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Abstract: Northwest China is significantly affected by sandstorm disasters. To mitigate the negative
impacts of sandstorm events, it is critical to understand the spatio-temporal variations in typical sand
and dust storms and their influencing factors. In this work, using ground-based measurements of
particulate matter and remote sensing data such as MODIS, OMI, and CALIPSO data, the sources
of aerosol pollution and aerosol optical properties of a typical sandstorm event that occurred in
Northwest China in 2018 was studied. In addition, the HYSPLIT model was used to explore the air
mass trajectories in order to analyze the sand and dust migration process during the sandstorm event.
Furthermore, the wind erosion sensitivity of Northwest China was analyzed via single factor analysis
and multi-factor superposition of wind field intensity, soil drought index, vegetation coverage, and
relief amplitude. Finally, the region of the study area having a high comprehensive wind erosion
sensitivity was identified. The results showed that the PM;( concentrations exceeded 400 pg/ m3
and the PM; 5 /PM ratio did not exceeded 0.6 during the sandstorm event, indicating that natural
particulate matter was dominant in the ambient air. At the epicenter of pollution, the aerosol optical
depth (AOD) at 550 nm was 0.75-1. By combining AOD data with wind speed and direction data from
field observation stations, it was found that the sandstorm event in 2018 mainly occurred between
1 April and 3 April, and affected all of Northwest China on 2 April and 3 April. The absorbed aerosol
index (AAI) ranged between 2.5 and 4, indicating that the Taklimakan Desert was the main source
of sandstorm events in Northwest China. The CALIPSO total attenuated backscatter coefficient at
532 nm indicated that the main component of tropospheric aerosol in this region was distributed
in the range of 0-12.5 km. The simulated airflow track showed that it had the same dust source
regions as AAI index studies. Moreover, investigation of wind erosion sensitivity in the study areas
indicated that the Taklimakan Desert and other desert regions were the main ecologically sensitive
areas. These conclusions can provide references and suggestions for the mitigation of damage caused
by sandstorm events, in addition to the enhancement of ecological governance.

Keywords: sandstorm event; remote sensing; dust source; sensitivity of wind erosion in the arid area

1. Introduction

Sandstorm events originate in drylands when strong winds blow and separate non-
stabilized soil particles from a dried surface, and are common in Northwest China [1-4]. These
events negatively affect the climate and human health, and also have adverse environmental
and socio-economic impacts [5-7]. Furthermore, wind-blown dust is a significant contributor
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to the transport of pathogens and pollutants, which can influence air quality by reducing
visibility and changing the nature of air pollutants [8-10]. This dust can also cause respiratory
illness, allergies, and skin diseases by increasing the inhalable dust in the air [11-13]. As a part
of the Central Asian sandstorm region, Northwest China is the main source of dust aerosols in
East Asia [14,15]. Sand and dust transported by wind from this area are deposited as sediment
in the Loess Plateau and also cause pollution throughout northern China [11]. Therefore, it
is important to explore the trajectories of sandstorms to improve vegetation conditions in
vulnerable areas and mitigate the damage caused by sand and dust events.

Abundant sources of sand and dust, dry weather, strong wind, and unstable thermal
conditions are prerequisites to the occurrence of sand and dust events [16,17]. During such
events, desert winds can transport particles from sand and dust storm sources thousands
of kilometers from their source region [2,18,19]. In addition, the intensity of dust events is
further enhanced under strong winds and causes more serious soil wind erosion during
its transportation [20]. Wind erosion of soil, which is closely related to soil properties, is
the primary cause of sandstorm events in arid desert areas having stable sand sources.
Previous studies [16] have found that the generation and development of sandstorms are
influenced by local climatic factors such as temperature, precipitation, wind, humidity, and
land cover change. Thus, it is important to detect the possibility of wind erosion and the
extent of its development, identify ecologically sensitive areas, and predict the occurrence
and movement of regional sandstorm events by analyzing the wind erosion sensitivity of
soil in the source regions of these events.

Dust is a major source of tropospheric aerosol loading and constitutes an important
parameter in climate aerosol forcing studies, making real-time monitoring of sand and
dust events essential [21]. However, traditional monitoring methods are limited in their
temporal and spatial coverage, which renders them unsuitable to study the long-range
transportation of sandstorms. Remote sensing is an effective method to identify and
monitor sandstorms [22-24]. Numerous studies on dust transport at large spatial scales
have been conducted based on dust aerosol data from MODIS, CALIPSO, and other
satellites [25-27]. Li et al. [9] proposed three methodologies to monitor sand and dust
events using the features of different sensor channels and dust event spectra based on
MODIS data. Liu et al. [15] monitored and analyzed the ground conditions on the basis of
sandstorm identification models (SVI), in addition to MODIS data and observation data
from meteorological observation stations. Sun et al. [26] developed a dynamic threshold
sandstorm monitoring method based on the MODIS MOD09A1 product. However, aerosol
optical depth data obtained via satellites have low accuracy and a short time series due
to limitations in the data processing algorithms employed [22]. LiDAR observations can
accurately reflect the vertical distribution of dust; however, such dust stations are sparsely
distributed [28,29].

