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Abstract: By using meteorology and pollution observation data from Zhejiang province, and data
from the National Centers for Environmental Prediction’s Global Data Assimilation System from
1 June 2013, to 31 May 2016, we analyzed air quality characteristics in Ningbo and applied the
HYSPLIT model to do backward trajectory clustering statistics for pollution cases of moderate,
heavy and severe (henceforth referred to as moderate-and-above) levels. The results indicated that
the percentage of moderate-and-above pollution was approximately 6%, which mostly occurred
from November to February, with the primary pollutant being particulate matter with a diameter
of ≤2.5 µm; Moderate-and-above pollution was mainly caused by pollutants from three types of
trajectories (type mx, type 1, and type 2), with type 2 differing significantly from types 1 and mx. Type
2 occurred in stable boundary layers, whereas types mx and 1 occurred in unstable and conditionally
unstable layers respectively. These three trajectory types were all related to cold air, but type 2 was
weaker than the other two. Analysis of typical cases of various pollution types revealed that a heavy
pollution outbreak was due to continuous superposition of pollutants. The input particles most likely
originated from the northwest. The upstream situation was the focus of investigation to assist in local
pollution forecasting.
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1. Introduction

Air pollution index analysis has indicated that air pollution in China is most severe in winter
and mildest in summer, with gradual deterioration of air quality from south to north and from
coastal to inland regions [1]. Increasing aerosol concentration is the main cause of air quality
deterioration and increased haze frequency [2]. In addition, aerosol also affects visibility, cloud
formation, precipitation, regional climate, and even human health by altering the nucleus and
energy balance [3–9]. In 2013, the annual average concentration of particulate matter with a
diameter of ≤2.5 µm (PM2.5) reached 72.71 µg m−3 in China, whereas it was only 13 µg m−3 in
the United States [10]. In 2012, the annual average PM2.5 concentrations in five cities in the European
Mediterranean Basin were 14–37 µg m−3 [11]. In recent years, China has made considerable efforts to
improve its air quality; thus, the annual average PM2.5 concentration decreased to 47 µg m−3 in 2016
(http://politics.people.com.cn/n1/2017/0105/c1001-28999347.html). To set a standard for evaluating
the impact of aerosols on health, the European Study of Cohorts for Air Pollution Effects Project was
launched to observe PM2.5 and particulate matter with a diameter of ≤10 µm (PM10) simultaneously
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in 20 regions in Europe [12], while efforts were made to reduce air pollution to levels that do not
endanger human health [13].

Local emissions and external transport cause air pollution. The atmospheric diffusion capability
is crucial in the regional transport of aerosols and greatly depends on meteorological conditions.
Numerical simulations and the HYSPLIT trajectory method have been used extensively in pollution
analysis and research [14–19]. Stein et al. [20] detailed the historical evolution and recent improvements
in HYSPLIT. Studies of typical pollution cases using combinations of HYSPLIT and mesoscale models
have revealed causes of pollution outbreaks in various regions from multiple perspectives [21–25].
Furthermore, analyses yielding backward trajectory statistics have provided useful information. Based
on analysis of pollution features and meteorological factors influencing a rare color haze episode
in Nanjing in December 2015, Liu et al. [26] discussed the possible reasons and used the HYSPLIT
model to analyze the pollution transportation of this purple haze. Lu et al. [27] analyzed the optical
characteristics of aerosol particles in central China by using Cloud–Aerosol Lidar observation data
and the HYSPLIT model.

In winter, northerly winds prevail in China’s Zhejiang province and transport pollutants
southward, while coastal areas have better self-purification capability and thus better air quality
than inland areas [28]. Ningbo, located on the coast of northern Zhejiang province (“Zhebei” hereafter),
is the second largest city in the province and is representative of coastal cities in Zhebei. Its location is
denoted by the cross marked “NB” in Figure 2. Air quality forecasting and services in coastal cities in
Zhebei can be obtained through analysis of air quality characteristics and pollutant trajectory statistics
in Ningbo. Thus far, few studies have focused on the characteristics of meteorological elements or
backward trajectories of aerosol particles in Zhebei.

