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Abstract: Dust storms have occurred frequently in northwest China and can dramatically reduce
visibility and exacerbate air quality in downwind regions through long-range transport. In order to
study the distribution characteristics of dust particles sizes, structures and concentrations in the
process of dust storm, especially for the vertical distributions, the multi-observation platform com-
posed of six Lidars and nine aerosol analytical instruments is first used to detect a severe dust storm
event, which occurred in Northwest China on 3 May 2020. As a strong weather system process, the
dust storm has achieved high intensity and wide range. When the intensity of a dust storm is at its
strongest, the ratios of PM2s (particulate matter with diameter <2.5 um) and PMuo (particulate mat-
ter with diameter < 10 um) (PM25/PMuo) in cities examined were less than 0.2 and the extinction
coefficients became greater than 1 km™ based on Lidar observations. In addition, the growth rates
of PMas were higher than that of PMio. The dust particles mainly concentrated at heights of 2 km,
after being transported about 200-300 km, vertical height increased by 1-2 km. Meanwhile, the dust
concentration decreased markedly. Furthermore, the depolarization ratio showed that dust in the
Tengger Desert was dominated by spherical particles. The linear relationships between 532 nm ex-
tinction coefficient and the concentration of PM2s and PMio were found firstly and their R? were
0.706 to 0.987. Our results could give more information for the physical schemes to simulate dust
storms in specific models, which could improve the forecast of dust storms.

Keywords: lidars; dust storm; extinction coefficient; depolarization ratio; particulate concentration

1. Introduction

In recent decades, dust storms have occurred frequently, along with climate change,
on a global scale [1,2]. Global dust storms mainly come from the Sahara desert, the Middle
East, Central Asia and East Asia [3-5]. With atmospheric circulation, dust particles mixed
with bacteria, viruses, minerals and other chemical components are transported thou-
sands of kilometers to downwind regions [6-8], which may affect the climate [9-13], en-
vironment [8,14], biology [15], and human activities and health [16,17]. Therefore, dust
event monitoring is not only providing great help for dust forecast, early warning and
ecological environment impact assessment, but also has a profound and lasting impact on
global climate change and human life [13].
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Generally, observations from the air quality automatic stations are commonly used
to study dust events. However, limited by monitoring techniques, these datasets can’t re-
flect the vertical characteristics of dust particles, which may lead to larger uncertainties in
the research of dust events. As advanced aerosol monitoring equipment, satellite remote
sensing can provide monitoring results in regional and global scales, and these datasets
are widely used in meteorology [18], environmental [19], hydrology [20], agriculture [21]
and other disciplines. In particular, a lot of remarkable progress has been made in the
remote sensing monitoring of dust events. For example, a new dust index based on Mod-
erate Resolution Imaging Spectroradiometer (MODIS) data has been proposed and eval-
uated based on ground observations in different locations in Japan, which could help to
understand these Asian dust events better [22]. Based on the MODIS data from 2002 to
2011, dust storm detections in Saudi Arabia were studied [23]. Yu et al. [24] estimated the
African dust deposition flux and loss frequency along the trans-Atlantic transit by using
three-dimensional distributions of aerosol retrieved from Cloud-Aerosol Lidar with Or-
thogonal Polarization (CALIOP) and MODIS. Based on the ground observation data and
CALIPSO (The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) data,
the dust storm event occurred over the Taldamakan desert in the spring 2015 was evalu-
ated, which was simulated by WRF-Chem model [25]. However, Yerong W. et al. [26]
mentioned that the uncertainties in the MODIS aerosol optical depth (AOD) still had de-
viation due to the assumed aerosol optical properties and the vertical distribution of aer-
osols, and their research had shown that the aerosol vertical distribution had a great im-
pact on AOD retrievals. Konsta D. et al. [27] analyzed the limitations and uncertainties of
CALIPSO in detecting strong dust activities, which led to differences in simulation and
observation over Bodele and Algeria dust sources. MODIS is an important sensor on terra
and Aqua satellites. Terra passes through the equator at about 10:30 local time from north
to south, and Aqua is at about 13:30 local time from south to north. The two satellites
cooperate with each other to observe the complete earth surface every 1-2 days. Therefore,
they are unsuitable for detecting rapidly changing events such as a dust storm.