In this study, Northwest China, which has the most abundant sand and dust sources
in China, was selected as the target area. The aerosol transport paths and dust sources
of sandstorm events originating in Northwest China were explored with the HYSPLIT
model using ground-based measurements of particulate matter, in addition to MODIS,
OM], and CALIPSO data. Moreover, the wind field intensity, vegetation coverage, relief
amplitude, and soil drought index of the target region in 2018 were analyzed based on
satellite and field observation data to identify areas with high wind erosion sensitivity.
The results of this work are expected to provide a scientific reference for the mitigation of
sandstorm-induced damage in vulnerable ecological regions in similar areas.

2. Materials and Methods
2.1. Study Area

This study took Northwest China as the study area, including Shaanxi, Gansu, Qinghai,
Ningxia, and Xinjiang, which accounts for nearly one-third of China’s total land area
(Figure 1). It is located inland and close to the source of the winter monsoon, and most
areas of this region experience a moderately temperate and warm temperate continental
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climate, whereas a very small proportion of the region experiences an alpine climate. Due to
the arid climate, the total annual precipitation in the region is low, with most areas having
a total annual precipitation of less than 400 mm, with a decreasing trend from east to west.
Droughts and winds are prominent features of the natural environment in this area [25,30].
The wind speed in this region is higher in the south and lower in the north, and the annual
average wind speed in most regions is 1-4 m/s. Most of the area is under the control of
westerly winds. The average annual relative humidity in much of the northwest region is
below 50%. The relative humidity of Qaidam Basin is only 30%, which is the driest place
in China. This region exhibits large differences in diurnal and annual temperature. The
terrain of Northwest China consists mainly of a plateau and basin with widespread deserts,
and the elevation in the region varies greatly. These topographic areas all belong to the
second ladder of China’s topography. In terms of altitude, the Weihe Plain of Guanzhong
in Shaanxi province is about 400 to 600 m above sea level, the average altitude of the Loess
Plateau is about 1000 m, and the Qaidam Basin of Qinghai Province is between 2600 and
3000 m above sea level. Due to the natural geographical environment in the study area,
desertified land and deserts are densely distributed in this region of China. In terms of soil
and vegetation structure, the distribution of vegetation in the horizontal direction has a
clear regional variation in longitude, from east to west, from grassland to desert steppe
to desert. The soil in this region is dominated by desert soil, namely black lime soil. The
natural geographical characteristics of the study area make it the most concentrated area
of desertified land and desert in China. There are four major deserts in Northwest China,
namely the Gurban Tungut Desert, Taklimakan Desert, Kumtag Desert, and Qaidam Desert.
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Figure 1. Location of the study area.

2.2. Data Sources

A typical sandstorm event during the period of 1-3 April 2018 was selected according
to the reach of sandstorms and duration of events of 2018 in the Sand-dust Weather Almanac
published by China Meteorological Press.
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PM, 5 (PMyg) refers to an environment comprising air particles having a diameter less
than or equal to 2.5 (10) micron particles. For aerosol pollution analysis, atmospheric par-
ticulate matter (PM, 5 and PM;) data were obtained from the Real-time Urban Air Quality
Publishing platform of the National Environmental Monitoring Center (http://data.cma.cn/
(accessed on 20 May 2021)). Furthermore, the wind speed and wind direction data in
this dataset were selected, and the main wind speed and wind direction during the sand-
storm event were reproduced on a map using the cubic spline interpolation method. For
analysis of the optical characteristics of dust aerosols, the MODIS MCD19A2 data (https:
/ /ladsweb.nascom.nasa.gov/search (accessed on 26 May 2021)) product derived from MODIS
aerosol optical depth (AOD) data was used. The sand and dust migration process was
studied comprehensively using a composite of UV absorbing aerosol index (AAI) data
from the OMI-Aura L3 OMAERO-e data product (https://disc.gsfc.nasa.gov/ (accessed
on 26 May 2021)), CALIPSO Level 1 data (https:/ /subset.larc.nasa.gov/calipso/index.php
(accessed on 26 may 2021)), and the backward trajectory simulated by the HYPLIT model
(https:/ /www.arl.noaa.gov/hysplit/ (accessed on 15 June 2021)). The meteorological data
used for the HYSPLIT model were taken from the Official Website of the Global Data Assimi-
lation System (https:/ /www.ready.noaa.gov/archives.php (accessed on 15 June 2021)).

Wind field intensity calculations during the sandstorm event in 2018 were performed
using the average wind speed data for each station in the study area from the China Surface
Climate Data daily dataset of the China Meteorological Data Service Centre. In addition,
mean annual precipitation and temperature data were used to calculate soil dryness across
the study area after interpolation with a resolution of 1 km.

The vegetation coverage was estimated based on the Normalized Difference Vegetation
Index (NDVI) dataset of the MODIS MOD13Q1 data product. The regional relief amplitude
was obtained from DEM data.

