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Abstract: The monitoring and tracking of urban air pollution is a challenging environmental issue.
The approach of synchronous 3-D detection of wind and pollution using a solo coherent Doppler
wind lidar (CDWL) is developed and demonstrated. The 3-D distribution of pollutant is depicted
by the backscatter coefficient based on signal intensity of CDWL. Then, a high-resolution wind field
is derived to track the local air pollution source with its diffusion and to analyze transboundary
air pollution episodes. The approach is experimentally implemented in a chemical industry park.
Smoke plumes caused by point source pollutions are captured well using plan position indicator
(PPI) scanning with low elevation. A typical source of pollution is located, combining the trajectory
of the smoke plume and the horizontal wind vector. In addition, transboundary air pollution caused
by the transport of dust storms is detected in a vertical profile scanning pattern, which is consistent
with the results of national monitoring stations and backward trajectory models. Our present work
provides a significant 3-D detection approach to air pollution monitoring with its sources, paths, and
heights by using a solo-CDWL system.
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1. Introduction

With the rapid development of industrialization and urbanization, air pollution caused
by anthropogenic aerosols is increasing [1]. Urban air pollution has become a serious
environmental issue affecting human health [1,2]. Developing effective instruments to
observe aerosols optical properties is of great significance to the research on the transport
and diffusion of urban air pollution.

Previous studies of global or regional scales air pollution are mainly reliant on satellite
sensors [3,4], numerical modelling [5,6], and ground-based instruments [7,8]. Satellite-
based aerosol retrievals are limited by radiometric and calibration errors of the sensors, the
surface reflectance, and cloud contamination [9]. The verification of numerical modelling
needs high quality measurement values to improve the accuracy. Aerosols exhibit high
temporal and spatial variations due to their various sources of emissions, sinks, and short
residence times in the atmosphere [9-14]. The temporal-spatial resolution of satellites and
modelling is not enough for air pollution research in a small-scale region. Thus, many
works have been conducted to monitor air pollution using incoherent ground-based aerosol
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lidars, which can provide the distribution and change in atmospheric particulate with a high
resolution [15-21]. However, without synchronous high-resolution 3-D wind and aerosol
information, it is difficult for most aerosol lidars to identify the transport height of trans-
boundary air pollutants and to study the local mixing process of air pollutants [19,21,22],
let alone analyzing the relationships between wind characteristics (including wind di-
rection, vertical speed, windshear, turbulence intensity) and aerosol pollution episodes.
Therefore, to track the source of pollution and study its diffusion, multiple meteorological
elements are required, especially for the wind field.

Coherent Doppler wind lidar (CDWL) has been widely used in the measurement of
atmospheric wind field, with the advantages of simple construction, strong anti-interference
capability, wide detection range, and superior real-time performance [23-32]. Recently,
CDWLs have been extended to detection of precipitation [33,34], cloud seeding [35], and
melting layer [36] by deep analysis of the power spectrum. Meanwhile, the echo signal
power of CDWL also characterizes the concentration of the atmospheric aerosol. The related
studies have been conducted for many years [37-45]. With multiple products retrieved by
CDWL, it can be developed as a new way for air pollution detection.

In this work, a single CDWL with the ability to retrieve an atmospheric wind field
as well as backscatter coefficient was applied to provide an urban air pollution detection
service. The site and data resources are described in Section 2. For the first time, the method
of local point source pollution tracking by combining with a spatial slice of the plume and
two-dimensional wind field and the in-depth analysis of a transboundary layered dust
pollution episode are demonstrated with a solo CDWL, as introduced in Section 3. Finally,
a conclusion is drawn in Section 4. If not specified, local time is used.

2. Site and Data Resources
2.1. Ground-Based Lidar Measurements

The field experiment was performed in Binzhou City, Shandong province, China
(37°11'N, 118°13’E), where the local government attaches great importance to pollution
control and monitoring. The observation period was from 25 March to 30 March 2021. The
emitted light is affected by the surrounding buildings, and the CDWL should be placed as
high as possible. As shown in Figure 1, the CDWL was placed on the rooftop of the main
building of Shandong Chambroad Co., Ltd. (Binzhou, China), which is in the center of a
chemical industrial park. The building’s height is approximately 30 m.

Figure 1. The CDWL on the rooftop of the main building of Shandong Chambroad Co., Ltd.

