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Abstract: Severe haze events have many adverse effects on agricultural production and human
activity. Haze events are often associated with specific patterns of atmospheric circulation. Therefore,
studying the relationship between atmospheric circulation and haze is particularly important for early
warning and forecasting of urban haze events. In order to study the relationship between multi-scale
atmospheric circulation and severe haze events in autumn and winter in Shanghai, China, we used
a T-mode objective classification method to classify autumn and winter atmospheric circulation
patterns into six types based on sea level pressure data from 2007 to 2016 in the Shanghai area. For
the period between September 2016 and February 2017, we used the Allwine-Whiteman method to
classify the local wind in Shanghai into three categories: stagnation, recirculation, and ventilation. By
further studying the PM; 5 concentration distribution, visibility distribution, and other meteorological
characteristics of each circulation type (CT) and local wind field type, we found that the Shanghai
area is most prone to severe haze when exposed to certain circulation patterns (CT1, CT2, and CT4),
mainly associated to the cold air activity and the displacement of the high pressure system relative to
Shanghai. We also found that the local wind fields in the Shanghai area are dominated by recirculation
and stagnation events. These conclusions were further verified by studying a typical pollution process
in Shanghai in November 2016 and the pollutant diffusion path using the HYSPLIT (Hybrid Single
Particle Lagrangian Integrated Trajectory model) simulation model.

Keywords: synoptic classification; circulation types; wind field; air quality; PM; 5; HYSPLIT model

1. Introduction

Haze is a weather phenomenon that occurs when the aerosol system, which is composed of
particles, such as dust, sulfuric acid, and nitric acid floating in the air, is subject to relatively stable
weather conditions [1-3]. Haze directly affects agricultural production and human quality of life,
namely, through the effective reduction of visibility, by blocking solar radiation and inhibiting plant
photosynthesis [4-7]. Haze can additionally pose more immediate threats to human health through
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skin irritation, respiratory diseases, and related conditions, which can be life-threatening [8-12].
In China alone, up to 1.37 million deaths in 2016 resulted from the inhalation of excessive particulate
matter [13]. Given the widespread concern associated with urban haze, research on severe haze in
cities is of vital importance.

As one of China’s largest cities, Shanghai has experienced rapid economic development, urban
expansion, and population expansion over the past three decades, which have been accompanied by
an increase in haze incidence in the region [14,15]. Although air quality has significantly improved in
recent years owing to government intervention at all levels, haze remains an important factor affecting
air quality in the region [16,17].

The main cause of haze is the high concentration of particulate matter in the atmosphere [18].
Stable atmospheric stratification conditions are necessary for haze to form. Therefore, in Shanghai
severe haze is most common in the autumn and winter, during which the atmosphere is relatively stable.
This pattern has been exacerbated by the large quantity of dust particles generated by the burning
of bituminous coal in the northern China region during autumn and winter; these particles have
dispersed to the Shanghai area with the spread of cold air [15]. Therefore, studying the relationship
between atmospheric circulation and severe haze events in autumn and winter is of great importance
for early forecasting of severe haze in Shanghai.

There have been many studies on the relationship between atmospheric circulation and urban
haze in China and other countries. Zhang et al. [19,20] studied the weather background of a severe
haze event in January 2013 in eastern China and found that the stability of the bottom atmosphere
and adequate moisture transport led to the occurrence of this severe haze event. Bei et al. [21]. used
the subjective circulation classification method to study the relationship between haze and weather
circulation in the Guanzhong region in China in winter and found that haze is related to certain
circulation patterns. Similarly, Zheng et al. [22] studied the influence of weather circulation, regional
transmission, and heterogeneous reactions on severe haze in Beijing, China, in the winter of 2012-2013,
and found that such haze events were associated with specific circulation types and that regional
transmission contributed greatly to haze accumulation.