2.3. Wind Field Intensity Calculations

The wind field intensity of the region was estimated using the daily average wind
speed data from 118 stations in 2018. It was calculated using the formula in the revised
wind erosion equation (RWEQ) provided by the USA Department of Agriculture [31],
as follows:

W=Y" Ux(U-Uc) 1)

where W is the wind field intensity (m3/s®); U is the wind speed at a height of 2 m above
the ground at the monitoring meteorological station (m/s); and Uc is the critical wind
speed at a height of 2 m above the ground, which is normally set as 2 m/s. Subsequently,
the spatial sensitivity pattern of the regional wind energy was obtained via cubic spline
interpolation based on the calculated wind field intensity data.

2.4. Soil Drought Index Calculations

The calculation method of the modified Selianinov model is relatively feasible, and
can meet the calculation needs without significant adjustment, based on the annual ac-
cumulated temperature data of each temperature base point recorded by meteorological
observation stations in 2018 [32].

This model was used to calculate the soil drought index based on the annual precipita-
tion and cumulative temperature [33], as follows:

D =0.16)_T(>10°C)/P )

where D (°C/mm) is the soil drought index of the study area, P (mm) is the annual
precipitation, and T (°C) > 10 °C refers to the annual cumulative temperature that exceeds
10 °C.

The annual precipitation was calculated by the daily precipitation of 133 meteorologi-
cal stations in Northwest China and the accumulated temperature greater than 10 °C was
calculated from the daily average temperature. We obtained the data of annual precipita-
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tion and accumulated temperature of the whole region by cubic spline interpolation, then
estimated the soil drought index in the study area.

2.5. Vegetation Coverage Calculations

MOD13Q1 data for the study area in 2018 were used to calculate vegetation coverage.
Higher vegetation coverage indicates better plant growth. Based on the NDVI data obtained
from the MOD13Q1 dataset, the vegetation coverage was estimated as follows [34]:

_ NDVI — Niin

f, = 3
! Nmax - Nmin ( )

where f, is the vegetation coverage of the study area, and Nmax and Np;n refer to the
maximum and minimum NDVTI values, respectively.

2.6. Relief Amplitude Calculations

SRTM-3 data having a resolution of 90 m in 2018 were used to construct a regional
relief amplitude model [35]. The equation employed was as follows:

R = Hmax - Hmin (4)

where R (m) represents the relief amplitude, and Hpax (m) and Hpyin (m) represent the
maximum and minimum elevation values in the study area, respectively.

3. Results
3.1. Spatio-Temporal Evolution of Typical Sandstorm Events in the Arid Area of Northwest China

Sandstorm events occur in the study area more than ten times per year on average.
One sandstorm event that occurred from 1 April to 3 April in 2018 was investigated in this
study, due to its intensity and range of influence.

3.1.1. Aerosol Pollution during Typical Sandstorm Events

During the sandstorm event, the dust in the atmosphere increased significantly and
formed one of the main components of tropospheric aerosol. The concentration of particu-
late matter also increased in the sand source area and over the impacted areas during this
event. Therefore, aerosol pollution of sandstorm events is an important parameter to study,
and analysis of aerosol pollution can help provide a comprehensive insight into sandstorm
events. Moreover, the PM, 5/PMj ratio can be used as an indicator of the quantities of
these particles in the atmosphere, and can help determine the sources of these particles and
their formation processes [36,37], because fine and highly dispersed aerosol particles in the
atmosphere have different sources, physical properties, and chemical properties. A high
PM, 5/PMj ratio indicates that the pollution is anthropogenic, whereas a low ratio may
indicate that the pollution event involves significant quantities of hard particles originating
from natural sources [38], which may be sandstorm events.

This study used the air pollution concentration of typical cities to explore the air
pollution properties of surrounding areas. Five provincial capitals in the study area were
selected as representative cities in this study, due to the fact that they would receive more
attention from the local government. Then, the nature of air pollution sources in these cities
and the change trend of pollution based on monitoring data of atmospheric particulate
matter in the urban areas of these cities were estimated.

The results (Figure 2) showed that daily PM;o concentrations in provincial capitals
in Northwest China changed greatly from 25 pg/m3 to more than 200 pg/m3 during
the sandstorm event. The PM;( concentrations in all cities significantly exceeded the
threshold of 50 pg/m?3 specified by the National Ambient Air Quality Standard (GB3095-
2012), and were sometimes more than 400 pg/m?3. During the sandstorm event in 2018, the
PMjg concentration in Urumgqi did not exhibit any notable change, making it difficult to
determine whether the sandstorm event caused any changes in the PM;y concentrations.
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The concentration of PMg in Xining rose to 286 pg/m? on 3 April, and then continued to
rise to 484 ng/ m3 on 4 April and 586 pg/ m3on 5 April. PMy concentration in Lanzhou
was at a high level during the study period, and PM;j concentration in Lanzhou from
3 April to 5 April was also significantly higher than that in other periods. On 3 April, the
concentration was 339 png/m?3, and rose rapidly to 895 ng/m? on 4 April, and then fell back
to 347 pug/m3 on 5 April. The concentration of PMy in Yinchuan reached 206 pg/m3 on
2 April, when the dust storm occurred, and was 318 p1g/m? and 265 pg/m3, respectively, on
4 April and 5 April. The concentration of PMjg in Xi’an was relatively high from 1 April to
3 April, reaching 352 pg/m3 in the following 4 days. Thus, we can infer the 2018 sandstorm
event affected all of the studied cities, except Urumgqi.
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Figure 2. Changing trend of the concentration of PM;g and PM, 5/PMjj ratio of the period relevant
to the sandstorm event in April 2018, for the case study area.

