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Abstract: Aerosols are an important factor affecting air quality. As the largest source of dust aerosol
of East Asia, the Taklimakan Desert in Northwest China witnesses frequent dust storm events, which
bring about significant impacts on the downstream air quality. However, the scope and timing
of the impacts of Taklimakan dust events on Chinese urban air quality have not yet been fully
investigated. In this paper, based on multi-source dust data including ground observations, satellite
monitoring, and reanalysis products, as well as air quality index (AQI) and the mass concentrations
of PM;g and PMj; 5 at 367 urban stations in China for 2015, we examined the temporal and spatial
characteristics of the impacts of the Taklimakan dust events on downstream urban air quality in
China. The results show that the Taklimakan dust events severely affected the air quality of most
cities in Northwest China including eastern Xinjiang, Hexi Corridor and Guanzhong Basin, and even
northern Southwest China, leading to significant increases in mass concentrations of PM;g and PM; 5
in these cities correlating with the occurrence of dust events. The mass concentrations of PMg on dust
days increased by 11-173% compared with the non-dust days, while the mass concentration of PM; 5
increased by 21-172%. The increments of the mass concentrations of PM;y and PM, 5 on dust days
decreased as the distances increased between the cities and the Taklimakan Desert. The influence
of the Taklimakan dust events on the air quality in the downstream cities usually persisted for up
to four days. The mass concentrations of PMjg and PM; 5 increased successively and the impact
duration shortened gradually with increasing distances to the source area as a strong dust storm
progressed toward the southeast from the Taklimakan Desert. The peaks of the PM;( concentrations
in the downstream cities of eastern Xinjiang, the Hexi Corridor and the Guanzhong Basin occurred
on the second, third and fourth days, respectively, after the initiation of the Taklimakan dust storm.

Keywords: dust events; Taklimakan Desert; China; urban air quality

1. Introduction

In recent years, global air quality and atmospheric pollution and their impacts on climate
and environment have received extensive attention [1]. In East Asia, particulate air pollutants,
including PMjy and PM;5 (particulate matter with aerodynamic diameter less than 10 mm and
2.5 mm, respectively), and various gaseous pollutants such as sulfur dioxide (50,), nitrogen dioxide
(NO,) [2—4], which have arisen from accelerating economic growth and urbanization, have brought
about a series of environmental problems [5,6]. Besides anthropogenic pollution sources like industrial
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production, transportation and human domestic activities, the air pollution sources also include
natural sources, especially aeolian dust. As a type of aerosol, aeolian dust is not only an important
source of atmospheric particulate matter (PM), a natural factor influencing the concentration of air
pollutants through a series of chemical reactions in the downstream areas [7,8], but also a significant
risk factor for human health, which is closely associated with the morbidity of respiratory and
cardiovascular diseases [9-11]. Under the condition of a favorable large-scale circulation background
and superimposed weather systems of different scales in arid and semi-arid regions, severe dust
storms can develop into disastrous events and have seriously affected the air quality of the source and
downstream regions [12-14], human health [15-17], cloud microphysics [18], climate system [19,20],
and even marine ecosystems [21,22].

Global dust emission estimates range from 1000 Tg year~! to 2000 Tg year~!, and the atmospheric
load is estimated as 8-36 Tg [20,23]. The Gobi Desert in Mongolia and the Taklimakan and Badain Juran
Desert in northwestern China contribute approximately 70% of the total Asian dust emissions [24].
Each year, about 800 Tg of desert dust in China is emitted into the atmosphere, and approximately 30%
of it is redeposited back onto the deserts and 20% is transported to various regions in East Asia, while
the remaining 50% is the long-range transport to the Pacific Ocean and beyond [25]. Dust materials
from the Taklimakan Desert can be transported more than one circle around the globe in two weeks in
the upper troposphere around 8-10 km above the earth’s surface [26].

Most dust storms in China originate from the Taklimakan Desert, the Hexi Corridor, and the desert
regions in the central and western Inner Mongolia [27-29] (Figure 1a). The Taklimakan Desert is located
in the Tarim Basin in southern Xinjiang, China, and it is a main dust storm center and a source of loess
sediments in China [30]. Results from a simulation study show that the Taklimakan Desert contributes
21% of the total dust emissions in Asia [24]. Due to the abundant material supplied on the underlying
surface, the dry climate and lack of vegetation, as well as strong cold air activities in winter and spring
seasons, the frequency of dust events in the Taklimakan region is very high [31]. According to the China
Meteorological Administration (CMA) [32], dust events can be divided into three categories: blowing
dust, floating dust, and dust storms that can be further classified into moderate and strong events. Wang
et al. [33] pointed out that dust events occurred most frequently in the Southern Xinjiang Basin: the
47-year (1954-2000) mean annual occurrence of dust storms was 13.6 days, blowing dust 41.4 days,
and floating dust 94.4 days. In particular, the dust storms and floating dust events occur with a higher
frequency in the Southern Xinjiang Region than in other areas of China.