The Himawari-8 was launched on 7 October 2014, as stationary satellites with a time
resolution of 10 min, and its spatial resolution is 0.5 to 2 km based on different bands. It
provides new levels of capacity for the identification and tracking of rapidly changing
weather phenomena and for the derivation of quantitative products [28]. Lu S., et al. [29]
used a simple dust process to compare the AOD retrieved from himawari-8 with that re-
trieved from AERONET and MODIS. These results showed a good agreement between
them. Xia X., et al. [30] verified the positive effects of forecasts by assimilating the AOD
data from Himawari-8. Zhang Z.Y., et al. [31] evaluated the performance of AOD data
from Himawari-8 based on sixteen sun-photometers stations in Aerosol Robotic Network
(AERONET) over China. The correlation (R?) between AHI AOD and ground AOD was
0.67, and there were large differences between AOD from Himawari-8 and MODIS aero-
sol products, especially for Northwest China. Although Himawari-8 can better detect the
dust event based on high temporal resolution, it is impossible to detect the atmospheric
conditions under the clouds, which are important over these regions, especially for human
activity areas. In recent years, ground-based Lidar has been continually set up to observe
the meteorology and environment due to its unique advantages of high spatial and tem-
poral resolution. The ground-based Lidar could detect aerosol optical properties, realize
the temporal and spatial distribution characteristics of aerosol particle in the atmosphere,
and provide scientific basis for the generation, dissipation, transportation and evolution
of pollutants, especially for dust storm weather. Due to the fact that light-scattering char-
acteristics of aerosol particles were altered after up-taking water vapor, Tong Wu et al.
[32] studied the aerosol hygroscopic growth from micropulse Lidar. A long-range trans-
ported Saharan dust over Sofia, Bulgaria was detected by two-wavelength (1064/532 nm)
Lidar including the optical, microphysical, and dynamical properties of dust aerosols at
different stages [33]. The results shown that the dust backscatter-related Angstrom expo-
nents (BAEs) values were in the range of 0.3 to 0.6 (+0.2), which indicated domination of
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coarse particles in the micron size range. Using an instrumented balloon and a ground-
based Raman Lidar over Tsukuba, Japan, the influence of Asian mineral dust on an ice
cloud formation in the upper troposphere was investigated, and the results pointed that
the predominance of nonspherical particles were in the range of 6 to 12 km [34].

In order to make up for the ground monitoring and understand the temporal and
spatial evolution characteristics of particulate matter, the relationship of mass concentra-
tion of PM2s and extinction coefficient is studied. Also, the distribution and transport of
fine particles by using mobile Lidar was discussed by Lv L.H. et al. [35], and they found
that the southwestern Beijing was the main dust transport pathway. Xiang Y. et al. [36]
used linear and exponential models to retrieve PM2s concentration based on extinction
coefficient from 355 nm Lidar, and the results showed that the PM2s5 concentration and
the measured values of the two models had a strong correlation coefficient. The surface
PM mass distribution was obtained by synergy usage of satellite and Lidar measurements
[37], and the results showed that the correlation coefficients between the estimated aerosol
extinction coefficients and the surface PM mass were 0.57-0.86 for PM2s and 0.59-0.78 for
PMuo, respectively.

Nevertheless, most of the above studies were based on a single Lidar, and a single
Lidar is difficult to reveal the source, transmission and development trend of sand and
dust. On the other hand, the fitting formula obtained by a single Lidar does not necessarily
apply to all dust processes in all regions. Therefore, a multi-observation platform is need
to research the dust transport processes. In order to obtain the temporal and spatial dis-
tribution information of dust, especially the vertical distribution, and solve the problem
of single dust monitoring, it is useful to establish the multi-observation platform including
six Lidars and nine aerosol analytical instruments. In addition, the relationship between
PM25 mass concentration and extinction coefficient was studied mostly; however, few
studies researched the relationship between PMio mass concentration and extinction coef-
ficient.

This paper analyzed the occurrence and development process of a severe dust event
in Northwest China on 3 May 2020. It revealed the evolution characteristics of particles in
the dust event, especially the dust vertical characteristics. Moreover, it estimated the par-
ticles concentration in vertical through fitting the extinction coefficient with particles con-
centration.

The data and methodology are introduced briefly in Section 2. The cause, transmis-
sion and development of the dust event and the extinction coefficient fitting the particu-
late concentration are shown in Section 3. Section 4 gives the conclusion and possible fur-
ther improvements to this study.

2. Data and Methodology
2.1. Lidars
2.1.1. Instrumentation

The Lidars (Light Detection and Ranging) in the study are all dual wavelength three
channel Lidar, the main performance are shown in Table 1. The laser emits pulses of a
specific wavelength (355 nm, 532 nm) and enters the atmosphere after collimation and
expansion. The particles in the atmosphere produce the Mie scattering [38,39]. The scat-
tering light with the direction of 180° (backscattering) is received by the telescope system,
and is divided into three channels, which are 355 nm, 532 nm parallel and 532 nm vertical
light. The echo of the three channels are detected by the detection system, and then it is
retrieved to the extinction coefficient and depolarization ratio to study the atmosphere.

Table 1. Main performance of Lidar.

Performance Parameter
Laser transmitter Nd: YAG laser
wavelength 532 nm/355 nm
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Maximum pulse energy 30 mJ@355 nm; 25 mJ@532 nm
spatial resolution 7.5m
time resolution 5 min

Receiving channel 355 nm |I; 532 nm ||; 355 nm L
Blind zone 30 m
Incomplete-overlap zone 120 m

2.1.2. Retrieval Method for the Extinction Coefficient

The backscattering echo power P(r) of atmospheric molecules and aerosol particles
at distance r received by Lidar can be expressed as follows [40]:

PG )=Pikr?IB, ()4, ()lexpi-2 / T Jrats (¢ i @
0

where P: is the laser emission power (W), K is the Lidar system constant (W-km?3-5r), fa(r)
and fu(r) are the backscattering coefficients (km-1-Sr-?) of aerosol particles and atmospheric
molecules at distance r, respectively. aa(r) and an(r) are the extinction coefficients (km") of
aerosol particles and atmospheric molecules at distance 7, respectively.

