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Boundary layer height (BLH) is an important parameter in climatology and air pollution
research, especially in urban city. We calculated the BLH with a bulk Richardson
number (Ri) method over urban cities of China during 1980-2018 using European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA-interim data after
carefully validation with sounding data obtained from two meteorology stations in
eastern China during 2010-2018. The values of BLH between these two types of data
have correlation coefficients in the range of 0.65-0.87, which indicates that it is
reasonable to analyze long-term trends of the BLH from ERA data sets. Using
ERA-interim calculated BLH, we found that there is an increasing trend in the
daytime BLH in most cities of eastern China, particularly during the spring season.
A correlation analysis between the BLH and temperature, wind speed, relative humidity
and visibility revealed that the variability in meteorological parameters, as well as in
aerosol concentrations over highly polluted eastern China, play important roles in the
development of the BLH.

Keywords: boundary layer height, aerosol, visibility, trend, meteorology parameter

INTRODUCTION

Planetary boundary layer (PBL) is the turbulent layer of the troposphere and plays an important
role influencing the concentration, transport and diffusion of atmospheric compounds (Stull,
1988). The PBL height is most commonly identified as an inversion in the potential
temperature and dewpoint, or as a peak value in the low-level wind speed. Air pollutants
are concentrated in the PBL, and the daily variation of the PBL is crucial in interpreting the
diurnal variation of air pollutants in areas with anthropogenic emissions (Kaser et al., 2015;
Petdjd et al., 2016; Sun et al., 2013; Ma et al., 2020; Xian et al., 2021). In general, the height of
planetary boundary layer varies spatially and temporally, typically ranging from about a
hundred meters to some kilometres. The PBL height can be as high as 5 km over a desert in
mid-summer due to strong surface heating, while being as low as 50-100 m during a night
over land under clear sky and light wind conditions (Zhang et al., 2013; Chen et al., 2016).
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Radio sounding measurements, providing the profiles of
wind, humidity and temperature, are typically used in
weather stations to determine the height of PBL (Seidel
et al.,, 2010). In general, such sounding is conducted twice
a day at 08:00 and 20:00. However, the method needs a lot of
man power to be conducted in long-term measurements, in
addition to which it cannot provide information about the
diurnal evolution of the boundary layer height due to the
limited time resolution. Seidel et al (2010) compared seven
methods of calculating the PBL height from a 505-station
global radiosonde data set, and also attempted to quantify
aspects of structural and parametric uncertainty in the values
of the PBL height. Zhang et al (2013) estimated trends of the
PBL height over 25 stations in Europe using radiosonde data
from 1973-2010, and found significant increases in the
daytime PBL height at most of the stations. Guo et al
(2016) compared the PBL height between the radiosonde
and reanalysis data from 2011-2015 in China, and found a
good agreement between these two data sets. Remote sensing,
as an alternative method, is widely used to determine the PBL
height from a backscattering signal during the past decades.
Wang et al (2012) derived the PBL height at two locations of
Lanzhou, China, using a micro-pulse lidar and microwave

Trends of PBLH in China

radiometer, and found that these two results were consistent
with each other during strong convective situations. Zhang
et al (2016) compared the PBL height from CALIOP and
radiosonde data in Beijing and Jinhua, and obtained
correlation coefficients of 0.59 and 0.65at Beijing and
Jinhua, respectively, between these two kinds of data.

Very recently, Guo et al (2019) found an increasing trends of
the PBL height over China during 1976-2003, but a non-uniform
decrease after 2004. Capital cities of China suffer the most from
air pollution, but the variability and trends of the PBL height are
unknown in those regions.

With the rapid economic growth in China, air pollution has
become an issue with large influences on climate, human
health and visibility degradation during the last decades
(Wang et al,, 2015). Wang et al (2020), Ding et al (2016)
and Petdjd et al (2016) and other work (Ma et al., 2020) found
that atmospheric air pollution can be enhanced by boundary
layer-aerosol interactions, characterised by higher aerosol
concentrations and shallower boundary layer heights.
Therefore, a better knowledge of the long-time variation of
the PBL height in China is essential when evaluating
variations in aerosol concentrations and effects of regional
climate change. However, only a few studies reported a long-
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TABLE 1 | Seasonal trends in 14 BJT BLH, wind speed, temperature, cloud cover, relative humidity (z, WS, T, CC, RH with units of m, 108 m/s, 102 K, 107, %o, respectively) during 1980-2018. Boldfaces are significant at
95% confidence interval or greater.

Station(°N,°E) DJF MAM JJA SON

z WS T CcC RH z WS T CcC RH z WS T CcC RH z WS T CcC RH
Beijing(40,116) 0.7 4.8 4.5 0.7 -0.1 7.0 4.8 6.9 -2.2 -1.9 1.7 -9.2 4.4 -2.3 -1.4 -0.5 -1.7 3.2 0.2 -0.038
Shanghai(31,121) -0.1 -4.7 4.1 -1.8 -1.0 4.7 0.5 10.2 -3.8 -3.3 1.3 -7.0 6.7 -1.5 -1.9 238 -5.5 6.8 -3.1 -16.6
Guangzhou(23,113) 1.5 -2.3 2.1 -0.6 -1.1 4.5 -8.6 4.5 -2.9 -21 1.2 -8.5 17 -0.9 -1.3 0.7 -16.6 3.0 0.5 -0.5
Shenzhen(22,114) -1.0 -6.8 2.6 -0.0 -1.1 0.1 -13.0 4.4 -2.6 -1.7 -1.2 -17.5 1.9 0.1 -1.2 -0.4 -22.8 3.5 1.0 -0.5
Tianjin(39,117) 1.3 3.3 4.3 0.6 0.0 2.2 3.1 5.3 -1.8 -1.5 -0.1 —6.2 3.5 -21 -1.2 -2.5 -3.6 2.5 0.2 0.1
Chongaing(29,106) 0.9 0.5 1.8 -0.6 -0.8 2.1 1.1 6.1 -1.2 -1.6 4.3 -1.2 4.7 -0.8 -2.0 3.0 0.7 5.1 -1.9 -1.5
Haerbin(45,126) -0.8 -14.2 0.8 -3.2 -1.3 0.4 -0.8 1.4 0.9 0.6 -0.1 -7.9 4.0 -23 -0.9 4.1 -10.9 6.9 -1.0 -1.8
Changchun(44,125) -1.5 -11.7 0.1 -1.4 -0.9 3.4 -0.6 2.8 -0.3 0.0 0.5 -6.5 4.3 -2.0 =11 4.6 -11.2 6.6 -0.5 -1.3
Shenyang(41,123) 1.1 -56.5 3.5 -0.7 -1.6 22 -2.5 3.3 -0.3 -0.3 -0.2 -13.0 2.6 -1.4 -0.1 0.6 -6.5 5.1 -0.2 -0.2
Taiyuan(37,112) 0.2 -3.0 3.1 0.8 0.0 14 8.0 5.5 -1.9 -1.7 9.4 -10.5 3.5 -24 -1.5 1.8 2.7 1.8 0.8 0.1
Shijiazhuang(38,114) 0.6 5.8 2.9 0.4 0.4 5.3 6.8 5.8 -2.0 -1.9 1.2 -1.6 2.6 -2.2 -0.8 -0.9 0.6 1.4. 0.3 -0.0
Lanzhou(36,103) -6.1 2.8 2.1 0.4 3.6 1.2 2.2 5.6 -0.3 1.3 2.7 1.7 5.1 0.7 1.0 -8.6 3.0 3.4 4.6 4.1
Xian(34,108) -1.5 -3.2 2.2 0.3 0.2 2.1 1.1 7.4 -2.3 -1.8 1.8 -3.5 4.9 -25 -1.7 -1.5 -0.8 4.0 -0.6 -0.6
Jinan(36,120) -2.1 -10.7 4.0 0.0 -0.3 2.5 6.3 4.4 -0.6 -0.9 2.6 -9.9 2.4 -1.4 -0.6 0.3 -8.6 3.8 -0.4 -0.3
Zhengzhou(34,113) -0.7 -1.7 2.6 -0.1 -0.8 0.5 6.0 6.5 -2.2 -2.0 4.3 0.0 4.3 -25 -2.0 22 0.9 2.8 -1.5 -1.4
Chengdu(30,104) 3.1 -0.0 2.9 -1.7 -1.5 4.5 -4.3 6.9 -1.0 -1.9 1.3 2.7 3.6 -0.6 -1.2 -0.0 -1.6 3.4 -1.0 -0.1
Wuhan(30,114) -0.1 -1.2 2.6 -0.4 -1.5 1.8 -0.6 7.8 -2.0 -2.3 1.7 1.8 3.3 -0.5 -1.4 1.3 -5.7 4.4 -1.4 -1.3
Hefei(31,117) -11 -2.4 2.5 -0.8 -0.9 2.6 1.3 7.8 -25 -2.6 0.8 -4.5 2.6 -0.6 -0.9 0.4 -3.7 4.0 -1.8 -0.9
Nanjing(32,118) -0.1 -3.5 3.5 -0.8 -11 3.2 2.3 8.0 -3.2 -2.8 -0.1 -8.7 34 -1.0 -1.2 1.5 -1.9 4.9 -2.4 -1.5
Hangzhou(30,120) 0.5 -2.4 4.7 -1.7 -0.9 5.7 -1.3 9.7 -3.6 -3.0 1.5 -9.0 4.8 -0.7 -1.2 1.5 -6.8 6.1 -2.1 -141
Guiyang(26,106) 24 -0.2 0.4 -2.1 -13 2.3 -7.3 3.8 -1.1 -1.1 1.1 -7.5 0.2 -0.1 -0.9 25 -0.2 2.2 -1.9 -0.8
Changsha(28,113) 0.3 -1.2 2.5 -0.5 -1.4 25 -2.9 7.3 -3.0 -2.0 2.9 -1 2.0 0.2 -1.4 1.5 -85 4.3 -2.3 -1.4
Nanchang(28,115) -0.6 2.6 3.7 -0.1 -0.9 1.8 -1.2 8.1 -3.4 -2.2 -0.7 -4.2 1.6 0.4 -0.7 0.9 -3.2 5.8 -2.4 -1.4
Fuzhou(26,119) 0.6 -0.2 4.8 -1.7 -1.2 2.0 -3.3 6.4 -3.2 -2.2 -0.9 -8.2 2.6 -0.1 0.2 =11 -11.0 5.0 -0.6 -01
Kunming(25,102) -1.4 -11 2.2 -0.2 -041 -3.6 -14.2 1.5 1.1 0.3 2.7 -4.4 28 -0.8 -1.8 3.6 21 3.8 -3.7 -2.2
Nanning(22,108) 1.8 3.5 1.2 -3.9 -1.4 2.6 -4.0 2.8 -1.4 -1.2 -0.7 4.7 1.8 0.6 -1.7 1.1 -6.8 3.4 -1.3 -1.4