Classification of circulation weather systems have a long history, and, in recent years, the
usefulness of circulation weather type (CWT) classifications has been demonstrated widely in a variety
of applications, namely, in (i) climatic variability and climate applications [23-25], including trends
and extreme years, and in (ii) environmental [7,26] and (iii) weather driven natural hazards [27,28].
The CWT provide a discrete characterization of the atmospheric conditions for a specific given region.
Over the last decades, the classification of CWT has witnessed a growing development and application,
being extremely useful for gaining insight into the atmospheric processes at the synoptic scale, but
also for studying the relationship between atmospheric circulation and surface climate variability [25].
The classification of CWT can be made through very different procedures which can be based on the
application of statistical selection rules or on the determination of physical parameters related with the
prevailing atmospheric circulation pattern [29]. McGregor and Bamzelis [30] used K cluster analysis
to classify weather circulation and studied the relationship between air quality and weather-scale
systems in Birmingham, England. They found that continental high pressure caused haze events,
whereas oceanic cyclone control did not have a strong effect. Jiang et al. [31] analyzed the dependence
of regional meteorological elements and nitrogen oxide concentration on synoptic-scale circulation
in Auckland, New Zealand, using a method that combined T-mode PCA and K-means. The results
showed that under the control of two high-pressure systems, mornings in this region were characterized
by low wind, low temperature, and high relative humidity (RH) which corresponded to severe haze
events. Good air quality was associated with strong southwest winds, which are associated with good
diffusion conditions.

Atmospheric circulation includes large-scale (weather-scale) circulation and medium- and
small-scale local circulation [32]. Local circulation is often expressed in terms of the local wind
field. Circulation at the weather scale determines the dynamic background for atmospheric circulation,
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while providing power for local circulation. However, local circulation is affected by topography,
buildings, ground vegetation, and even human activities, and directly acts on the diffusion of pollutants,
providing direct dynamic conditions for the diffusion of particles and determining the speed and
intensity of diffusion. Therefore, when studying haze, the combined effects of large- and meso-scale
weather circulation should be considered together.

This work’s main goal was to analyze the relationship between multi-scale atmospheric circulation
and severe haze events in autumn and winter in Shanghai, China. In order to accomplish the
proposed goal, a T-mode objective classification method was used to classify CWT based on sea level
pressure data from 2007 to 2016 in the Shanghai area. Local circulation was classified through the
Allwine-Whiteman method in terms of stagnation, recirculation, and ventilation. Finally, an extreme
haze event was analyzed.

2. Data and Methods
2.1. Meteorological and Air Quality Data

2.1.1. Sea Level Pressure Data

The mean sea level pressure (SLP) data used in the present study to classify the daily circulation
type were derived from reanalyzed data from the National Centers for Environmental Prediction [33]
with a horizontal resolution of 1° x 1° for the years 2007 to 2016 (September to February each year)
and for the area ranging from 30° N-33° N, 118° E-123° E. The data were sampled four times per
day: 00:00, 06:00, 12:00, and 18:00 UTC. Among them, the 00:00 UTC timepoint was considered to
encompass more data, so the 00:00 UTC pressure data were used to determine daily circulation type.

2.1.2. Local Meteorological Data

Hourly ground observation data, including wind direction, wind speed, temperature, dew point
temperature, relative humidity (RH), and visibility, were sampled between September 2016 and
February 2017 at Shanghai Baoshan (BS) Station. The BS Station is located in north Shanghai (121.45° E,
31.40° N) and is equipped with instruments, such as an advanced wind sensor, ultraviolet sensor,
dual-band cloud automatic observer, and temperature and humidity sensors, to accurately measure
the meteorological elements in Shanghai. After acquisition and rigorous processing, the observation
data can be used for global observation data exchange with high accuracy and reliability.

2.1.3. Air Quality Data

Real-time air pollution data were downloaded from the website of the China National
Environmental Monitoring Center [34]. The Environmental Monitoring Center of the Ministry
of Environmental Protection of China has established more than 1000 real-time monitoring stations
for air quality throughout the country. The stations are placed in representative locations in the
suburbs and urban areas of each city monitored. These stations record local air-quality parameters
once every hour. Observation records are released after quality control checks by the Ministry of
Environmental Protection Air Quality Monitoring Center. Therefore, the data can accurately and
comprehensively reflect the real-time air quality status of a particular area. Hourly observation data of
inhalable particulate matter (PM; 5) from 10 monitoring stations in Shanghai from September 2016 to
February 2017 were obtained. Table 1 shows the specific coordinates of these 10 monitoring stations.
The specific location and altitude of each station are shown in Figure 1.
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Table 1. Location details of 10 real-time monitoring stations in Shanghai, China.

