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Abstract: To reveal the temporal–spatial characteristics of air pollution during winter haze events
on the north slope of the Tianshan mountains, a combined detection experiment was conducted in
this study using a tethered airship, Lidar, and ground monitors from December 2019 to January 2020
in Shihezi. First, the boundary layer height (BLH) was calculated using the temperature, relative
humidity, wind speed, and atmospheric pressure detected by the tethered airship; the BLHs were
mainly distributed from 200 m to 450 m, with the visibility (V) mainly less than 3000 m. Subsequently,
the temporal–spatial characteristics of the atmospheric pollutants were analyzed. The results show
that during winter haze events, the temperature was mainly between −5 ◦C and −15 ◦C, and the
relative humidity was between 60% and 75%, with a wind speed of less than 2 m/s. Moreover,
the temperature difference (∆T) within the BLH was basically greater than 0, except from 14:00 to
18:00, and a larger ∆T corresponded to a lower V and more severe pollution, which indicates that the
sensible heat flux is very weak, and the atmospheric structure is very stable. Meanwhile, the PM2.5

and PM10 were mainly concentrated between 130 and 180 µg·m−3 and between 160 and 230 µg·m−3,
respectively; the maximum PM2.5 and PM10 appeared at 11:00–13:00. Furthermore, the black carbon
was distributed at 6–8 µg·m−3 and decreased significantly around the BLH. Moreover, the extinction
coefficient (EC) had a negative correlation with the V, and the maximum of the EC was 9 km−1 when
V was the minimum (less than 1500 m) from 10:00 to 11:00. Finally, the relationship between V and
the air quality index (AQI) is constructed as AQI = 456e−0.00061V . The conclusions obtained provide
a reference for haze elimination and environmental governance of the locale.

Keywords: haze; tethered airship; Lidar; boundary layer

1. Introduction

The Tianshan Mountains (TMs) are the largest independent east–west trending moun-
tain chain and exert a crucial impact on the climate and air pollutant distributions in the
center of Asia [1]. Moreover, the cities (e.g., Urumqi, Shihezi, Changji) on the north slope
of the TMs are important economic belts of the “Belt and Road Initiative” [2], and heavy
air pollution occurs frequently in these cities with the development of the economy and
the topographic features [3]. The heavy air pollution is mainly in the form of brown haze
events in winter, which decrease the visibility and regional air quality [4–8]. Furthermore,
air pollution not only destroys the environment and radiation budget [9] but also causes
serious health problems, which cause over 3 million premature deaths every year glob-
ally [10–12]. Therefore, the improvement of the air quality in this area plays an important
role in its economic and social development.

The occurrence of haze events is connected to the accumulation of particulate matter
(PM), which may be attributed to many factors (e.g., stable weather condition, atmospheric
chemistry reaction) [13–16]. Haze events are also closely related to atmospheric boundary
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layer (BL) processes, as the BL reflects the mixing volume and the turbulent characteristics
of a low-level atmosphere [14,17,18]. The structure of the BL and turbulent layers formed
within the BL are investigated worldwide using a variety of methods and sensors, including
the reconstruction of vertical turbulence profiles based on the analysis of the light wave
field [19,20]. The development of the boundary layer height (BLH) has a great influence on
the heat, water vapor, aerosol, and free atmosphere; the weak wind, a low heat flux, and a
stable BL are favorable for the development of haze events. In contrast, a higher BLH and
stronger winds reduce the frequency of haze events [21–23].

Many previous studies have also focused on the chemical characteristics, the spatial
distribution of fine PMs, and the temporal evolution of the particles [24–27]. Residential
coal burning emissions and the generated PMs are the primary factors contributing to
winter haze formation in China [28]. The radiation effects of a higher concentration of black
carbon (BC) can strengthen the inversion above the BL, which significantly restrains the
growth of the BL. A lower BL leads to the occurrence of persistent haze events [29,30]. In
addition, Table 1 shows the sources of different pollutants based on the previous studies.
However, due to the lack of multi-component aerosol observations (especially PM10, PM2.5,
and BC), there have been few published reports on the high-resolution temporal–spatial
characteristics of atmospheric pollutants during haze events over the TMs [31].

Table 1. The pollution sources of different pollutants.