For decades since the initial research on the impacts of the Saharan dust in North Africa on the PM
and total suspended particle concentrations and the environmental processes in North America and
Europe [34,35], many studies have been carried out on dust pollution in urban areas [36,37], including
the impacts of East Asian dust minerals on air quality in the local and downstream regions [38—42]. These
studies showed that dust events in China had a great influence on the urban air quality in the source and
downstream impact areas. The occurrence of dust events was often accompanied with the increases in
the Air Pollution Index (API), aerosol optical depth (AOD), and the mass concentration of PMy, and a
decrease in visibility in the affected areas [38—40]. For example, the mass concentration of PMjg (PM;5)
in Beijing during dust events could reach 5-10 (~4) times that of non-dust days, and the period of high
concentration of PM;j( could last for about 14 h [41]. The PM;y mass concentration on dust days in
Lanzhou in northwestern China was significantly higher than that on non-dust days and the averages
of the spring season [42]. In addition, dust aerosols from the arid and semi-arid regions of China and
Mongolia could be transported to the east over long distances by the westerly circulation, thus affecting
the atmospheric environmental quality in Taiwan, Korea, Japan, and the North Pacific [43—46]. A recent
study also revealed that the mass concentrations of PMj in Taipei and Kaohsiung of Taiwan during
Asian dust events were 3-5 times those of non-dust days [47]. Zhao et al. [48] found that trans-Pacific
transport of Asian dust may even affect the ambient PM levels in North America. Their results indicated
that the number of dust storms in China has a high correlation with the variability in background PM;q
concentration over western North America.
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Due to the availability of observational data, many previous studies have been dedicated to
specific case studies of one dust event and its impact on the urban air quality, or the effects of several
dust processes on air pollution of a city, such as Lanzhou [42], or Shanghai [49]. Few studies have
analyzed the overall impacts, especially the temporal and spatial characteristics, of several dust events
on urban air quality over wide areas in China. Guan et al. [50] selected a massive dust storm in
2014 and comprehensively analyzed the changes in the PM concentration from west to east in Gansu
Province during this dust event. There were dramatic increases in PM;g and PM, 5 concentration
with the arrival of dust events, but the increment and magnitude of PM; 5 concentration were much
smaller than those of PMg. With the improvement of atmospheric environmental monitoring in China,
especially the nationwide monitoring of PM; 5 since 2014, we now have access to the nationwide
urban air quality data, including the mass concentrations of PMjg, PM; 5, SO,, CO, NO; and O3 that
serve as the basis for the calculation of the air quality index (AQI). Meanwhile, we also have various
sources of dust data, including the observational weather data from meteorological stations, AOD
from satellites, and dust concentration data from model reanalysis. By using these multi-source dust
data and abundant air quality data, we can systematically analyze the impact of dust activities in the
Taklimakan region in 2015 on the air quality in major Chinese cities, with a focus on the spatial extent
of the impacts, time-lag relationship, and the differences among cities in various geographic areas.
Through such analyses, we can reveal the patterns of the timing and spatial scope of the effects of
major dust events from the source region on the air quality across mainland China.

2. Materials and Methods

2.1. Dust Data

In this study, we use three sources of dust data during the whole year of 2015, including dust
weather phenomena and visibility from ground meteorological stations, satellite-obtained AOD, and dust
concentration from a reanalysis system, to describe dust events in the Taklimakan Desert in 2015.

The observed 3-hourly dust weather phenomena (floating dust, blowing dust, sandstorm,
and strong sandstorm) and visibility are collected from the ground meteorological stations of CMA
(http://data.cma.cn/). There are 25 meteorological stations in the Taklimakan region (75.5°-88.5° E,
36.5°—42.5° N). Figure 1b shows the locations of the 25 stations and the corresponding frequencies of
dust events that occurred in 2015. For any given site, the frequency of occurrence of all dust events is
defined by the percent of the number of observations of dust events to the total number of weather
records. Minfeng (82.71° E, 37.06° N) is the city where dust events occurred most frequently, with a
frequency exceeding 20%.

The 550 nm AOD data are taken from the Level-3 Moderate Resolution Imaging Spectroradiometer
(MODIS) Collection — 6: Atmosphere Daily Global Products of the Aqua platform with the spatial
resolution of 1.0° x 1.0° (https://modaps.modaps.eosdis.nasa.gov/services/about/products/c61/
MYDO08_D3.html). The Deep Blue aerosol retrieval algorithm provides the information about aerosol
optical properties over bright-reflecting land surfaces, such as desert, semiarid, and urban regions,
especially the properties of dust aerosol near surface [51,52]. The C6 algorithm improves the estimate
of surface reflectance and adds thermal infrared channels to develop a better dust aerosol selection
scheme [53]. Hence, we use the MODIS C6 deep blue 550 nm AOD product as an indicator of the
occurrence of dust events in the Taklimakan Desert.

Dust concentration data used in this study are obtained from the Modern-Era Retrospective
Analysis for Research and Applications, version 2 (MERRA-2), which is the latest atmospheric
reanalysis of the modern satellite era produced by NASA’s Global Modeling and Assimilation
Office [54]. Aerosols in MERRA-2 are simulated with a radiatively coupled version of the Goddard
Chemistry, Aerosol, Radiation and Transport Model and includes assimilation of AOD from various
ground- and space-based remote sensing platforms. MERRA-2 provides aerosol mass concentration,
optical properties, and other aerosol diagnostics [55]. Previous studies have shown that the daily-mean
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dust surface concentration of MERRA-2 has a high degree of correlation with the observed dust
surface mass concentration and the long-term dust surface concentration seasonal cycle in Sahara is
well simulated [56]. In this paper, we use the daily dust surface concentration in 2015 offered by the
MERRA-2 aerosol products with the horizontal resolution of 0.5° latitude x 0.625° longitude.

