jiangsu Province due to economic
development and urbanization. By analyzing the haze of the

Pearl River Delta, experts found that the regional haze process
was related to the airflow stagnation zone, where pollutants
accumulate in the boundary layer; thus, pollution becomes
highly concentrated near the surface to form haze [28-30].
Regional haze in Beijing, Tianjin, and Hebei has also been
researched by Zhao et al. [31] and Wang et al. [32].

Because haze is greatly influenced by weather, many
experts have analyzed the synoptic backgrounds in these
cases. Ren et al. [33] suggested that the high-pressure
equalizing zone has a cumulative effect on pollutants when
researching weather systems and atmospheric pollution of
the boundary layer. Rao et al. [34] indicate that forward
trough structure and inversion layer provide favorable condi-
tions for regional haze in East-Central China. Zhang et al. [35]
noted that the background climate plays an active role in haze
formation in autumn, when the haze significantly increases.
Many experts have discussed the main causes of haze in terms
of low visibility and weather/climate [36-43].

As research on haze has progressed in recent years, the
meteorological features of the boundary layer during haze
have gradually become an important research direction. Xu
et al. [44] suggested that a thick temperature inversion layer
occurred near the surface on haze days. Within this layer,
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FIGURE 1: China (a) and Jiangsu (b). NanJing (NJ), YangZhou (YZ), TaiZhou (TZ), ZhenJiang (Z]), ChangZhou (CZ), WuXi (WX), SuZhou

(SZ), and NanTong (NT).

materials cannot easily disperse; thus, pollutants accumulate.
Wau et al. [45] found that vertically dynamic and thermal vari-
ations in the boundary layer affect pollutant concentrations.
Xiu et al. [46] indicated that stable air over Beijing prevents
air movement; as a result, photochemical pollution occurs.
Moreover, many experts suggest that a stable temperature
inversion, weak atmospheric turbulence, and low winds are
the main causes of haze [47-54]. Research has also noted that
the diffusion and sedimentation processes of atmospheric
chemical materials largely depend on the physical conditions
of the vertical boundary layer [55-59].

Existing research focuses on spatiotemporal haze dis-
tributions or the synoptic situation and boundary-layer
characteristics of specific case studies. However, the weather
and boundary-layer climate over many years are not well-
known, particularly in terms of persistent haze and heavy
haze. In this study, we classify haze and associated weather
systems in southern Jiangsu from 1980 to 2012, especially the
surface weather conditions of the persistent regional haze
and regional heavy haze. Then, we focus on the boundary-
layer characteristics of regional haze events especially the
air temperature various in vertical and regional heavy haze
in southern Jiangsu. This research provides a basis for haze
forecasting.

2. Data and Methods

In this study, we obtain data on artificial observation visibility,
relative humidity, daily precipitation, and weather in the
following cities (Figure 1): NanJing (NJ), YangZhou (YZ),
TaiZhou (TZ), ChangZhou (CZ), WuXi (WX), SuZhou (SZ),
and NanTong (NT); the data are valid from 1980 to 2012 three
times per day (08h, 14h, and 20h). We also use sounding
data, such as temperature profiles, for XuZhou (XZ), SheYang
(SY), NanJing (NJ), and ShangHai (SH). The sea level pressure
at 709 stations across the country from 1980 to 2012 is also
used.

We adopt the haze definition of Guo et al. [60]. When the
visibility was less than 10 km and the relative humidity was

less than 90% at any of the three times, the day was considered
a haze day unless there was rain, sand storms, blowing sand,
suspended dust, smoke, blowing snow, or a snow storm at the
same time.

A regional haze event occurred when 3 or more of the 8
cities in southern Jiangsu Province experienced simultaneous
haze days. Persistent regional haze was described as regional
haze occurrence for 5 or more consecutive days.

Four haze classifications are provided according to vis-
ibility (China Meteorological Administration, 2010) [61].
When the visibility is between 5km and 10 km, slight haze
occurs; when the visibility is between 3km and 5 km, mild
haze occurs; when the visibility is between 2km and 3 km,
moderate haze occurs; and when the visibility is less than
2km, heavy haze occurs. A more severe haze classification
is more harmful to humans and is unfavorable for outdoor
activities. Therefore, regional heavy haze is defined as when 3
or more of the 8 cities have simultaneous heavy haze.

The lower height of a temperature inversion (LHTI) is
the pressure nearest the surface when the first temperature
inversion layer develops. The upper height of a temperature
inversion (UHTI) is the pressure at the top of the first
temperature inversion layer. The temperature difference in
the temperature inversion is the upper temperature of the
first temperature inversion layer (UTTI) minus the low-level
temperature of the first temperature inversion layer (LTTI).
The height difference in the temperature inversion is the
pressure of the LHTI minus the pressure of the UHTI. The
intensity of the temperature inversion (ITI) is the temperature
difference divided by the height difference multiplied by
100(°C/100 hPa):

ITI = (M) % 100. (1)
(LHTI - UHTI)

3. Results

3.1. Synoptic Conditions of Regional Haze. According to the
definition of regional haze, 4851 regional haze days occurred
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FIGURE 2: Surface conditions of regional haze days (equalized
pressure: EQP, advancing edge of a cold front: ACEF, base of high
pressure: BOH, backside of high pressure: BAH, inverted trough:
INT, and saddle pressure: SAP).

from 1980 to 2012. Regional haze lasted for 5 or more days 246
times.

3.1.1. Surface Conditions of Regional Haze. According to the
definition of regional haze, we analyze the sea level pressure.
Six types of weather patterns are considered: equalized
pressure (EQP), advancing edge of a cold front (ACF), base
of high pressure (BOH), backside of high pressure (BAH),
inverted trough (INT), and saddle pressure (SAP). Figure 2
shows the frequency of the pressure types. When regional
haze occurs, the main surface conditions (79% of cases) are
EQP, ACF, BOH, or BAH.