Station  Longitude (°E)  Latitude (°N) Station Longitude (°E)  Latitude (°N)

1 121.418 31.241 6 121.414 31.183

2 121.548 31.288 7 121.699 31.201

3 121.489 31.208 8 121.618 31.203

4 121.464 31.416 9 121.545 31.233

5 121.460 31.281 10 121.099 31.141
32°N

o
31 $121DE 15' 30" 45 199°F
Figure 1. Location of the 10 real-time monitoring stations (red dots) and the Baoshan meteorological
observation station (yellow dot) in Shanghai, China.

2.2. Classification of Circulation Patterns

Circulation patterns are often determined using sea level pressure, geopotential heights, or wind
fields (regular grids) [35]. Because circulation at the synoptic scale strongly influences the transmission
and diffusion of pollutants, classification based on circulation is more suitable for determining weather
patterns. It was necessary to objectively classify the circulation patterns in the Shanghai area to evaluate
the relationship between circulation and air quality. We used the T-model method [36] and sea level
pressure data from the Shanghai area from September 2007 to February 2016 to classify circulation
patterns. The input data matrix for this method was two-dimensional and consisted of spatiotemporal
data [37]. The principal component analysis (PCA) plot was tilted and rotated to obtain a more
optimal solution [38,39]. Therefore, the classification results had better stability and repeatability for
the main circulation pattern and could better avoid the “snowball” effect commonly resulting from
other classification methods (i.e., a single pattern being overrepresented in the model). The model
program can be obtained from the COST733 website [40,41].

2.3. Classification of Local Wind Field

We used the Allwine-Whiteman (AW) method and hourly wind direction observation data from
the BS Station to calculate the recirculation index (R) of the Shanghai area and divided the local wind
field of the Shanghai area from September 2016 to February 2017 into three categories: stagnation,
recirculation, and ventilation. The AW method is an objective local horizontal wind field classification
method proposed by Allwine and Whiteman [42]. The advantage of this method is that only the
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horizontal wind field is considered, and the vertical motion of the atmosphere is neglected. Therefore,
only the hourly direction and speed of the wind are required, and the calculation is relatively simple.
Some methods used by others [43,44] require detailed three-dimensional wind field data. Although the
AW method does not accurately reflect atmospheric motion, it is still very effective when studying the
horizontal diffusion of atmospheric pollutants. This method has been adopted by many authors [45-49]
and comprises the following specific calculation steps:

Step 1: Decompose the hourly horizontal wind vector (V) into east-west (1;; east is positive) and
north—south (v;; north is positive) components as follows:

Vi=uj+v;,i=1,2---N (€))

Step 2: Calculate the daily R, S (total air displacement), and L (net air displacement) values,
as follows:

. . 2 . 273
T1 - T1 T1
Lig=T Y, V=1 Y, w|+| )Y, v @)
j=1-(i-1)+1 j=1-(i-1)+1 j=1-(i-1)+1
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Sim=T Y, [Vil=T7 }, (17 +27) @)
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Ri(r)y =1- i) 4
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where T is the time interval of the data and 7 is the total time. To calculate the values of L, S, and R
for each day, we took 7 = 24 and T = 1 and converted the hourly wind speed unit to km/h. Thus, L
represents the net distance that the air mass disengages from the measurement position after = hours,
i.e., net displacement. Similarly, S represents the total distance moved by the air mass during this
time. As the surface winds were decomposed into east-west and north—south directions, R cannot be
considered a true and accurate transmission measurement of air pollutants under actual conditions,
especially in complex terrain where the wind field is not necessarily homogeneous [50]. A low R value
indicates continuous wind direction at the ground level, but vertical recirculation cannot be ruled
out [45]. Nevertheless, these indices can describe the diffusion conditions of the near-ground wind
field in a simple and clear way. The R value ranges between 0 and 1, and a low R value indicates a
continuous wind direction, whereas a high R value indicates changing wind direction.