2.2. Air Quality Data

The air quality data come from the China National Environmental Monitoring Centre
(http://www.cnemc.cn), including the hourly AQI, and the mass concentrations of PM; 5 and PMjg
of 367 cities in China in 2015. The AQI quantifies the air quality status by integrating the maximum
values of the component air quality indices of individual pollutants (with ranges of 0-500), including
PM;5, O3, PMjg, SOz, NO;, and CO, into a comprehensive dimensionless index. The detailed
calculation method and level classification are based on the Technical Regulation on Ambient Air
Quality Index (on trial) HJ 633-2012 issued by the Ministry of Environmental Protection of China
(http:/ /kjs.mep.gov.cn/hjbhbz/bzwb /jcftbz /201203 /t20120302_224166.shtml) [57]. Figure 1c shows
the distribution of air quality monitoring stations and the mean AQI in 2015. The two regions with high
AQI values are the Taklimakan Desert and North China, which correspond to intense dust emission in
the source region and strong anthropogenic pollution at the regional scale, respectively.
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Figure 1. (a) Spatial distribution of topographic elevation (shade, unit: m), major geographic regions
in China (brown letters) and provinces (blue letters) mentioned in the text; (b) Locations of weather
stations in the Taklimakan Desert and the corresponding frequencies of dust events occurring in 2015;
(c) Locations of 367 air quality monitoring sites in China and their air quality indices averaged for 2015.
The black boxes indicate the Taklimakan Desert region.
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2.3. Data of the Atmospheric Circulation

To analyze the atmospheric circulation processes associated with the dust events, wind field
datasets are obtained from the European Centre for Medium-Range Weather Forecasts (ECMWFEF) global
atmospheric reanalysis dataset ERA-Interim [58]. This paper only took 700 hPa level wind data in 2015,
which are updated every six hours per day (00, 06, 12, 18 UTC) with a spatial resolution of 1.5° x 1.5°.

2.4. Definition of Dust Index

We defined the Taklimakan Dust Index (DI) based on existing literature and the observational
dust weather phenomena. McTainsh et al. [59] and Loingsigh et al. [60] provided a composite Dust
Storm Index to measure the frequency and intensity of wind erosion events in Australia. According
to the weather codes defined by World Meteorological Organization, dust events were divided into
severe dust storms, moderate dust storms, and local dust events. Then, each of the three types was
assigned a weight based on the measured dust concentrations in relation to visibility [60]. Based on
the observational fact that near-surface total suspended particulates rapidly increased with decreasing
visibility, Shao et al. [61] estimated dust concentration (C) from visibility using an empirical relationship
in northeast Asia:

C =3802.29D, %% D, < 35km 1)

C = 0DoH762 D> 35km ()

where C is dust concentration in ug m~3, and Dy, is visibility in km. A similar approach was used by
Song et al. [62] to calculate mass concentration of PM;( based on visibility data.

Using Shao’s method, we estimated the near-ground dust concentration of the Taklimakan region
with the station-observed visibility data during four different types of dust events (Floating Dust,
Blowing Dust, Dust Storm, and Strong Dust Storm) in 2015. The classification of dust events was based
on the codes of present weather phenomena defined by the CMA [63]. These calculations give the dust
event weightings (c1, ¢z, and c3) used in the Taklimakan DI equation, as shown in (3):

™=

DI = Y (FD; + ¢; x BD; +¢3 x DS; 4+ c3 x SDS;), ¢1 = 1.08, ¢ = 3.36,c3 = 9.11 )

i=1

where DI is the daily Dust Index based on the total n meteorological stations recording a dust event
for each day in the Taklimakan region. FD;, BD, DS;, and SDS; represent the times of Floating Dust,
Blowing Dust, Dust Storm, and Strong Dust Storm recorded in one day, respectively, for the i-th station.

2.5. Statistical Methods

Pearson correlation analysis [64] is used to determine whether air quality in the downstream
areas is related to the dust events from the Taklimakan source region. To examine whether the dust
emission and transport processes would produce any lagged effects on the downstream regions, we
also conducted correlation analysis by lagging the downstream air quality data by 1 to 3 days from
the Taklimakan dust events. The strongest dust event in spring of 2015 was used as an example to
illustrate the relationship between the Taklimakan dust events and air quality of the downstream cities.
Additionally, we constructed a composite dust event by averaging the AQI and mass concentrations of
PM;y and PM; 5 of the downstream cities for the first 5 days of the individual major dust events in
the Taklimakan region during spring of 2015, which allows us to examine the general pattern of the
responses of air quality in the downstream areas to a composite dust event.
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3. Results

3.1. Taklimakan Dust Events in 2015

Typical dust events in the Taklimakan region can be defined with the various sources of dust
information as described above. Considering that dust events mainly occurred in the spring [40], four
independent types of data: the daily Taklimakan DI, mean visibility of all weather stations in the
Taklimakan region, MODIS Deep Blue 550 nm AOD, and MERRA-2 dust surface mass concentration
from February 15 to June 15 were compared (Figure 2). It can be seen that the fluctuations of the
normalized series of DI, AOD, dust concentration and visibility were consistent with each other.
Correlation analysis indicated that the normalized DI had a positive relationship with AOD and
surface dust concentration (R = 0.73 and 0.70 respectively), and a negative relationship with visibility
(R = —0.58). Thus, the DI series should well reflect the dust activities in the Taklimakan source region.