2. Data and Methods

In China, ambient air quality standards [29] were implemented on 1 January 2016. Typically,
air quality is determined based on the air quality index (AQI) of primary pollutants. According to
the standards, air quality is classified into six levels: AQI ≤ 50 (excellent), 50 < AQI ≤ 100 (good),
100 < AQI ≤ 150 (slight pollution), 150 < AQI ≤ 200 (moderate pollution), 200 < AQI ≤ 300 (heavy
pollution), and AQI > 300 (severe pollution).

The present study period was 1 June 2013, to 31 May 2016, covering 1067 days. The data in this
study included the daily valid AQI, daily to hourly concentrations of six major pollutants (PM2.5, PM10,
SO2, NO2, CO, and O3) from the Environment Monitoring Center of Ningbo, and daily to hourly
Automatic Weather Station (AWS) observations from the Zhejiang Meteorological Information Center.
These data were quality controlled before being entered into the database; thus, missing data were
not manually supplemented. Global Data Assimilation System (GDAS) data from the U.S. National
Centers for Environmental Prediction (NCEP) networks were also used (ftp://arlftp.arlhq.noaa.gov/
pub/archives/gdas1).

3. Air Quality Characteristics in Ningbo from 2013 to 2016

Figure 1a illustrates the percentages of air quality levels (e.g., excellent and good) in Ningbo.
The percentages of excellent and good levels were approximately 16.1% and 63.4%, respectively;
that is, of the 1067 days, excellent and good air quality were noted on 172 and 676 days, respectively.
Furthermore, the percentages of slight, moderate, and heavy/severe pollution were 14.5%, 4%, and
2%, respectively. Thus, the percentage of moderate-and-above pollution was approximately 6%
(i.e., 64 days out of 1067 days).

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1
ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1
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Figure 1. The percentages of air quality levels in Ningbo (a), the percentage variation of each air 
quality level by month (b), the composition of primary pollutants of each level (c), the fractions of 
primary pollutants by month for slight pollution (d), from 1 June 2013 to 31 May 2016. 

The percentage of each air quality level varied by month (Figure 1b). The excellent level 
demonstrated a unimodal distribution; air quality peaked in August (23.8%) and increased to the 
second highest level in July (>20%). Approximately 71% of the excellent levels observed occurred 
from June to September, whereas only 7.6% occurred from December to February of the following 
year (henceforth defined as December to February). Among all levels, the percentage of the good 
level changed the least; it was high in March, April, and October, accounting for 10.2%, 10.9%, and 
10.1%, respectively. The monthly variation in the percentage of slight-and-above (including slight, 
moderate, heavy, and severe levels, used similarly henceforth) pollution was U shaped; the higher 
the pollution level, the wider was the lower half of the U-shaped curve. For slight pollution, the 
percentages from June to September were <2%, whereas those from November to February were 
>10%, totaling 64.5% for these four winter months. For moderate pollution, 93% occurred in these 
four months. All heavy pollution occurred from December to February, of which 93.3% occurred in 
December and January. Severe pollution occurred in December for only five days. 

Primary pollutant analysis (Figure 1c) indicated that for slight pollution, 78.1% of the primary 
pollutant was PM2.5, followed by O3 (12.3%). Occasionally, PM10 and NO2 also led to slight 
pollution. For moderate and heavy pollution, the primary pollutant was PM2.5, but PM10 was 
observed as the primary pollutant for two of the five severe pollution days, with the individual AQI 
(IAQI) of PM10 being as high as 420 and 500 respectively. The IAQI of PM2.5 also reached 419 and 
472 respectively on those two days. Therefore, the primary pollutants for moderate-and-above 
pollution were aerosol particles, mainly PM2.5. 