The PM, 5/PMj ratios in the target cities were lower than 0.6 during the sandstorm
events, indicating that the proportion of fine particles in atmospheric particulate matter
was small during this period. This result indicated that the influence of natural dust sources
led to the increase in inhalable particulate matter content in the atmosphere in these cities.
Moreover, it was evident that the air quality in Xining, Yinchuan, Lanzhou, Xi’an, and
surrounding areas was significantly affected. Furthermore, the evolution trends of the
PM,; 5/PMj ratios indicated that the change was influenced by natural pollution sources,
so it could be inferred that the sandstorm event had a strong impact on the above areas.

Therefore, these cities were selected as specific points in the simulated reverse trajectory of
the sandstorm event.

3.1.2. Evaluation of Regional AOD

Accurate observation of aerosol optical characteristics is the basis for comprehensive
scientific evaluation of sandstorm events. AOD is one of the main physical parameters
of aerosol optical characteristics, and can be used to represent the aerosol content and
atmospheric pollution [39,40]. Dust can reduce ground visibility and increase AOD, which
leads to changes in AOD due to its specific extinction effect. In this study, the regional
AOD was obtained via field- and satellite-based observations [41]. Land AOD data from

the MODIS MCD19A2 data product were used to analyze the optical characteristics of
regional aerosols.
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As seen from the AOD data, the spatial distribution of the atmospheric aerosol optical
depth in Northwest China changed significantly and showed regional variation over time
during the sandstorm event in 2018 (Figure 3). AOD data obtained during the sandstorm
event in 2018 showed that the spatial distribution of the AOD index in Northwest China
changed obviously. Areas with high AOD values were distributed in small parts of Gansu,
Ningxia, Shaanxi, and the central part of the Southern Xinjiang Basin on 30 March, and
this was consistent with the distribution of PMjy concentrations. This was because the
possibility of other events causing the high value cannot be excluded. From 2 April
onwards, some areas of the southern Xinjiang Basin began to exhibit extremely high AOD
values. During the next few days, the area of influence of this event continued to expand
until most areas of southern Xinjiang Basin were affected. The AOD values in other parts
of the study area were lower than those in the southern Xinjiang Basin.

N

Date:2018.03.31

Date:2018.04.03

Date:2018.04.01 Date:2018.04.04

Date:2018.04.05

low:0

Figure 3. Spatial distribution of daily mean AOD at 550 nm during the period relevant to the
sandstorm event in April 2018, for the case study area.

Overall, the spatial distribution of the atmospheric aerosol optical depth in Northwest
China demonstrated considerable regional variation. Prior to the occurrence of the events,
the aerosol concentration in the study area was in the range of 0.1-0.6, and the areas with
relatively high aerosol concentrations were mainly distributed in the desert area of the
southern Xinjiang Basin and a small part of northern Xinjiang. During the sandstorm
event, there was an area that exhibited an aerosol index in the range of 0.75-1, and this area
migrated as the event progressed. The area with the high aerosol index first appeared in the
desert region of Xinjiang, and gradually expanded within this region with the occurrence
of the sandstorm. Subsequently, this area appeared in Qinghai, followed in turn by Gansu,
Ningxia, and Shaanxi, and this was also the trajectory followed by the sandstorm. It could
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be concluded that the sandstorm event originated in southern Xinjiang and affected the
southern Xinjiang basin, in addition to Qinghai, Gansu, Ningxia, and Shaanxi provinces.

This study explored the change in the wind speed and direction with AOD, as
Parajuli et al. [42] found that wind speed had a good correlation with AOD and the rela-
tionship between wind and dust presented a non-linear correlation. Figure 4 shows the
distribution of wind speed and wind direction during the sandstorm event. According to
the study of Huang et al. [43], for the daily average wind speed near the surface, the cubic
spline function interpolation can achieve better interpolation accuracy. Therefore, the main
wind speed and wind direction data are reproduced on the map during the sandstorm
event based on this method. The size of the arrows in the figure indicates the magnitude of
the wind speed, and the direction of the arrows indicates the wind direction. The direction
of dust aerosol propagation was highly consistent with the wind direction. Figure 4 shows
that the surface wind speed was mostly easterly at the junction of Xinjiang-Gansu-Qinghai,
which was not conducive to the transport of dust aerosol downstream from the deserts.
It is known that the wind direction at different altitude levels in Taklamakan Desert and
surrounding areas is different; as a result, the near-surface level is not conducive to the
eastward transport of dust [44]. In this study, the data of wind speed and direction were
taken mainly from near-surface meteorological stations. Only when its rises to more than
3 km can dust be transported to downstream under the action of the westerly wind. This
may be the cause for the different simulation results of wind direction and airflow reverse
trajectory near the surface. The sandstorm event mainly occurred during the period of
1-3 April, and affected all of Northwest China on 2 April and 3 April. This indicates that
the atmospheric concentration of dust aerosol was higher, the transmission speed was
greater, and the influence range was wider.