Step 3: Determine the critical R, S, and L values for classifying the type of wind field. The present
study used the improved critical values of the local wind field classification index following the
approach by Russo et al. (2018) [51] for the Shanghai area, as follows:

S <230 km : site is prone to stagnation
R > 0.17 : site is prone to recirculation 5)
S > 280 km and R < 0.04 : site is prone to ventilation

The mean values of S and R over all periods were 230 km and 0.17, respectively. The 75th percentile
value of S, the daily travel distance of the air mass, was 280 km, and the 25th percentile value of R, the
daily return index, was 0.04.

2.4. Classification of Haze

The China Meteorological Administration divides haze events into three categories according
to the influence of haze on air quality and visibility: moderate, serious, and severe haze. The
corresponding standards are shown in Table 2.
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Table 2. Haze classification standards. RH, relative humidity.

Visibility (m) RH PM, 5 Concentration (ug/m?) Alert Level Precautions
<3000 <80% 1. Air quality is significantly reduced; personnel need appropriate protection.
Moderate <3000 >80% 115-150 Yellow 2. The general population should reduce outdoor activities to moderate levels, and children,

<5000 150-250 the elderly, and susceptible people should reduce outdoor exposure time.
<2000 <80% 1. Air quality is poor; personnel need appropriate protection.

Serious <2000 <80% 150-250 Orange 2. The general population should reduce outdoor activities, and children, the elderly, and
<5000 250-500 susceptible people should avoid going outdoors.
<1000 <80% 1. The air quality is very poor; personnel need to strengthen protection.

Severe <1000 <80% 250-500 Red 2. The general population should completely avoid outdoor activities, and children, the
<5000 >500 elderly, and susceptible people should remain indoors.

The present study focused on haze levels rated moderate and above and defined haze in Shanghai in terms of three factors: visibility, PM, 5 concentration and RH.
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3. Results and Discussion

3.1. Circulation Results

Using the T-PCA method, the main circulation patterns affecting the Shanghai area in autumn and
winter were grouped into six types as shown in Figure 2. Circulation type 1 (CT1) was characterized
by a high pressure on the northwest, and the Shanghai area was located within the cold high-pressure
front. Circulation type 2 was characterized by a high pressure on the northwest, with a cyclone
warm air mass west of Shanghai. Circulation type 3 was characterized by a high pressure gradually
approaching the Shanghai area. Circulation type 4 was characterized by a high pressure in the west,
with the Shanghai area located near the front of the high-pressure center. Circulation type 5 was
characterized by a weak pressure field, with the cold air pressure-center approaching the Shanghai
area. For CT6, the Shanghai area was in the rear of the high-pressure area, and the cold high-pressure
center was located in the eastern sea; this is a typical circulation pattern after the passage of cold air. It
can be seen from these six CTs that the weather system affecting Shanghai in the autumn and winter
consisted mainly of cold air activity and by the displacement of the high-pressure system relative
to Shanghai. Thus, each CT corresponds to different paths and locations of cold air relative to the
Shanghai area. Table 3 gives the main characteristics and corresponding meteorological conditions of
the six CTs. The meteorological characteristics are the mean values of observation data of Baoshan
station under different circulation types in Shanghai, representing the average characteristics of the
circulation type.

SLP (hPa) Type 1 229%  SLP(hPg) Type 2 28.2% SLP (hPa) Type 3 12.2%

SLP (hPa) Type € 8.1%

- torg

1014 q0¥?

T
120E

Figure 2. The main circulation types during autumn and winter in Shanghai from 2007 to 2016
(green dot in each panel represents the location of Shanghai).