The percentages of primary pollutants demonstrated considerable monthly variations 
according to air quality levels (Figure 1d). For the good level, the percentage of each primary 
pollutant did not exceed 5% in any month; in other words, no pollutant was a leading cause of 

Figure 1. The percentages of air quality levels in Ningbo (a), the percentage variation of each air quality
level by month (b), the composition of primary pollutants of each level (c), the fractions of primary
pollutants by month for slight pollution (d), from 1 June 2013 to 31 May 2016.

The percentage of each air quality level varied by month (Figure 1b). The excellent level
demonstrated a unimodal distribution; air quality peaked in August (23.8%) and increased to the
second highest level in July (>20%). Approximately 71% of the excellent levels observed occurred
from June to September, whereas only 7.6% occurred from December to February of the following
year (henceforth defined as December to February). Among all levels, the percentage of the good level
changed the least; it was high in March, April, and October, accounting for 10.2%, 10.9%, and 10.1%,
respectively. The monthly variation in the percentage of slight-and-above (including slight, moderate,
heavy, and severe levels, used similarly henceforth) pollution was U shaped; the higher the pollution
level, the wider was the lower half of the U-shaped curve. For slight pollution, the percentages from
June to September were <2%, whereas those from November to February were >10%, totaling 64.5%
for these four winter months. For moderate pollution, 93% occurred in these four months. All heavy
pollution occurred from December to February, of which 93.3% occurred in December and January.
Severe pollution occurred in December for only five days.

Primary pollutant analysis (Figure 1c) indicated that for slight pollution, 78.1% of the primary
pollutant was PM2.5, followed by O3 (12.3%). Occasionally, PM10 and NO2 also led to slight pollution.
For moderate and heavy pollution, the primary pollutant was PM2.5, but PM10 was observed as the
primary pollutant for two of the five severe pollution days, with the individual AQI (IAQI) of PM10

being as high as 420 and 500 respectively. The IAQI of PM2.5 also reached 419 and 472 respectively
on those two days. Therefore, the primary pollutants for moderate-and-above pollution were aerosol
particles, mainly PM2.5.

The percentages of primary pollutants demonstrated considerable monthly variations according
to air quality levels (Figure 1d). For the good level, the percentage of each primary pollutant
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did not exceed 5% in any month; in other words, no pollutant was a leading cause of pollution.
For slight-and-above pollution, the primary pollutant from January to March and October to December
was PM2.5, with >7.1% in all months and >16% in December and January. Moderate pollution mostly
occurred in December and January, with PM2.5 as the primary pollutant, accounting for >25% in
all months.

Figure 2 illustrates the average distribution of automatic visibility in Zhejiang over 64 moderate-
and-above pollution episodes. During these episodes, visibility was mostly <5000 m in the coastal and
inland regions of Zhebei; <3000 m in Hangzhou (HZ), Jiaxing (JX), and Shaoxing (SX); and <2000 m
in some local regions. The average relative humidity on pollution days was <80%, with the average
maximum relative humidity being <93%. A logical inference is that low visibility was mainly caused
by haze (including dry and damp haze). Therefore, when moderate-and-above pollution occurred in
Ningbo, slight haze with visibility of <5000 m was common across Zhebei, moderate haze was found
inland, and heavy haze occurred on a regional scale.
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Figure 2. The average distribution of automatic visibility in Zhejiang for 64 moderate-and-above
pollution episodes (unit: m, the cross location marked “NB” is the city Ningbo).

Figure 3 illustrates the average hourly IAQI evolutions of six major pollutants for the 64 moderate-
and-above pollution cases from 2 days before the outbreak (day −2 and day −1) until the occurrence
day (day 0) in Ningbo. It shows that PM2.5 held the highest IAQI, followed by PM10, with IAQI of
the other 4 pollutants greatly lower than the above two. The IAQI of PM10 and PM2.5 were high,
with IAQI of PM2.5 generally >100 two days before the outbreak of the moderate-and-above pollution
events. This indicates that not only high levels of PM10 and PM2.5, but also poor atmospheric diffusion
capacities should both be blamed for the pollution occurrence.
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Figure 3. The average hourly individual air quality index (IAQI) evolutions of six major pollutants for
moderate-and-above pollution from 2 days before the outbreak (day −2 and −1) until the occurrence
day (day 0) in Ningbo.