Figure 3(a) shows the 246 instances of 5 or more consec-
utive regional haze days. In this figure, there are 97 cases of 5
days, 51 cases of 6 days, 32 cases of 7 days, 21 cases of 8 days, 16
cases of 9 days, 11 cases of 10 days, and 18 cases of 10 or more
days. The longest haze case was 18 days; however, 80% of the
haze cases were 8 days or less.

Figure 3(b) shows the surface conditions of 5 or more
consecutive regional haze days from 1980 to 2012. Compared
with Figure 2, the main structures are similar. The primary
weather pattern was EQP (36% of the cases). BOH and ACF
accounted for 19% and 17%, respectively, of the cases; BAH
occurred during 12% of the haze events. The 4 pressure types
accounted for 84% of the cases overall.

By filtering the regional haze days, we obtained 50 days
with regional heavy haze.

The surface conditions of the regional heavy haze were
mainly equalized pressure (EQP), advancing edge of a
cold front (ACF), base of high pressure (BOH), backside
of high pressure (BAH), and inverted trough (INT). (1)
EQP (Figure 4(a)): when the cold air was blocked in the
north, the domain was controlled by equalized pressure. (2)
ACF (Figure 4(b)): when the cold air strongly advanced,
the domain was controlled by the advancing edge of the
cold front. (3) BOH (Figure 4(c)): when the mainland high
pressure moved southward, the domain was overtaken by the
base of the high pressure. (4) BAH (Figure 4(d)): when the
mainland high pressure disbanded, the domain was located
on the backside of the high pressure. (5) INT (Figure 4(e)):

when the domain was controlled by the back of the weak
high pressure, the high pressure receded, the inverted trough
developed, and the domain was overtaken by the top of the
inverted trough.

3.1.2. Surface Weather Conditions of Persistent Regional Haze.
We analyze the surface conditions during the 246 regional
persistent haze cases. Four types of persistent regional haze
can be obtained according to the surface weather conditions
on the first day of the regional haze event (Figure 4): EQP,
ACF, BOH, and BAH. These 4 patterns occurred 214 times.
In 5 instances, the 4 patterns were hybrids during regional
haze events; the remaining weather patterns occurred 27
times. The detailed variations of the 4-type surface weather
conditions are presented as below.

Type I (EQP) occurred 91 times (Figure 5). Often, the
domain experienced EQP, then BOH, BAH, or ACE If
the EQP transitioned to BOH, along with high-pressure
movement toward the sea, then the region was controlled
by BAH, cold air pushed southward, and the domain was
controlled by the ACF (9 instances). If the EQP transitioned
to BAH, then there was a low trough developing in the
southwest. Then, the domain was controlled by the top of
an inverted trough. If the EQP transitioned to an ACF, then
the domain would be controlled by the BAH when the high
pressure weakened. Following the high-pressure progression
toward the sea, the area was controlled by SAP. At this time,
there was a cold vortex blocking the cold air to the north,
and the domain was controlled by the EQP again. If the
domain was controlled by the EQP on the first day of a
persistent haze case, then an inverted trough developed to
the southwest and moved toward the northeast; the domain
was controlled by the top of the inverted trough. Because the
inverted trough moved out of the domain, the high pressure
over the mainland shifted to the southeast; if the speed was
slow, then the domain was controlled by the EQP. Or when
the speed was rapid, the domain was controlled by the BAH.
The domain was controlled by the EQP 70 times at the
beginning of a haze period and by BOH, BAH, or ACF at the
end of the period.

Type II (ACF) occurred 57 times (Figure5). At the
beginning of persistent haze cases, the domain was controlled
by an ACE. When the cold front passed, the domain was
controlled by the EQP. Notably, two cold air processes
occurred during haze cases. There were three options during
the two cold-front processes. First, when the high pressure
was separated into two small high-pressure systems, the
domain was occupied by the BAH and then by the SAP. When
another cold air system moved southward, the domain was
controlled by the ACF (14 instances). Second, if there was
a vortex over North China, when the vortex moved toward
the sea and another cold air system moved southward, the
domain was dominated by the ACF (21 instances). Third, if
the vortex over North China was strong and weakened the
cold air, when the vortex moved seaward, the domain was
occupied by BAH and then by the ACF (8 instances). Fourth,
when the high pressure was undisturbed or the cold vortex
was not blocked, the domain was controlled by the BOH,
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FIGURE 3: Count of consecutive regional haze days between 1980 and 2012 (a); surface conditions during 5 or more consecutive haze days (b)
(equalized pressure: EQP, advancing edge of a cold front: ACF, base of high pressure: BOH, backside of high pressure: BAH, inverted trough:

INT, and saddle pressure: SAP).

the EQP of high pressure, and then cold air. Overall, type
II is characterized by two passages of cold air. The greatest
differences were the high-pressure dissipation, cold vortex
blocking, low-pressure vortex movement toward sea, and the
time interval between the two cold air systems.

Type III (BOH), which is complex, occurred 54 times
(Figure 5). When the haze days began, the domain was
characterized by the BOH.

When the system was moving slowly, it was controlled
by the EQP, which is similar to type I. If there was an
inverted trough developing, then the top of the trough
became dominant. If cold air moved southward, then the
domain was controlled by the ACF and then by the EQP.
Following the southward trajectory of the high pressure, the
area was occupied by BOH. However, when the oceanic
high pressure and vortex in the north occurred at the same
time, SAP was present over the domain; then, the ACF was
dominant when cold air pushed south.

In that case, if the system moved quickly, then the domain
was controlled by the BAH as the high pressure moved out.
At that time, if an inverted trough was developing, then it
dispersed the cold air and the top of the inverted trough
was dominant. Then, the ACF accompanying the cold air
strengthened. On condition that the cold vortex in the north
was replaced, the SAP and EQP were dominant, followed by
the top of the inverted trough. Type III was characterized by
an inverted low-pressure trough and saddle pressure due to
the weak high pressure or cold vortex in the northeast or the
vortex in the southwest.