The CDWL can work continuously in different weather conditions with an all-fiber
structure and temperature control system. It is operated at an eye-safe wavelength of
1.5 um. The pulse energy of the laser is 300 pJ. The repetition frequency of the CDWL is
10 kHz, corresponding to a theoretical detection range of 15 km [32]. However, the signal
is influenced by weather conditions. Due to poor visibility during the experiment, the
horizontal detection range was about 4.5 km in this work.
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During the experiment, the scanning angle of azimuth ranged from 0° to 360°, where
0° corresponds to north and 90° corresponds to east. For the horizontal scanning mode,
elevation angles were set between 0° and 4° and the step of the azimuth angle was 1°. The
horizontal scanning mode was applied to capture point source pollution. For the vertical
scanning mode, the elevation angle was set as 60°, and the step of azimuth angle was 5°.
The vertical scanning mode was used to obtain profile results of the aerosols properties
and wind field. The period of one scanning for horizontal scanning mode and vertical
scanning mode were about 5 min and 40 s, respectively. The accuracy of radial speed was
mainly determined by the carrier-to-noise ratio (CNR), which is the ratio of signal power
to noise power. As raw data management, CNR criterion was set to —27 dB, with a radial
speed accuracy of 0.2 m/s. In horizontal scanning mode, the magnitude of the RMS for 2-D
wind speed and wind direction was less than 0.6 m/s and 11°, respectively [32]. In vertical
scanning mode, the standard deviations of wind speed and direction were 0.84 m/s and
9.2°, respectively [34].

2.2. Surface National Monitoring Station

The data released by China’s air quality online monitoring and analysis platform
(https://www.aqistudy.cn/, accessed on 23 April 2022), were applied to analyze the chang-
ing process and development trend of the time and space distribution of a dust storm.
Air Quality Index (AQI), PM2.5, and PM10 data published hourly by national monitoring
stations were used. AQI is a widely used index for public understanding and for evaluation
of air pollution on human health indicators. PM2.5 and PM10 are defined as particulate
matter with aerodynamic diameters below 2.5 pm and 10 pum, respectively.

2.3. Backward Trajectory Analysis

The HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) was applied
to identify aerosol sources and the transport path. HYSPLIT, developed by NOAA’s
Air Resources Laboratory [46], is one of the most widely used models for atmospheric
trajectory and dispersion calculations [45]. HYSPLIT was configured to perform back
trajectory calculations at 0.5 km, 1 km, 2 km, 3 km, and 4 km above the lidar site for 48 h
using the meteorological data of the Global Data Assimilation System (GDAS) at the spatial
resolution of 0.25°.

3. Results
3.1. Local Point Source Pollution Tracking

Horizontal PPI scanning with low elevation was performed for tracking local point
source pollution emission and to study its diffusion. Figure 2 shows the CDWL scanning
results of the backscatter coefficient and the two-dimensional wind vector for 27 March
2021. The backscatter coefficient is calculated based on the echo signal intensity [37-44].
The 2D wind field is retrieved by a variation method [32] based on the radial speed detected
by the CDWL.

Figure 2a—c show the scanning results of an emission episode with a fixed elevation
of 0°. Pollution transmission belts were observed in backscatter coefficient maps. The
background wind field was about 5 m/s to the southwest. The direction of the pollution
transmission was consistent with the direction of the wind vector. Combining the horizontal
wind field and backscatter coefficient, the point source pollution was inferred to be in the
upstream of the smoke plume. The pollution was developing to the northeast, affecting the
downstream area.
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Figure 2. Horizontal scanning results of backscatter coefficient and two-dimensional wind vector for
27 March 2021. (a—c) Pollution emission episode detected with fixed elevation of 0° at night. (d—f) A
typical pollution emission episode detected with elevations of 0°, 2°, and 4° in the early morning. The
direction of vector indicates the direction of the wind speed, and the length of the vector represents
the relative wind speed.

The development morphology of the pollution plume is closely related to the state of
the atmosphere, with various types. Spatial slices of the plume structure can be obtained by
PPI scanning with different elevation angles to obtain the spatial distribution of pollution.
The results are shown in Figure 2d—f. The background wind field was southeasterly. When
the elevation is 2° or 4°, the height of measuring point increases with the increasing radial
distance. The horizontal wind field increases with the increasing height, as shown by the
wind vector in Figure 2e,f. There was an obvious smoke plume structure caused by a point
source pollution emission 1.8 km southwest of the lidar. The smoke plume diffused along
the northwest direction with the horizontal wind field.

The source tracking results are shown in Figure 3. Trajectories of the smoke plume
highlighted are shown in Figure 3a. The plume transports to a height of 130 m. It should be
noted that the minimum detected height of plume is 30 m. With the 2-D horizontal wind
field, the diffusion direction and speed of plume slices can be determined, which helps
the locating of pollution source. This is especially important when there is a gap between
ground and the lowest altitude level detected. Combined with the spatial structure of the
smoke plume and wind field, the position of the pollution sourced is tracked to be in the
red box in the map, as show in Figure 3b. After field investigation, there is a steelwork
factory in the red box, which has air pollution emission, as show in Figure 3c.