In the following we determine dust days in the source region on the basis of the normalized
DI. Dust days was defined as those with the normalized value of the DI exceeding 0.75 (DI values
larger than 45.32). There were 27 dust days during the study time period totally, with six relatively
well-defined dust events (Figure 2 and Table 1), which corresponded well to the dust weather processes
of southern Xinjiang in 2015 identified by CMA [65]. The longest duration of dust events was 8 days
from March 10 to March 17. The maximum of DI was 86.76, which occurred on April 2 belonging
to the strongest dust event lasting from March 31 to April 4 in the spring of 2015 in the Taklimakan
Desert. Although there was a high value of DI on April 15 (Figure 2), it was not considered a dust
event since it lasted for only one day and was not accompanied by low visibility and high AOD levels
in the Taklimakan region.

4
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Figure 2. Normalized daily station-observed DI (grey bar), visibility (multiplied by —1, red line),
MODIS 550 nm AOD (blue line), MERRA-2 dust surface mass concentration (purple line) in the
Taklimakan Desert region from 15 February 2015 to 15 June 2015.

Table 1. Statistics of dust indices (DI) during six major dust events in Taklimakan Desert in spring
of 2015.

Dust Events  24-26 February = 10-17 March 31 March—4 April ~ 27-30 April 10-12 May 9-12 June

Max DI 57.08 75.16 86.76 81.93 81.78 68.23
Mean DI 51.24 69.71 71.59 57.11 69.26 56.05

3.2. Correlation Analysis between the Taklimakan DI and Downstream Air Quality

The relationship between Taklimakan dust activities and variations of air quality in Chinese
cities can be shown through correlation analysis. From the distribution of simultaneous correlation
coefficients between the daily DI in the Taklimakan Desert and daily mean mass concentration of PMyg
in Chinese cities for 121 days from February 15 to June 15 (Figure 3a), air quality of many cities shows
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high correlations with the dust in the source area. There was a maximum area of correlation in the
western Taklimakan Desert, with positive correlation coefficients exceeding 0.45. High correlations
were also found in eastern Xinjiang, Hexi Corridor, and eastern Qinghai. The high correlation areas
above the 95% confidence level extended along the northeastern edge of the Tibetan Plateau to the
northeast of Sichuan, Chongging, southern Shaanxi, and western Hubei. This suggests that the PM;
concentrations in these areas were closely related to the variation of the DI in the source area. In other
words, the intensification of dust activity in the Taklimakan area would lead to the increases in the
mass concentration of PMyg in the downstream cities of northwestern China, and also possibly affected
some areas in southwestern and central China. However, it has a relatively small impact on most parts
of eastern China.

By examining the spatial distributions of lag correlation coefficients between the DI and PM; mass
concentration, we found that the Taklimakan dust activity also had significant effects on the air quality
lagging behind for several days. The spatial distribution of the 1-day lagged correlation coefficients
(Figure 3b) is approximately similar to that of the simultaneous correlations (Figure 3a). There
existed a region of high positive coefficients in the western Taklimakan, while new high-correlation
centers occurred in the downstream areas. The correlation coefficients exceeded 0.35 in eastern
Xinjiang, eastern Qinghai and northern Sichuan, while the positive correlations in the eastern parts
of northwestern China such as Gansu, Ningxia and Shaanxi all decreased. Correlations with 2-day
(Figure 3c) and 3-day (Figure 3d) lags indicated that the scope and strength of positive correlations
in the northwest reduced with time, although areas of positive correlations without passing the 95%
confidence level appeared in Shanxi and parts of northern China. In fact, the correlations between the
DI and the mass concentration of PMyg in the downstream areas lagged for more than 3 days later
were very weak (figures omitted).

(a) 1 Aksu
50N 2 Hotan
7 3Korla
45N 4 Turpan
5 Hami
40N 6 Jiayuguan
asN - 1 7 Jiuquan
8 Zhangye
30N | 9 Lanzhou
10 Xi'an
25N 11 Luoyang
| 12 Chengdu