Type IV (BAH) occurred 12 times (Figure 5). When a
haze case began, the domain was controlled by the BAH. If
the cold vortex was weak when the cold air strongly pushed
toward the south, then the domain was occupied by the ACF
(4 instances). In case the cold vortex was strong and steady
and accompanied by mainland high pressure to the east,
then the domain was controlled by the high EQP. Then, the
cold vortex strengthened in the north, and the high pressure
moved out; the domain was controlled by the BOH. Then,

the EQP dominated, with high pressure moving toward the
sea and the cold vortex moving eastward. At that time, a
cold-core high-pressure system developed; the domain was
controlled by the BOH. Type IV was characterized by a cold
vortex. The differences stemmed from the strength of the cold
vortex in the northeast and the speed or strength of the cold
air movement.

Hybrid patterns occurred 5 times.

Between 1994-10-30 and 1994-11-12, when the haze began,
the domain was controlled by the ACF and then the EQP;
however, because of the effect of the cold vortex in the
north, the high pressure was broken up and the domain was
overtaken by the BAH. As the cold vortex moved south,
the domain was located on the backside of the cold vortex.
Following cold air intrusion and the cold vortex retreat to the
north and east, the domain experienced the BOH. Then, the
cold air in the north developed again, and the domain was
overtaken by the BAH and then the SAP as the high pressure
dissipated. At that time, there was weak cold air to the south;
the domain was occupied by the EQP of high pressure and
then by BOH. When the high pressure moved out, the BAH
dominated. Then, the high pressure moved toward the sea,
and the domain was again controlled by the EQP. When the
newly formed cold air mass moved south, an inverted trough
developed in the southwest and moved northeast; then, the
domain was located along the top of the inverted trough. This
entire process characterized the ACF transition into the BOH.
The haze ended at the base of the high pressure with strong
cold air.

Between 2004-11-02 and 2004-11-08, when the haze
started, the domain experienced the EQP. Following the
high-pressure movement, the domain was controlled by the
BAH. Along with the advancing cold air, the BOH and BAH
replaced the high pressure. At that time, there was inverted
trough in the southwest, which tracked toward the northeast;
finally, the domain was centered on the inverted trough. This
process characterized the EQP transition into the BOH.
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FIGURE 4: Surface conditions during heavy haze days ((a) equalized pressure: EQP, (b) advancing edge of a cold front: ACE, (c) base of high
pressure: BOH, (d) backside of high pressure: BAH, and (e) inverted trough: INT).
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FIGURE 5: The 4 types of weather patterns during regional persistent haze events (equalized pressure: EQP, advancing edge of a cold front:
ACE, base of high pressure: BOH, backside of high pressure: BAH, inverted trough: INT, and saddle pressure: SAP).

From 2006-03-01 to 2006-03-08 and 2009-11-20 to 2009-
11-26, these two synoptic patterns were the same. Initially, the
domain was located along the ACF as the cold air passed.
Then, the domain was controlled by the EQP of the high
pressure and successively by the BAH as the high pressure
moved toward the sea. Then, the domain was dominated
by the EQP. As the cold air gradually moved east, the BAH
dominated. These two processes describe the ACF transition
to the BAH.

Between 2011-03-08 and 2011-03-13, when the haze began,
the domain was located along the ACE. As the cold air
advanced, the EQP of the high pressure dominated. When
the high pressure moved east, the domain was located on the
BAH. At that time, strong cold air pushed south, but the low
inverted trough weakened the cold air mass, so the domain
was located at the top of the inverted trough. The haze ended
with another cold air intrusion. This process describes the
ACEF transition to the BOH.

The other weather patterns occurred 27 times; 23
instances between May to September were characterized by
a northern cold vortex shaping the structure of the northerly
low and southerly high, the base of the low vortex, or
typhoons. Four instances occurred in autumn and winter. For
example, from 1990-12-04 to 1990-12-10, 1998-04-14 to 1998-
04-21, and 1998-11-11 to 1998-11-15, the domain was affected
by the base of the cold vortex from the north. As the cold
vortex moved toward the sea, the domain experienced the
EQP. Then, the domain experienced the ACF because the cold
air moved south.

Between 2002-10-08 and 2002-10-16, after the BOH, the
domain was affected by BAH as high pressure moved toward
the sea. Then, the domain was controlled by the EQP. At that
time, another mainland high-pressure system was located to
the south: that is, the BOH transitioned to the EQP. Then,
the low vortex of the north was affected by the base of the
low vortex. As the low vortex moved toward the east and the
sea, the domain was controlled by the backside of the high
pressure over the sea.

3.1.3. Surface Conditions of Regional Heavy Haze. Tablel
shows the categories of the surface and high-pressure pat-
terns during regional heavy haze. When regional heavy
haze occurred, the 850 hPa pressure was uniform near the
backside of the high-pressure system or the saddle pressure.
At 500 hPa, the airflow was northwesterly, westerly, or south-
westerly.

Table 2 reveals the seasonal distribution of regional heavy
haze during different pressure types. From the table, the EQP
and the ACF occurred 12 times, the BOH occurred 5 times,
the BAH occurred 10 times, the INT occurred 6 times, and
other weather types occurred 5 times. The main 4 types
accounted for 78% of the haze cases. We also find that the
regional heavy haze mainly occurred in autumn and winter.
Only 3 events occurred in summer.

3.2. Boundary-Layer Structures of Regional Haze

3.2.1. Boundary-Layer Structures of Persistent Regional Haze.
According to the previous analysis, we selected representative
regional haze events during EQP, ACE, BOH, and BAH.

(I) EQP. On the basis of the EQP departure, we selected 5
typical events (Table 3). Then, we analyzed the 5 associated
processes.

Figure 6 shows the temperature profiles of the events.
In Figure 6, the x-axes are the data and the y-axes are
the pressures. The shaded area is the vertical temperature
distribution. The broken lines are the LHTI and UHTI of
the temperature inversion. The dotted line is the ITI of the
temperature inversion (the same below).