The boldfaces are significant at 95% confidence interval or greater.
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FIGURE 2 | CMA-BLH and ERA-BLH at (the upper panel) 0800 and (the lower panel) 2000 BJT in (A,B) winter, (C,D) spring, (E,F) summer, and (G,H) autumn in

Anging.

ERA

ERA

1.5

Winter

Spring

Summer

Autumn

R=0.82
Std=0.29

R=0.77
Std=0.29

R=0.72
Std=0.28

Trends of PBLH in China

R=0.79
Std=0.25

R=0.72

Std=0.28 ’

R=0.74
Std=0.32 *

R=0.67
Std=0.35

R=0.65
Std=0.26

FIGURE 3| CMA-BLH and ERA-BLH at (the upper panel) 0800 and (the lower panel) 2000 BJT in (A,B) winter, (C,D) spring, (E,F) summer, and (G,H) autumn in

Fuyang.

ERA

ERA

1.5

Winter Spring Summer
7 1.5 1.5 .
R=0.83 R=081 , R=0.79 - 7
Std=0.23 /” Std=0.24 Std=0.25 ‘.

R=0.68
Std=0.33
p

R=0.64

Std=0.31 ¢

R=0.63
Std=0.40

R=0.72
Std=0.26 .

Frontiers in Environmental Science

www.frontiersin.org

September 2021 | Volume 9 | Article 744255



https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Huo et al.

term variation of the PBL height over highly polluted cities in
China (Guo et al,, 2016; Tang et al.,, 2016).

In this study, we used ERA-reanalysis data combined with
radio sounding measurements in determining long-term trends
in the BLH in the capital cities of each province in eastern China.
Our results provide insights into the decadal variation of the BLH
in polluted eastern China during the urbanization period. We also
explored the spatial variability in the BLH over China during
these years.

Trends of PBLH in China

DATA AND METHODOLOGY

We chose 26 capital cities of each province in eastern China to
analyze the boundary layer heights (BLHs) variation and made a
comprehensive analysis. The detailed city list and locations are
listed in Table 1.

Dataset
The ERA-Interim reanalysis are assimilated results, including
model products and various measurements (Dee et al., 2011). Its
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FIGURE 4 | Comparison of correlation coefficient between meteorological parameters and BLH calculated from ERA reanalysis data and measurement data, the
upper panel is Anging station and the lower panel is Fuyang station.
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greater.

model-layers data contain 60 vertical layers (starting with about
25 m near surface, decreasing to about 500 m around 500 hPa),
which has been used to calculate the boundary layer height (Seidel
etal,, 2010; Guo et al,, 2016). In this work, the reanalysis data with
a horizontal resolution of 0.75° x 0.75° and time resolution of 6 h
were used for the BLHs calculation, after which we interpolated
the BLHs to 26 city sites (Figure 1). In addition, the surface
temperature, relative humidity and wind speed obtained from
reanalysis products were used in our analysis to constrain the
factors influencing the boundary layer. Visibility data from the
strictly quality-controlled Chinese observational data set were
also used to analyze influences of aerosols on the boundary layer
height.

We applied radiosonde data at two sounding stations in
central China during 2010-2018 to validate our results from
the ERA-Interim reanalysis calculation. The two stations are a
part of China Meteorological Administration L-band second-
resolution ground-based sounding network. The instrument used

for validation is a digital radiosonde sensor (GTS1), which is
developed by the Shanghai Changwang Meteorological Science
and Technology Company. The instrument has been used widely
in China meteorology stations as routine measurements, and a
comparison between the GTS1 and Vaisala RS80 shows that the
instrument performance good (Bian et al., 2010). For simplicity,
we hereafter call the reanalysis results and sounding results as
ERA-BLH and CMA-BLH, respectively.

The Method Used to Estimate BLH

A bulk Richardson number (Ri) method was carefully applied to
calculate the BLHs in this work. The Ri method was first put
forward by (Vogelezang and Holtslag, 1996). The method is
suitable for both stable and convective boundary layer, in
which the value of Ri can be expressed as:

(g/evs) (evz - evs) (Z - Zs)

Ri(z) =
I(Z) (uz - us)z + (Vz - Vs)z + bui

1)
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Here the subscript s and z indicate the surface and specific
height, respectively, the variables g and 0 are gravity acceleration
and potential temperature, respectively, u and v are the horizontal
wind velocity components, u~is the surface friction velocity, and b
is a constant. In general, bu~ is much smaller than the bulk wind
shear term (the two other terms together in the denominator) and
can be neglected. In our calculations, the surface height was
assumed to be 2 m and the surface wind was approximated to be
zero, and the first level at which the interpolated Ri was equal to
0.25 was interpreted as the BLH. This method has been proven to
be one of the best methods for the climatological analysis of the
BLH because of its applicability for both stable and convective
boundary layers (Seidel et al., 2010).

RESULTS AND DISCUSSION
Validation of ERA-BLH With CMA-BLH

This section presents an inter-comparison of the ERA-BLH with
CMA-BLH data at the stations of Fuyang and Anqing in eastern

China. The soundings were usually launched at 08:00 and 20:00
Beijing time (BJT), so the value of BLH were mainly compared at
these two moments. Figures 2, 3 show scatter plots between the
ERA-BLH with CMA-BLH in Fuyang and Angqing, respectively, the
upper panels correspond to 08:00 and the lower panels to 20:00 BJT.
The correlation coefficients between two kinds of BLH data were
larger than 0.7° at 08:00 for most of the time, which is consistent with
earlier results in the Beijing station (Guo et al., 2016). These high
correlation coefficients give us confidence that ERA-BLH is an
appropriate alternative approach to analyze changes in the
boundary layer height. It is interesting to note that comparison
results at 08:00 BJT were better than those at 20:00 BJT. A possible
reason for this is that the convective boundary layer transmits to a
nocturnal stable boundary layer after sunset, so that the existence of a
residual layer at 20:00 may increase differences between two kinds of
BLH data.