4. Clustering Analysis and Statistical Characteristics of Backward Trajectories

4.1. Clustering Analysis of Backward Trajectories for Moderate-and-Above Pollution

During the analysis period, 61 (95%) of the 64 moderate-and-above pollution episodes in Ningbo
occurred from November to February, with aerosol particles as the primary pollutants. The HYSPLIT
model was used for backward trajectory clustering analysis of these 61 episodes, with the analysis
period comprising the day of the pollution outbreak and the day prior to it, totaling 48 h. The start
time was set to 23:00 h (China Standard Time) on the day of the pollution outbreak. The start point
was set to the Environment Monitoring Center of Ningbo (29.851◦N, 121.524◦E). Because air pollution
mainly occurs in the boundary layer, four heights above ground level (AGL) were set for each pollution
episode: 1000, 500, 200, and 50 m. To analyze the characteristics of horizontal transport and deposition
of aerosols at various heights within the boundary layer, we tracked the −48 h backward trajectories at
each height for each episode and yielded a total of 4 × 61 = 244 trajectories. The critical value of the
space variance rate and the number of broad categories were set to 30% and four, respectively.

Figure 4 illustrates the −48 h average backward trajectories of the particles. Approximately 50%
of the particles originated from the northwest within 1000 km of Ningbo (trj1), whereas approximately
27% originated from the vicinal areas within 200 km of Ningbo (trj2) and the −42 to 0 h particles of
trj2 convoluted within 100 km from the start point. Trj3 and trj4 equally accounted for approximately
11% of the pollution episodes but had different source regions. The −48 h source of trj3 was located
in Western China, approximately 1400 km western of Ningbo, whereas trj4 represented long-range
transport from 2000 km northwest of Ningbo. The −48 h average heights of trj1 and trj2 were lower
than those of trj3 and trj4. Moreover, trj1 and trj2 were below 1500 m with average end heights of
360 m, whereas trj3 and trj4 were above 2500 m with average end heights of 685 m. Thus, 77% of the
−48 h aerosols that caused moderate-and-above pollution were located within 1000 km northwest
of Ningbo; approximately 27% of these were related to close-range transport within 200 km with an
average height of <1500 m; and these aerosols mainly affected air quality in the lower boundary layer.
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By contrast, approximately 22% of the −48 h pollutant particles originated remotely from a distance of
>1400 km with an average height of >2500 m. Through upper transport and deposition, these particles
mainly affected air quality in the upper and middle boundary layers above 600 m.
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Figure 4. The −48 h average backward trajectories for moderate-and-above pollution episodes
in Ningbo.

The upper and lower trajectories for each pollution episode may not have been identical. Thus,
we defined pollution type 1 as four layers of trajectories identical to trj1 in Figure 4; pollution types
2, 3, and 4 were defined in a similar manner. Type mx was defined as four layers of trajectories that
differed from one another. Table 1 lists the number of pollution episodes by type and level and Table 2
lists the proportion of trajectories of type mx at various heights. Table 1 indicates that pollution types
1 and 2 occurred 20 and 11 times, respectively, whereas type 3 occurred only once (on December
23, 2015) and no moderate-and-above pollution of type 4 occurred. Approximately 48% (29 of 61)
of all cases of moderate-and-above pollution were type mx; that is, combinations of particles from
different directions and different heights led to 48% of the 61 pollution episodes. We concluded that
the backward trajectories of moderate-and-above pollution in Ningbo were mainly types mx, 1, and 2;
whereas types 3 and 4 generally did not cause such pollution. In other words, trj1 and trj2 in Figure 4,
which showed consistency in the upper and lower trajectories, could lead to moderate-and-above
pollution, whereas trj3 and trj4 usually did not unless they cooperated with trj1 and trj2.