From 1984-10-31 to 1984-11-08, when the haze days began,
the domain had uniform pressure ahead of the cold front;
then, cold air advanced and the domain was controlled by
the ACE. When the high pressure weakened, the domain was
under the BAH. Then, the high pressure moved seaward,
and the domain was controlled by the SAP. However, at that
time, the cold vortex to the north blocked the cold air, and
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TaBLE 1: Surface and high-pressure conditions on heavy haze days.

Stations recording Stations recording

Series Types Date (yyyy-mm-dd) 500 hPa 850 hPa

heavy haze days haze days
1 1987-12-26 Southwest Equalizing zone 4 7
2 1992-10-28 West Equalizing zone 3 6
3 1994-04-28 Northwest Equalizing zone 3 7
4 1998-12-27 Northwest to west Equalizing zone 3 7
5 2001-11-21 West Equalizing zone 3 8
6 EQP 2001-11-22 West Equalizing zone 3 7
7 2002-02-05 Northwest to west Equalizing zone 3 7
8 2005-10-26 Northwest to southwest Saddle 3 8
9 2007-04-06 West Equalizing zone 3 8
10 2008-07-17 Equalizing zone Saddle 3 5
1 2008-11-01 West Equalizing zone 3 6
12 2012-03-06 Southwest to west 3 8
13 1981-12-28 West Saddle 3 8
14 1985-11-16 West Equalizing zone 3 8
15 1990-10-15 Northwest Equalizing zone 3 8
16 1999-10-28 West 3 8
17 2002-12-31 Northwest Inverted trough 3 8
18 ACE 2003-12-12 Northwest Equalizing zone 3 6
19 2003-12-16 Northwest Base of cold vortex 3 7
20 2003-12-17 Northwest Base of cold vortex 3 8
21 2009-01-09 Northwest to west 3 8
22 2010-11-21 Front of trough Base of trough 3 7
23 2011-01-23 Northwest to west Equalizing zone 3 5
24 2012-01-20 West Equalizing zone 3 8
25 1992-01-25 West Equalizing zone 3 8
26 2005-10-18 West Equalizing zone 3 8
27 BOH 2008-03-11 West Backside of the high pressure 3 8
28 2009-11-26 West Backside of the high pressure 3 6
29 2011-10-08 West Backside of the high pressure 3 6
30 1987-12-24 West Equalizing zone 3 6
31 1992-01-27 Northwest Equalizing zone 4 8
32 1992-05-31 Equalizing zone Equalizing zone 3 6
33 1992-11-14 3 6
34 BAH 1996-04-26 Northwest 3 8
35 1999-11-21 West 3 8
36 2005-10-31 West Equalizing zone 3 6
37 2008-04-18 Southwest Backside of the high pressure 3 6
38 2008-10-15 Southwest to west Equalizing zone 3 8
39 2011-06-13 West Equalizing zone 4 6
40 1984-04-26 Northwest to southwest Equalizing zone 3 7
41 1992-01-28 Northwest Equalizing zone 3 8
42 INT 1994-11-11 Northwest to southwest Equalizing zone 3 6
43 2004-02-19 Front of ridge Backside of the high pressure 3 8
44 2004-05-10 Front of ridge Backside of the high pressure 3 8
45 2009-11-08 Southwest to west Saddle 3 7
46 2002-01-03 Northwest 3 5
47 2003-06-25 Equalizing zone Saddle 3 8
48  Others 2004-11-07 West Equalizing zone 4 8
49 2008-05-26 Northwest Equalizing zone 4 8
50 2011-06-03 Equalizing zone Equalizing zone 3 7

Equalized pressure: EQP, advancing edge of a cold front: ACF, base of high pressure: BOH, backside of high pressure: BAH, and inverted trough: INT.
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TABLE 2: Types of consecutive heavy haze days.

Type Month

3-5 6-8 9-11 12-2 1-12
EQP 3 1 5 3 12
ACF 4 8 12
BOH 1 3 1 5
BAH 3 1 4 2 10
INT 2 2 2 6
Others 2 1 1 1 5

Equalized pressure: EQP, advancing edge of a cold front: ACEF, base of high
pressure: BOH, backside of high pressure: BAH, and inverted trough: INT.

TaBLE 3: Typical processes of equalized pressure (EQP) during
consecutive regional haze days.

Series Start day End day Duration
1 1984-10-31 1984-11-08 9
2 1991-06-20 1991-06-27 8
3 1999-09-25 1999-09-29 5
4 2000-12-03 2000-12-09 7
5 2007-09-08 2007-09-17 10

the domain was again controlled by the EQP. When the
haze began, the temperature inversion layer extended from
the surface to 950 hPa. During the haze days, the base of
the temperature inversion remained, and the temperature
inversion at 950 hPa developed until the end of the haze
period. The intensity of the temperature inversion had an
obvious diurnal variation: strong in the daytime and weak
in the nighttime. Meanwhile, the temperature inversion was
weak in the mid-haze period. During this process, the
temperature inversion layer was near the surface and shallow;
double temperature inversion layers occurred at low altitudes.

From 1991-06-20 to 1991-06-27, the temperature inversion
occurred in the middle of the persistent haze case. The
inversion was low, thin, and weak. During this process, the
summer harvest and a large seeded area occupied the domain.
The weather was hot and humid, in accordance with the
Meiyu period. Therefore, we assumed that the haze was
mainly affected by solid particles and gas produced by straw
burning [62, 63]; the particles and gas accumulated with the
high humidity, causing persistent haze.

From 1999-09-25 to 1999-09-29, when the haze days
began, the domain had uniform high pressure. Then, the high
pressure moved eastward, and the domain was on the back-
side of the high pressure. At that time, the inverted trough
was developing, and the domain was located along the top
of the trough. When the newly formed cold air mass moved
southward, the domain was affected by the ACE. When the
haze began, the temperature inversion was just above the
surface. The event lasted 2 days; 3 stations (XZ, SH, and SY)
had high-altitude temperature inversions, but the inversion
at the NJ station was still near the surface. In Figure 6(c), the
surface-layer temperature inversion was thin at the NJ station,
and high-altitude inversions at the other stations were also
thin. The variable temperature inversion intensity was severe.