Pollutant Pollution Sources Reference

CO Incomplete combustion of coal and industrial production Li et al. [11]
SO2 Coal burning Meng et al. [32]
SO2 Motor vehicles and coal combustion Tan et al. [33]

PM2.5 Primary and secondary sources Xiang et al. [34]
Coarse particles Blowing sand Tan et al. [35]

Tethered airships can directly derive the vertical profiles of the concentrations of PM10,
PM2.5, BC, and meteorological elements. Compared to aircraft that are more effective at
obtaining information at a high level with a low resolution due to a high speed [36,37],
tethered airships enable the high-resolution analysis of the characteristics of a low-level
atmosphere. Moreover, compared to a meteorological tower with a limited observation
height (<350 m) [38], tethered airships can obtain data at a height up to 2 km, which is vital
for humans and where the PM and BC are concentrated [39].

To reveal the temporal–spatial characteristics of atmospheric pollutants during haze
events on the north slope of the TMs, a combined detection experiment was conducted
in this study using a tethered airship, Lidar, and ground monitors from December 2019
to January 2020 in Shihezi. The further sections in this paper are as follows. Section 2
introduces the instruments and data. Section 3 describes the calculation method for the
BLH using the tethered airship data. Section 4 analyzes the spatial–temporal characteristics
of the meteorological factors within the BL during haze events. Section 5 analyzes the
spatial–temporal characteristics of the pollutants, including BC, particulate matter with
a diameter < 2.5 µm (PM2.5), particulate matter with a diameter < 10 µm (PM10), the
extinction coefficient, and gaseous pollutants (CO, NO2, and SO2) during haze events.
Finally, the study discusses the pollution sources at different times.

2. Materials and Methods
2.1. Detection Site and Equipment

In this study, the detection site is Shihezi (44.31◦ N, 86.06◦ E; Figure 1a), with an
average altitude of 450 m, which is the core city of the Chinese “Belt and Road Initiative”.
Moreover, the city is located on the north slope of the Tianshan Mountains (TMs) (Figure 1a),
with the typical meteorological characteristics of the north slope of the TMs. Furthermore,
due to the influence of terrain type and meteorological factors, severe haze events frequently
occur in this area in winter.
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Figure 1. (a) Location map of the Tianshan Mountains, where the red circle is Shihezi; (b) the tethered
airship; and (c) the Lidar system.

The combined detection experiment using the tethered airship (Figure 1b), the Lidar
system (Figure 1c), and ground observation instruments was conducted from December
2019 to January 2020 in Shihezi. Moreover, the number of measurements carried out using
the airship was 70, and the distribution of detection time was concentrated in 06:00–23:00
from 27 December 2019 to 14 January 2020 (as shown in Table 2).

Table 2. The time distribution of the tethered airship detection.

Time Frequency Time Frequency Time Frequency

06:00–08:00 7 12:00–14:00 6 18:00–20:00 9
08:00–10:00 10 14:00–16:00 6 20:00–22:00 7
10:00–12:00 7 16:00–18:00 8 22:00–23:00 10

A ΠS111 meteorological sounding instrument, an AE-51 micro aethalometer, and
aerosol particle spectrometers were installed in the tethered airship (Figure 1b). The ΠS111
meteorological sounding instrument is produced by the company Vaisala, based in Finland,
and can effectively detect temperature, relative humidity (RH), air pressure, and horizontal
wind at different heights, and its time and vertical resolutions are 2 s and 1 m, respectively.
The AE-51 micro aethalometer is produced by the company AethLabs, based in the US, and
measures the mass concentration of black carbon (BC) by measuring the attenuation of the
transmitting 880 nm wave, and its time and vertical resolutions are 1 s and 5 m, respectively.
The aerosol particle spectrometer is produced by the company Grimm, based in Germany,
and can measure aerosol particles with a diameter in the range of 0.25–32 µm, and its time
resolution is 6 s. Furthermore, the aerosol particle spectrometer was used to detect PM2.5
and PM10 in this study.

The Lidar system is the GBQ L-01 atmospheric aerosol Lidar (Figure 1c), which is
produced by Hefei Zhongbo Technology Company in China. The Lidar system emits a
532 nm laser, and the main parameters are shown in Table 3. Furthermore, the radar can
detect the backscattered, extinction coefficient of atmospheric aerosol. The Lidar system
operates very stably for 24 h nonstop and generates one set of data per minute.