Table 3. Characteristics and meteorological conditions of the six circulation types (CTs) defined in

this study.
Temperature . Lo Minimum RH  Average Wind
CT o) Dewpoint (°C)  Pressure (hPa) (%) Speed (m/s)
1 14.42 9.53 1019.10 72.10 3.13
2 11.55 7.33 1023.23 75.01 2.71
3 12.58 7.16 1023.99 69.10 2.48
4 5.83 -1.88 1028.92 58.38 2.05
5 13.73 8.85 1021.52 72.19 2.50
6 21.76 17.50 1016.50 76.08 2.16

The humidity levels in the Shanghai area were generally low in autumn and winter (Table 3). The
lowest and highest RH values were observed for CT4 (58%) and CT6 (76%), respectively. In addition,
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the average wind speed in Shanghai in autumn and winter is only 2—4 m/s. Figure 3 shows the wind
roses for autumn and winter of 2016 in Shanghai. The highest frequencies of calm wind in Shanghai
were observed for CT2 and CT4 (Figure 3), indicating that the local diffusion condition in Shanghai
was poor under these two CTs. In addition, the average temperature recorded in the Shanghai area
was also very low: 11.55 °C under CT2 and 5.8 °C under CT4.

East

East

South

Figure 3. Wind roses for the 2016 autumn and winter seasons in Shanghai (the percentage above each
wind rose indicates calm wind frequency). Wind speed was measured in m/s.

Figure 4 shows the monthly distribution of the six CTs. Shanghai is located in eastern China at the
middle to high latitudes. It thus has a typical subtropical monsoon climate. Traditionally, September,
October, and November are defined as autumn, and December, January, and February are defined
as winter. Circulation type 6 mainly occurred during the autumn, whereas CT4 occurred only in
winter (Figure 4). The other CTs also had seasonal patterns of occurrence, indicating that there were
differences throughout the year in the cold air activity (e.g., position and intensity) around Shanghai.

3.2. The Relationship between CTs and Local Wind Fields

According to the AW wind field classification method, the wind field in autumn and winter in
Shanghai was divided into three categories: stagnation, recirculation, and ventilation. As shown in
Figure 5, autumn and winter were dominated by stagnation and recirculation with stagnation and
recirculation accounting for 60.44% and 32.42%, respectively. Circulation type 1, CT2, and CT6 were
the dominant CTs during stagnation and recirculation days. Circulation type 1 was characterized
by southeast winds with an average wind speed of 3.13 m/s, whereas CT2, CT3, and CT4 were
characterized by east winds with average wind speeds of 2.71, 2.48, and 2.05 m/s, respectively (Figure 4).
Circulation type 5 was characterized by east and northwest winds with an average wind speed of
2.50 m/s, whereas CT6 was characterized by northeast winds with an average wind speed of 2.16 m/s
(Figure 4). Therefore, the overall diffusion conditions in Shanghai were poor and haze tended to occur
in autumn and winter.
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Figure 4. Monthly distribution of circulation patterns (labeled 1-6) in Shanghai.
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Figure 5. Distribution of circulation patterns (labeled 1-6) among local wind field categories in Shanghai
in 2016.

3.3. Associations between Circulation Patterns, Particulate Matter Concentration, and Visibility

Figure 6 shows the distribution of PM; 5 concentration and average visibility among the six CTs
in Shanghai. The average PM, 5 concentration was highest under CT4, followed by CT1 and CT2
(Figure 6). Concentrations of PM; 5 in Shanghai were relatively low under CT6. Visibility levels
followed an opposite trend. The lowest (highest) average visibility levels were observed for CT4
(CT6). This indicates that PM; 5 is an important determinant of visibility in Shanghai as they are
predominantly concurrent and the cause of haze.
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Figure 6. Box and whisker plots of the visibility values and PM; 5 concentrations corresponding to six
circulation types (CTs) in the autumn and winter of 2016. The dots represent mean values. The bottoms
and tops of the dashed lines represent the values of the 5th and 95th percentiles, respectively; the lower
sides of the rectangles represent the 25th percentile, the middle line represents the median, and the top
lines represents the 75th percentile. The red signs denote the data beyond the mean values plus three
times the standard deviation.