To further validate our analysis method, we compared BLH
with meteorological parameters for both ERA data and
measurement data from the Anging and Fuyang stations
(Figure 4). We found a good consistency between the
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observed and reanalysis data in terms of the couplings of
meteorological conditions and BLH. The validation presented
here gives confidence in applying the ERA data to the analysis of
long-term interactions between the BLH and meteorological
variability.

Trends of Planetary Boundary Layer Height

in Urban Cities of China

The development of the day-time boundary layer height is closely
related to solar radiation reaching the surface, so the surface
temperature, wind speed, relative humidity, cloud cover and
aerosol concentration may be factors that directly or indirectly
influence the BLH. A typical daily variation of the BLH showed a
maximum at around noon due to the convective activity, whereas
low values occurred during nighttime, termed the nocturnal
boundary layer. Early mornings and later afternoons were
transition periods between a stable boundary layer and
convective boundary layer. Therefore, we used the BLH at 14:
00 local time when the convective activity is the main factor
influencing the BLH.

A statistical analysis of the BLH, temperature, wind speed,
relative humidity and cloud cover in 26 cities in eastern
China are shown in Table 1. The BLH showed an increasing
trend at most of the cities, and especially so in spring and
summer. The increasing trend was the highest in the city of
Taiyuan, being equal to 11 m/year in spring and 9.4 m/year
in summer. The variation of the BLH during the winter
season was complex compared with the other seasons,
showing an equal number of increasing and decreasing
trends between the 26 cities. In every season, there were
also cities having a decreasing trend of the BLH. The largest
decreasing trend of the BLH was observed in Lanzhou, with a
value of -8.6 m/year during the autumn season. It is also
worth note that the decreasing trend of the BLH in Lanzhou,
significant in summer, autumn and winter seasons, is very
likely related to the significant increase of the relative
humidity. Using 6.5 years of lidar measurements in Hong
Kong, Yang et al. (2013) found a slight decreasing trend of
the daily maximum mixing layer height from 2003 to 2009.
We could also clearly see that the surface temperature at
most of the cities increased during 1980-2015. The increase

Frontiers in Environmental Science | www.frontiersin.org

12

September 2021 | Volume 9 | Article 744255


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Huo et al.

Trends of PBLH in China

r(BLH,Wind) at 06UTC

A Winter B Spring
1
48°N F 48°N 0.8
0.6
36°N 36°N
04
24°N 24°N + - 02
X . 7 :
108°E 120°E 132°E 108°E 120°E 132°E
- -0
Cc Summer D Autumn
- --0.2
48°N
-0.4
36°N
24°N +
7 7

108°E 120°E 132°E

interval or greater.
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of temperature in urban cities is a combined effect of urban
heat island effect and regional warming (Cao et al., 2016).

Figure 5 shows the spatial variability in the long-term
trend of the BLH across eastern China. There are both
positive or negative trends, as one can see, but many of
the trends are not statistically significant. Based on
Table 1, the BLH has higher increasing trends during the
spring season than during the other seasons, whereas
decreasing trends can be seen for nine stations during the
summer seasons and for eight stations during the autumn
season. The differences in the values of the BLH between the
different seasons are related to differences in meteorological
parameters and aerosol concentrations.

Influence of Meteorology

A boundary layer height is closely related to the atmospheric
stability, which in turn is driven by the surface temperature, wind
speed, relative humidity and aerosol loading (Zhang et al., 2013).
Figure 6 depicts the correlation coefficient between the BLH and
surface temperate at 14:00 in 26 cities of eastern China. A positive
correlation was obtained for most of the stations during the four

seasons. In particular, the correlation is significant during the
summer season; for example, the correlation between the BLH
and surface temperature could as high as 0.6° in North China
Plain and eastern China, while being lower at around 0.3"at the
stations in the south area. In winter, the correlation between the
BLH and surface temperature showed a different pattern, being
higher in the south area and having even negative values in the
north part of China. From Table 1 we can see that the surface
temperature in most of the cities have increased, which is
consistent with the fast urbanization and global warming (Cao
et al, 2016). Elevated surface temperatures lead to increased
sensitive heat flux, and as a result, the boundary layer will develop
higher during daytime. In general, higher increases in the surface
temperature were associated with larger increases in the
boundary layer height in China (Figure 6).

A high surface temperature results in a larger sensible heat
flux, which lead to high boundary layer height (Stull, 1988). As
presented in Figure 7, the relative humidity shows negative
correlation with the BLH in all the urban stations considered
here. Figure 8 shows the correlation between the wind speed and
BLH, with high values over the north region of China indicating
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interval or greater.

that larger wind speeds favor the development of BLH. However,
a negative correlation coefficient was observed in the stations of
Guangzhou and HK. A possible explanation for this is that high
wind speeds usually correspond to precipitation events in
Guangdong Province, as a result of which the development of
BLH is suppressed due to lack of upward turbulent kinetic energy
(Back and Bretherton, 2005).

Aerosol Effect on BLH

Anthropogenic emissions of aerosol particles and their precursors
have decreased the atmospheric visibility in China (Che et al., 2007;
Wang et al, 2009, Wang et al., 2019). Since aerosol particles also
decrease the amount of solar radiation reaching the surface, they
might suppress the development of the boundary layer. The
degradation of surface visibility could be a good proxy of light
extinction due to atmospheric aerosol. We investigated long-term
trends of visibility at 14:00 local time. Figure 9 shows the correlation
between the BLH and visibility during 1980-2015 in eastern China. In
general, the correlation coefficient showed positive values, especially in
the north area stations, with a clear variability between the different
seasons. In particular, the boundary layer height seemed to be
influenced more by aerosol particle during the cold season
compared with the warm season. The highest correlation between

the boundary layer height with visibility were observed at the stations
in North China Plain. This indicates that aerosol pollution may
have had a significant influence on the development of boundary
layer height in North China Plain (Wang et al., 2020), even though
it is also possible that the high correlation is due to aerosols being
diluted more efficiently under high boundary layer conditions. The
lowest correlations were observed in the south areas of China,
suggesting more important role of meteorology parameters in
determining the boundary layer height compared with aerosol
particles.

CONCLUSION

In this study, we analyzed long-term trends of the boundary layer
height in eastern China during the 1980-2018 period from ERA-
reanalysis data, after carefully validating the boundary layer height
data from ERA with sounding results. The results showed a slight
increasing trends of the boundary layer height in most urban stations
of eastern China, especially in the spring season. The correlations of
the BLH with the surface temperature, relative humidity, wind speed
and visibility were presented and discussed. The results suggest that
the increased temperature is the main driving force of the variation
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in the BLH, while aerosol particles also play important role. Our
results revealed an increased trend of daytime boundary layer height
under the warming climate, despite an increased loading of
atmospheric pollutants.
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Atmospheric diffusion is one of the factors affecting local air quality, dominating the
evolution of air pollution episodes. Previous work has emphasized the unfavorable diffusion
conditions in the Sichuan Basin resulting from its complex terrain. However, the recent
spatiotemporal variation in atmospheric diffusion conditions in the basin and their effects
on local air quality remain unclear. Based on the wind speed, boundary layer height, vertical
potential temperature difference of ERAS analysis, two independent metrics containing
information on horizontal and vertical diffusion ability, i.e., ventilation coefficient (Vg) and the
air stagnant conditions (ASI), are involved to indicate wintertime atmospheric diffusion
conditions in the basin. Both Ve and ASI reveal a decrease tendency of atmospheric
diffusion condition from the northwestern portion of the basin to the southeast. In terms of
the long-term variation in diffusion conditions, Vg showed a broader increasing trend from
1979 to 2019, with a distinct increase in the western region. In contrast, the occurrence of
air stagnation events has declined —3~-6%/decade in the basin, more significantly over
the western basin. Both the increase in Vg and the decrease in air stagnation frequency
indicate the improvement of atmospheric diffusion conditions in the Sichuan Basin from
1979 to 2019, which mitigates the effects of air pollutant emissions to some extent. The
enhancement of diffusion conditions is due to the improvement of vertical diffusion
conditions. The lowest seasonal PM2.5 concentrations occur in the northwestern
basin, where Vg is highest and ASI is lowest. Atmospheric diffusion conditions can
explain approximately 25-50% of the interannual variation in PM2.5 concentrations in
Chengdu.