Table 3. Parameters of the Lidar system.

Parameter Name Parameter Parameter Name Parameter

Transmit power ≥1 mJ Measurement channel 532 nm
Wavelength 532 nm Pulse frequency ≥3 kHz

Time resolution 1 min Vertical resolution 7.5 m
Sampling frequency 20 MHz Effective detection height 15 km
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The ground observation instruments include a visibility meter FD12P, environmental
monitoring instruments (e.g., CO, NO2, and SO2), and meteorological detectors
(e.g., temperature, RH, and wind). The visibility meter FD12P is produced by the company
Vaisala, based in Finland, and measures the horizontal visibility per minute.

2.2. Data

According to Chinese meteorological observation rules [11], haze occurs when there is
a low-level RH of <75%, and the haze can be divided into four levels based on visibility
(V): severe haze with the V < 2.0 km, moderate haze with the V between 2.0 and 3.0 km,
mild haze with the V between 3.0 and 5.0 km, and slight haze with the V between 5.0 and
10 km. Based on these rules, the observers recorded 51 haze days from December 2019 to
January 2020, including 6 days of moderate pollution (150 ≤ AQI < 200), 30 days of heavy
pollution (200 ≤ AQI < 300), and 5 days of severe pollution (AQI ≥ 300).

In this study, the temporal–spatial characteristics of air pollution during haze were
analyzed by using data including meteorological elements, with PM10, PM2.5, and BC
detected by the tethered airship; the extinction coefficient detected by the Lidar system; the
temperature, RH, and wind speed obtained by the ground observation station; and CO,
NO2, and SO2 monitored by the environmental monitoring instrument.

2.3. The Method for Determining Boundary Layer Height

Based on previous studies, there are many different methods of determining boundary
layer height (BLH). Vogelezang (1996) proposed the bulk Richardson number (Ri) to
determine BLH, and Ri was widely used for determining the diurnal BLH [40,41]. However,
Ri is unable to accurately determine the nocturnal BLH [42]. Moreover, the maximum
gradient of the potential temperature and specific humidity (MGPS) is another widely used
method for determining BLH [43].

Using the meteorological elements detected by the tethered airship, this study uses
two different methods to determine the diurnal BLH and the nocturnal BLH, respectively.
When the time is between 10:00 and 20:00 BT, the Ri method is used to determine the BLH.
However, when the time is between 20:01 and 09:59 BT the next day, the MGPS method is
used to determine the BLH. The main steps are as follows:

First, the temperature (T), RH, and air pressure (p) are used to calculate potential tem-
perature (θ) and specific humidity (q). The equations are shown as Equations (1) and (2):

θ = T×
(

p0
p

)0.286
(1)

q = ε× e/(p− (1− ε)× e) (2)

In Equation (1), p0 is equal to 1000 hPa, T is the measured temperature (K), ε of 0.622
is the ratio of the molecular weight of water vapor to that of dry, and e represents the water
vapor pressure, which can be calculated by Equation (3) using RH and saturated water
vapor pressure es:

e = RH× es =

6.1078× RH· exp
[

17.2694(T−273.16)
T−35.86

]
T > 273.16

6.1078× RH· exp
[

21.875(T−276.16)
T−7.66

]
T < 273.16

(3)

Second, using the potential temperature (θ) and specific humidity (q), the virtual
potential temperature (θv) is calculated by Equation (4):

θv = θ(1 + 0.608q) (4)

Third, Ri is calculated by Equation (5) using θv, horizontal wind speed, wind direction,
and height (h). Moreover, in Equation (5), s represents the ground (or the height of the first
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detection layer), and v and u are components of the wind speeds. As the value of bu2
∗ is

much smaller than the shear of horizontal wind, it is ignored in this study.

Ri(h) =

(
g
θvs

)
(θvh − θvs)(h− hs)

(uh − us)
2 + (vh − vs)

2 + (bu2∗)
(5)

Fourth, ∆g is calculated by Equation (6) using θ and q. Moreover, h1 and h2 are the
heights of the adjacent detection layer.