Table 4 shows the distributions of minimum visibility and maximum PM, 5 concentration in
Shanghai among the six CTs. PM; 5 concentrations in Shanghai were generally high in autumn and
winter, while visibility was poor, indicating that haze occurred commonly in autumn and winter. The
average PM; 5 concentration in Shanghai only met the secondary standard (35 pg/m?®) under CTé6.
By contrast, average PM; 5 concentrations under the other CTs exceeded the standard. In particular,
average PM, 5 concentrations were high under CT1, CT2, and CT4, reaching values of 51.4, 47.5, and
64.4 pg/m?3, respectively. The maximum PM, 5 concentration recorded was nearly 200 pg/m>. The trend
in average visibility under the various CTs was basically inverse that of average PM; 5 concentrations.
The highest average visibility in Shanghai (>12 km) was recorded under CT6, followed by CT3 (11 km).
Circulation type 1, CT2, and CT4 were all associated with visibility <10 km. In particular, under CT4,
the average visibility was only 8 km, and the minimum visibility was 928 m. This can be explained as
under CT4, an anti-cyclonic center gradually approached Shanghai. As a result, the sinking airflow in
front of the ground front stabilized the atmospheric layer in Shanghai, causing the accumulation of
pollutant particles [7]. Under these conditions, maximum PMj 5 concentration and minimum visibility
were observed, and severe haze was most likely to occur in the Shanghai area. The lowest values
for the dewpoint (5.83 °C), RH (58.38%), average wind speed (2.05 m/s), and temperature (—1.88 °C)
in Shanghai were also recorded under CT4 (Table 3). The average visibility under CT2 was slightly
better than that under CT4, but the lowest minimum visibility among the six CTs was recorded under
CT2 (6 m), indicating that extreme haze was likely to occur under this condition. The calm wind
frequency in Shanghai area was highest under CT2 (2.15%); the wind direction was mainly east and
northeast, and the wind speed was 2-3 m/s. The Shanghai area was also dominated by stagnation and
recirculation wind fields under CT2.
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Table 4. Average and maximum PM, 5 concentration, and average and minimum visibility recorded
for the six CTs examined in this study.

Average Visibility Average PMy 5 Minimum Maximum PMj 5

CT . 3 S, Concentration
(m) Concentration (ug/m?) Visibility (m) (ng/m?)
1 9075.24 51.38 234 198
2 9413.45 47.47 6 195
3 11,147.02 40.21 928 179
4 8418.97 64.36 952 184
5 9808.08 38.84 357 116
6 12,811.40 31.29 1064 123

Under CT5, the average and maximum PM; 5 concentrations in Shanghai were not high, and the
average visibility was close to 10 km. However, the minimum visibility was only 357 m, indicating that
severe smog may occur in Shanghai when there is a weak pressure field. The average temperature in
the Shanghai area was highest under CT6 (21.76 °C), corresponding to an RH of 76%. These represent
typical autumn weather conditions, during which haze is mild and covers a relatively small area.

Table 5 shows the probability of occurrence and number of days of moderate, serious, and severe
haze under the six CTs, as well as the number of days with stagnation, recirculation, or ventilation
wind fields. Circulation type 1 accounted for the highest proportion of all severe haze days (41.2%),
followed by CT2 and CT4 (35.3% and 11.8%, respectively). Circulation type 1 and CT2 accounted for
the highest proportion of serious haze days (25.7% for both), and CT1, CT2, and CT4 accounted for the
highest proportions of moderate haze days (31.3%, 40.6%, and 12.5%, respectively). Therefore, CT1,
CT2, and CT4 are more likely to cause severe haze weather, whereas no severe haze in the Shanghai
area occurred under CT6 (Figure 7).

Table 5. The number of days haze occurred for each wind field type (Sta, stagnation; Ven, ventilation;
Rec, recirculation) and for each haze standard (yellow, orange, and red), and the probability of haze
occurrence (%) for each haze standard under the six CTs.