Keywords: atmospheric diffusion ability, ventilation coefficient, atmospheric boundary layer, air pollution, Sichuan
Basin

1 INTRODUCTION

Severe and frequent air pollution has become a major environmental concern in China in recent
years (Dang and Liao, 2019; Hu et al., 2019; Li et al.,, 2019; Mu and Zhang, 2014). Pollution episodes,
characterized by dense fine particles and low horizontal visibility, have many negative impacts on
transportation, public health and weather/climate (Che et al., 2019; Chen H. et al,, 2019; Chen S.
et al., 2019; Feng and Wang, 2019; He Y. et al., 2018; Jian et al., 2018; Wang et al., 2009; Wang et al.,
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2018b). Numerous studies have been conducted to reveal the
mechanisms of haze formation and its long-term variation,
indicating that high pollutant emissions and unfavorable
meteorological conditions are two key factors (Chen et al,
2018; Ding et al., 2019; Fan et al., 2020; Huang et al.,, 2018;
Miao et al., 2017; Hu et al., 2021). Secondary aerosol formation
also contributes to the explosive growth of particulate
concentrations, especially during the developing stage of each
pollution episode (Guo et al., 2019; He J. et al.,, 2018; Ma et al,,
2020; Sun et al., 2013; Zhao D. et al., 2018). Moreover, variation in
East Asian winter monsoon strength, El Nifio-Southern
Oscillation, Arctic Sea ice extent and the phase of Pacific
Decadal  Oscillation  change  background  atmospheric
circulation and in turn affect the formation of air pollution at
different time scales (Cai et al., 2017; Chang et al., 2020; Chen and
Wang, 2015; Li et al., 2016; Wang et al., 2020; Yin et al., 2017).

There are four main regions suffering from the severe air
pollution in China: the North China Plain (NCP), Yangtze River
Delta (YRD), Pearl River Delta (PRD) and Sichuan Basin (Bi
et al,, 2016; Wang and Zhang, 2020a; Wang and Zhang, 2020b;
Xia et al., 2020; Zhang and Geng, 2019; Zhao and Garrett, 2015;
Zhao et al., 2020). Compared to the first three mega-regions, less
attention has been given to the air quality in the Sichuan Basin,
especially the long-term variation in air quality and its attribution
in terms of the long-term variation. The Sichuan Basin comprises
the greater part of eastern Sichuan Province and the western
portion of Chongqing municipality located in southwestern
China. It is surrounded by the highlands of the Tibetan
Plateau to the west, the YunGui Plateau to the south, the Wu
Mountains to the east and the Daba Mountains to the north (Cao
etal, 2020; Liu et al., 2021; Zhong et al., 2019). The complex local
topography stimulates special meteorological conditions with
lower surface wind, higher relative humidity and a stable
boundary layer, which is conducive to the formation of haze
in the basin (Liao et al, 2018; Ning et al., 2018). Therefore,
although the anthropogenic emissions in the basin are not as
much as those in the other three regions, its air pollution ranks in
the top four regions in China (Fan et al., 2015; Gui et al., 2019; Liu
et al., 2019; Zhang et al., 2019; Zhao S. et al., 2018).

Emissions in a specific region do not normally change much
over a short period, but local meteorological patterns change
rapidly and can strongly affect the accumulation, removal, and
transport of air pollutants and thus the day-to-day variation in air
pollutants (Chen et al., 2020; Zhang, 2017; Zhang et al., 2014;
Zhao C. et al., 2018). A combined metric to evaluate the effects of
atmospheric conditions on air pollution is the atmospheric
diffusion ability, which cannot be ignored in the quantitative
evaluation of historical emission reduction effects and the
development of emission reduction measures. The atmospheric
ventilation coefficient (Vi) provides an indication of the ability of
the atmosphere to disperse pollutants over a region and is the
metric most frequently used to predict the evolution of local
diffusion conditions. Generally, Vg in the basin is relatively weak
due to special terrain (Ning et al., 2019; Tang et al., 2015; Zhu
et al., 2018). Severe air pollution episodes are also linked to the
occurrence of air stagnation conditions (Wang et al., 2016). A
previous work highlighted that the Sichuan Basin experiences

Atmospheric Diffusion Conditions Variation

frequent air stagnation conditions for approximately half of the
whole year, which is the worst atmospheric diffusion condition
among the four severely polluted regions in China listed above.
However, the work of Wang et al. (2016) has only provided an
average frequency of air stagnation in the basin based on the
meteorological conditions at several PM2.5 observation stations
from 2013 to 2017. The thresholds for the occurrence of air
stagnation events are established according to the global air
pollutant concentrations, which may smooth some local air
pollution information. In addition, the spatial variation in the
occurrence frequency of air stagnation conditions in the basin,
how atmospheric diffusion conditions have changed in recent
decades, and the extent of impact of temporal and spatial
variation in atmospheric diffusion conditions on local air
quality remain unclear.

In this work, the long-term variation in Vi and the occurrence
of air stagnation events are examined to investigate the spatial
and temporal variation in atmospheric diffusion conditions in the
Sichuan Basin. The regional thresholds for air stagnation
conditions are defined in Section 2. Spatiotemporal variation
in diffusion conditions and their effects on local air quality are
shown in Section 3.

2 DATA AND METHOD
2.1 Data

Figure 1 shows the altitude distribution around the Sichuan
Basin. Sixty-four air quality observation stations from the
Ministry of Ecology and Environment of the People’s
Republic of China are located in the basin (i.e., altitude
under 1,000 m). The 64 stations belong to 14 cities in
Sichuan Province and Chongqing City. The PM2.5
concentrations observed from December 2013 to December
2019 at the 64 stations were used to indicate the variation in
ambient air quality. The fifth-generation European Centre for
Medium-Range Weather Forecasts atmospheric reanalysis data
(ECMWF ERAS5) with a horizontal resolution of 0.25°x0.25°
from 1979 to 2019 were used to supply meteorological variables
for the Sichuan Basin. The evaluation of the representation and
accuracy of ERA5 over Sichuan Basin are shown in SI. The
mean wind speeds at 1,000, 925, 900, 875 and 850 hPa
(Wind_BL) are considered the average wind speeds in the
boundary layer. The 10-m wind speed (Wind_10), potential
temperature difference between 925hPa and 850 hPa (A0),
boundary layer height (BLH), and total precipitation were
incorporated to evaluate the atmospheric diffusion
conditions in the Sichuan Basin. ERA5 BLH is diagnosed as
the height where the bulk Richardson number becomes
superior to 0.25 (https://apps.ecmwf.int/codes/grib/param-
db?id=159). Given the relatively poor performance for the
stable boundary layer in model simulation (Stull, 2012), only
the 14:00 local time (6:00 UTC) air quality and meteorological
dataset were used in this work. The altitude distribution around
the Sichuan Basin was derived from the global digital elevation
model (DEM), with a horizontal grid spacing of 30 arc seconds
(approximately 1 km).
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FIGURE 1 | Spatial distribution of elevation around the Sichuan Basin (unit: m) and 64 air quality observation stations in the basin. The edge of the Sichuan Basin is
marked by the 1000-m contour line (white line). Magenta dots indicate the locations of the 64 air quality stations. GY (Guangyuan), BZ (Bazhong), MY (Mianyang), DY
(Deyang), CD (Chengdu), MS (Meishan), LS (Leshan), NC (Nanchong), SN (Suining), NJ (Nenjiang), DZ (Dazhou), GA (Guang’an), CQ (Chongaing), and LZ (Luzhou)
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2.2 Method for Calculating the Ventilation
Coefficient (Vg) and Air Stagnation
Index (ASI)

The ventilation coefficient (V) is a product of the boundary layer
height and average vertical wind speed through the boundary
layer. The higher the Vg is, the more efficiently the atmosphere
can disperse near-surface pollutants and the better the air quality.
The Vg can be calculated by (Lu et al,, 2012; Liu et al., 2012;
Sujatha et al., 2016):