∆g = |θh2 − θh1
h2 − h1

|+|
qh2 − qh1
h2 − h1

|, h2 > h1 (6)

Finally, when the time period is 10:00–16:00 BT, according to the Ri method, the height
corresponding Ri of 0.25 [44] is determined as the BLH. However, when the time period is
16:01–09:59 BT the next day, according to the MGPS method, the height corresponding to
the maximum ∆g is determined as the BLH.

The haze events from 01:00 to 22:30 on 1 January 2020 were selected, and they de-
termined the BLH (Figure 2). As shown in Figure 2, there is an obvious gradient change
in potential temperature and specific humidity near the BLH. Moreover, the correspond-
ing BC decreases significantly when the height of the BLH is higher, which is consistent
with the structural characteristics of the BL. Hence, the BLH retrieved by this study is
basically credible.

Figure 2. Vertical distributions of temperature, RH, Ri (the red lines are the height when Ri is 0.25.),
potential temperature, specific humidity, and BC at (a) 01:20, (b) 08:30, (c) 16:40, and (d) 21:30 on
1 January 2020, where the blue lines are the BLHs.
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3. Results
3.1. Meteorological Characteristics
3.1.1. Characteristics of Ground Observations

Figure 3 shows the temporal distributions of ground temperature, ground relative RH,
visibility, ground wind, and ground PM2.5 from 1 December 2019 to 31 January 2020. As
Figure 3 shows, it can be inferred that the ground temperature (Figure 3a) is −12 ◦C–−3 ◦C,
with the ground RH being between 60 and 80% (Figure 3a); moreover, the corresponding
visibility (Figure 3b) is mainly less than 3000 m. Based on the meteorological observation
rules, the haze events occurred frequently and lasted for a long time during this period.
Furthermore, the wind speed on the ground (Figure 3c) was generally less than 1.5 m/s.
Moreover, due to the blocking effect of the TMs on the strong convective airflow, it is not
easy to dissipate the haze events, which leads to the maximum PM2.5 (Figure 3d) being
greater than 340 µg·m−3. By comparing Figure 3b,d, it can be seen that the V is negatively
correlated with PM2.5. Moreover, when the V is smaller, the PM2.5 is larger, with the
pollution level being more serious; however, when the V is larger, the PM2.5 is smaller, with
the air quality being better. During the detection period of the tethered airship (between
the black lines in Figure 3), the V was mainly less than 2000 m, and the ground PM2.5 was
greater than 150 µg·m−3, indicating that severe haze events occurred during this period.

Figure 3. The temporal distributions of the ground meteorological elements: (a) temperature and RH;
(b) visibility; (c) surface wind; and (d) surface PM2.5. The time period between the two black lines
used tethered airship detection data.
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3.1.2. Characteristics of Boundary Layer Height

Figure 4 illustrates the temporal distribution of the average BLH and average V during
the haze events in Shihezi, and the average BLH is very low, in the range of 150–480 m.
Comparing Figure 4a,b, it can be seen that the average BLH has a positive correlation with
V. Moreover, the higher average BLH corresponds to the better V, which is more conducive
to the dissipation of haze events; however, the lower average BLH corresponds to the lower
V, which is more conducive to the development of haze events.

Figure 4. The temporal distributions of (a) the average BLH and (b) the average visibility.

As shown in Figure 4, in the evening (from 22:00 to 9:00 the next day), the average BLH
is around 200 m with little change over time, which indicates that the atmospheric structure
is very stable. Meanwhile, the average V is less than 2000 m, and the weather conditions
are severe haze. When the sun starts to rise (after 10:00), the BLH gradually rises with time
due to solar radiation. Subsequently, the corresponding BLH reaches its maximum (greater
than 400 m) at 16:00; moreover, the average V is greater than 2000 m, and the weather
conditions are moderate haze. However, the average BLH gradually decreases with the
ground temperature after 18:00, and the BLH drops to about 200 m again at 20:00. The BL
at night is the stable boundary layer, while the BL between 10:00 and 20:00 is the mixed
layer, and the BLH at night is about 300 m less than that during daytime.

Overall, the BLH of the haze in Shihezi is mainly lower than 500 m, which is consistent
with the results for severe haze in other cities in China (shown in Table 4). By analyzing
the reasons, we found that this is due to the blocking effect of the TMs; the wind speed
in the middle–low altitudes of this region is very low (shown in Figure 3); moreover,
the temperature and RH in winter are relatively low, resulting in the stable atmospheric
structure and difficulty in developing the BLH.
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Table 4. The BLHs of the severe haze in other cities in China.