20N 13 Chongging

50N |
45N
40N |~
35N
30N
25N |

20N

80E 90E 100E  110E  120E  130E 80E C0E 100E  110E  120E  130E

Figure 3. Distribution of correlation coefficients of daily DI in the Taklimakan Desert with simultaneous
(a), 1-day lagged (b), 2-day lagged (c) and 3-day lagged (d) daily average PM;y mass concentration at
367 cities in China from 15 February to 15 June 2015. Areas above the 95% confidence level are dotted.
The stars indicate the locations of 13 cities in Figures 5 and 9.
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The DI was also closely related to the mass concentration of PM, 5. Figure 4 shows the spatial
distribution of simultaneous and lagged correlation coefficients between the Taklimakan DI and the
mass concentration of PM; 5. Similar to Figure 3a,b, correlations of the DI with the simultaneous
(Figure 4a) and 1-day lagged (Figure 4b) PM; 5 concentration had a maximum positive center (R > 0.45)
in the western Taklimakan region, including Aksu and Hotan. Except for a small region of northern
Xinjiang, areas with positive correlations were seen in most parts of northwestern China, which
revealed that when the DI reached a high value in Taklimakan, the mass concentration of PM, 5 would
correspondingly increase not only in the source region but also in the downstream areas extended
eastward to Shaanxi and southward to Chongqing. Correlations with 2- (Figure 4c) and 3-day lags
(Figure 4d) showed that the areas with positive correlation exceeding the 95% confidence level only
appeared in the source region, eastern Qinghai, southern part of Shaanxi and Shanxi, and the Shandong
Peninsula. Similarly, the impacts of the Taklimakan dust on the downstream PMj, 5 levels were very
weak beyond 3 days. It is noteworthy that there was a stable negative correlation area in southeastern
China, especially for the correlations with 2- and 3-day lags (Figures 3 and 4), which might be the
result of mid-latitude cold air activity that is associated with both the occurrence of dust storms in
the Taklimakan Desert and generation of spring rains in the south of the Yangtze River [66] under a
favorable circulation background.
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40N T ¢ 40N 6 Jiayuguan
35N | 4 35N | 7 Jiuquan
8 Zhangye
30N+ 1 30N | 1 9 Lanzhou
10 Xi'an
25N | 25N 11 Luoyang
[ 12 Chengdu

20N } 20N

13 Chonggqing

50N ¢ 1 son 0.4
45N+ /4 asn b 0.3
40N |/ 40N | 0.2
35N | 1 35N
0.1
30N | 30N
0
25N | 25N
| -
20N + 1 20N 01
02

80E 90E 100E 10E  120E 130E 80E C0E 100E 110E 120E  130E

Figure 4. Distribution of correlation coefficients of daily DI in the Taklimakan Desert with simultaneous
(a), 1-day lagged (b), 2-day lagged (c) and 3-day lagged (d) daily average PM; 5 mass concentration at
367 cities in China from 15 February to 15 June 2015. Areas above the 95% confidence level are dotted.
The stars indicate the locations of 13 cities in Figures 5 and 9.

There were significant differences in the urban air quality levels between the Taklimakan dust days
and non-dust days in western China. We selected 13 cities with high positive correlation coefficients
between the DI and mass concentration of PM;g (PM;5) in different distances to the source region,
and found that the mass concentrations of PMjg and PM; 5 in all the cities were higher during the
Taklimakan dust days than those during the non-dust days (Figure 5). The mass concentrations
of PMjg on the dust days increased by 14-473 ug m 3 (11-173%), and those of PM, 5 increased
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by 10-158 pg m~3 (21-172%) compared with the non-dust day levels. It is noted that the mass
concentrations of PM;p and PM; 5 in Aksu and Hotan were maintained at high levels even during
the non-dust days. The mass concentrations of PMjg in Aksu on the dust days reached 846 ug m—3,
while the mass concentrations of PM, 5 in Hotan reached 250 jtg m 2 on dust days with an increase
of 172% compared to the non-dust days. As the distances between the cities and the Taklimakan
Desert increased, the increments of PM;g and PM; 5 on dust days decreased. For example, the mass
concentrations of PMjp and PM,5 in the Jiayuguan, Jiuquan, and Zhangye in the Hexi Corridor
increased by 48-93% relative to the non-dust days. In comparison, for those cities further downstream,
such as Lanzhou, Xi'an, Chengdu and Chongqing, the increases in the mass concentrations of PM;( and
PM, 5 were usually less than 30% from the non-dust days, where the background mass concentrations
of PMjg and PMj; 5 were also lower. Based on the air quality guidelines of World Health Organization
(WHO) [67] as well as the Ambient Air Quality Standards issued by the Ministry of Environmental
Protection of China [68], the daily average concentrations of PM;g during dust days exceeded the
standard of 150 pg m~2 in most selected cities. Specifically, the PMjo concentration in Aksu was
5.6 times that of the standard. Meanwhile, the daily average concentrations of PM; 5 exceeded the
standard of 75 ug m 3 in Aksu, Hotan, Turpan, Jiuquan, Zhangye, and Luoyang during dust days. The
serious excess of the daily standard concentrations of PM during the dust events would cause harm
to human health, lead to increased number of hospitalizations and respiratory mortality, and affect
normal outdoor activities [69,70].
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Figure 5. PMj( (a) and PM; 5 (b) concentrations averaged for dust days and non-dust days, and their
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increment (the corresponding percentage increments marked in the right Y axis) at 13 cities from
15 February to 15 June in 2015: 1. Aksu, 2. Hotan, 3. Korla, 4. Turpan, 5. Hami, 6. Jiayuguan, 7. Jiuquan,
8. Zhangye, 9. Lanzhou, 10. Xi'an, 11. Luoyang, 12. Chengdu, and 13. Chonggqing. The locations of the
13 cities are shown in Figure 3a. The error bars indicate the standard errors.