BLH
Vi = J u(z)dz = ug; - BLH
0

where ug is the average wind speed in the boundary layer.
Air stagnation is considered to consist of light winds so that
horizontal dispersion is at a minimum, a stable lower atmosphere
that effectively prevents vertical escape, and no precipitation to
wash any pollution away (Wang et al., 2018a). Severe air pollution
episodes are usually related to the presence of air stagnation.
There exist several types of quantitative definitions for air
stagnation events based on different meteorological variables
depending on the domain concerned. Previous work has
shown relatively high frequency of air stagnation events in the
Sichuan Basin based on a nationwide unified air stagnation

threshold. However, it is essential to identify a more regionally
applicable air stagnation definition due to the complicated terrain
around the basin. Here, the 10 m (Wind_10) wind speed and
potential temperature difference between 925 hPa and 850 hPa
(AO) were used to measure the atmospheric horizontal and
vertical dispersion capability (Wang et al, 2016; Wang et al,,
2018a). Higher A means stronger temperature inversion in the
low troposphere, which indicates lower capability of vertical
diffusion and implies higher concentration of surface PM2.5.
In terms of the surface wind speed, a higher wind speed indicates
more effective outward transport of local air pollutants. Both
vertical and horizonal diffusion control the variation in surface
PM2.5 concentrations. However, how do Wind_10 and A8
coordinate to manage the diffusion of air pollutants? Figure 2
shows the seasonal average PM2.5 concentrations corresponding
to the specific Wind_10 and (Af) ranges. Dry-day PM2.5
concentrations at the 64 stations were used to identify the
threshold of air stagnation. Generally, PM2.5 concentrations
decrease with increasing wind speeds and increase with
increasing A0, especially in spring and winter. PM2.5
concentrations are the most sensitive to the variation in
Wind_10 and AO in winter, with PM2.5 concentrations
exceeding 110 ug/m’ under the conditions of high-Af and
low-Wind_10 compared to values lower than 50 ug/m’ for the
situations of low-Af and high-Wind_10. Therefore, we only focus
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FIGURE 2 | Seasonal dependence of PM2.5 concentrations on the 10-m wind speed (Wind_10) and potential temperature difference between 925 hPa and
850 hPa (Af) (unit of PM2.5 is ug/m®). The average PM2.5 concentrations are counted according to the observed A6-Wind_10. All the available dry-day PM2.5
concentrations at the 64 stations are used in this figure. Grids with sample sizes greater than 100 are shown here. Dots in winter indicate the average PM2.5
concentration of the specific grid higher than 115 (unhealthy level) or lower than 75 (moderate level) ug/m®. The blue, black and red lines in winter indicate the
thresholds for unfavorable conditions, air stagnation and favorable conditions, which are fitted based on the locations of dots in Figures 2, 3, respectively.
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on the wintertime atmospheric diffusion conditions hereafter.
Taking the AG-Wind_10 locations with PM2.5 concentrations
lower than 75 (moderate level) or higher than 115 pug/m’
(unhealthy level) as the conditions favorable or unfavorable,
respectively, for air pollutant diffusion, Figure 2 shows the
AB-Wind_10 thresholds for favorable and unfavorable
conditions in winter. If the observed AG-Wind_10 values in a
region exceed the unfavorable threshold, the atmospheric
diffusion condition for the specific day is considered
unfavorable. Similarly, ifAG-Wind_10 meets the criterion of
less than the favorable threshold, conditions are defined as
favorable.

To eliminate the effects of seasonal, spatial, and long-term
variations in PM2.5 concentration, PM2.5 concentrations on dry
days were normalized by their corresponding monthly mean
values. That is, if the normalized PM2.5 concentrations
exceeded 100%, the original PM2.5 concentrations were higher
than their monthly mean, and the corresponding atmospheric
conditions were defined as air stagnation conditions. Figure 3

displays the relationship between normalized PM2.5
concentrations and the variation in Af-Wind_10. It shows
the same distribution pattern for normalized PM2.5
concentrations as that of the original PM2.5 concentrations;
i.e., with decreasing A8 and increasing Wind_10, normalized
concentrations tend to decrease. Figure 3 shows the fitting line
of the threshold of the air stagnation condition (i.e., 100%
normalized concentrations) in winter. If the observed
AB-Wind_10 is located in the upper region of the fitting line,
the atmospheric conditions will be defined as air stagnation
conditions. Therefore, unfavorable conditions are somewhat
extreme and severe air stagnation conditions. It is assumed
that all rainy days with 4-h precipitation amounts higher than
0.5 mm are by default no-air-stagnation days because of wet
deposition. If precipitation exceeds 1 mm, the atmospheric
conditions are considered favorable due to the more effective
wet deposition. A day can be classified as an air-stagnation or
no-air-stagnation day based on the observed Af-Wind_10. The
monthly or seasonal occurrence of air stagnation days is defined
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FIGURE 3 | Seasonal dependence of normalized PM2.5 concentrations on the 10-m wind speed (Wind_10) and potential temperature difference between
925 hPa and 850 hPa (A6) (unit of normalized PM2.5 is %). Dots in winter indicate the normalized PM2.5 concentration of the specific grid greater than 100%
(higher than its monthly mean). The black line in winter indicates the threshold of the air stagnation condition based on the locations of dots. Grids with sample
sizes greater than 100 are shown here.

as the air stagnation index (ASI), which combines the horizontal
and vertical atmospheric diffusion conditions.

3 RESULTS

3.1 Distribution of the Climatology of
Atmospheric Diffusion Conditions in the

Sichuan Basin

The wintertime climatology distributions of Vg, and frequencies
of ASI, favorable and unfavorable conditions over the Sichuan
Basin are shown in Figure 4. Vg tended to decrease from the
northwest region of the basin to the southeast, with the maximum
Vg exceeding 3,400 m*/s compared to the lowest value of
approximately 1,600 m?/s. Figure 5 shows the distribution of
Wind_BL and BLH, which are used for the calculation of V. The
BLH and average wind speed in the boundary layer were higher in
the northwest portion of the basin, where the elevations are in the
range of 500-1,000 m (Figure 1). The sloped terrain in the

northwest area of the basin may increase absorption of solar
radiation (Wang and Wang, 2015), enhancing the development
of the daytime convective boundary layer and the downward
transport of upper momentum, which leads to higher BLH and
Wind_BL. In addition, the northwestern region of the basin is
also a principal track of northwestern cold air to the basin, and the
airflow over the northern mountain brings cold air and heavy
wind to the northwestern basin. Deeper in the basin, where the
elevation is lower than 500 m, both BLH and average wind speed
declined by approximately 40% compared to the northwest
region due to the blocking of terrain and the effect of valleys.
The almost synchronous spatial variations in BLH and Wind_BL
contributed to the evident regional difference in Vg in the basin.

As a metric combining the atmospheric horizontal and vertical
diffusion conditions and wet deposition effect, the frequency of
ASI can be used to measure the local atmospheric diffusion
capacity more comprehensively. Figure 4 shows an almost
opposite spatial distribution of ASI to Vg over the basin, with
an increasing tendency from the northwest to the southeast
region. The spatial distribution pattern of ASI frequency
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FIGURE 4 | Distributions of ventilation coefficient (Vg), frequency of air stagnation index (ASI), favorable condition and unfavorable condition during the winters from
1979 to 2019 in Sichuan Basin. Two red pentagrams indicate the locations of Chengdu and Chongging.
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climatology over the basin agrees well with the previous work
(Liao et al., 2018). The wintertime ASI frequency was lower than
20% in the northwestern part of the basin, while it increased to
over 60% in the southeastern low-altitude region. The spatial

correlation coefficient between ASI frequency and elevation was
-0.44 over the basin region, indicating that more frequent air
stagnation events occurred in the low-altitude region. According
to the climatology of the surface wind speed (Wind_10) and
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potential temperature difference between 925 hPa and 850 hPa
(A0) in Figure 5, Wind_10 showed a decreasing tendency from
the northwest to the southeast region, similar to the distribution
of Wind_BL. In the vertical direction, A6 was lower in the
southeast low-altitude region and higher in the northwest
region, in contrast to the distribution of BLH. Based on the
definition of ASI, low wind_10 simultaneous with high A8
indicates a condition suitable for the occurrence of air
stagnation. The consistent distribution of horizontal and
vertical diffusion capability in space led to the spatial
differences in ASI frequency over the basin.