The accuracy of source positioning depends on the density of effective spatial slices.
When the background wind detected by CDWL is strong, the elevation angle of scanning
slice can be set to downward (<0°) to capture the smoke plume, which originates in the
ground and is mainly advected horizontally along the ground.
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Figure 3. (a) The trajectories of smoke plume extracted from Figure 2d—f. (b) The red-box region is
the tracking result of the point source pollution in Figure 3a. (c) The corresponding red box region in
Figure 3b. Trajectories of plume are highlighted in (a). The blue triangle represents the lidar site.

3.2. Transboundary Pollution Transport Detection

Due to the drought and rainless climatic conditions and soil desertization in Mongolia
and northern China, northern China suffers dust storms frequently in the springtime
(March to May) [47]. During the observation experiment, a dust storm event was detected.
Figure 4a-h show AQI maps of the dust storm transmission process in surface. The
backscattering coefficients of the CDWL, PM2.5, and PM10 data from the local national
monitoring station are shown in Figure 4i. The dust storm has already appeared in Inner
Mongolia, starting at 0:00 on 28 March 2021. The dust storm first spread to the southeast
of China and then to the southwest. The dust storm arrived at experiment site at 10:00
on 28 March, as shown in Figure 4c, corresponding an obvious increase in the backscatter
coefficient and PM10 level, as shown in Figure 4i. The maximum content of PM10 reached
1150 pug m~2 at 13:00 on 28 March.
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Figure 4. (a—h) AQI maps of a dust storm transmission process. AQI maps originate from China’s air
quality online monitoring and analysis platform. The red pentagram and blue triangle represent city of
Beijing and Binzhou, respectively. (i) Comparison results of the CDWL and national monitoring station.



Remote Sens. 2022, 14, 2809

60f 11

The vertical scanning mode was applied to obtain the vertical profiles. Figure 5
shows the observation profile results of the dust storm episodes from 28 to 30 March 2021.
Due to the influence of sand and dust, the surface echo signal was enhanced and then
attenuated rapidly after the dust storm arrived at the lidar site. The corresponding CNR
and backscatter coefficients were increased. The vertical profiles of the wind field are shown
in Figure 5c—e. The detectable range of the lidar was as low as 500 m, due to excessive
attenuation, from 9:00 to 11:00, 28 March. The dust storm continued into 21:00 on 28 March.
The dust storm was accompanied with a background wind field of >10 m s~!. This strong
northwest wind continued from 28 March. The fluctuation in the vertical velocity is shown
in Figure 5e.
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Figure 5. A dust storm episode detected by CDWL from 28 to 30 March, 2021. (a) CNR, (b) backscatter
coefficient, (c) horizontal wind speed, (d) horizontal wind direction, (e) vertical wind speed. The
CNR and backscatter coefficient are averaged in a vertical scanning. Positive value of vertical velocity
is defined as downward.

The chemical industrial park is located in a suburb; the nearest national monitoring
site is in the south urban area tens of kilometers away from the CDWL. Thus, the PM10
of the monitoring station showed a delay compared with the backscatter coefficient of the
CDWL. Another possible reason is that the CDWL's first detectable range gate is 60 m
above the surface, while the monitoring station detects dust settling on the surface.

The dust storm that arrived at 9:00, March 28, contained a high concentration of
PM10 and larger particles. The backscattering coefficient reached the maximum value and
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the signal attenuation was the most serious with the lowest lidar detection range at this
moment. As the subsequent dust storms gradually weakened and the concentration of
dust particles and backscattering coefficient decreased, the corresponding lidar detection
range increased, as shown in Figure 5. The duration of the relatively strong signal of the
backscattering coefficients (>0.007 a.u.) by the CDWL lasted from 9:00 to 21:00 local time on
March 28 (Figure 4i), corresponding to the thick serious polluted layer on the surface; The
signal of the backscattering coefficients deviating from the average (>0.005 a.u.) continued
into 7:00 on March 29 (Figure 4i), corresponding to a thinner polluted layer on the surface
with a lower content of large particles, as shown in Figure 5b. PM10 subsiding to the
surface lasted longer than the CDWL detected. Thus, the backscatter coefficient decreased
faster than that of the PM10 from the monitoring station. On the whole, the influence of the
dust storm on the surface observed by the CDWL is consistent with that of the monitoring
station, which indicates the effectiveness and reliability of the CDWL.