The most frequently used retrieval methods for the extinction coefficient a(r) are Col-
lis method, Klett method and Fernald method [41]. Most studies [35,36,42,43] have proved
that the retrieval method of extinction coefficient by Fernald is not only mature and stable,
but also has the smallest error. The formula for the aerosol extinction coefficient can be
written as [44]:

P(r)?exp [ 2 (g—ﬂ-z) J, e, (r)dr ]

a,(9)=- (Ss—m) Y

0+ 5 1, ()

2] PO exp 2 (55-1) [ “ap( ) Tar P

where Se=aa(r)/Ba(r), Sa depends on the incident laser wavelength, the size spectrum distri-
bution of atmospheric aerosol particles and refractive index, and the numerical value is
generally between 0 ~ 90. It is assumed that they are constants, which means that the size
spectrum and chemical composition of atmospheric aerosol particles do not change with
the altitude, and the extinction and scattering characteristics change only due to the
change of their number density. For 532 nm wavelength, S. = 50 [45,46]. Swu=an(r)/pn(r),
according to the Rayleigh scatter theory, Su is generally taken as 87/3 [47].

2.1.3. Retrieval Method for the Depolarization Ratio

The depolarization ratio 6(r) of polarization Lidar can be expressed as follows [47]:

Pk, Pp(r) 5
P, (0, " P, (1) ®)

6

where Prs(r) and Pr(r) are the backscattering echo power of the vertical and parallel chan-
nel at distance r, respectively. ks and K; are the gain constant ratio of the vertical and par-
allel channel, respectively. k = ky/ ks.

The depolarization ratio of atmospheric molecules is very small with the value of
0.0297 [48]. The depolarization ratio mainly comes from the nonspherical particles [47],
and the dust event is mainly nonspherical particles.

2.1.4. The Fitting Method Between Particulate Mass Concentration and Extinction Coeffi-
cient, Depolarization Ratio

Due to the extinction coefficient reflecting the particle mass concentration, some re-
searchers [35,36,49] have studied their relationship. In this study, the formula M, = aa + ¢
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is used for the PM2s and PMio mass concentration. My = aa’+ ¢ is used for the PMio-PMzs
mass concentration. Myis the particle mass concentration. a is the extinction coefficient. 4,
b, and c are all specific coefficients.

2.1.5. Lidar Network

Based on the dust transmission and the characteristics of dust particles in different
regions, Gansu Environmental Monitoring Center of China has built a Lidar network in
Gansu Province in 2020. In the dust storm event, six Lidars, which captured the process,
were selected for further study. The six Lidars distribution are shown in Figure 1 and their
coordinates are shown in Table 2. Figure 1 also shows the topographic and geomorphic
features of Northern China. Obviously, there are large deserts at the junction between
Gansu Province and Inner Mongolia. The black circles in the Figure 1 represent Badain
Jaran Desert (the third largest desert in China), Tengger Desert (the fourth largest desert
in China), Kumtag desert (the sixth largest desert in China), Ulan Buh Desert (the eighth
largest desert in China). The green lines represent the six Lidars stations. It can be seen
that the Lidars are mainly distributed around the deserts. The white dots represent the
locations of the cities examined in the dust process besides the six Lidars stations; the red
lines represent the provincial boundaries.

-42°N
39°N
36°N-ERE il 36°N

33°N-{ e S , 33°N

92°E 96°E 100°E 104°E 108°E

Figure 1. The Lidars distribution. The black circles represent the deserts around the Lidar net-
work, the green lines represent the Lidar stations, the white dots represent the locations of the
cities examined in the dust process besides the six Lidars stations, the red lines represent the pro-
vincial boundaries.

Table 2. Location of Lidars.

Lidar Longitude (°E) Latitude (°N)
Aksay 94.340 39.633
Yumen 97.048 40.289
Jiayuguan 98.321 39.750
Jinchang 102.194 38.532
Wuwei 102.649 37.914
Baiyin 104.131 36.537

2.2. Ground Observation Data

Nine aerosol analytical instruments were used to monitor the surface PM2s and PMuo
concentrations. More detail data information can be found in China National Environ-
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mental Monitoring Centre (CNEMC) (http://www.cnemc.cn/). The average daily temper-
ature of the cities examined were derived from Air Quality Online Monitoring and Anal-
ysis Platform (https://www.aqistudy.cn/). Besides, datasets used to analyze the synoptic
situation are taken from NCEP / NCAR reanalysis (https://psl.noaa.gov/data/grid-
ded/data.ncep.reanalysis.html). The data are used for quality control and assimilated var-
ious data (ground, ship, radiosonde, anemometer balloon, aircraft, satellite, etc.) with hor-
izontal grid distance of 2.5° x 2.5° and 17 isobaric surfaces (1000, 925, 850, 700, 600, 500,
400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10).