Table 2 illustrates the trajectory proportion of type mx pollution episodes occurring 29 times at
various heights. Trj1 comprised 69.0% and 48.3% at 50 and 200 m, respectively, indicating that the
−48 h particles within 1000 km northwest of Ningbo contributed to approximately half of the pollution
in the lower boundary. However, in the upper boundary (500 and 1000 m), backward trajectories
tended to be trj3 and trj4 with percentages of 34.5% and 44.8%, respectively. Thus, type mx appeared
primarily as trj1 and trj2 in the lower boundary and trj3 and trj4 in the upper and middle boundaries.
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Table 1. The number of pollution episodes by type and level.

Types Moderate Heavy Serious Total

type mx 18 9 2 29
type 1 17 3 0 20
type 2 5 3 3 11
type 3 0 1 0 1
type 4 0 0 0 0

Table 2. The proportion of trajectories (%) in type mx at various heights above ground level (AGL).

Height AGL (m) trj1 trj2 trj3 trj4

50 69.0 24.1 6.9 0.0
200 48.3 20.7 13.8 17.2
500 20.7 20.7 27.6 31.0

1000 6.9 13.8 34.5 44.8

4.2. Atmospheric Stratification and Meteorological Characteristics of Pollution Types

As moderate-and-above pollution occurred only once in type 3 and never in type 4, we did not
conduct trajectory element analysis on these two types.

Figure 5 illustrates the lapse rate of temperatures in four layers for pollution types 1, 2, and
mx above the Environment Monitoring Center of Ningbo on moderate-and-above pollution days.
The temperature of type 2 was significantly higher than those of types 1 and mx; a thermal-inversion
layer appeared at 50–200 m with intensity of 0.23 ◦C (100 m)−1; the lapse rate of temperature was only
−0.22 ◦C (100 m)−1 at 200–500 m, indicating stable middle and lower boundaries. The lapse rates of
temperature for type 1 at 50–200 and 200–500 m were −0.94 ◦C (100 m)−1 and −0.82 ◦C (100 m)−1,
respectively, both of which were very close to a dry adiabatic lapse rate, whereas the corresponding
rates for type mx were −0.54 ◦C (100 m)−1 and −0.56 ◦C (100 m)−1, respectively. Considering that
the relative humidity for types 1 and mx was approximately 50%–60% in all four layers, the logical
inference is that the middle and lower boundaries were unstable and conditionally unstable for types 1
and mx respectively, but stable for type 2.
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The meteorological elements in the backward trajectories varied with pollution type. Figure 6a–f
illustrates the −48 to 0 h average backward trajectories at various heights (Figure 6a,c,e) and their
temperature changes (Figure 6b,d,f) for pollution types 1, 2, and mx. Type 2 (Figure 6c,d) differed
significantly from types 1 and mx. The −48 h aerosols at heights of 50, 200, 500, and 1000 m were
approximately 256, 232, 133, and 278 km away from Ningbo, respectively. The −48 to −36 h particles
slowly moved southeastward with northwesterly airflow and with a low average horizontal speed of
1.2 m s−1 at 50 m. In addition, slow deposition occurred at a descending speed of 3.7 × 10−3 m s−1.
The trajectories of the −36 to 0 h particles at 50–500 m exhibited anticyclonic rotation, leading to
convolution and retention of pollutants. Although both types 1 and mx particles originated from
inland areas northwest of Ningbo, their source regions were distinct at different heights and distances.
For trajectories at 50 m, the −48 h source region of particles of type 1 were located in Shandong,
approximately 780 km northwest from Ningbo at a height of 857 m, whereas those of type mx were
located at the junction of Jiangsu and Shandong, approximately 700 km from Ningbo at a height of
1089 m. For trajectories at 1000 m, the −48 h source region of particles of types 1 and mx were located
in Shanxi and Ningxia at heights of 2380 and 3000 m and horizontal distances of 1240 and 1660 km,
respectively. Thus, the pollutant source of type mx was higher and located further west than that of
type 1 with similar trajectory layer elevation.