3.3. Transport of Taklimakan Dust

The linkage between the air quality of downstream cities and the source region’s dust activity can
be explained by the dust transport processes. For this reason, we analyzed the 700 hPa wind fields for
the dust and non-dust days during the study period to determine the transport mechanisms of the
Taklimakan dust aerosols to the downstream areas. This level was selected based on previous studies
on the dust emission processes in the Taklimakan, in which trans-regional and long-distance transport
of aeolian dust mostly occurs after the desert dust is lifted to the mid-tropospheric level by strong
local winds and convection [30]. During dust days (Figure 6a), there was a strong southeastward
flow in the Hexi Corridor, located over the east of Xinjiang and the northeast of the Tibetan Plateau.
The dust aerosols were transported from the source toward the southeast by the mid-tropospheric
circulation. Thus, the air quality in the downstream areas is affected by the settlement during the
transport process. The difference of 700 hPa wind fields between the dust days and non-dust days
is shown in Figure 6b. To exclude the effects of seasonal changes in the general circulation patterns,
the non-dust days was selected for the same length of period as the dust days after the end of each dust
events. Compared with the non-dust days, there was an enhanced northwesterly circulation over the
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Hexi Corridor northeastern of the Tibetan Plateau, which was in favor of the dust transport from the
Taklimakan to the eastern part of Northwest China (Figure 6b). Moreover, on the southeastern margin
of the plateau, the anomalous strong southwesterly wind produced the convergence in the central and
southern parts of Gansu and Shaanxi Province, which led to the accumulation of dust particles and
in turn affected the air quality in these downstream areas. In southeastern China, there is a strong
southwesterly circulation during the dust days (Figure 6a), which corresponds to the presence of the
pre-monsoon rainy belt associated with the mid-latitude cold air outbreak southward in spring [66,71]
and explains the area of negative correlations seen in Figures 3 and 4. It should be pointed out that
it took a certain time for dust aerosols to be transported from the source to the downstream cities,
which led to a lagged effect on the urban air quality as shown in the above lagged correlation analyses
(Figures 3 and 4).

80E S90E 100E 110E 120E 130E

Figure 6. 700 hPa wind field averaged for the Taklimakan dust days (a) and the difference in the
700 hPa wind fields between the dust days and non-dust days (b). The wind speed legend information
is shown in the lower right corner of each panel. The red boxes indicate the Taklimakan Desert region.

3.4. Case Study for the Influence of the Taklimakan Dust Storm Process on the Air Quality

Dust events with different intensities and paths tend to have different impacts on the mass
concentration of PMjg in the downstream cities [40]. According to the above analyses of the dust
events in the Taklimakan region in spring, 2015, the strongest dust storm occurred from 31 March to
4 April, with the maximum peak of daily DI value and also the highest mean daily DI compared to
other dust events during the spring of 2015 (Table 1). We selected this event as an example to further
illustrate the effects of the Taklimakan dust events on air quality of the downstream cities in China.

According to the weather phenomenon data from the meteorological stations (see Figure 1b for
the station locations), a strong dust storm occurred in Tikanlik, Xinjiang on 31 March at 20:00 (UTC+S,
the same below). Dust storms were observed in Tazhong and Qiemo on 1 April at 20:00, Alar on 2 April
at 20:00, and Tazhong on 3 April at 14:00. The minimum visibility occurred in Ruogiang, Xinjiang,
which was 0.1 km on 31 March at 11:00. Based on the daily surface dust mass concentrations from
MERRA-2, we observed the movement of local dust events. In Figure 7, hollow circles, solid circles
and stars respectively marked the cities with AQI values of moderate pollution (150 < AQI < 200),
heavy pollution (200 < AQI < 300), and severe pollution (AQI > 300) from 30 March to 4 April, while
the color scale represents the dust concentration anomalies as the departure from the means of 2015. It
can be seen that the cities where the daily AQI reached moderate degree of pollution at the minimum
were in good agreement with the high anomaly areas of the MERRA-2 surface dust concentrations.
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Figure 7. Spatial distribution of daily anomalies (based on annual average of 2015) of the the MERRA-2
dust surface mass concentration (by the color scale) from 30 March to 4 April in 2015 (a—f). The different
markers indicate the air quality levels from moderate to severe pollution.