3. Results and Discussion
3.1. Analysis of the Concentration of Particles Monitored on the Ground

A severe dust event occurred in Northwest China on 3 May 2020. In order to under-
stand the transportation of the dust, Figure 2 shows the hourly variation of PM1 and PM2s
mass concentrations in the cities examined. The red and blue dotted lines represent the
PMio and PM:s, respectively, and the green shadows represent the values of PM2s/PMuio.
It can be seen that Bayan Nur which neared Ulan Buh Desert was affected firstly by the
dust event, and the PM1o concentration suddenly increased to 4171 pg-m=at 00:00 on 3
May. Then, the dust moved southwest under the influence of a surface northeast wind.
At 04:00, the dust event reached Jiayuguan with a peak surface PMio concentration of 1224
pg-m=. The maximum PMio concentration in Ordos and Yinchuan occurred at 06:00 with
a value of 657 ug'-m= and 1741 pg-m=3, respectively. Different from other cities, Yumen
was affected by the dust storm in a long term from 09:00 to 18:00, and the maximum con-
centration of PMiw was about 2215 ug-m=. When the dust was transported to Aksay, its
intensity was obviously weakened with the maximum PMio concentration of 317 pg-m=.
The concentration of PMio reached 4053 pig-m= at 08:00 in Jinchang and 4591 pg-m= at
09:00 in Wuwei. The dust intensity gradually weakened when it was transported to Baiyin
and the peak concentration of PMio was 612 ug-m=. In addition, except for Yumen and
Aksay, the PM1o concentration in other cities reached the peak within two hours after be-
ing affected by the dust. Jinchang and Wuwei had been affected severely, and their hourly
PMio concentration exceeded 4000 pig-m=, which were about 27 times of the daily average
secondary standard of PMio (150 pg-m=) [50], according to China’s air pollutant concen-
tration limit standard.
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Figure 2. Hourly PM2s and PMio concentrations and PMz2s/PMio from ground observation in cities examined.

Due to the variation of PM2s concentration being consistent with that of PMio in this
dust event, the peak values of PM25s and PMio concentration occured at the same time. The
corresponding maximum concentrations of PM2s in Bayan Nur, Ordos, Yinchuan, Yumen,
Jinchang and Wuwei were 584 pg-m=, 89 ug-m=3, 271 pg-m=, 261 ug-m=3, 720 ug-m= and
750 pg-m3, respectively. Also, the corresponding values of PM25/PMio were 0.14, 0.14 0.16,
0.12, 0.18 and 0.16, respectively. The smaller values of PM2s5/PMuo (all were less than 0.2)
indicated that the proportions of fine particles in the dust event were very small. The peak
concentration of PM:zs in Baiyin was 140 pig-m= and the value of PM2s/ PM1o was 0.23. The
proportion of fine particles was significantly larger than that in upstream cities, which
indicated that the proportion of fine particles was gradually increasing when the dust was
transported to downstream areas. It is worth noting that the PM2s concentration reached
530 pg'm=3, and the value of PM25/PMio was 0.43 in Jiayuguan at 04:00, which indicated
that the proportion of the fine particles was similar to the coarse particles. Moreover, dur-
ing the study period, the values of PM25/PMuo of Jiayuguan were significantly higher than
that in other cities, which indicated that Jiayuguan had more local dust than other cities.

Significantly, the dust storm event disappeared in the early morning on 4 May (Fig-
ure 2). In order to understand the impact of the dust over the whole China, the daily av-
erage concentrations of PMio on 4 May are analyzed (as shown in Figure 3). The dust storm
event had a significant impact on most cities in Northern China. Although the duration
was short, the intensity was very strong, especially in Inner Mongolia, Ningxia and Gansu
Province. The daily average PMio concentrations of some stations were close to 1500
ug-m=, which is 10 times of the daily average secondary standard of PMuo.
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Figure 3. Daily average concentrations of PMio at 1470 national control stations in China on 3 May
2020.

3.2. Meteorological Conditions Causing the Dust
3.2.1. Dynamic Conditions

In order to analyze the dynamic conditions of the dust, Figure 4a,b show the 500 hPa
synoptic situation at 20:00 on the 2nd and 08:00 on the 3rd, respectively. The blue solid
lines represent the height, and the red dotted lines represent the temperature. Signifi-
cantly, there were two troughs and one ridge at 50°N. The cold trough was over the west
of Baikal Lake and an upper-level trough was over Mongolia. Inner Mongolia was located
in the trough area. The temperature trough lagged behind the height trough, and the wind
fields were vertical to the temperature fields. That is to say, the cold advection behind the
trough was strong. With the continuous accumulation of cold air, the height trough would
be further strengthened and became the guiding system for the ground cold air move-
ment. At 08:00 on the 3rd, the cold trough over west of Baikal Lake moved eastward to
Baikal Lake. Meanwhile, its tail was located in the northwest of Hexi, which belonged to
Northwest Gansu. In addition, at 20:00 on the 2nd, the high level of westerly jet stream
appeared in Inner Mongolia and Gansu, and strengthened at 08:00 on the 3rd. The sand-
storm was likely to occur at the right rear, where the high level of westerly jet entered.
The relationship between the upper jet stream and the dust was consistent with the result
of Cheng et al. [51].
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Figure 4. NCEP reanalyzed synoptic situation at 500hPa (top panel, (a), (b)) and surface (bottom panel, (c), (d)) at 20:00 on
2 May (left panel, (a), (c)) and at 08:00 on 3 May (right panel, (b), (d)). The red dashed lines represent the isotherms (°C).
The blue solid lines represent the height contours (dagpm) in (a) and (b) and surface pressure (hPa) in (c) and (d).