TABLE 4: Typical processes of the advancing edge of a cold front
(ACF) pattern during persistent regional haze days.

Series Start day End day Duration
1 1982-12-11 1982-12-24 14
2 2003-10-24 2003-11-03 11
3 2005-01-11 2005-01-20 10
4 2011-12-28 2012-01-07 11

Initially, the inversion intensity was strong to the north and
weak to the south. Then, the temperature inversion weakened
at XZ and SY and strengthened at NJ and SH. At the end of
the haze period, the temperature inversion was strong at XZ
and weak at the other stations. This difference may be due to
the movement of the system during the late haze period.

From 2000-12-03 to 2000-12-09, at the early stage of
the haze, the temperature inversion or isothermal layer was
recorded at all 4 stations. The height of the layer increased
from north to south. When the haze days were consecutive,
the surface layer of the temperature inversion was still
recorded at XZ, SY, and NJ. However, the significant daily
variation at SH was characterized as low in the daytime and
high at nighttime. The temperature inversion was thin, with
a variable intensity. When the intensity was strong, the top of
the temperature inversion layer was low and vice versa.

From 2007-09-08 to 2007-09-17, the temperature inver-
sion was initially near the surface. With persistent haze days,
the base of the temperature inversion minimally changed at
XZ and SY, but the thickness increased. At that time, the base
of the temperature inversion clearly lifted, and the thickness
increased at NJ and SH. At the end of the haze period,
the base of the temperature inversion gradually lifted, and
the thickness weakened from north to south. The intensity
was initially stronger to the north. With persistent haze
development, the intensity was weaker at XZ and SY and
stronger at NJ and SH during the middle of the haze period.

Table 3 shows that a haze event between 5 and 10 days has
an EQP. The duration depended on the system development
at the middle and end of the persistent haze case. The duration
was shorter when the domain was controlled by the EQP, the
BAH, and then the INT. If the domain was initially controlled
by the EQP and then overtaken by the INT, EQP, and SAP,
the duration was longer. The base of the shallow temperature
inversion layer was low, and the intensity was variable for
different cases.

(2) ACF. Based on the developing features of an ACE, we
selected 4 significant processes (Table 4). Based on the table,
we find that this weather pattern lasts several days. We
analyzed the 4 processes (Figure 7).

From 1982-12-11 to 1982-12-24 (Figure 7(a)), when the
haze days began, the temperature inversions were elevated
or no temperature inversion occurred. Following the haze-
day development, the temperature inversion occurred near
the ground. The top of the temperature inversion layer was
approximately 1000 hPa. At the middle and end of the haze-
day period, the surface layer of the temperature inversion
persisted, and the multiple layers of the temperature inversion
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FIGURE 6: Temperature profiles of the equalized pressure (EQP) type during persistent regional haze days at XuZhou (XZ), SheYang (SY),
NanJing (NJ), and ShangHai (SH) ((a) 1984-10-31-1984-11-08, (b) 1991-06-20-1991-06-27, (c) 1999-09-25-1999-09-29, (d) 2000-12-03-2000-
12-09, and (e) 2007-09-08-2007-09-17). Lower height of temperature inversions (LHTI), upper height of temperature inversions (UHTI), and
intensities of the temperature inversions (ITT).
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FIGURE 7: Temperature profiles of the advancing edge of a cold front (ACF) pattern during consecutive regional haze days at XuZhou (XZ),
SheYang (SY), NanJing (NJ), and ShangHai (SH) ((a) 1982-12-11-1982-12-24, (b) 2003-10-24-2003-11-03, (c) 2005-01-11-2005-01-20, and (d)
2011-12-28-2012-01-07). Lower height of temperature inversions (LHTI), upper height of temperature inversions (UHTI), and intensities of

the temperature inversions (ITT).

were at low altitudes. The intensity of the temperature inver-
sion gradually increased in the early stage. In the middle to
late period, the intensity gradually decreased. The intensity of
the temperature inversion was strong and variable. The thick-
ness of the temperature inversion did not noticeably change.

From 2003-10-24 to 2003-11-03 (Figure 7(b)), when con-
secutive haze days began, no temperature inversion appeared
at the XZ and SY stations, but the surface layer of the
temperature inversion was recorded at NJ and SH, which
experienced another layer at 1000 hPa. Following the devel-
oping of haze days, the surface layer of the temperature
inversion was recorded at all 4 stations. At that time, there
were multiple layers of temperature inversions. The top height
of the temperature inversion had distinct diurnal variation:

the top height was higher in the daytime and lower at night.
Therefore, the thickness of the temperature inversion was
also diurnally variable. During the entire process, the intense
variation in the temperature inversion was strong.

From 2005-01-11 to 2005-01-20 (Figure 7(c)), when a per-
sistent haze period began, the surface layer of the temperature
inversion was recorded at the XZ and SY stations. There was
no temperature inversion or higher layers at the NJ and SH
stations. During the middle of the period, there were multiple
temperature inversions from the surface to the middle level.
The intensity of the temperature inversion was strong and
diurnal.

From 2011-12-28 to 2012-01-07 (Figure 7(d)), the 4 stations
all recorded temperature inversions when the haze period
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TaBLE 5: Typical processes of the base of high-pressure (BOH)
pattern during consecutive regional haze days.

Series Start day End day Duration
1 2003-03-21 2003-03-26 6
2 2003-11-11 2003-11-15 5
3 2004-01-27 2004-01-31 5
4 2005-09-14 2005-09-20 7
5 2009-09-02 2009-09-08 7
6 2010-10-06 2010-10-10 5

began. The height of the layer diurnally varied. In long-
duration haze cases, there were multiple thin temperature
inversion layers. The intensity of the temperature inversion
was strong and variable.