City The BLH Reference

Shenyang Less than 450 m Li et al. [45]
Guangzhou Less than 500 m Deng et al. [46]

Xi’an Less than 500 m Ming et al. [21]
Chengdu In the range of 150–600 m Zeng et al. [47]

3.1.3. Temporal–Spatial Characteristics of Temperature

As the BLH during haze events on the north slope of the TMs is generally less than
450 m, the temporal distributions of the average temperature within the BLH (<450 m) and
the average solar irradiance were obtained and are shown in Figure 5a. Figure 5 shows
that the average temperature is mainly between −5 ◦C and −15 ◦C. When the time period
is 06:00–08:00, the temperature is very low (<−12 ◦C) and the average solar irradiance
is about 0/m2. Moreover, from 09:00 to 13:00, due to the sun rising and the average
solar irradiance gradually increasing, the average temperature also gradually increases.
Subsequently, when the time reaches noon (14:00–16:00), the solar irradiance reaches its
maximum (Figure 5c), which leads to the corresponding average temperature also reaching
its maximum (≈ −10 ◦C). However, after 17:00, the decreasing solar irradiance results in
the temperature gradually decreasing. After 20:00, the temperature drops to −12 ◦C.

Figure 5. (a) The temporal–spatial distribution of the average temperature within the BLH; (b) the temporal
distribution of the ∆T, and the blue line is the average ∆T; and (c) the temporal distribution of the average
solar irradiance.

In order to further analyze the vertical heat characteristics, the average 100 m vertical
temperature difference (∆T) was calculated by Equation (7), where h1 and h2 are two
adjacent heights (h1 > h2) and correspond to the temperatures Th1 and Th2 at the same
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time. The temporal distribution of the ∆T is shown in Figure 5b, and the blue line is the
average ∆T. {

∆T =
(
Th1 − Th2

)
/∆h

∆h = (h1 − h2)/100
(7)

As shown in Figure 5b, the ∆T is relatively small, with the range of −1 ◦C to 1 ◦C,
and the average ∆T (blue line) is greater than 0 except for 14:00–18:00, which indicates
that there is a temperature inversion layer in the low-level atmospheric layer. Moreover,
the temperature inversion layer leads to a very stable atmospheric structure, which is
conducive to the development of haze events and the accumulation of pollutants. However,
when the time period is 14:00 to 18:00, due to solar radiation and ground heating, the
average ∆T is larger than 0, which indicates that a mixed layer appears at the low-level
atmospheric layer during this period; moreover, the mixed layer makes it easy for the
dissipation of pollutants during this period.

3.1.4. Temporal–Spatial Characteristics of Relative Humidity

Figure 6 shows the temporal–spatial distributions of the average RH within the BLH
(Figure 6a) and the temporal distribution of the average vertical 100 m RH difference (∆RH,
Figure 6b). As shown in Figure 6, the average RH within the BLH is mainly distributed
between 60% and 75%. From 6:00 to 7:30, the average RH is greater than 70%. Moreover,
from 10:00 to 13:00, with the average solar irradiance gradually increasing (Figure 5c) and
the BLH gradually increasing, the average RH within the BLH gradually decreases through
the strengthening of the mixing effect and the dilution of water vapor. Subsequently,
when the time period is from 14:00 to 16:00 with the average solar irradiance reaching the
maximum (Figure 5c), the average RH reaches the minimum (≈ 60%) due to the BLH (the
dilution space) reaching the maximum. However, from 17:00 to 20:00, due to the decreasing
average solar irradiance (Figure 5c) and the BLH, the average RH gradually increases with
time, and until 20:00, the average RH reaches 70% again and there is little change with time.

Figure 6. (a) The temporal–spatial distribution of the average relative humidity within the BLH;
(b) the temporal distribution of the vertical relative humidity difference of 100 m, and the blue line is
the average vertical relative humidity difference.
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As shown in Figure 6b, ∆RH is mainly in the range of 1–4%, which indicates that
the RH increases with height. At around 06:00, the average ∆RH is the minimum (≈ 1%),
indicating that the vapor flux is very small and that the atmospheric structure is very stable
in this period. However, the average ∆RH value is the maximum (≈ 3%) at around 15:00,
which indicates that the vapor flux is very large and that the corresponding atmospheric
turbulence is very strong.