According to the analysis of the surface synoptic situation, Hexi and Inner Mongolia
were located in the front of the surface high pressure at 20:00 on the 2nd (Figure 4c), and
the cold front at the junction of Mongolia and Inner Mongolia moved slowly to the south-
east. The strong wind after the cold front caused sand in the Badain Jaran Desert and
Tengger Desert to rise, and then the dust particles were transported to the southeast. At
08:00 on the 3rd (Figure 4d), the cold front arrived near Jinchang and Wuwei, and brought
the dust storm event. With the cold front pressing southward, the gale behind the front
was mainly located in the Midwest of Inner Mongolia and Hexi. Since then, the high lati-
tude vortex weakened, and the northwest jet stream continuously transported cold air to
the southeast.

The northern section of the high trough had reached the mountain area in the north-
west of Greater Khingan Range in China, and the southern part was still in the middle of
Hexi. At 14:00 on the 3rd, the cold front moved out of Gansu, the southward movement
of the cold center and high pressure center weaked. In combination with the surface cold
center and high pressure center, the direction of cold front gradually turned to the east-
west. Due to the dominant airflow of upper-level being mainly the westerly jet stream at
the bottom of the upper-level trough, the ground cold front on the 3rd moved mainly
eastward. Meanwhile, the dust particles gradually moved to the downstream cities. How-
ever, due to the maintenance of a weak east wind, the settlement was relatively slow. The
center of cold and high pressure moved eastward obviously, and Jinchang and Wuwei
were at the bottom of high pressure. The strong wind behind the front was northerly,
bringing the dust particles to these areas.

3.2.2. Thermal Conditions

In order to further analyze the thermal conditions that caused the sandstorm, the
daily average temperatures of the cities examined from 1 April to 10 May were analyzed
in Figure 5. Obviously, the temperatures of cities examined continued to rise from 23 April
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to 2 May, and the rising range was about 10 °C. After the occurrence of sand dust and the
invasion of cold air, the temperature of each city gradually decreased. In the early stage,
the rising temperature and lack of precipitation led to the dust process.

—e— BayanNr —*— Odos  —*— Yinchn
- |—e— Asay —*— Yuren —*— Jiayugen

TC

I 1

41 45 49 413 417 421 425 429 3 51

I I 1 1

Figure 5. The average daily temperature of cities examined from 1 April to 10 May 2020.

Due to continuous heating over many days, the dust storm occurred over the desert
regions. In addition, the cold air guided by high trough and high level of westerly jet
stream gave rise to the dust emission, and more dust particles were brought into the at-
mosphere. In the atmosphere, the dust particles were transported westward firstly follow-
ing the northeast wind, then transported southeastward with the surface cold front.

3.3. Results from Lidar Network
3.3.1. Extinction Coefficient and Depolarization Ratio

In order to understand the source, transmission, evolution trend and impact on urban
air quality of the sandstorm further, six Lidars were used to study the temporal and spatial
distribution characteristics of the sandstorm in the process of long-distance and cross-bor-
der transportation, especially in regards to the vertical distribution characteristics of dust.
In this paper, only the retrieval products with wavelength of 532 nm are studied. Due to
the Lidar blind area and the vertical development height of dust, the extinction coefficient
and depolarization ratio of 0.15-5 km height retrieved by Lidars are shown in Figure 6.
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Figure 6. Vertical structure of aerosols from Lidar observation in different cities. Left panel: extinction coefficient of 532
nm, right panel: depolarization ratio of 532 nm. (From top to bottom: Jiayuguan (a), (b), Yumen (c), (d), Aksay (e), (f),
Jinchang (g) (h), Wuwei (i), (j), Baiyin (k), (1)).

Extinction coefficient of Jiayuguan Lidar (Figure 6a) show that the dust storm began
at 02:00 on the 3rd, and the lower layer extinction coefficient suddenly increased from less
than 0.1 km™ to more than 0.6 km™. The extinction coefficient was greater than 1 km™!
from 02:00 to 04:00. There was a pollution belt at the height of 1-2 km from 02:00 to 12:00
on the 3rd, in which the extinction coefficient was obviously small. In addition, there was
a fault phenomenon with the pollution lower layer, which indicates that the dust in the
height was mainly external transmission. At the duration, the sudden increase of extinc-
tion coefficient at the height of 1 km indicated that the dust was mainly concentrated in 1
km height. The dust mainly concentrated in the height of 1-2 km from 18:00 on the 3rd to
00:00 on the 4th, and then subsided and dissipated gradually. The extinction coefficient
was still closed to 1 km™ at 1.0 km height from 00:00 to 06:00 on the 4th, and it led to the
ground particulate concentration increasing again in the future. Corresponding to Figure
2, it is found that the ground particulate concentration in Jiayuguan showed a slight up-
ward trend at the same time, and the PMio concentration increased to 228 pg-m= at 13:00.
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The extinction coefficient and depolarization ratio (Figure 6b) of Jiayuguan Lidar were
lager, but the depolarization ratio did not change significantly with the increasing of ex-
tinction coefficient. It is attributed that the change of aerosol morphology was stable in
the dust process.