CT1 CT2 CT3 CT4 CT5 CTe
Total Days 46 59 14 21 17 25

Sta 20 32 9 16 11 2
Ven 11 10 2 2 3 2
Rec 14 17 6 6 7 9

10 13 1 4 2 2

Moderate 51 30 406% 31% 125% 63%  6.3%
: 9 9 3 5 5 4
SEHOUS oo, 257% 8.6% 143% 143% 11.4%

7 6 1 2 1 0
41.2% 353% 59% 11.8% 59% 0.0%

Moderate Haze Serious Haze Severe Haze
6% 1% 6%

6%

31%

13%
41%

9%

41%

Figure 7. The proportion of moderate, serious, and severe haze events corresponding to each of the
six CTs.
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3.4. The Relationship between Local Wind Fields and Particulate Matter Concentration and Visibility
in Shanghai

Figure 8 shows the average PM; 5 concentration and visibility in Shanghai for the three wind field
types. The lowest average PM, 5 concentration (30.13 jig/m?) and greatest visibility (11.3 km) were
recorded for the ventilation wind field, indicating that ventilation wind field conditions are conducive to
the dispersal of pollutants. The average and minimum visibility values corresponding to the stagnation
wind field were 9.2 and 1.5 km, respectively. The average and maximum PM; 5 concentrations under
the stagnation wind field were 55.15 and 163.46 pg/m?, respectively. The average and minimum
visibility values recorded for the recirculation wind field were 8.3 and 1.4 km, respectively, and its
average and maximum PMj 5 concentrations were 53.59 and 163.46 pg/m3, respectively. This indicates
that the recirculation and stagnation wind fields are not conducive to the spread of pollutants and are
likely to cause severe haze.
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Figure 8. Box and whisker plots of the visibility values and PM; 5 concentrations recorded for the
ventilation (Ven), stagnation (Sta), and recirculation (Rec) wind fields in the autumn and winter of 2016.
The dots represent mean values. The bottoms and tops of the dashed lines represent the values of the
5th and 95th percentiles, respectively; the lower sides of the rectangle represent the 25th percentile,
the middle line represents the median, and the top lines represents the 75th percentile. The red signs
denote the data beyond the mean values plus three times the standard deviation.

4. Analysis of the CTs and Wind Fields during a Severe Haze Event in Shanghai in
November 2016

4.1. Haze Event Querview

At the beginning of November 2016, the Shanghai area experienced a severe haze event. Figure 9
shows the humidity, visibility, PM; 5, and temperature curves for the haze pollution event in Shanghai.
The temperature and humidity exhibited significant diurnal fluctuations during the event—the
temperature was low in the morning and evening and high at noon, whereas the humidity was high in
the morning and evening and low at noon. The average wind speeds were low during the event, and
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clam winds were common (>70%). The wind fields in Shanghai were dominated by stagnation and

recirculation patterns and had obvious characteristics of weather preceding a cold front.
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Figure 9. The temperature, humidity, visibility, and PM; 5 concentration curves and the wind barb
during the haze pollution event in Shanghai in November 2016. The yellow, orange, and red backgrounds
represent periods of moderate, serious, and severe pollution, respectively. The circles in the wind barb
represent a wind speed of 0 m/s.
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It is noted that two obvious north—south surface wind transitions occurred from 2-5 November,
with clear recirculation characteristics. The corresponding PM; 5 concentration increased from the 2nd
to the 3rd and decreased slightly on the 4th and 5th before sharply increasing on the night of the 5th.
In the early morning of 6 November, the PM, 5 concentration reached a maximum of 115 pg/m3 and
the visibility deteriorated to 6 m. This caused the moderate haze to worsen and become a severe haze,
which continued until the 7th, indicating that the recirculation wind field aggravated the haze. On the
days of severe haze (5-7 November), the Shanghai area was experiencing the CT1 and CT2 patterns,
which is consistent with the results discussed above (i.e., that CT1 and CT2 were associated with severe
haze). On 8 November, the local wind field in Shanghai shifted to the ventilation type, and the speed
of the north wind increased to >6 m/s. The CT also shifted from CT1 to CT5. Starting on the 8th, a cold
front passed through the Shanghai area. There was significant cooling in the Shanghai area from the
8th onwards (Figure 9), and the RH declined continuously. The visibility quickly improved, and the
severity of the haze event was reduced. This shows that in the autumn and winter, continuous low
temperatures, low humidity, and northerly wind are conducive to ameliorate severe haze in Shanghai.