3.2. The Characteristics of Pollutants
3.2.1. Temporal–Spatial Characteristics of BC

BC is the major component of the light-absorbing components and has an important
impact on the atmospheric environment and climate [48]. Figure 7 is the temporal–spatial
distribution of the average BC detected by the tethered airship, in which the black line is the
average BLH. As shown in Figure 7, the BC gradually decreases with height; meanwhile,
the rapid decrease in the BC is at the maximum around the BLH. When the height is less
than 100 m, the BC is mainly observed in the range of 8 to 10 µg·m−3. Moreover, when the
height is 300 m, the BC is mainly observed during 6–8 µg·m−3. However, when the height
reaches 500 m, the value of the BC is mainly concentrated in 4–5 µg·m−3; and the BC is less
than 3 µg·m−3 at 800 m.

Figure 7. The average temporal and spatial distribution characteristics of black carbon, where the
black line represents the temporal distribution of the average BLH.

As shown in Figure 7, when the time period is from 09:30 to 12:00, due to the increase
in pollutants being discharged from human activities and industrial production, the BC
gradually increases, and the maximum BC is larger than 10 µg·m−3. Subsequently, from
14:00 to 17:00, as the BLH reaches the maximum and the low-level turbulent movement is
very intense, the pollutants are accelerated to the upper air (blue box in Figure 7), which
leads to the low-level BC gradually decreasing. Furthermore, when the time period is from
17:00 to 20:00, the low-level BC gradually drops to 8 µg·m−3. Moreover, the smaller BLH
corresponds to the larger BC concentration. BC decreases rapidly above the BLH, and the
concentration of BC within the BLH accounts for about 61% of the total BC concentration.

3.2.2. Temporal–Spatial Characteristics of PM2.5 and PM10

Figure 8 shows the temporal–spatial distributions of the average PM2.5 and PM10
obtained by the tethered airship. As shown in Figure 8, the concentrations of average
PM2.5 and PM10 gradually decrease with height. Moreover, when the height is less than
100 m, the concentrations of PM2.5 and PM10 are mainly concentrated at 130–180 µg·m−3
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and 160–230 µg·m−3, respectively. Furthermore, when the height is 300 m, PM2.5 and PM10
drop to 60–100 µg·m−3 and 100–150 µg·m−3, respectively. Meanwhile, when the height
increases to 500 m, PM2.5 and PM10 drop to 50 µg·m−3 and 80 µg·m−3, respectively, and
PM2.5 and PM10 are less than 50 µg·m−3 at 700 m.

Figure 8. The temporal–spatial distributions of (a) the average PM2.5 and (b) PM10; (c) the temporal
distribution of the PM2.5/PM10, and the blue line is the average PM2.5/PM10.

From 06:00 to 08:00, PM2.5 and PM10 are at a relatively low level with little variation
with time, and the maximum PM2.5 and PM10 are 130 µg·m−3 and 16 µg·m−3, respectively.
Subsequently, from 09:00 to 10:00, due to the strengthening of human activities and in-
dustrial production, PM2.5 and PM10 gradually increase with time. From 11:00 to 14:00,
PM2.5 and PM10 increase to their maximum (PM2.5 ≈ 200 µg·m−3, PM10 ≈ 250 µg·m−3).
However, from 14:00 to 16:00, as the BLH reaches the maximum, and the mixing movement
is relatively strong, PM2.5 and PM10 gradually decrease. After 21:00, PM2.5 and PM10 drop
to lower values (both less than 150 µg·m−3).

In order to further analyze the characteristics of pollutant particles, the temporal
distribution of PM2.5/PM10 was determined by using PM2.5 and PM10 as shown in Figure 8c,
where the blue line is the average PM2.5/PM10. Overall, the PM2.5/PM10 is generally greater
than 85%. Moreover, when the time periods are 06:00–08:00 and 19:30–20:30, the average
PM2.5/PM10 is relatively small (≈85%), which indicates that there are fewer small-diameter
pollutants than at other times. However, when the time period is from 10:00 to 14:00, the
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average PM2.5/PM10 is relatively large (≈90%), which indicates that there are more small-
diameter pollutants than at other times. Furthermore, when the time period is from 15:00
to 16:00, the average PM2.5/PM10 drops greatly, which indicates that the small-diameter
pollutants dissipate faster than the large-diameter pollutants.