The extinction coefficient of Yumen Lidar (Figure 6c) suddenly increased to 0.8 km'!
from the lower layer to 1.5 km height at about 06:00 on the 34, but the duration was very
short. The dust mainly concentrated in the height of 0.6 km from 06:00 to 13:00 with the
extinction coefficient in the range of 0.2-0.3 km™!, and the corresponding ground PMaio
concentration was maintained at 500-1000 pug-m=. From 21:00 on the 3rd to 12:00 on the
4th, the lower layer extinction coefficient decreased obviously, but there was obvious dust
pollution zone in the height of 0.5-1.5 km, which implied that the ground particulate con-
centration would increase in the future. Corresponding to Figure 2, the ground particulate
concentration in Yumen showed a small upward trend, and PMio concentration increased
again to 457 ug-m- at 13:00. Compared with the depolarization ratio of Yumen Lidar (Fig-
ure 6d), the results were similar to those obtained from Jiayuguan Lidar. When the extinc-
tion coefficient was large, the corresponding depolarization ratio was also large. How-
ever, with the increasing of extinction coefficient, the depolarization ratio did not change
significantly.

When the dust was transported to Aksay, which is about 330 km away from Jiayu-
guan, the dust intensity had been obviously weakened, the extinction coefficient of Aksay
(Figure 6E) was significantly lower than that of Jiayuguan and Yumen. Since 18:00 on the
3rd, the extinction coefficient slightly increased to about 0.2 km™, and the corresponding
ground particulate concentration also increased, but this range was small. PMio concen-
tration reached the maximum of 317 pg-m= at 00:00 on the 4th. The extinction coefficient
of Aksay Lidar was low, but the development height of dust was high, which was close
to 4 km. It is expected that the particulate concentration of ground would increase slightly
in the future. Compared with Jiayuguan and Yumen Lidars, the biggest difference existed
in the depolarization ratio (Figure 6f). The extinction coefficient of Aksay Lidar was not
high, but the depolarization ratio was obviously higher than that of Jiayuguan and Yu-
men, indicating that the proportion of irregular particles in Aksay was significantly higher
than that in Jiayuguan and Yumen.

Due to Jinchang and Wuwei being very close to each other and adjacent to the
Tengger Desert, the detection results of the two Lidars were very close. The extinction
coefficients (Figure 6g,I) of Jinchang Lidar and Wuwei Lidar at the height of 0.6 km alti-
tude suddenly increased to about 1 km™ at 05:00 and 06:00, respectively, which shown
that dust aerosols were mainly concentrated in the height of 0.6 km. The high extinction
coefficient of Jinchang lasted for about 7 h and that of Wuwei lasted for about 9 h. The
maximum PMaio hourly concentration was more than 4000 pug-m= in Wuwei, which was
more serious than Jinchang. At this time, the Lidar extinction coefficient of Jinchang and
Wuwei were very small above the height of 0.8 km, which indicated that the height of
dust was not high. In other words, the dust concentration near the ground was very
strong, but the height was not high, of which it was expected that the future dust weather
intensity would be large but the duration would be short. After 18:00, the extinction coef-
ficient of the two Lidars decreased significantly, and the corresponding particulate con-
centration of ground decreased significantly. Although the particle concentrations in Jin-
chang and Wuwei were very high and the corresponding extinction coefficients were
large, their Lidar depolarization ratios were reduced significantly compared with Jiayu-
guan, Yumen and Aksay. This indicates that the particles in Jinchang and Wuwei were
more spherical than those in Jiayuguan, Yumen and Aksay, especially in Jinchang.

With the cold air moving southeast, the intensity had been obviously weakened
when the dust was transported to Baiyin (about 280 km away from Jinchang), the extinc-
tion coefficient (Figure 6k) slightly increased at 9:00-12:00 on the 3rd, ranging from 0.1
km™ to 0.3 km™1, and then the extinction coefficient decreased significantly. From 18:00 on
the 3rd to 00:00 on the 4th, the dust mainly concentrated in the height of 1 km, and the
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extinction coefficient increased again to 0.2 km'. Compared with Jinchang, the height of
dust increased by 2-3 km. The precipitation process occurred at 00:00 on the 4th. Due to
the high extinction of water vapor, the extinction coefficient increased abruptly from near
ground to 3 km height. The dust concentration decreased gradually by wet sedimentation.
During the dust period, the depolarization ratio of Baiyin Lidar (Figure 6L) was about
0.23, which was close to Wuwei and larger than that of Jinchang.

Combined with the weather synoptic, the dust in Jiayuguan, Yumen and Aksay were
affected mainly by Badain Jaran Desert, while the dust in Jinchang, Wuwei and Baiyin
mainly came from adjacent Tengger Desert. According to the Lidar extinction coefficient
and depolarization ratio, it was found that when the extinction coefficient was large, the
depolarization ratio was large, but with the increase of extinction coefficient, the depolar-
ization ratio did not change obviously. The high concentration of dust mainly concen-
trated within 1 km and the height of dust was about 2 km near the sand source. The height
of dust was not high, resulting in a short distance to the downstream. The vertical devel-
opment increased by 1-2 km with the horizontal transmission was about 200-300 km, and
the concentration decreased significantly. The extinction coefficient of Aksay Lidar was
significantly lower than that of Jiayuguan and Yumen, but the depolarization ratio was
very high, while similarly, the extinction coefficient of Baiyin Lidar was significantly
lower than that of Jinchang and Wuwei, but the depolarization ratio was very high. These
indicated that irregular particles were easier to transmit downstream than spherical par-
ticles in the dust process. It is also possible that the proportion of irregular particles in-
creased because spherical particles were easily made into sedimentation. The extinction
coefficients of Jinchang and Wuwei Lidars were significantly higher than those of Jiayu-
guan and Yumen were, but the depolarization ratios were smaller obviously, which indi-
cated that the dust particles in Tengger Desert were closer to sphere than those in Badain
Jaran Desert were.