0 125 250 500

Date:2018.04.01| «~ Date:2018.04.02

T wind speed:2m/s T wind speed:2m/s

AOD value

AOD value
[ high:1 ™ high:1
1000 low: 0 0 125 250 500 750 1000 low: 0

Date:2018.04.03

T wind speed:2m/s

Kilometers = high:1 . .
0 125 250 500 750 1000 low: 0 Interpolation Resolution:1km

Figure 4. Spatial distribution of wind speed and wind direction during the period relevant to the
sandstorm event in April 2018, for the case study area.
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3.1.3. Description of Sand and Dust Migration Process

This study determined the dust centers of the sandstorm events based on the spatial
distribution of the absorbing aerosol index (AAI) in Northwest China from OMI data
by analyzing the vertical profile of the backscattering coefficients of multiple potential
source regions through which the trajectory of CALIPSO’s sub-satellite point passed. The
backward trajectories for the high aerosol pollution during the sandstorm event were
constructed using the HYSPLIT model. This model was used to determine the source of
sand and dust, and to simulate the sand and dust migration process based on the 48 h
backward trajectory at the heights of 500, 1000, and 1500 m.

The spatial distribution of AAI from 30 March to 3 April in 2018 indicated that the
AAI value in certain parts of the southern Xinjiang Basin was significantly higher than
that in other areas, in which the AAI value exceeded 2. The main area affected by the 2018
sandstorm event was the basin area of southern Xinjiang and its adjacent areas (Figure 5).

| %2
48°N
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44°N |
40°N > 0.5
y \‘ - . : -1, 0
) B & . \e
36°N - T S0 3 S
36 7\\' z) \f' >\..V‘ ‘ 0.5
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i RS S S s 1
320N - - - o JZ - “"\.-: ?;‘) L d
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Figure 5. Spatial distribution of multi-day average AAI of the period relevant to the sandstorm event
in April 2018, for the case study area.

According to Filonchyk et al. [25], the CALIPSO total attenuation backscattering co-
efficient diagram at 532 nm can be used to observe the distribution of aerosols in vertical
profiles. Therefore, this study adopted the same method to observe the vertical distribution
of dust aerosols. Figure 6 shows the total attenuation backscattering coefficient at 532 nm,
and the dark blue area at the bottom of the figure represents the area for which measure-
ments could not be obtained due to the influence of the terrain. The air masses having dust
during the 2018 sandstorm event were also mainly distributed at the heights of 5-10 km
above the ground. The spatial distribution of the atmospheric backscattering factor from
31 March to 1 April indicates that there was a high proportion of aerosol particles in the
atmosphere. The air mass with dust near the Otindag Sandy Land occurred 5-12 km above
the ground. The air mass with dust over the Tarim Basin was distributed at heights of
3-5 km above the ground during this event. The distributions of air mass with dust over
the Alxa Plateau and Tianshan Mountains were still influenced by topography.

The HYSPLIT model was used to prepare backward trajectory maps to trace the source
areas of the dust particles. In this study, several provincial capitals were selected for
simulation. The air flow reverse trajectory simulation can only be carried out at specific
points [25,45], and the receptor sites affected by the sandstorm event should be chosen. The
study on air pollution presented in Section 3.1 confirmed that these cities were affected by
natural sources of the sandstorm event, so we selected them as receptor sites. Backward
trajectories for 48 h prior to the sandstorm events were calculated using the heights of 500,
1000, and 1500 m above the ground. The backward trajectory simulated for the 2018 event
indicated that the transportation of air masses mainly occurred in the north and northwest
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Altitude,km

directions (Figure 7). The height of the upper-air wind carrying dust affecting Xining,
Lanzhou, and Yinchuan on 1 April was 3000 m, and its path showed a clear direction from
northwest to southeast, which was consistent with the wind direction. The source of the
sand and dust material could have been the Gaishun Basin in northern Xinjiang. On 2 April,
the upper-air wind in Urumgqi was as high as 4000 m. When the dust rose to more than
3 km, dust could be transported to the downstream cities under the action of the westerly
wind. Subsequently, the air flow affecting all cities changed on 3 April, with the exception
of the upper-air wind in Xining, which may have been caused by a change in the real-time
wind direction.

Based on the simulated backward trajectory and the scale of the sandstorm, the source
of sand during the 2018 event was found to be the Xinjiang desert region, including the
Taklamakan Desert and the Gurban Tungut Desert located in the Zhungeer Basin. In
addition, the sand that affected northern Xinjiang, including Urumgqi, originated from
Kazakhstan and Mongolia.
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Figure 6. Total attenuation backscattering coefficient of 532 nm obtained by CALIPSO for the period
relevant to the sandstorm event in April 2018, for the case study area.
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Figure 7. Simulation of dust backward trajectories in different cities of Northwest China for the
period relevant to the sandstorm event in April 2018, for the case study area.