3.2.3. Temporal–Spatial Characteristics of the Extinction Coefficient

The extinction coefficient (EC) reflects the ability to scatter and absorb. Moreover, a
larger EC corresponds to a stronger ability to scatter and absorb, which means that the
radius and concentration of the aerosols is larger. However, a smaller EC corresponds to
a weaker ability to scatter and absorb, indicating the smaller radius and concentration of
aerosols.

Using the EC detected by the Lidar system from December 2019 to January 2020, the
temporal–spatial distribution of the average EC was calculated and is shown in Figure 9a.
Comparing Figure 9a,b, when the time period is from 0:00 to 07:00, the corresponding EC
is mainly less than 6 km−1 and concentrated within 250 m, which is exactly the same as the
BLH (Figure 4); moreover, the EC and V do not change much with time, which indicates
that the atmospheric structure is stable and that the pollutants are mainly concentrated
within the BLH. When the time period is from 09:00 to 12:00 (between the two red lines),
due to the influence of human activities and industrial production, the EC is relatively large
(up to 9 km−1), with the visibility decreasing to the minimum (<1400 m), and this period is
the most polluted time of the day. However, when the time period is from 14:00 to 17:00,
due to the strengthening of the mixing effect and the dilution of pollutants, the EC drops to
5 km−1 with the corresponding average visibility rising to 2000 m. After 19:00, the value of
the EC is basically less than 4 km−1, and it does not change much with time.

Figure 9. (a) The temporal–spatial distribution of EC and (b) the average visibility with time.

3.2.4. Temporal Characteristics of CO, NO2, and SO2

To analyze the characteristics of gaseous pollutants in the atmosphere during haze
events, the CO, NO2, and SO2 detected by ground monitors from December 2019 to
January 2020 were averaged and are shown in Figure 10. Figure 10 shows that the con-
centration of CO is in the range of 1300–1700 µg·m−3, and the NO2 is mainly concen-
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trated at 43–60 µg·m−3. When time period is from 9:00 to 12:00, the visibility is low
(Figure 9b), but the CO and NO2 concentrations are relatively high and distributed between
1500–1700 µg·m−3 and 55–60 µg·m−3, respectively. However, when the time period is
from 14:00 to 18:00 with high visibility, the CO and NO2 concentrations are very low at
1300–1350 µg·m−3 and 42–44 µg·m−3, respectively. When the time period is 19:00–21:00,
due to individuals leaving work and exhaust gas being emitted by motor vehicles, the NO2
and CO concentrations increase rapidly during this period.

Figure 10. The temporal average concentration distributions of (a) CO, (b) NO2, and (c) SO2.

As shown in Figure 10, SO2 has the lowest concentration of the three gases with a
range of 12–18 µg·m−3, and it has a relatively low correlation with visibility. Meanwhile,
the maximum content of SO2 (≈ 18 µg·m−3) is at 01:00–03:00 when the temperature is very
low and the most pollutants are emitted by coal-fired heating.

By comparing our results with previous studies [49,50] and the average concentrations
of CO, SO2, and NO2 in no-haze weather conditions in Shihezi, which are 526 µg·m−3,
8 µg·m−3, and 12 µg·m−3, respectively, it can be seen that the average concentrations of the
three gases are relatively high during winter haze. Moreover, the temporal characteristics
of CO and NO2 have a high correlation with visibility (Figure 9b).

3.2.5. The Relationship between V and AQI during Haze Events

Haze events can cause heavy air pollution in this region; Figure 11 shows the distribu-
tion of the AQI (air quality index) with V, and the number of points is 1448 in this figure. As
Figure 11 shows, there is a high correlation between AQI and V; moreover, the V is lower
(the heavier haze event), corresponding to the larger AQI. The relationship between V and
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AQI is generated by the nonlinear least-squares method and is shown in Equation (8), and
the Pearson coefficient is 0.82.

AQI = 456e−0.00061V (8)

Figure 11. The distribution of the AQI with visibility.