3.3.2. The Fitting of the Extinction Coefficient with the Particulate Concentration

Figure 7 shows the fitting curve of the hourly extinction coefficient of 532 nm at 150
m height with the ground PM:2s and PMio concentration. In order to reduce the influence
of water vapor on the fitting effect [35], the data were removed when the relative humidity
of Lidar station was greater than 80%. It can be seen that the change of extinction coeffi-
cients of all Lidars were very consistent with the change of particulate concentrations,
which indicated that 532 nm at 150 m height can reflect the concentration of ground par-
ticles. The fitting results are shown in Table 3. The extinction coefficients of 532 nm with
PMo2s5 and PMuo concentration were larger and showed a good relationship. Due to the
weak intensity of dust in Yumen, Aksay and Baiyin, the square of the correlation coeffi-
cient (R?) were slightly inferior, ranging from 0.706 to 0.879. The R? of other stations were
greater than 0.9. Further, two periods of 07:00-09:00 and 17:00-20:00 on the 3rd were se-
lected to analyze the reason that why the R? of Yumen was slightly inferior. It was found
that the extinction coefficients of the two periods were similar, but the particulate concen-
tration from 07:00 to 09:00 was significantly lower than that from 17:00 to 20:00, especially
for the difference of PMio concentration. Compared with the relative humidity of the two
periods, the relative humidity from 07:00 to 09:00 was 37%-40%, and that from 17:00 to
20:00 was 24%—28%. This shows that the influence of water vapor on extinction coefficient
cannot be ignored.
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Figure 7. Relationship between extinction coefficient of 532 nm at 150 m and PMzs, PMio concentration from ground ob-
servation in different cities (from top to bottom: Jiayuguan (a), (b), Yumen (c), (d), Aksay (e), (f), Jinchang (g), (h), Wuwei

(i), (j), Baiyin (k), (1).

The linear relationship between 532 nm extinction coefficient and particulate concen-
tration was used to explore the vertical change of particulate concentration further during
the dust period. The fitting formula for the PM2s, PMi0o mass concentration in the linear
model can be written as [35]: y = ax + b. When the extinction coefficient was the same, it is
considered that the error of particulate concentrations within the acceptable range. There-
fore, according to the fitting formula in Table 3, the particulate concentration at the vertical
26 of each Lidar station can be obtained, as shown in Figure 8.

Table 3. The fitting formula between PM25, PMio concentration from ground observation and extinction coefficient (y = ax

+b) of 532 nm at 150 m.

Lidar Number (RH < The fitting formula R2
80%) PM:s PMao PM:s PMio
Jiayuguan 93 y =415.665 x + 18.248 y =1070.651x + 50.766 0.935 0.935
Yumen 67 y =357.712 x + 25.618 y =2519.977x + 97.370 0.786 0.728
Aksay 85 y =370.178 x +40.317 y =2117.709x + 115.663 0.821 0.879
Jinchang 97 y =409.400 x + 13.669 y =2392.236x — 10.305 0.914 0.952
Wuwei 97 y =340.963 x + 32.053 y =2229.356x + 121.959 0.982 0.987
Baiyin 97 y =422.350 x +21.971 y =2060.090x + 47.624 0.706 0.716

3.3.3. Retrieval of Vertical Distribution of Particulate Concentration

In Figure 8, the left column represents the retrieved PM25 concentration of each Lidar
station, and the right column represents the retrieved PMio concentration. The particulate
in Jiayuguan (Figure 8a,b) was mainly concentrated in the height of 2 km, in which it was
mainly concentrated within 0.8 km from 00:00 to 12:00 on the 3rd day. The maximum
concentration of PM2s and PMiowere about 500 pg-m- and 1000 pg-m-3, respectively. The
particulate concentration in the height of 0.6-0.8 km decreased obviously with a concen-
tration of 100-200 pg-m=3. The PM2s and PMio were lower than 100 pug-m= in the height of
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1-1.4 km. At the same time, there was external dust at 1-2 km height, PM25 and PMio
concentrations were 100-150 pg-m= and 200-300 pig-m=?, respectively. The particulate con-
centration was significantly lower than that of the low level, and the values of PM2s/PMio
were estimated to be 0.5. After that, the main pollution belt gradually diffused to the up-
per level, and the PM2s concentration was 360 ug-m- and the PM1o concentration was 1000
pg-m=. The values of PM2s/PMio decreased from 0.5 to 0.36 when compared with the
transport dust, indicating that the contribution of external dust to local PM2s concentra-
tion was greater. The particulate concentration above 2 km was significantly reduced to
about 100 pg-m=.
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Figure 8. Hourly concentration of PM2s, PMio at vertical fitted by the formula in Table 3 (from top to bottom: Jiayuguan
(a), (b), Yumen (c), (d), Aksay (e), (f), Jinchang (g), (h), Wuwei (i), (j), Baiyin (k), (1)).