During haze cases with the ACF pattern, the tempera-
ture inversion was not notable; however, as the cold front
advanced, the surface layer remained until the end of the
haze case. In the middle of the haze case, there were
multiple temperature inversions at low and high levels. These
features allowed for the 10-day haze cases. The height of
the temperature inversion layer had obvious changes: it was
lower in the daytime and higher at night. The intensity of the
temperature inversion was strong and variable.

(3) BOH. The distinguishing feature of the BOH pattern was
the short-duration haze cases (Table 5).

From 2003-03-21 to 2003-03-26 (Figure 8(a)), when the
haze case began, a temperature inversion up to 900 hPa was
recorded at all stations except XZ during the daytime. At
night, the top of the temperature inversion reached 850 hPa
at XZ and SY, and the top height decreased to 1000 hPa at NJ
and SH when the layer thinned. On the second haze day, the
temperature inversion reached the surface at the XZ and SY
stations, but the top of the temperature inversion elevated to
800 hPa at NJ and SH. Hereafter, the temperature inversion
was at the surface at XZ; it gradually reached the ground
at the other stations three days later. The intensity of the
temperature inversion varied during long haze cases.

From 2003-11-11 to 2003-11-15 (Figure 8(b)), on the first
day of haze, multiple temperature inversions were elevated
from north to south. At night, the temperature inversion
occurred near the surface at the XZ station, and the height
increased to 100 hPa at other stations. Afterward, the surface-
based temperature inversion lasted for 5 days, except for
the nighttime layer on November 13, which was elevated to
925hPa. The intensity of the temperature inversion greatly
changed. The peak of the intensity occurred on the third
day of the persistent haze case, when SAP and cold air
were present. Then, multiple temperature inversion layers
occurred at the 4 stations.

From 2004-01-27 to 2004-01-31 (Figure 8(c)), a tempera-
ture inversion formed near the surface and lasted until the
end of the haze case; however, the base of the temperature
inversion at the NJ station increased to 900hPa at night
on January 27. The intensity of the temperature inversion
appeared to increase from north to south during the daytime
of January 27 to the night of January 28. During the daytime
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of January 30, a second peak appeared at XZ and NJ. Then,
the SY station experienced obvious diurnal variation while
the SH station experienced weak diurnal variation.

From 2005-09-14 to 2005-09-20 (Figure 8(d)), when the
haze case began, a temperature inversion appeared at all
stations except NJ; double inversions occurred at the XZ
and SY stations. Afterward, the base of the temperature
inversion was below 950 hPa, but it increased to 850 hPa
between the daytime on September 17 and the nighttime
on September 18 at the SH station. The intensity peak of
the temperature inversion appeared at the SH station on
September 15 during the day (0.33°C/hPa). At the other
stations, the peak intensity appeared from September 16 at
night to September 17 during the day, with intensity between
0.15 and 0.22°C/hPa. Specifically, the temperature inversion
was thin and was mainly a single layer.

From 2009-09-02 to 2009-09-08 (Figure 8(e)), when the
haze case began, a temperature inversion occurred at all
stations except SY. The height increased from north to south
and over time at the 4 stations. Afterward, the temperature
inversion became increasingly shallow between September
3 and September 5. Between September 7 and September 8,
the temperature inversion did not continue to elevate. The
base of the temperature inversion was positively related to
the inversion intensity: that is, when the base was higher,
the intensity was strong and vice versa. The variation in the
thickness was inhomogeneous and greatly different among
the stations. Additionally, the layer was thin at the stations.

From 2010-10-06 to 2010-10-10 (Figure 8(f)), when the
haze period began, the temperature inversion was low. The
base height dropped from north to south. Afterward, the
temperature inversion was at the surface at XZ. The layer
ascended twice at the SY station on October 7 and October 9;
at other times, the temperature inversion was at the surface.
At the NJ station, the base of the temperature inversion
increased to 950 hPa during the daytime of October 8. At
the SH station, a temperature inversion occurred during the
daytime of October 9 and October 10; the inversion ascended
at other times. During this process, the inversion was shallow
at the 4 stations. The intensity of the temperature inversion
was weak at XZ; the intensity peaked on the night of October
8. The intensity was strong in the daytime and weak at
nighttime at SY; the opposite occurred at the NJ station.
The intensity gradually receded during the haze days. The
inversion was uniformly shallow with this type of weather
pattern.

Because of the changing velocity of the system during
consecutive haze days, there were larger height differences
from south to north. Following haze development, the
shallow temperature inversion slightly ascended while the
intensity was strong.

(4) BAH. The representative processes of the BAH pattern
during persistent regional haze are shown in Table 6. From
the table, we found that the duration was short with this type
of pattern.

From 1989-05-27 to 1989-06-02 (Figure 9(a)), when the
haze case began, only 1 station had a temperature inver-
sion. Although the temperature inversion developed soon
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FIGURE 8: Temperature profiles of the base of high-pressure (BOH) pattern during consecutive regional haze days at XuZhou (XZ), SheYang
(SY), Nanjing (NJ), and ShangHai (SH) ((a) 2003-03-21-2003-03-26, (b) 2003-11-11-2003-11-15, (c) 2004-01-27-2004-01-31, (d) 2005-09-14-
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temperature inversion (UHTTI), and intensities of the temperature inversions (ITI).