4. Discussion

In order to ascertain the pollution sources over different time periods, using CO, SO2,
NO2, PM2.5, and coarse particles, a characteristic radar map (CRM) was constructed during
this study. The CRM is the one proposed by [11], and it was drawn with the eigenvalue CVi
(Equation (9)), the upper limit of the standard Maxi (Equation (10)), and the lower limit of
the standard (Equation (11)). The Zi is the normalized value of CO, SO2, NO2, PM2.5, and
coarse particles in a certain period, and Zi is the average value of Zi over the whole day.

CVi = Zi/Zi (9)

Maxi = (Zi + 1)/Zi (10)

Mini = (Zi − 1)/Zi (11)

Based on the characteristics of solar radiation and human activities, the day is divided
into five periods (01:00–06:00, 07:00–10:00, 11:00–14:00, 15:00–18:00, and 19:00–23:00). Then,
using the CO, SO2, NO2, PM2.5, and coarse particles detected by ground monitoring, the
CRMs were drawn and are shown in Figure 12. As shown in Figure 12a, when the time
period is from 01:00 to 06:00, SO2 exceeds the upper limit of the standard, which indicates
that coal burning caused by night heating is the main pollution source during this period.
Moreover, as shown in Figure 12b, when the time period is from 07:00 to 10:00, the coarse
particles exceed the upper limit of the standard, which indicates that there are more large
particles and that sand is obviously being blown during this period. Figure 12c shows that
when the time period is from 11:00 to 14:00, CO exceeds the upper limit of the standard,
which indicates that industrial production activities caused the emission of more pollutants
during this period. Meanwhile, Figure 12d shows that when the time period is from 15:00
to 18:00, PM2.5 exceeds the upper limit of the standard, indicating that this period is mainly
secondary pollution. Furthermore, Figure 12e shows that when the time period is from
19:00 to 23:00, NO2 exceeds the upper limit of the standard, which indicates that motor
vehicle pollution caused by human night activities is relatively high during this period. To
reveal more accurate characteristics of pollution sources, further research will be carried
out in the future.
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Figure 12. The characteristic radar maps of the different periods (a) 01:00–06:00; (b) 07:00–10:00;
(c) 11:00–14:00; (d) 15:00–18:00; and (e) 19:00–23:00.

5. Conclusions

In this study, a detection experiment using a tethered airship, a Lidar system, and
ground monitors was conducted to detect haze events in Shihezi in winter. The high-
resolution temporal–spatial characteristics of meteorological elements, BC, PM, and gaseous
pollutants were determined, and they provide a key reference for further studies of the
haze on the northern slope of the TMs. Moreover, the relationship between V and AQI can
provide an indicator for environmental pollution during winter haze events in this aera.
This study mainly draws the following conclusions:

(1) The BLH of haze events in Shihezi is relatively low and has a positive correlation with
visibility. Moreover, the BLH is mainly distributed in 200–450 m, with the maximum
BLH occurring at 15:30–16:30.

(2) The temperature within the BLH is mainly between −5 ◦C and −15 ◦C with the
vertical temperature difference basically greater than 0 except 15:00–17:00, which
indicates that there is a temperature inversion layer in the low-level atmosphere and
that the atmospheric structure is very stable.

(3) The RH within the BLH is between 60 and 75%. When the time period is 6:00–8:00
and after 20:00, the average RH is > 70% with a little ∆RH, and the vapor flux is very
small; however, it is mostly hazy with RH < 70% at 10:00 to 14:00 with a large ∆RH,
and the vapor flux is relatively large.

(4) During haze events, the PM2.5 and PM10 within the BLH are mainly concentrated
at 130–180 µg·m−3 and 160–230 µg·m−3, respectively. PM2.5 and PM10 increase to
the maximum (PM2.5 ≈ 200 µg·m−3 and PM10 ≈ 250 µg·m−3), and PM2.5/PM10 are
generally greater than 85% at 11:00–14:00.
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(5) BC is mainly distributed in 6–8 µg·m−3 and concentrated within the BL, and BC
decreases obviously around the BLH. Moreover, the EC is inversely correlated with
visibility and mainly concentrated at 4–9 km−1.

(6) During winter haze events, the relationship between V and AQI (air quality index) is
constructed as AQI = 456e−0.00061V .
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