Regarding trajectory temperature (Figure 6b,d,f), type 2 also showed considerable differences.
The −48 to −12 h temperatures of type 2 (Figure 6d) in all four layers increased gradually, indicating
cold advection. By contrast, the −12 to 0 h temperatures decreased at heights of 50–500 m, indicating
warm advection. The −18 to 0 h temperatures remained nearly constant at 1000 m, indicating minor
temperature advection. Thus, for pollution type 2, weakening cold advection in the boundary layer
during −48 to −12 h, and warm advection during −12 to 0 h in the lower boundary were observed.
By contrast, for pollution types 1 and mx, the −48 to 0 h temperatures decreased in all four layers;
however, the −12 to 0 h temperatures remained constant at a height of 50 m. Thus, −48 to −12 h cold
advections occurred in every layer from northwest to southeast but cold air weakened at a height of
50 m from −12 to 0 h, during which the source region of particles of types 1 and mx were approximately
123 and 85 km from the start point and descended to heights of 236 and 431 m, respectively. Thus, types
1 and mx were accompanied by cold air. The −48 to 0 h particles were transported from northwest to
southeast alongside cold air. From −12 to 0 h, cold air weakened in the near-surface layer, and this
weakened the diffusion capacity and retention of the input particles; however, these particles continued
to be transported and descended with cold air in the 200–1000 m upper boundary, which was conducive
to pollutant accumulation.

Pollution types differed in terms of both horizontal and descending speeds of particles. Figure 7
illustrates these two types of speed in four layers for types 1, 2, and mx at 12 h intervals. Consistent
with the results of the previous analysis, type 2 differed from the other two types. The average
horizontal speed was generally <2 m s−1 at each height and the −36 to −24 h speeds at heights of
500 and 1000 m were <0 m s−1, implying convolution and retention of the particles that moved away
from the start point. The horizontal speeds of types 1 and mx were maintained at 2–6 m s−1 at 50 and
200 m and 4–12 m s−1 at 500 and 1000 m, all of which were greater than those of type 2. Regarding
deposition motion, the −48 to −24 h particles in all four layers for all three types descended at speeds
of 3–14 × 10−3 m s−1. Although the descending speeds did not vary much at any height, for type 2,
the −24 to 0 h speeds decreased and the speeds at 500 and 1000 m were <0 m s−1, indicating that the
particles were no longer descending. However, types 1 and mx maintained strong deposition motion,
with their −12 to 0 h descending speeds at a height of 50 m reaching a maximum at 8.8 × 10−3 m s−1.
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In summary, type 2 pollution differed significantly from types 1 and mx; its horizontal speeds were
considerably slower and it even demonstrated negative speeds away from the start point, indicating
convolution of the particles. Although all three pollution types were related to cold advection, the cold
air in type 2 was weaker than that in types 1 and mx and was mainly limited to the upper boundary.
In contrast, types 1 and mx had cold advections in all four layers that only weakened in the −12 to 0 h
range at the near-surface layer. On the day before the pollution outbreak (−48 to −24 h), the particles
in all three pollution types descended at almost the same speed. However for type 2, the −24 to
0 h descending speed greatly decreased and a weak ascending motion occurred in the upper and
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middle boundaries, whereas deposition motion in types 1 and mx became stronger. Therefore, aerosol
deposition contributed less to type 2 than to types 1 and mx.
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4.3. Analysis of Characteristics in Typical Cases of Different Pollution Types

Table 3 lists the occurrence dates and AQI scores in typical cases of pollution types 1, 2, 3, and mx,
with the highest AQI for each pollution type included.

Table 3. Typical cases of 4 pollution types.