A day can be defined as an air-stagnation day or a no-air-
stagnation day, based on the threshold of Af-Wind_10 in
Figure 3. In general, the capability for air pollutant diffusion
was higher on no-air-stagnation days than on air-stagnation days.
However, Figure 6 shows a large range of observed PM2.5
concentrations on air-stagnation days and on no-air-
stagnation days, which indicates that the occurrence of air
stagnation is not sufficiently accurate to measure the
atmospheric diffusion ability of air pollutants. Applying the
thresholds of national air quality standards, the AG-Wind_10
relationship corresponding to moderate (75 pug/m’) and
unhealthy (115 pg/m’) air quality levels is used to represent
very favorable and very unfavorable diffusion conditions.
Figure 6 shows a clearer distinction PM2.5 concentrations
between favorable and unfavorable than that for air-stagnation
and no-air-stagnation days, demonstrating a more rational
measurement of atmospheric diffusion conditions based on the
occurrence of favorable and unfavorable conditions. According to
the distribution of favorable and unfavorable condition
frequencies in Figure 4, more than 40% of favorable diffusion
conditions occurred in the northwestern part of the basin,
compared to less than 10% for unfavorable conditions. In the
southeastern low-altitude region of the basin, the frequency of

favorable conditions decreased to approximately 15%, and the
occurrence of unfavorable conditions exceeded 30%. Because
unfavorable conditions are extreme air stagnation conditions,
the spatial distribution pattern of occurrence frequencies was
almost identical, with an overall lower frequency of unfavorable
conditions. The high frequency of unfavorable diffusion
conditions in the southeastern region of the basin exacerbates
local wintertime air quality.

3.2 Long-Term Variation in Atmospheric

Diffusion Conditions in the Basin

The emission of air pollutants and their precursors is the initial
cause of air pollution episodes, but the daily fluctuations and
evolution of air quality are exacerbated by unfavorable
meteorological conditions, which can be measured based on
atmospheric diffusion conditions. Air pollutant emissions are
thought to have increased due to anthropogenic activities in
recent decades, which is the main reason for the worsening of
ambient air quality. However, it remains unclear how the recent
atmospheric diffusion conditions changed and what the effect of
atmospheric condition variation on the air quality is. Figure 7
shows the patterns of variation in wintertime atmospheric
diffusion conditions in the basin during the period of
1979-2019. The linear trends of Vg, ASI frequency, and
favorable and unfavorable condition frequencies indicate the
variation in atmospheric diffusion conditions. In general, Vg
showed a broadly increasing trend in the Sichuan Basin from
1979 to 2019, with a higher positive tendency in the western
region and a weak negative trend in the eastern part. The Vg in
Chengdu and Chonggqing cities showed an almost identical
weakly positive tendency of approximately 20 m*/(s decade).
Although the linear trend was insignificant, the consistent
increase in Vg in the basin represents an improvement in
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rable condition frequencies during the winters from 1979 to 2019 in the Sichuan

atmospheric diffusion conditions in recent decades, which may
alleviate to a certain extent the increase in anthropogenic
emissions. The temporal variation of the two factors affecting
Vg are shown in Figure 8. The wind speed in the boundary layer
reveals a decreasing trend in the basin, with a significant negative
trend in the eastern part, where the Wind_BL was lower than that
in the northwestern region. That is, the already weak horizontal
diffusion conditions decreased further. However, in the vertical
direction, a significant increase in BLH occurred over most
regions of the basin, which in part counteracts the effects of
the decreasing Wind_BL and resulted in an overall increase in V.

Measuring the variation in diffusion conditions from another
view, Figure 7 also shows the pattern for the ASI frequency.
Contrary to the increasing Vg tendency, the wintertime
occurrence of air stagnation events exhibited a decreasing
trend of ~3-6%/decade in the basin. The negative tendency of
the ASI frequency was more significant over the western part of
the basin than in the eastern region, which is similar to the pattern
for Vg. A lower frequency of ASI also implies better atmospheric
diffusion conditions. The variation in surface wind speed was not
significant in the basin as shown in Figure 8. For wet deposition,
precipitation frequency is considered as the main factor based on
the definition of ASI. The variation in precipitation frequency was
weak and insignificant, although the wintertime precipitation
amount showed a significant decreasing trend during the study
period. Therefore, the impact of horizonal diffusion conditions
and wet deposition on ASI variation can be neglected, and the
decreasing trend in ASI frequency was driven by the negative
tendency of Af. In sum, regardless of the increase in Vg or the
decrease in ASI frequency, the two independent metrics exhibit

improvements in atmospheric diffusion conditions in the
Sichuan Basin from 1979 to 2019, which mitigates the effects
of air pollutant emissions to some extent. Given the causes
underlying variation in Vg and ASIL, it is the recent better
vertical diffusion conditions (i.e., higher BLH and weaker A6)
that have contributed to the overall improvement of atmospheric
diffusion conditions.

The variation in frequencies of favorable and unfavorable
conditions is also illustrated in Figure 7. Figure 7 shows a large
area of increasing frequency of favorable conditions in the basin,
which indicates the improvement in atmospheric diffusion
conditions. The occurrence of favorable conditions increased
significantly by 4-5%/decade over the western part of the basin,
but the tendency was not significant in the eastern region. The
spatial distribution of variation in frequency of favorable
conditions was consistent with that for Vg. The higher the
Vg and favorable condition frequency, the better the
diffusion conditions. Both Vg and favorable condition
frequency indicated remarkable improvement in diffusion
conditions over the western area of the basin, where the
atmospheric diffusion conditions were better than in other
regions. For unfavorable conditions, which are highly likely
to exacerbate severe air pollution, the frequency showed a
significant falling trend from 1979 to 2019 over the southeast
low-altitude region. Although the increasing tendency of
favorable condition frequency was not remarkable over the
southeast low-altitude region, the significant decrease in the
occurrence of unfavorable conditions marks an improvement in
the local atmospheric diffusion conditions. Overall, a higher
frequency of favorable diffusion conditions occurred over the
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FIGURE 8 | Distribution of the long-term trends of Wind_BL, BLH, Wind_10 m, A, precipitation amount and precipitation frequency during the winters from 1979
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western better-diffusion region, and a lower frequency of
unfavorable diffusion conditions took place over the eastern
worse-diffusion region; both processes noticeably enhanced the
atmospheric diffusion ability.

3.3 Effects of Atmospheric Diffusion

Conditions on Air Quality

If the air pollutant emissions are identical for all cities, the
differences in ambient air pollutant concentrations are almost
determined by atmospheric diffusion conditions; i.e., better
diffusion  ability corresponds to low air pollutant
concentrations, and vice versa. Figure 9 shows the winter
average PM2.5 concentrations varying with atmospheric
diffusion conditions in the 14 cities within the basin. The
cities are presented in ascending order of average Vg, with the
lowest Vg in Guang’an (GA) and the highest value in Guangyuan
(GY). Similar to the spatial distribution in Figure 4, Figure 9
shows decreasing trends of ASI and unfavorable condition

frequencies with increasing in Vg. Generally, average winter
PM2.5 concentrations decline with increasing local
atmospheric diffusion conditions. Guangyuan has the best air
quality due to its excellent atmospheric diffusion ability.
However, the atmospheric diffusion conditions are moderate
in Chengdu (CD), which is the capital of Sichuan Province,
and its air pollution is the most serious among the 14 cities.
Located in the northwestern part of the basin, Mianyang (MY)
has the second highest Vg, but its air quality is worse than in the
other cities with approximately the same level of Vi. Chengdu
and Mianyang are the top two cities in terms of GDP volume in
Sichuan Province, which implies higher anthropogenic emission
levels than other cities.