3.2. Sensitivity Analysis of Wind Erosion
3.2.1. Sensitivity Analysis of Wind Erosion Factors in Northwest China

Wind erosion generates large quantities of mineral particles, such as dust and aerosols,
within desert areas, which are then released into the atmosphere [46]. Due to large-scale
wind transportation, the significant contribution of particulate matter to air pollution may
be caused by aerosol sources over long distances [47]. Therefore, sensitivity analysis of
regional wind erosion combined with analysis of dust aerosols helps provide a comprehen-
sive understanding of conditions in the study area. In this study, the wind field intensity,
vegetation coverage, relief amplitude, and soil drought index in the region based on data
from the whole year of 2018 were evaluated, and the sensitivity to regional wind erosion
was estimated by combining the results of these analyses. Table 1 showed the criteria for
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the sensitivity scale for dividing the sensitivity indicators of each factor. According to these
criteria, we mapped the sensitivity of the four factors respectively (Figure 8).

Table 1. Criteria for the sensitivity scale.

Classification Wind F131 ed Iljgensuy Vegetation Coverage Relief Amplj;ude Soil Drought Index
(m?® x s73) (m x km—2)
Extremely sensitive 0.7-0.96 <0.08 70-90 <3.85
Highly sensitive 0.5-0.7 0.08-0.15 45-70 3.85-8.56
Moderately sensitive 0.4-0.5 0.15-0.33 25-45 8.56-15.31
Low sensitive 0.3-0.4 0.33-0.56 15-25 15.31-25.68
Insensitive <0.3 0.56-0.92 <15 25.68-70.00
N

A

(a) wind ficld intensity (b) vegetation coverage

(c¢) relief amplitude (d) soil drought index
Interpolation Resolution:1km
Kilometers
0 125 250 500 750 1000
B Fxtremely sensitive [T Highly sensitive Moderately sensitive I 10w sensitive M Insensitive

Figure 8. Results of sensitivity analysis of wind erosion factors (annual values of wind field intensity,
vegetation coverage, relief amplitude, and soil drought index for 2018).

Because it accounts for the influence of airflows such as strong winds on soil particle
transport, the revised wind erosion equation (RWEQ) was used to calculate the wind
field intensity based on daily average wind speed data for Northwest China. The erosion
sensitivities were classified according to the intensity of the wind field, and an intensity
sensitivity diagram of the wind field was obtained (Figure 8a). The existence of a strong
wind field caused the destruction of grassland and arable land in the vast arid area. The
area having strong wind erosion sensitivity was very small, and was mainly distributed in
the border area between Xinjiang and Kazakhstan, which is located between the Tianshan
Mountains and the Tarbagatai Mountains. The effect of narrowing caused by the unique
geographical location between the two mountain ranges may be the main cause for the
high wind field intensity factor in the region.

Vegetation can protect the surface soil against wind erosion by covering a part of the
surface and preventing wind and sands from blowing at low altitudes. The surface vegeta-
tion coverage was obtained using the Normalized Difference Vegetation Index (NDVI) to
establish the vegetation coverage sensitivity model in Northwest China (Figure 8b). There
was a significant negative correlation between the vegetation coverage and the regional
soil wind erosion, indicating that the higher the vegetation coverage, the lower the sensi-
tivity to soil wind erosion [48]. Figure 8b shows that the extremely sensitive areas were
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concentrated to the south of the Tianshan Mountains in Xinjiang, including Turpan Basin,
Kashun Gobi, and Tarim Basin in southern Xinjiang, Qaidam Basin in Qinghai Province,
and most areas in western Gansu. The NDVI values of these areas were less than 0.08. The
desertification-sensitive areas screened out in this study were generally consistent with
those screened out by Han et al. [48].

The degree of roughness of the terrain and topography represents an influence on
atmospheric airflow, which was the main cause of the high correlation between soil wind
erosion and the topography of the study area. The intensity of soil wind erosion was
high in regions in which the terrain was relatively flat, whereas it was relatively low in
regions having rugged topography. The terrain elevation within the study area showed a
decreasing trend from south to north. According to Figure 8c, the extremely sensitive areas,
for which the elevation difference was less than 20 m, are distributed in the Xinjiang and
Qinghai Basin area, in addition to in the Junggar Basin, Tarim Basin, and Qaidam Basin.
These basins exhibit an extremely flat terrain, and the elevation difference in these basins is
small. Consequently, wind erosion disasters are common.

The precipitation and average temperature are directly related to the soil moisture
content in the region. In areas with low precipitation and high temperature, the soil easily
becomes dry. Dry soil is easily entrained by wind and other forms of airflow, and wind
erosion increases. There are few extremely sensitive areas in the study area, which are
mainly distributed in the Taklamakan Desert (Figure 8d). This may be because this area
is located in a desert area having minimal precipitation, high temperature, and extremely
dry desert soil. The areal extent of these highly sensitive areas was also small. It could be
concluded that the dry soil was mainly found in the central area of the Taklamakan Desert.