The transport height of dust is related to particle size distribution and atmospheric
state [48]. The small-particle-size dust is easily transported to a height of 4 km. Figure 6a
shows the 48 h HYSPLIT backward trajectory results starting at 7:00 on 28 March. Air
masses at 3 km and 4 km were transported from Mongolia in northwest, where the dust
storm started. A polluted layer at 3—4 km was detected by the CDWL from 3:00 to 9:00,
28 March, as shown in Figure 5b. Small-particle-size dust travelling faster were the first to
reach experiment site, forming this dust layer.
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Figure 6. The 48 h HYSPLIT backward trajectory result calculated at (a) 7:00 on 28 March, (b) 11:00
on 28 March, (c) 20:00 on 29 March, and (d) 6:00 on 30 March. The starting location is set as 0.5 km,
1 km, 2 km, 3 km, and 4 km over the lidar sites.

The serious polluted layer was concentrated at a height of 0-0.7 km, as shown in
Figure 5b, during 9:00-21:00, 28 March. Figure 6b shows the 48 h HYSPLIT backward
trajectory result started at 11:00 on 28 March. The trajectory result shows that most air
masses are transported from dust storm region as shown in Figure 4b,c.

After the serious polluted layer left, there were still residual layers at an altitude of
3—4 km from 17:00 on 29 March to 12:00 on 30 March, as shown in Figure 5b. Figure 6¢
shows the 48 h HYSPLIT backward trajectory result starting at 20:00 on 29 March. The air
mass at altitudes of 3 km and 4 km were transported from the western region. During this
period, the upper wind field was westerly, as shown in Figure 5d. Westerly wind brought
dusts from the storm region, as shown in Figure 4g,h. The upper polluted layer suddenly
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disappeared at 9:00 on 28 March and appeared again at 17: 00 on 29 March. Because the
signal of the upper polluted layer was blocked by the lower serious polluted layer and
clouds successively during this period, it can be inferred that the polluted layer at 34 km
lasted for a long time.

Figure 6d shows the 48 h HYSPLIT backward trajectory result starting at 6:00 on
30 March. These clean air masses detected at the experimental site could be brought from
the aerosol influenced by sea breeze circulation, as air masses below 2 km were transported
from the east and northeast near coast. Air masses of the polluted top layer were mainly
transported from the northwest. It can be inferred that this polluted layer was caused
by light dust left by the sandstorm, for dust particles that are injected higher into the
atmosphere generally have higher potential for longer atmospheric suspension time [49].
There was a hole layer at a height of about 2 km, from 3:00 to 10:00, 30 March. There was
a dust-polluted layer above this layer, with a western wind and aerosol layer below the
northeast wind, while spotless aerosols existed in this hole layer.

Atnoon of 30 March, with the rising temperature, the fluctuation in the vertical velocity
was strengthened and the turbulence was fully developed, as shown in Figure 5e. The
height of the mixed boundary layer increased with the air convection motion. Eventually,
the mixed boundary layer interacted with the top polluted layer.

4. Conclusions

The CDWL was developed for air pollution detection, with multiple retrieved param-
eters. By PPI scanning with low elevation, the trajectory of the smoke plume was depicted
well by the backscatter coefficient. The CDWL is helpful for the tracking of point source
pollution and the prediction of its diffusion, combined with horizontal wind vectors. Thus,
it can be used for the accurate monitoring of local pollution for environmental protection
bureaus, and it also provides effective data support for the development of smoke plume
models. By vertical scanning, the transboundary dust pollution structure was captured,
which developed from Inner Mongolia and was transported to the south. The surface
data of the CDWL were consistent with those of national monitoring stations. The serious
polluted layer at a height of 0-0.7 km and the top polluted layer at a height of 34 km were
detected, and the corresponding sources of pollution were verified by the HYSPLIT model.
The small-particle-size dust injected into the height of 3-4 km has the characteristics of fast
transmission and long duration, with the potential of long-distance transmission. With
the wind profiles, the source and diffusion direction of such transboundary pollution can
be inferred. Both local point source pollution and transboundary pollution are important
parts of air pollution. CDWL can perform these two scanning modes alternately to monitor
both types of pollution in real-time, which has the potential to distinguish local pollution
from transboundary pollution.

In conclusion, the CDWL, with high temporal-spatial aerosol backscatter coefficients
and wind field, was proven to be a good instrument for air pollution detection, which can
improve the pollution tracking results in local regions compared to other instruments such
as satellites or ground-based measurements. Our findings provide convinced evidence
that the sources, paths, and heights of both local and transboundary air pollution can be
effectively identified by a solo CDWL system due to its function of real-time synchronous
3-D detection of air pollution and wind. The application of such an integrated lidar in this
research contributes to our understanding of aerosol-urban boundary layer interactions,
improving air quality forecasts. The current system has difficulty distinguishing the
detailed pollutant composition. In future work, we plan to integrate polarization detection
into the lidar system for classification of pollutants.
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