The multiyear average PM2.5 concentration showed a close
relationship with atmospheric diffusion ability (Figure 9). Taking
Chengdu and Chonggqing as examples, Figure 10 shows that the
interannual air quality changed with diffusion conditions.
Monthly PM2.5 concentrations exhibited a significant
decreasing trend in Chengdu and Chongqing from the winter
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of 2013-2019, with negative tendencies of —11.34 and -8.93 pug/
(m”. yr). Based on the national air quality standard in China, daily
mean PM2.5 concentrations lower than 35 pug/m® are good air
quality days. Figure 10 also shows the monthly occurrence of
good air quality in the two cities from 2013 to 2019, showing
significant increases of 2.12 and 2.87%/yr. The remarkable
decrease in PM2.5 concentration and increase in the frequency
of good air quality represent the success of emission reduction
policies in recent years. The industrial and residential emissions
of SO, in Sichuan Province and Chongqing municipality
decreased from 1.29*10° to 8.4*10° tons from 2011 to 2017,
which contributed to the significant decrease in regional PM2.5
concentrations (National Bureau of Statistics of China, 2020). To
exclude the effects of emission reduction on air quality, the
detrending time series of PM2.5 concentration and frequency
of good air quality were used to investigate the influence of
atmospheric diffusion conditions on the interannual variation in
air quality. There were significant correlations between the
occurrence of good air quality and VE/ASI/favorable

conditions in the two cities, with correlation coefficients of
0.71/-0.5/0.6 and 0.47/-0.58/0.45 in Chengdu and Chonggqing,
respectively. In addition, the PM2.5 concentration was
significantly negatively correlated with Vy and favorable
condition frequency in Chengdu. Moreover, Table 1
summarizes the correlation coefficients between the metrics
indicating atmospheric diffusion conditions and the series of
“moderate,” “unhealthy for sensitive groups to unhealthy,” “very
unhealthy to hazardous” air quality in Chengdu and Chonggqing.
Only the occurrence of good or very unhealthy to hazardous air
quality was closely associated with atmospheric diffusion. The
frequencies of occurrence of moderate to unhealthy air quality
were insensitive to variations in ambient atmospheric conditions.

4 CONCLUSIONS AND DISCUSSION

Atmospheric diffusion controls the day-to-day evolution of air
pollution episodes, the long-term variation of which has

Frontiers in Environmental Science | www.frontiersin.org

26

November 2021 | Volume 9 | Article 763504


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Wang et al.

Atmospheric Diffusion Conditions Variation

Favorable (%)

60 . . . . .

9 0.35 (k)
w40 -0.14 i
Qo

o

o

T 20r 1
£

-

D

Chengdu

200 . : : : . 30
o -11.34* (@)
£ 242
2 (¢
S0 ~ % — =A@
0 = — _
o — = D
z | _g> =&l »

40( . : - . —& 0

ol
Dec 2013 Dec 2014 Dec 2015 Dec 2016 Dec 2017 Dec 2018 Dec 2019

FIGURE 10 | Variation in monthly PM2.5 concentrations and good air quality frequency (A-B), detrending PM2.5 concentrations and good air quality frequency
(C-D), Ve (E-F), frequencies of ASI (G-H), favorable (I-J) and unfavorable (K-L) conditions during the winters from 2013 to 2019 (19 months in total) in Chengdu and
Chongaing. Detrending series were calculated by subtracting the linear trend from the original series. Values in Figs (A-B) are the linear trend of PM2.5 concentration
(black) and good air quality (red). ** indicates significance at 0.01 of the linear trends based on least square method. Values in Figs (C-D) indicate the correlation
coefficient of detrended PM2.5 concentrations and good air quality frequency. ** indicates that the correlation coefficient is significant at the 0.01 probability level. Values
in Figs. (E-L) indicate the correlation coefficients between the detrended PM2.5 concentrations (black) and good air quality frequency (red) with the specific metric of
atmospheric diffusion conditions. ** indicates that the correlation coefficient is significant at the 0.01 probability level.

Chonggin
200 9q B

120

Good (%)

40¢

Detrend Good(%)

Dec 2013 Dec 2014 Dec 2015 Dec 2016 Dec 2017 Dec 2018 Dec 2019

important significance for the quantitative evaluation of historical
emission reduction effects or the development of emission
reduction measures. The spatial and temporal distributions of
wintertime atmospheric diffusion conditions in the Sichuan Basin
are examined in this work. The thresholds for occurrence of air
stagnation events are established based on the relationship
between PM2.5 concentrations and surface wind speed and
potential temperature differences at 925 hPa and 800 hPa. Vg

and the frequency of air stagnation events were incorporated to
evaluate the variation in atmospheric diffusion conditions and
their effects on air quality in the Sichuan Basin. Both atmospheric
horizontal and vertical diffusion conditions are contained in the
definitions of Vi and air stagnation events. Wind_BL/BLH/
Wind_10/A0, which are four independent variables, were used
to indicate the capacity for horizontal and vertical diffusion
ability, respectively. In terms of the spatial distribution of
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TABLE 1 | Correlation coefficients between the detrend PM2.5 concentrations and the frequencies of different air quality levels with the specific metric indicating atmospheric
diffusion conditions during the winter of 2013-2019 in Chengdu and Chongqing (* indicates that the correlation coefficient is significant at the 0.01 probability level).

Chengdu/Chongqing Monthly mean Good
PM2.5 (ug/m?) — 0-35

Ve -0.59*/-0.39 0.71*/0.48*
ASI 0.44/0.36 -0.5%/-0.58*
Favorable -0.55*/-0.44 0.6%/0.46*
Unfavorable 0.35/0.41 -0.14/-0.56*

atmospheric diffusion conditions, Vg exhibited a decreasing
tendency from the northwest of the basin to its southeast,
with the highest Vi being higher than 3,400 m*/s compared to
the lowest value of approximately 1,600 m*/s. The distribution of
air stagnation event frequency is opposite to that of Vg, showing a
low frequency of approximately 15% over the northwestern high-
altitude basin and a higher frequency of 60% over the
southeastern low-altitude region. The northwest-southeast
decrease in atmospheric diffusion conditions is attributed to
the consistent spatial distribution of horizontal diffusion
conditions and vertical conditions, both of which showed
higher ability over the northwestern basin and lower ability
over the southeast. The frequency of favorable conditions
showed with a spatial distribution similar to that of Vg, and
the spatial variation in unfavorable conditions resembled that of
air stagnation events.

Given the long-term variations in winter atmospheric
diffusion conditions, Vg showed a broadly increasing trend
from 1979 to 2019, with a distinct increase in the western
region and a weak negative trend in the eastern basin. The
significant increase in BLH explained the positive tendency of
Vg over most of the basin, and the remarkable decrease in
Wind_BL drove the negative tendency of Vg in the eastern
basin. In contrast, the occurrence of air stagnation events
showed a decreasing trend of ~3-6%/decade in the basin,
which was more significant over the western part of the basin
than over the eastern region. The decreasing pattern of ASI
frequency was driven by the negative tendency of A#.
Generally, both increasing Vg and decreasing ASI frequency
indicate the improvement of atmospheric diffusion conditions
in the Sichuan Basin from 1979 to 2019, mitigating the effects of
air pollutant emissions to some extent. The enhancement of
atmospheric diffusion conditions is attributed to the
improvement of vertical diffusion conditions (i.e., higher BLH
and weaker Af). The recent better atmospheric diffusion
conditions are also reflected by the significant increasing trend
of favorable conditions over the western part of the basin, and the
dramatic decrease in the unfavorable condition frequency over
the eastern region.

Seasonal PM2.5 concentrations declined with increasing local
atmospheric diffusion conditions, with the best air quality in the
northwest city of Guangyuan. Air quality in Chengdu and
Mianyang were worse than in other cities with the same level
of atmospheric diffusion conditions, perhaps because of their
higher anthropogenic emission levels. The atmospheric diffusion

Moderate Unhealthy for Very unhealthy
sensitive groups to hazardous
to unhealthy
35-75 75-115 >115
0.29/0.12 0.07/-0.07 -0.63*/-0.27
—-0.15/-0.03 —0.31/0.09 0.54*/0.26
0.24/0.35 0.19/-0.20 -0.59"/-0.34
-0.26/-0.12 —0.34/0.15 0.47+/0.27

conditions showed significant correlations with the occurrence of
“good” and “very unhealthy to hazardous” air quality, and the
occurrence frequencies of “moderate” to “unhealthy” air quality
were insensitive to the variation in ambient atmospheric
conditions. Atmospheric diffusion conditions were able to
explain approximately 25-50% of the interannual variation in
PM2.5 concentrations in Chengdu.