3.2.2. Comprehensive Sensitivity Analysis of Wind Erosion in Northwest China

Wind erosion is more likely to occur in areas with low topographic relief, poor vegeta-
tion coverage, high soil dryness, and high wind field intensity [18]. Empirical single-factor
analysis was used to determine the weight of each influencing factor on wind erosion,
and the spatial distribution of regional wind erosion sensitivity was derived. The regions
with high wind erosion sensitivities, which typically exhibited high wind field intensity,
high soil dryness, poor vegetation coverage, and low topographic relief, were the Gurban
Tungut Desert, Taklamakan Desert, the inter-mountain region between Borokonu Mountain
and Kharketawu Mountain in the border area between Xinjiang and Kazakhstan, the Gobi
Desert, Kumtag Desert, and Qaidam Basin region in the border area between Xinjiang and
Mongolia (Figure 9).

== Extremely sensitive Moderateltly sensitive [ | Low sensitive I 1nsensitive

- — —
0 125 250 500 750 1000

Figure 9. Sensitivity to wind erosion estimated for the case study area, using wind erosion factors
estimated for 2018.
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Based on the dust sources identified and the areas with high wind erosion sensitivity,
the Taklamakan Desert and other desert areas in Northwest China were found to be
the main ecologically fragile areas. Ecological protection measures, such as setting up
windbreaks and sand-blocking forests in desert margins and oasis areas, should be actively
applied in these regions to prevent large amounts of dust from being carried away:.

4. Discussion

Aerosol pollution characteristics are one of the significant issues for the sandstorm
analysis [49]; thus, the analysis of aerosol pollution characteristics was the first step in this
study of sandstorms. In this study, several provincial capitals were selected for analysis of
aerosol pollution characteristics, which confirmed the increase in the PM;( index caused
by natural pollution sources. However, the analysis of only a few provincial capitals has
certain limitations. For example, the pollution situation of Urumgi cannot indicate that the
pollution situation of Xinjiang overall and southern Xinjiang was obviously different from
that of northern Xinjiang during this sandstorm event.

Dust aerosols are the most important source of atmospheric aerosols during a sand-
storm event [50]. The variation in dust aerosols can be seen from AOD analysis [51]. The
numerical results of AOD and AAl in this study had good agreement on the influence range
of sandstorm. This was consistent with the research results of Chen et al. [16]; that is, dust
measurement indexes such as the aerosol absorption index (AAI) and aerosol optical depth
(AOD) can be combined to realize the analysis of sand and dust event weather conditions.
This study combined the wind speed and wind direction data with AOD data to try to
analyze the variation trend of AOD, but the wind direction near the ground was different
from the airflow track simulated later. This may because the dust was only transported to
downstream cities by westerly winds when it rose above 3 km [44]. Therefore, a follow-up
study of the wind field from the vertical angle will make a good contribution to the study
of sandstorm events. In addition, the wind field was constructed by interpolation of the
observed data of ground stations instead of using the atmospheric dynamic model, which
has certain limitations. In future studies, a more accurate atmospheric dynamic model can
be used to simulate the actual wind field near the ground.

The vertical analysis of aerosols confirmed that there were large dust aerosols over the
basin geomorphic types in Northwest China. Xia et al. [52] also proved that aerosol particle
concentration was high under heavy dusty weather conditions, which was consistent with
the vertical analysis results of aerosols in this region in this study. Under the heavy dust
event, the size of large particles in the air increased, and the landform of the basin was not
conducive to air diffusion, which led to the accumulation of a large number of air particles.
In addition, the analysis of the air flow track, especially the air flow with a height of more
than 3 km, can better trace the source of dust at a certain point [25]. However, the selection
of only a few cities as representatives in this study posed certain limitations. In future
research, a large number of pilots can be selected to realize the batch analysis of air quality,
so as to more accurately reflect the air pollution situation in the study area.

According to the study of this sandstorm event, the main natural aerosol sand source in
the sandstorm event was Taklamakan and other desert regions; this finding was consistent
with the research of Filonchyk et al. [25]. The regions with high wind erosion sensitivities,
which typically exhibited high wind field intensity, high soil dryness, poor vegetation
coverage, and low topographic relief, were the Gurban Tungut Desert, Taklamakan Desert,
the inter-mountain region between Borokonu Mountain and Kharketawu Mountain in
the border area between Xinjiang and Kazakhstan, the Gobi Desert, Kumtag Desert, and
Qaidam Basin region in the border area between Xinjiang and Mongolia. Ginoux et al. [53]
found that the largest natural sources were associated with basins in China, including the
Taklamakan Desert of the Tarim Pendi, the Qaidam Pendi, and the Turpan Pendi. Each of
these confirmed the credibility of this study.