Case (types) Date (yr/m/d) AQI Air Pollution Level

1 (type 1) 2015/12/15 257 heavy pollution
2 (type 2) 2013/12/7 500 severe pollution
3 (type 3) 2015/12/23 251 heavy pollution

4 (type mx) 2013/12/26 312 severe pollution

Slight pollution had already been present for 1–3 days in Ningbo before the outbreak of each of
these four cases with the primary pollutant of PM2.5, indicating poor atmospheric diffusion capacities
in these few days. Figure 8 displays the hourly PM2.5 mass concentration evolutions of these four cases
from 2 days before the outbreak (day −2 and day −1) until the occurrence day (day 0). The PM2.5

concentrations were generally >0.1 mg m−3 and did not vary with traffic peaks or valleys, with the
AQI reaching the slight pollution level or above. The PM2.5 concentrations of cases 1, 3, and 4 began
steadily increasing from 18:00 h on day −1, whereas the increase in case 2 began from 16:00 h on
day −2. This observation indicates that levels of aerosols (including PM10 and PM2.5) were high
during slight pollution episodes on days −2 and −1 with poor atmospheric diffusion capacities.
The superposition of aerosol particles ultimately led to heavy-and-above (including heavy and severe)
pollution. Therefore, a typical pollution case did not result from one round of pollutant transport but
rather from the final result of continuous superposition of multiple rounds of pollutant transport.
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Figure 9 illustrates the −48 h backward trajectories (Figure 9a,c,e,g) and their height changes
(Figure 9b,d,f,h) in various layers of the four cases. The heights of pollutant sources and trajectories
differed. For case 1, the backward trajectories on day −1 to day 0 were identical in some layers
(Figure 9a,b). The −48 h pollutant sources in all layers were located in the northwest inland region
1000–1500 km away from Ningbo. The average 12 h horizontal speed in each layer remained nearly
constant at 5–10 m s−1. The −42 to −12 h particles in each layer were elevated with a maximum speed
of 13 × 10−3 m s−1; thereafter, the −24 to 0 h particles in the boundary layer descended at an average
speed of 6 × 10−3 m s−1, resulting in a continuous increase in PM2.5 concentration on day 0 (Figure 8).
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Case 2 was different (Figure 9c,d). The −48 to 0 h trajectories at 200 and 50 m did not descend,
and the deposition of the −12 to 0 h trajectories at 500 and 1000 m was not obvious. The −24 h
pollutant sources in each layer were within 300 km of Ningbo. Therefore, the increases in pollutant
concentrations in the lower boundary from −24 to 0 h were due to the circulation of vicinal particles,
whereas deposition had little effect on the severe pollution outbreak.

Case 3 was the only heavy pollution outbreak belonging to type 3, which was a low-probability
event. Trajectory analysis revealed that the particles originated from the southwest of Ningbo (Figure 9e).
At −48 h, the particles at 50–500 and 1000 m were 950–1300 and 1730 km from the start point,
respectively. The particles were elevated from −48 to −30 h and then descended from −24 to 0
h (Figure 9f). At −12 h, the particles in each layer were less than 100 km from Ningbo. Thereafter,
when approaching Ningbo, the particles at heights of 50 and 200 m turned from north to south
alongside weak cold air, whereas at heights of 500 and 1000 m, they moved from south to north.
The particles in each layer descended and met in Ningbo, resulting in a steady increase in particle
concentration on day 0 for case 3. Hence, the input particles 1000 km away from the southwest of
Ningbo were transported northeastward by southwesterly airflows and elevated to middle and lower
troposphere layers below 3000 m because of the uplifting effect; they then descended from −24 to
0 h. When they were 100 km away from Ningbo, the low-level particles turned from north to south,
whereas the middle-upper-layer particles moved from south to north, resulting in their deposition in
Ningbo. In addition, the slight-and-above pollution on day −2 to day −1 implied poor air diffusion
capacities. Ultimately input particles and poor diffusion capacities led to the only heavy pollution case
that occurred in southwesterly airflow.

Case 4 was the most typical case of type mx; it was largely the same as case 1 but differed in
some aspects. Although both cases originated in the northwest of Ningbo, they differed in terms of
pollutant sources, particle elevation, and deposition height. For case 4, the −48 h particles at a height
of ≥200 m were >1900 km from Ningbo (Figure 9g), which was farther than the distance in case 1,
and those at a height of 50 m were <600 km from Ningbo, which was closer than the distance in case 1.
During southeastward transport, the −48 to −30 h particles first were elevated and then gradually
descended, except for those at a height of 50 m in case 4 (Figure 9h). The impact of deposition on the
pollution outbreak mainly occurred at heights of ≥200 m. Therefore, alongside long-range particle
transport, deposition in the middle and lower troposphere layers, a backdrop of continuous pollution,
and horizontal input of vicinal pollutants in the near-surface layer finally led to the severe pollution
outbreak in case 4.