4.2. HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory Model) Model Simulation

Using the HYSPLIT model [52], the particle trajectories in the November 2016 pollution event
were simulated backwards. The selected starting point was Shanghai (32° N, 121° E), using the default
trajectory simulation type and Lambert projection. The starting time was 08:00 UTC on 6 November
2016 (00:00 Beijing time). At this moment, the PMj 5 concentration during the haze event was at its
highest level (115 pg/m?3), and the backward simulation was carried out for 144 h. The particle position
was marked every 6 h to observe the pollutant propagation path and its origin, so as to analyze the
cause of pollutant particle accumulation and the sharp increase in PM; 5 concentration. Three altitude
levels were selected: 10 (ground level), 100, and 200 m. The calculation results are shown in Figure 10.
The pollutants affecting Shanghai during the haze event came mainly from Tianjin and Hebei, north of
Shanghai. The particles traveled south from the Tianjin and Hebei area on 31 October 2016 and arrived
in the Shandong area on 2 November. In the autumn and winter, coal is burned in Tianjin and Hebei to
meet the high demand for heating, generating large quantities of dust and other pollutants. During the
day of 2 November, the pollutants moved southeast to the east China sea. In the early morning of
the 3rd, the pollutants reached the sea area east of Shanghai, then moved in a curve southwest and
arrived in Jiangsu Province on the 4th before moving northward. On the 5th, the pollutants reached
the east Shanghai area. Their route then turned westward and progressed to the center of Shanghai on
the 6th. The particles coming from the north of Shanghai mixed with local pollutants, causing severe
haze. From the perspective of the particle movement path, the pollutants did not reach Shanghai
directly from the north to the south but approached Shanghai from the south and east after a week
of clockwise rotation above the East China Sea. This tortuous particle propagation path is a typical
characteristic of the recirculation wind field, and the change in particle propagation direction seen in
Figure 10 could have corresponded to the changes of the north-south wind barb between 2 November
and 3 November and between 5 November and 6 November. Particles moved relatively quickly from
31 October to 3 November and greatly slowed down from 4 November to 6 November. In particular,
on 5 November, particles only traveled approximately 50 km over the entire day, which corresponded
to stagnation wind field characteristics. Therefore, our previous inference was verified; i.e., severe
haze weather is more likely to occur with stagnation and recirculation wind fields.
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Figure 10. Simulation of the backward trajectory of pollutant particles. The star represents the location
of Shanghai. Different colors represent different heights above ground level (AGL). Red, surface level;
blue, 100 m; green, 200 m.

5. Conclusions

We used the objective and quantitative T-PCA circulation classification method to classify the
weather in the Shanghai area in the study period into six types. We also divided the local wind fields
into three categories (i.e., stagnation, recirculation, and ventilation) based on the AW local horizontal
wind field classification method. The wind field characteristics of Shanghai under different circulation
patterns were studied. From the perspective of the combination of weather circulation and local
wind fields, the effects of multi-scale meteorological conditions on severe haze in the study period in
Shanghai were elucidated. The main conclusions were as follows:

In the study period, weather conditions in the Shanghai area do not facilitate particle dispersal.
The local wind field was dominated by stagnation and recirculation types, and haze was thus likely
to occur.

Through the analysis of the relationships among CTs, local wind fields, and haze conditions, it
was found that stagnation and recirculation wind fields often accompanied CT1, CT2, and CT4. At
such times, the Shanghai area was most prone to severe haze—the probability of haze occurrence was
41.2%, 35.3%, and 11.8% for CT1, CT2, and CT4, respectively.

The continuous low temperature, low humidity, and northerly wind in the autumn and winter
facilitate pollutant dispersal, which directly affected haze events in Shanghai.
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Using a severe haze incident in Shanghai in November 2016 as a case study, a simulation
of pollutant trajectory using the HYSPLIT model revealed that a severe haze event is likely to be
accompanied by recirculation wind fields.

The methodology used in this paper can be easy generalized to other situations and areas, and
this type of approach can be used to emit alerts to the population.
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