Figure 7 also reveals a close relationship between the dispersion of dust and the evolution of air
pollution levels over time in various regions. On 30 March, the areas with high positive anomalies of
dust concentrations were mostly found in the Taklimakan Desert, eastern Xinjiang, and western Inner
Mongolia (Figure 7a). Meanwhile, the cities where AQI reached severe pollution levels were found in
the western Taklimakan Desert with PM as the largest contributor to the local AQI among the indexed
pollutants. There were also a large number of moderately and a few heavily polluted cities in North
China, where the primary pollutants were PM;y and PMj; 5, probably resulting from a blowing dust
process in North China from 27 to 29 March. The high anomaly regions (exceeding 10~° kg m~3) were
located in the eastern Taklimakan, eastern Xinjiang, the Hexi Corridor, and western Inner Mongolia.
On 31 March, there were higher positive anomalies compared with those on the day before, while the
spatial extent of high dust concentrations moved eastward. Similarly, the cities with severe pollution
appeared in areas of high dust concentrations, such as Hami, Jiuquan, and Jiayuguan (Figure 7b). On
1 and 2 April, the high positive anomaly areas of the MERRA-2 surface dust concentration continued
to expand along the Hexi Corridor toward the southeast, gradually affecting central Gansu, Ningxia,
Shaanxi and parts of western Henan. On 2 April, besides the source region, cities in western Gansu
and Ningxia also experienced severe pollution, with high mass concentrations of PMj (Figure 7d). On
3 and 4 April, areas of high dust concentration anomalies were mainly located in the Taklimakan source
region, and the AQI of Hotan and Aksu surpassed 300 indicating severe pollution. In the meantime,
North China experienced moderate levels of dust concentration whereas the remote downstream
areas such as the Yangtze River Basin and Southeast China saw little impact. On 4 April, the AQI of
Zhanggqiu and Jiaozuo in Henan Province was greater than 200, reaching the heavy pollution level
with PMy 5 as the primary pollutant, which might be caused by local pollution.

Five representative cities from west to east were selected for the analysis on the impact of this
dust storm process on the local PM;, (Figure 8a) and PM, 5 (Figure 8b) of the downstream areas:
Turpan, Jiayuguan, Lanzhou, Xi'an, and Luoyang, which were different distances from the Taklimakan.
The mass concentration of PMg (PMy5) increased significantly since 00:00 on 31 March in Turpan,
which is closest to the source region, with the maximum of 1422 (413) pg m3. The peak PM;g and
PM, 5 concentrations occurred at about 00:00 on 1 April in Jiuquan, which was probably related to
the underlying surface and local circulation that were conducive to the dust emission processes in the
Hexi Corridor. Lanzhou experienced high concentrations of PMjg and PM; 5 from 12:00 on 1 April
to 12:00 on 2 April with the mean of 334 ug m~2 and 108 pg m~3, respectively. In the farther city
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of Xi’an, the mass concentration of PM;g began to rise after 12:00 on 2 April and was maintained
at high levels until 18:00 on 3 April, but the increment of the mass concentration of PM, 5 was not
dramatic. Luoyang reached the maximum concentrations of PMjo (PMjy5) of 230 (168) ug m—3 on
3 April. Overall, as the dust storm progressed toward the southeast, the mass concentrations of PMjg
and PMj; 5 increased successively in the five cities with their distances to the source area from near
to far. The most significant changes of the mass concentration of PMjy (PM;5) occurred in Jiuquan.
With the increases of the distances between the cities to the Taklimakan region, the occurrence time for
the peaks of mass concentrations of PMjg (PM;5) in the downstream cities became more and more
delayed and the peak values subsided gradually.
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Figure 8. Variations of hourly concentration of PMy (a) and PM; 5 (b) at five cities (Turpan, Jiuquan,
Lanzhou, Xi'an, Luoyang) during a severe dust event (from 30 March to 4 April). The locations of the
five cities are shown in Figure 3a.

3.5. Composite Analysis of the Taklimakan Dust Effect on Chinese Air Quality

Generally speaking, the period of the impact of the Taklimakan dust transport on the downstream
areas did not last for more than five days. To understand the general temporal and spatial characteristics
of the Taklimakan dust effects on the air quality of downstream cities, a composite analysis was
conducted for the AQI and mass concentrations of PM;g and PM, 5 in the 13 cities from the first day to
the fifth day (as event days) during the six dust events defined by the DI in spring of 2015. Then for
each corresponding event day of the six major dust events, the AQI and mass concentrations of PMjg
and PMj, 5 are averaged to construct a composite dust event for each city.

The composite analysis shows that the influence of Taklimakan dust events on urban air quality
was mainly limited to Northwest China, and the degree of influence gradually weakened from the
source region toward the southeast (Figure 9). Meanwhile, the duration of impact shortened as the
distance to the source area increased. The mass concentrations of PM1g (PM; 5) in the Aksu and Hotan
of the Taklimakan region were maintained at high levels in all 5 event days since the dust events began.
In comparison, for Turpan and Hami located in the eastern part of Xinjiang, as well as Jiayuguan and
Jiuquan located in the Hexi Corridor, the high concentrations of PM1y (PM, 5) appeared on the second
day of the composite dust event. The peak mass concentrations occurred on the third day of the dust
event in Zhangye and Lanzhou, which are farther away from the Taklimakan region, while the peaks
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occurred on the fourth event day in the more easterly located Xi’an and Luoyang. As the distances
between the source region and the affected cities increased, the peaks of PM;g (PM; 5) concentrations
decreased because of the settlement and dispersion processes. The AQI in the cities farther than
Zhangye did not exceed 150, which suggested that on average the Taklimakan dust events in spring of
2015 did not lead to moderate or more serious pollution events in further downstream cities. The AQI
of Aksu and Hotan in the Taklimakan region reached the heavy and severe pollution levels during the
whole process of the composite dust event. The air quality conditions in Korla and Turpan in eastern
Xinjiang were moderately and heavily polluted during most of the composite dust event, while Hami,
Jiayuguan and Jiuquan, further east of the source region, experienced only moderate pollution on the
second day of the composite dust event.
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Figure 9. Mean PMg (a), PMy5 (b) and AQI (c) values at 13 cities in the first five event days after
the initiation of the composite dust event, averaged for the six severe dust events during the study
period. The air quality levels are presented in panel (c). The names of the 13 cities are the same as in
Figures 3-5: 1. Aksu, 2. Hotan, 3. Korla 4. Turpan, 5. Hami, 6. Jiayuguan, 7. Jiuquan, 8. Zhangye, 9.
Lanzhou, 10. Xi'an, 11. Luoyang, 12. Chengdu, and 13. Chongqing. The locations of the 13 cities are
shown in Figure 3a.
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4. Conclusions