The vertical development of dust in Yumen (Figure 8c,d) was close to Jiayuguan, and
it was mainly concentrated within 0.4 km height from 06:00 to 14:00 on the 3rd, and then
gradually lifted to 1.6 km. During this period, the concentration of PMz5 was about 150
pg-m=3, and the concentration of PMio varied greatly from 400-1000 pig-m=. From 21:00 on
the 3rd to 12:00 on the 4th, the particulate concentration within 0.4 km was very small, the
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concentration of PM2s was less than 60 pg-m-3, and the concentration of PMio was less than
250 ug'm=3, which is consistent with the analysis in Figure 2. However, there was an obvi-
ous dust pollution at the height of 0.5-1.5 km. The concentrations of PM2s and PMio
reaches the maximum, which were about 400 pg-m= and 1600 pug-m=, respectively. There
was dust transported within 1.5-3 km height, which was significantly higher than that of
Jiayuguan. The PM2s concentration was about 90 pg-m=, and the values of PM25/PMio
were 0.2-0.4, which was higher than that of ground in Figure 2, indicating that the contri-
bution of external transportation to local PM2s was greater than that to PMuo.

The dust process had little impact on Aksay (Figure 8e,f) from 18:00 on the 3rd to
12:00 on the 4th. The height of dust reached about 4 km, and the high concentration area
was mainly concentrated within 2 km. The maximum concentration of PMz5 and PMuo
were about 150 pg-m= and 800 pg-m—3, respectively. The depolarization ratio of Aksay
Lidar (Figure 6f) could prove that there was obvious external transport over Aksay during
this period. The concentration of PM2s and PMio decreased to about 60 pug-m-= and 300
pug-m= within 2-4 km, respectively.

The dust in Jinchang (Figure 8g,h) and Wuwei (Figure 8i,j) were mainly affected from
06:00 to 18:00 on the 3rd, and concentrated within 0.6 km from 06:00 to 12:00 with very
strong intensity. The peak concentration of PM2s exceeded 400 pg-m3, and the maximum
concentration of PMio exceeded 2500 pg-m=. From 12:00 to 18:00, the height of the dust
gradually developed to 2 km, and the intensity of dust was weakened obviously. The con-
centration of PM2s and PMio were about 150 pg-m? and 1000 pg-m= in 1-2 km, respec-
tively. Subsequently, the dust was affected by clouds, and its height development was not
obvious.

When the dust was transported to Baiyin, its intensity had weakened obviously and
mainly concentrated in the height of 1.5 km. The strong intensity period was 9:00-12:00
on the 3rd, the maximum concentrations of PM2s and PMio were about 140 pg-m- and 500
pg-m3, respectively. Then the dust lifted to 3 km, and the concentration of PM25 and PMio
decreased to about 50 pig-m= and 200 pg-m-3, respectively. The intensity of dust in Baiyin
was not strong, and was affected by the long-distance transportation in the upstream. It
can be seen that although the ground particulate concentration of Baiyin was not high,
and its upper level particulate concentration was close to the ground particulate concen-
tration, which had a continuous contribution to the ground particulate concentration later,
resulting in a longer duration of dust.

Combined with Figure 8 and Figure 2, it was found that during the dust process, the
particulate concentration of the upper level in Jiayuguan, Yumen, Jinchang and Wuwei
decreased significantly when compared with that of ground, at least more than 50%, and
the particulate concentrations of the upper level in Aksay and Baiyin were close to the
ground. The results show that the particulate concentrations near the sand source area
decreased rapidly with the increasing of height, and the particulate concentration causes
by long-distance transport was relatively uniform in the vertical direction. The particulate
concentration retrieved from Jiayuguan and Yumen Lidars shows that the contribution of
the external dust to local PM2s was higher than that to PMuo.

4. Conclusions

The multi-observation platform composed of six Lidars and nine aerosol analytical
instruments was first used to detect a severe dust storm event, which occurred in North-
west China on 3 May 2020. The distribution characteristics of dust particles sizes, struc-
tures and concentrations in the process of the dust storm were studied, which can help us
to better understanding the vertical distribution of dust. Some of our conclusions are as
follows:

1. The duration of the dust event was short, but its area of influence was wide and the
intensity was very strong. The peak hourly-concentration of PMuw in Jinchang and
Wuwei was more than 4000 pug-m=. During the period of strong dust, the values of
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PM25/PMuo in cities examined were less than 0.2 and the extinction coefficient became
greater than 1 km™ using Lidar observations. In addition, the growth rates of PM2s
were higher than that of PMuo after long distance transportation of dust.

2. The strong concentration of dust mainly concentrated in 1 km, and the height of dust
near the sand source was 2 km. When the dust particles were transported about 200—
300 km, the height increased by 1-2 km. However, the concentration decreased obvi-
ously.

3. The depolarization ratios showed that the particles over Tengger Desert were more
spherical than those over Badain Jaran Desert.

4. The formula of fitting the concentration of particulate with extinction coefficient in
Northwest China was found firstly, which realized the research of dust event from
qualitative to quantitative. There was a linear relationship between 532 nm extinction
coefficient and the concentration of PM25 and PMio. The R? in Yumen, Aksay and
Baiyin were inferior slightly, which were 0.706 to 0.879. The R?in Jiayuguan, Jinchang
and Wuwei were greater than 0.9.

The results could give more information for the physical schemes to simulate the dust
aerosol process in models, which can improve the forecast of dust storms, and provide
timely warning information for heavy pollution caused by dust storms. In the following
work, the relationship between extinction coefficient and particulate concentration will be
further improved by reducing the impact of water vapor to obtain more accurate particu-
late concentrations in three-dimensional space.
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