Wind field intensity is an important factor affecting the transport capacity of wind to
particulate matter, and it is the most direct power source of wind erosion. Gillette et al. [54]
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proved that the change in wind speed threshold significantly affects the amount of dust
generation in the air, so makes an important contribution to the degree of soil erosion in
the regions where dust events occur. Vegetation increases soil resistance to wind erosion
by improving surface roughness and soil structural stability [55]. Topography affects the
distribution characteristics of soil wind erosion through the disturbance of air flow. Soil
dryness is influenced by regional precipitation and generally represented by the ratio of
the water budget to heat balance in the region. It is used to measure how easily the wind
can bring dust into the air [56]. Therefore, using the above four factors to construct the soil
wind erosion sensitivity index system could better reflect the conditions of wind erosion in
the study area, which was of great significance for the identification of dust sources.

The southern Xinjiang Basin was the most seriously affected by the sandstorm events,
and was the source region for the sandstorm event, having the second largest mobile desert
in the world—the Taklamakan Desert [57]. Dust aerosol particles were extremely abundant
in the air. However, the topography of the region was not conducive to the diffusion of
the dust aerosol particles. Therefore, sandstorm events that occurred under strong winds
had the greatest impact on the region. The findings of this study can provide a scientific
reference for wind erosion prevention and ecological governance of similar areas in other
parts of the world.

The findings of this study indicate that the source of sand and dust in a region can
be effectively identified using remote sensing technologies, and the regional wind erosion
parameters can be effectively combined to identify ecologically vulnerable areas based on
multi-factor assessment. The remote sensing time series data could be mutually verified,
but it was difficult to conduct a comprehensive analysis and verification of sandstorm
events using only monitoring data from a single instrument. Moreover, this study focused
on the large-scale monitoring of sandstorm events, based on the identification of dust
aerosols by high-altitude satellites, and ignored the monitoring of vertical characteristics
of dust columns at low altitudes. Future research can focus on exploring the relationship
between near-surface sediment particles and sediment processes using remote sensing
approaches. During the process of wind erosion sensitivity analysis, the selection of factors
was considered primarily on the basis of the principle of acquisition, and the seasonal
effects of these factors were ignored. In future studies, seasonal variations in these factors
should be considered to explore their effects on soil wind erosion during different periods,
vegetation conditions, wind speeds, and precipitation conditions, so as to comprehensively
reflect the sensitivity of soil wind erosion.

5. Conclusions

In this study, a typical sandstorm event during the period of 1-3 April in 2018 was
identified using the field observations of particulate matter, in addition to MODIS, OMI,
and CALIPSO data. The HYSPLIT model was used to determine the dust transmission
path and the main dust sources. Moreover, the wind erosion sensitivity of the study area
was analyzed, and ecologically fragile areas were determined. The specific conclusions
were as follows:

(1) Atmospheric particulate matter data revealed that the PM;( concentrations during this
sandstorm event exceeded 400 ug/ m3. The PM; 5/PMjj ratios in all major cities in
Northwest China were lower than 0.6 during the sandstorm events, indicating that the
proportion of fine particles in atmospheric particulate matter was small, which was
due to the increase in inhalable particulate matter content in the atmosphere caused
by natural pollution sources. Therefore, it could be inferred that this sandstorm event
had a great impact on the PM; index of those cities. This conclusion means that the
occurrence of dust events leads to the occurrence of extreme values of PMyj.

(2) Prior to the occurrence of the events, AOD index values throughout the study area
were approximately 0.1-0.6, and relatively high values were mainly concentrated in
the desert area of the southern Xinjiang Basin and a small part of northern Xinjiang.
During the sandstorm event, an area with high aerosol index values (0.75-1) was
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observed, and this area migrated as the sandstorm event progressed. It could be
concluded that the sandstorm event originated in southern Xinjiang and affected
the southern Xinjiang basin, in addition to Qinghai, Gansu, Ningxia and Shaanxi
provinces. Furthermore, the results of AOD and AAl in this study had good agreement
regarding the influence range of the sandstorm.

(3) From the analysis of the sand and dust migration process, the sandstorm event affected
the study area through the northwest path, and mainly affected the southeast area of
southern Xinjiang Basin in China. The dust particles mainly came from the Taklimakan
Desert in southern Xinjiang and the Gurban Tungut desert in Zhungeer Basin.

(4) The regions having high wind erosion sensitivity in Northwest China were charac-
terized by strong wind field intensity, high soil dryness, low vegetation coverage,
flat topographies, and low relief. These were mainly Taklimakan Desert in Tarim
Basin in southern Xinjiang; Badain Jaran Desert in Mongolia; Tengger Desert and
Qaidam Desert in Qaidam Basin in northern Xinjiang; the Gobi region at the junction
of Xinjiang and Mongolia; and Gurban Tungut Desert in Junggar Basin.

In this study, the process of sandstorm occurrence was visualized by combining the
ground measured data and remote sensing data, and the sensitivity of regional wind
erosion was analyzed by the geographic information technology. This can not only directly
represent the sandstorm migration process, but also shows the sand and dust sources.
Furthermore, it is also of great significance to judge whether the specific point of sandstorm
events is affected; this is important for sandstorm prevention and management by local
government. The conclusions can provide references and suggestions for strengthening
ecological governance.
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