14

Pressure (hPa)
ITI (°C/100 hPa)

Advances in Meteorology

20
900 G BT
950 F PN 10
1000 & 2l o & ;

Pressure (hPa)
ITI (°C/100 hPa)

950320

950318 950319 950321 950322
EENET T I 0
31 28 24 20 16 12 21 18 14 9.0 4.5 0 —4.5
Temperature Temperature
(a) (b)
850 27
900 18
950 9
1000 0
20
850
15 -
< 900 <
< 1000 ] s
= =
2 850 12 O
g 900 8 =
A 950 4 =
1000 - 0o
850 9
900 6
950 3
1000 0

021024 021025 021026 021027 021028 021029
[ R a— |

19 16 12 8.5 5.0 1.5 =20
Temperature

— LHTI —=— JTI

— UHTI

(c)

FIGURE 9: Temperature profiles of the backside of high-pressure (BAH) pattern during consecutive regional haze days at XuZhou (XZ),
SheYang (SY), NanJing (NJ), and ShangHai (SH) ((a) 1989-05-27-1989-06-02, (b) 1995-03-18-1995-03-22, and (c) 2002-10-24-2002-10-29).
Lower height of a temperature inversion (LHTI), upper height of a temperature inversion (UHTT), and intensity of the temperature inversion

(ITD).

TaBLE 6: Typical processes of the backside of high-pressure (BAH)
pattern during consecutive regional haze days.

Series Start day End day Duration
1 1989-05-27 1989-06-02 7
2 1995-03-18 1995-03-22 5
3 2002-10-24 2002-10-29 6

afterward, the duration was short. The temperature inversion
was above the surface, weak, and thin.

From 1995-03-18 to 1995-03-22 (Figure 9(b)), the temper-
ature inversion was just above the surface. The thickness had
a notable diurnal variation: thick in the daytime and thin at

night. The intensity of the temperature varied among the 4
stations: it was stronger at night than during the day (opposite
effect with the thickness). The intensity gradually increased
at XZ following the haze development, but it gradually
decreased at NJ. The peak of the intensity occurred overnight
on March 20 at SY and during the daytime on March 22 at
SH.

From 2002-10-24 to 2002-10-29 (Figure 9(c)), when the
haze days began, a temperature inversion occurred near the
surface, and the base of the temperature inversion increased
to 950 hPa on the night of October 28 at XZ. The base of
the temperature inversion increased on October 25 and the
night of October 28 at SY; the inversion reached 850 hPa
during the day on October 29. The base of the temperature
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inversion reached 1000 hPa during the daytime on October 26
and nighttime of October 29 at NJ. The temperature inversion
was generally higher after October 26. The thickness of the
temperature inversion was variable: it was thick initially
and thinned later. The base of the temperature varied in
opposition to the intensity.

The surface layer of the temperature inversion was a
major feature of the BAH pattern. Initially, the temperature
inversion was thick; with the development of haze, the layer
thinned and weakened.

3.2.2. Boundary-Layer Structures during Regional Heavy Haze

(1) EQP. In total, 12 days had regional heavy haze during the
EQP pattern, 8 of which occurred in autumn or winter.

The boundary layer had 4 distinct structures. First, there
was an inversion layer on the surface or an isothermal layer at
all 4 stations (Figures 10(c),10(d), 10(e), 10(f),10(g), 10(h), and
10(j)); Figure 10(c) displays the single structure. The inversion
layer or the isothermal layer structure occurred at 800 hPa in
Figures 10(d), 10(e), 10(f), 10(g), and 10(h); at this height, the
temperature inversion layer was thin and weak. A stronger
inversion layer occurred between 850hPa and 925hPa in
Figure 10(j). Second, 3 stations had inversion layers that
occurred near the surface (Figures 10(b) and 10(k)), and only
1 station had a temperature inversion or isothermal structure
between 925 hPa and 975 hPa. Third, 2 stations had inversion
layers near the ground. Although no ground inversion layer
occurred at the SY station, a thick temperature inversion layer
occurred at 1000 hPa. Fourth, no apparent inversion layer
existed, but a weak structure occurred at 975hPa at the SH
station in Figure 10(i).

This weather pattern was mainly characterized by a single
or double inversion layer or isothermal layer near the ground.
No inversion layer was present, only Figure 10(i) process.
Generally, the atmospheric stability was slightly weak in sum-
mer, so stable stratification had difficulty forming. Therefore,
we believe that heavy pollution was mainly caused by the
sudden emissions release locally or overseas; because the air
purification was insufficient, heavy haze formed.

(2) ACF. All instances of this weather pattern were associ-
ated with temperature inversions, but differences in height
occurred. The inversion layer or the isothermal layer may
have been at the surface (Figures 1l(a), 11(h), and 11(i)),
while other cases had multiple inversion layers (Figures 11(h)
and 11(i)) between 800 hPa and 1000 hPa. Some cases had a
surface temperature inversion at 3 stations (Figures 11(b) and
11(c)). Although one of the 4 stations had no temperature
inversion at the surface (it occurred between 975hPa and
1000 hPa). Some cases had a surface-layer temperature inver-
sion at 2 stations (Figures 11(d), 11(e), and 11(f)); however,
at the other 2 stations, an inversion layer occurred between
900 hPa and 1000 hPa. Figure 11(j) shows that only 1 station
had a surface-based temperature inversion, while the other
3 stations had inversions between 850 hPa and 1000 hPa.
Figure 11(g) shows that a surface-based inversion did not
occur at any of the stations, but the temperature inversion
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occurred between 925hPa and 1000 hPa, except at the SY
station.

The ACF pattern shows temperature inversions at differ-
ent heights; the main feature was a single-layer temperature
inversion and a high-altitude isothermal layer.

(3) BOH. A temperature inversion occurred near the surface
at all 4 stations (Figures 12(c) and 12(d)), and there were
multiple layers of temperature inversions between 800 hPa
and 975 hPa (Figure 12(d)). Figure 12(a) shows a temperature
inversion at the surface at 3 stations; the remaining station
had an inversion at 1000 hPa. In some cases, 2 stations had
temperature inversions at the surface, while the inversions
occurred between 950hPa and 1000 hPa at the other 2
stations. Figure 12(b) shows that only 1 station had a surface
temperature inversion, while the other 3 stations had temper-
ature inversions between 950 hPa and 1000 hPa.

In this weather pattern, the height of the temperature
inversion layer greatly varied. However, all of the inversion
layers formed below 950 hPa.