The occurrence of dust events has important impacts on the AQI and the mass concentrations
of PM;g and PMj 5 in the source areas and the downstream cities. In recent years, as the air quality
monitoring expanded to cover more regions and types of pollutants, many studies have focused on
the spatiotemporal variation of the concentrations of particulate matters and gaseous pollutants across
China [2,3]. However, only a few studies have analyzed the characteristics of the impacts of dust events
on the air pollution at a large spatial scale in detail. In the current study, the scope, intensity, timing
and duration of impacts of the Taklimakan dust events on urban air quality in local and downstream
regions in China were explored on the basis of correlation statistics, case study and composite analysis.
Since nationwide monitoring of PM; 5 only began in 2014, 2015 is the first year when both PM;g and
PM; 5 data are available for analysis for 367 cities in the entire nation. Therefore, results from our study
can be considered as the baseline for future similar studies. The following conclusions were obtained:

Taklimakan dust events can be defined by the dust index (DI), which was established by ground
monitoring dust weather phenomena and visibility, in combination with satellite data and dust
reanalysis data. Six strong dust events were identified in the Taklimakan region in the spring of 2015,
of which the strongest dust event was from 31 March to 4 April.

Taklimakan dust events severely affected the air quality of most cities in Northwest China, such as
eastern Xinjiang and the Hexi Corridor, and consequently, the mass concentrations of PMyg and PM; 5
in these cities increased significantly with the occurrence of the dust events, although the PMy levels
were much higher than the PM, 5 levels. This confirms the findings from previous studies, such as
Chen et al. [72] and Guan et al. [50]. However, we also discovered that the areas with the greatest impact
on air quality are located in the west of the Taklimakan Desert, closest to the source region, and that
the affected regions extended southeastward progressively to Qinghai, Gansu, Shaanxi, and farthest
to western Hubei over four days, which is approximately 2500 kilometres from the source region.
Using correlation analysis, we were able to identify the downstream areas where air quality conditions
were associated closely with the dust activity in the Taklimakan source region. During the dust days
of the Taklimakan region, the mass concentrations of PM; increased by 11-173% compared with
non-dust days in the cities of the source as well as downstream areas, while the PM, 5 concentrations
increased by 21-172%. As the distances between the affected cities and the Taklimakan Desert became
longer, the increments of the PMjy (PM; 5) concentrations on dust days relative to the non-dust days
gradually decreased. For example, the increments of PM;y concentrations in Aksu (the Taklimakan
Desert), Turpan (eastern Xinjiang), Jiayuguan (the Hexi Corridor), Lanzhou (eastern Gansu), and Xi'an
(the Guanzhong Basin) during dust days in spring of 2015 were 413 pug m >, 164 pg m 3, 68 pg m 3,
39 ug m~3, and 32 pug m3, respectively.

Both the correlation and composite analyses showed that the influence of the Taklimakan dust
events on the air quality in the downstream cities can usually persist for up to four days, and the
impact would become very weak, if any, after the fourth day of the Taklimakan dust storm initiation.
The case study for the strongest dust storm event from 31 March to 4 April revealed that along with the
southeastward advance of the strong dust storm, the mass concentrations of PMjy and PM; 5 increased
successively from the northwest (Turpan) to the southeast (Luoyang) with the distances to the source
area changing from near to far. Guan et al. [50] also showed that during a massive dust storm in
2014, the time when the local concentrations of PM reached their peaks lagged from west to east in
Gansu with the arrival of the dust event. The composite analysis of six major dust events showed
that during the first five days of dust events, the urban air quality in the source area was sustained at
the severe pollution level, and the mass concentrations of PM;y and PM; 5 were maintained at high
levels as well. The peaks of the PMj( concentrations in the cities of eastern Xinjiang, the Hexi Corridor
and the Guanzhong Basin successively occurred on the second, third and fourth event day after the
Taklimakan dust event began. In addition, the Taklimakan dust events had a shorter impact on the air
quality of the further downstream cities than those closer to the source region.
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As a baseline study, results from our analyses revealed temporal and spatial characteristics of
the impact of the dust events originated from the Taklimakan region on urban air quality in China.
For those downstream areas associated with the Taklimakan dust events, such information can be
used in urban air quality forecast, establishment of dust event alert systems, and decision-support
processes for local governments in issuing relevant environmental regulatory measures. Future studies
are still needed to examine the impact of dust events from other source regions and their combined
effects on air quality in different downstream regions. Also, there is a need to separate the effects of
long-distance transported dust versus dust from local sources.
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