The aforementioned analysis results for the four typical pollution cases indicated that continuous
slight-and-above pollution on day −2 to day −1 represented not only high pollutant concentrations
but also poor atmospheric diffusion capacities; the input particles on the pollution outbreak day most
likely originated from the northwest of Ningbo. However, when the circulation conditions were
suitable, these particles may have originated from a southwesterly or easterly direction. In addition,
the horizontal distance from the source region to Ningbo greatly varied according to direction.
The particles in the upper boundary layer at heights of 500 and 1000 m descended but the input
particles in the lower-boundary layer at heights of 50 and 200 m did not necessarily descend. Thus,
focusing on the lower-boundary pollution situation of upstream areas can provide a significant
reference for local pollution forecasting.

5. Conclusions

Taking Ningbo as the representative city of coastal Zhebei, based on observation data from the
Environment Monitoring Center of Ningbo, hourly meteorological observation data from Zhejiang
AWS, and US NCEP-GDAS data, air quality characteristics in Ningbo were statistically analyzed,
and the HYSPLIT model was used to conduct backward trajectory clustering analysis and trajectory
feature statistical analysis. The results are described as follows.
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1. The percentage of excellent and good air quality in Ningbo was approximately 80% and that of
moderate-and-above pollution was approximately 6%. The monthly variation in the percentage
of slight-and-above pollution was U shaped; the higher the pollution level, the wider was the
lower half of the U-shaped curve. Most moderate-and-above pollution occurred from November
to February and the primary pollutant was PM2.5. Haze of visibility <5000 m was common in
Zhebei during moderate-and-above pollution days.

2. For moderate-and-above pollution in Ningbo, 77% of the pollutants originated from vicinal areas
within 1000 km to the northwest; of these, nearly 27% were related to close-range pollution within
200 km. The average height of −48 h pollutant sources did not exceed 1500 m; these sources
mainly affected the air quality of the lower boundary. Approximately 22% originated from remote
areas farther than 1400 m with long-range transport and deposition in the middle and lower
troposphere above 2500 m; these sources mainly affected the air quality of the middle and upper
boundaries above 600 m.

3. Moderate-and-above pollution was mainly a result of three trajectory types: mx, 1, and 2. Type 2
differed significantly from the other two types because atmospheric stratification in the middle-
and lower-boundary layers was stable. By contrast, types 1 and mx respectively occurred in
the unstable and conditionally unstable layers. Furthermore, type 2 differed significantly from
types 1 and mx in terms of meteorological elements, namely the temperature, horizontal speed,
and descending speed in each layer.

4. The characteristic analysis of typical cases of various pollution types revealed that the pollution
outbreak did not result from one round of pollutant transport but rather was the final result of
continuous superposition of multiple rounds of pollutant transport. The input particles on the
pollution outbreak day most likely originated northwest of Ningbo but under suitable circulations
may have originated from a southwesterly or easterly direction.

Author Contributions: Conceptualization, X.T. and R.Y.; Data curation, Y.L. and J.Z.; Formal analysis, X.T.;
Methodology, R.Y.; Project administration, R.Y.; Supervision, R.Y.; Writing—original draft, X.T.; Writing—review
& editing, Y.L.

Funding: This research was funded by Zhejiang Provincial Natural Science Foundation of China under Grant
No. LY16D050001.

Acknowledgments: This manuscript was edited by Wallace Academic Editing.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

Zhebei Northern Zhejiang province
NB Ningbo
PM2.5 Particulate matter with a diameter of ≤2.5 µm
PM10 Particulate matter with a diameter of of ≤10 µm
AQI Air quality index
IAQI Individual air quality index
AGL Above ground level
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