(4) BAH. Most of the cases were similar (Figures 13(a), 13(b),
13(d), 13(e), 13(f), 13(g), and 13(i)), with inversion layers or
isothermal layers at the surface. Some cases had multiple
temperature inversion layer structures (Figures 13(a), 13(b),
13(d), 13(e), 13(f), and 13(i)). Figure 13(h) shows temperature
inversions and isothermal layers at the surface at all stations
except XZ. Figure 13(c) shows that the temperature inversion
layer was at 1000hPa at the XZ and SY stations only.
Figure 13(j) shows that the temperature inversion occurred at
the surface at the NJ and SH stations and at 980 hPa at the XZ
and SY stations.

This type of heavy haze case is associated with an
inversion layer or isothermal layer on the ground; most cases
had multiple inversion structures.

(5) INT. All of the cases of INT were similar at the 4
stations (Figures 14(a), 14(d), and 14(e)). The layer of the
temperature inversion was above 1000 hPa, and the base of the
inversion layer was also coincident. Figures 14(b) and 14(f)
show that multiple temperature inversions occurred at the
surface. Figure 14(c) reveals that the base of the temperature
inversion was at 1000 hPa at the NJ station and was near the
surface at the other stations.

The temperature inversion was thick and elevated in these
cases.

(6) Other Weather Patterns. Figures 15(a) and 15(c) show an
inversion and isothermal layer at the surface and multilayer
temperature inversions. Figure 15(b) reveals the isothermal
layer at the surface. Figure 15(d) shows the isothermal layer
at the surface at the SY and XZ stations; the structure of the
temperature inversion was not obvious. Figure 15(e) shows
the isothermal layer at the surface and the thin inversion
layer at 980 hPa. The cases in Figures 15(b), 15(d), and 15(e)
occurred in late spring or early summer (May to June). The
structure of the temperature inversion was not significant,
and the temperature inversion was thin. Therefore, the cause
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FIGURE 10: Temperature profiles of the EQP pattern during regional heavy haze days at XuZhou (XZ), SheYang (SY), NanJing (NJ), and
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FIGURE 11: Temperature profiles of the ACF pattern during regional heavy haze days at XuZhou (XZ), SheYang (SY), NanJing (NJ), and
ShangHai (SH). The x-axis is temperature, the y-axis is pressure, and the curved lines are the temperature profiles at the sounding stations

((a) 1985-11-16, (b) 1999-10-28, (c) 2002-12-31, (d) 2003-12-12, (e) 2003-12-16, () 2003-12-27, (g) 2009-01-09, (h) 2010-11-21, (i) 2011-01-23, and
(j) 2012-01-20).
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FIGURE 12: Temperature profiles of the BOH pattern during regional heavy haze days at XuZhou (XZ), SheYang (SY), NanJing (NJ), and
ShangHai (SH). The x-axis is temperature, the y-axis is pressure, and the curved lines are the temperature profiles at the sounding stations
((2) 1992-01-25, (b) 2005-10-18, (c) 2008-03-11, (d) 2009-11-26, and (e) 2011-10-08).

of the heavy haze may be regional summer harvesting and
seeding [64].

4. Conclusions

Existing research focuses on spatiotemporal haze distribu-
tions or the synoptic situation and boundary-layer charac-
teristics of specific case studies. However, the weather and
boundary-layer climate over many years are not well-known,
particularly in terms of persistent haze and heavy haze. In
this study, we classify haze and associated weather systems
in southern Jiangsu from 1980 to 2012; the boundary-layer
characteristics of regional haze events and regional heavy
haze were also studied. The main conclusions are as follows:

(1) The surface conditions were dominated by equalized
pressure (EQP), the advancing edge of a cold front

(ACF), the base of high pressure (BOH), the backside
of high pressure (BAH), the inverted trough of low
pressure (INT), and saddle pressure (SAP).

(2) Based on the surface conditions, regional haze events
could be divided into 4 types, each of which has
a different boundary-layer structure. Type I is EQP,
in which the boundary layer is that the bottom
height of the temperature inversion layer is lower,
the thickness is thinner, and the intensity is diverse
with the different cases. Type II is the ACE, in which
a cold front gradually advances and creates a near-
surface temperature inversion in most processes. The
intensity of the temperature inversion was strong and
varied. Type III is the BOH, in which a shallow
but intense temperature inversion is elevated as haze
event progresses. Type IV is the BAH, at the start of
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FIGURE 13: Temperature profiles of the BAH pattern during regional heavy haze days at XuZhou (XZ), SheYang (SY), NanJing (NJ), and
ShangHai (SH). The x-axis is temperature, the y-axis is pressure, and the curved lines are the temperature profiles at the sounding stations

((a) 1987-12-24, (b) 1992-01-27, (c) 1992-05-31, (d) 1992-11-11, (e) 1996-04-26, (f) 1999-11-21, (g) 2005-10-31, (h) 2008-04-18, (i) 2008-10-15, and
(j) 2011-06-13).
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FIGURE 14: Temperature profiles of the INT pattern during regional heavy haze days at XuZhou (XZ), SheYang (SY), NanJing (NJ), and
ShangHai (SH). The x-axis is temperature, the y-axis is pressure, and the curved lines are the temperature profiles at the sounding stations
((2) 1984-04-26, (b) 1992-01-28, (c) 1994-11-11, (d) 2004-02-19, (e) 2004-05-10, and (f) 2009-11-08).

the haze-day case, in which the temperature inversion
is vertically extensive. However, as the haze event
progresses, the layer becomes shallow and weak.

(3) During heavy haze, the surface mainly experiences
EQP, ACF, BOH, BAH, and INT. The boundary-
layer structure of EQP is characterized by a sin-
gle or double inversion or isothermal layer near
the surface. The ACF is associated with a unique
inversion layer height, which is often a single layer.
An isothermal layer is common at high altitudes.
The BOH reveals a low-level temperature inversion.
The BAH pattern displays a multilayer temperature
inversion or isothermal layer at the surface. The INT
has an extensive boundary layer with an elevated
temperature inversion.
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