Long-term variation of daytime BLH have been investigated in
many other studies, which shows remarkable increase trend over
the past decades (Guo et al., 2016; Wang and Wang, 2016). The
variation in wind speed, low tropospheric stability, surface
temperature and cloud cover are considered as the dominant
factors for the increase of BLH (Li et al., 2021; Guo et al., 2021).
Considering the severe air pollution in the winter and poor
performance of the stable BLH simulation, spatial and
temporal variations in wintertime atmospheric diffusion
conditions at 14:00 LST were investigated in this study.
However, there were remarkable seasonal and diurnal
differences in the processes in the atmospheric boundary layer
(Stull, 2012; Wang and Wang, 2016), which may affect the
variation in atmospheric diffusion conditions and warrant
future studies.
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Dust aerosol vertical profiles are very essential to accurately evaluate their climate forcing
and trans-subcontinental transportation to downstream areas. We initiated a joint
comprehensive field experiment to investigate the vertical profiles and optical
characteristics of dust aerosol in the hinterland of Taklimakan Desert (TD) during
summer 2019. After smoothing the raw signals, the CHM15k ceilometer could
distinctly detect a moderate intensity of dust layer, cloud layer, and subsequent rainfall
process. The results showed that dust events frequently occurred in TD during the entire
period; the overall mean PM, 5, PM+q, PM5 5/PM;0, and Angstrém exponent are 110.4 +
121.0 pyg/m?®, 317.2 + 340.0 pg/m®, 0.35 + 0.07, and 0.28 + 0.12, respectively, suggesting
that dust particles are predominant aerosol types in TD. There was an obvious
summertime dust stagnation layer persistently hanged over the desert at 1.5-3.0-km
height. A deep and intense daytime convective structure was also detected by the
ceilometer, with maximum aerosol mixing layer height of ~3 km that appeared at 12:00
UTC, which was in favor of lifting the ground-generated dust particles into the upper
atmosphere. The normalized range-corrected signal log;o(RCS), aerosol extinction o(z),
and backscattering coefficient p(z) of the ceilometer were higher than 6.2, 0.5 km™', and
0.01 km™" sr™' for heavy dust storms, respectively, and the corresponding vertical optical
range was smaller than 1.0 km. The aerosol lidar ratio was equal to 50 sr, which was greatly
different from those of clear-sky cases. The retrieved o(z) values were about 2.0, 0.5, 0.14,
and 0.10km™" at 200-m height, respectively, under strong dust storm, blowing dust,
floating dust, and clear-sky conditions. This indicated that the aerosol extinction
coefficients under dust events were about 3-10 times greater than those of clear-sky
cases. The statistics of the aerosol optical parameters under different dust intensities in TD
were very helpful to explore and validate dust aerosols in the application of climate models
or satellite remote sensing.

Keywords: dust aerosol, aerosol extinction coefficient profile, dust stagnation layer, aerosol mixing layer height,
Taklimakan Desert
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INTRODUCTION

Dust aerosol is one of the major aerosol types in the troposphere,
which plays a pivotal role in affecting public health,
transportation safety, air quality, and climatic effects. In view
of climatic impacts, airborne dust particles could modulate the
redistribution of radiation energy in the atmosphere by direct
scattering and absorption of solar shortwave or terrestrial
longwave radiation (i.e., aerosol-radiation interaction, Huang
et al., 2014; Che et al., 2019a; Che et al., 2019b; Hu et al.,
2020; Li al, 2021) and acting as effective cloud
condensation nuclei. They can indirectly promote or inhibit
the  precipitation intensity through altering cloud
microphysical properties and lifetime (ie., aerosol-cloud
interaction, Twomey, 1977; Huang et al., 2006a; Huang et al,,
2006b); thus, they have a far-reaching influence on the energy
budget of Earth’s atmosphere system and relevant hydrological
cycles (Rosenfeld et al., 2001; Yin and Chen, 2007; Li et al., 2016;
Jin Q. et al.,, 2021) as well as accelerate snow melting by changing
the surface albedo of snow and ice sheets (i.e., snow/ice albedo
mechanism, Huang et al., 2011; Wang et al,, 2013; Qian et al,,
2014). Furthermore, dust aerosols usually carry rich nutrients and
organic matters deposited on Earth’s surface and affect the
biomass productivity of the Pacific Ocean and the
atmosphere—-ocean carbon exchange, hence exerting a crucial
role in global biogeochemical cycle (Jickells et al., 2005; Maher
et al., 2010; Shao et al.,, 2011).

The Taklimakan Desert (TD) in northwest China is an
important dust source region of East Asia and frequently
produces a lot of tiny soil particles every spring that are
uplifted and injected into the upper atmosphere by strong
surface winds and cold frontal cyclones (Ge et al, 2014;
Huang et al., 2014; Chen et al., 2017a; Chen et al., 2017b; Hu
et al., 2019a). These elevated dust aerosols can travel eastward
over long distances on a subcontinental scale, even across the
Pacific Ocean, and arrive at the west coast of North America
within about 1 week via prevalent westerlies (Husar et al., 2001;
Uno et al,, 2009; Uno et al.,, 2011; Hu et al.,, 2019b). They then
exert a profound effect on the ecological environment and climate
change both regionally and globally. To date, there has been a
great deal of intensive field campaigns (e.g., ACE-Asia, ADEC,
PACDEX) and ground-based aerosol monitoring networks (e.g.,
ADNET, AERONET, CARSNET) for investigating Asian dust
aerosols (Holben et al., 1998; Huebert et al., 2003; Shimizu et al.,
2004; Mikami et al., 2006; Huang et al., 2008; Che et al., 2015; Che
et al., 2019a; Che et al., 2019b), which are invaluable for
comprehensively understanding the climatic impacts of
mineral dust in East Asia. Earlier studies (Liao and Seinfeld,
1998; Huang et al., 2009; Hu et al., 2020) have demonstrated that
the shortwave and longwave radiative heating rates of dust
aerosols play an important role in influencing the thermal and
dynamic structures of the atmosphere layer, which are
significantly dependent on their optical properties and vertical
profiles. The Intergovernmental Panel on Climate Change (IPCC
Climate Change, 2013) indicated that the magnitude and sign of
positive or negative radiative forcing of dust aerosol still remain a
very big uncertainty due to lack of accurate information on their

et
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total loading, optical characteristics, and spatial and temporal
distributions.

Kai et al. (2008) successfully observed the dust layer structure
over the northern edge of TD during a heavy dust storm in April
2002 by using a depolarization lidar and showed that there was a
dense dust layer that appeared at 5.5-km height with a
depolarization ratio of 0.15-0.25. Huang et al. (2010) detected
dust aerosol vertical profiles and their long-range transport with
three micro-pulse lidar systems and implied that the height of the
dust layer was primarily concentrated 2 to 3 km in northwest
China during spring in 2008. Bi et al. (2017) indicated that a thick
dust layer generally appeared below 4-km height with a
depolarization ratio of 0.20-0.30 at Dunhuang, nearby the
downstream of TD, during spring 2012. The
aforementioned publications mostly focused on the dust
optical properties in spring but little on the dust vertical
structures in summer. Jin L. et al. (2021) and Mu et al. (2021)
found that, compared with spring, dust events also frequently
occurred in TD during the summer season. Chen et al. (2017a)
showed that the summer dust long-range transport in TD had a
comparable contribution to East Asia as that in spring. Based on
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO), Huang et al. (2007) revealed that
summertime Taklimakan dust plumes transported southward
and appeared over the Tibetan Plateau (about 4-7km in
altitude). Yumimoto et al. (2010) combined the ground-based
lidars, CALIPSO, and numerical models and confirmed that
summertime Taklimakan dust traveled eastward at 6-8 km in
altitude and swept across the Pacific Ocean in mid-August 2009.
Therefore, a comprehensive knowledge of summertime dust
vertical profiles and uplifted height in Taklimakan Desert is
vital to investigate their trans-subcontinental transport and
climatic effects on a regional scale.

To elucidate the interactions among dust aerosol, cloud, and
radiation budget and relevant climate influences over Taklimakan
Desert, the Semi-Arid Climate and Environment Observatory of
Lanzhou University (SACOL) and Institute of Desert Meteorology,
China Meteorological Administration (CMA) jointly carried out an
intensive field campaign in Tarim Basin during the summer of
2019. We deployed a set of state-of-the-art instruments at Tazhong
site, which is located in the center of TD. The main instruments
include the CHMI5k ceilometer, sun/sky radiometer, an 80-m
gradient meteorological tower, eddy covariance system, particulate
mass monitor, and surface radiation fluxes (Bi et al., 2022). This
study mainly explores the vertical profiles and optical properties of
dust aerosol over TD during summer in 2019. The structure of this
paper is organized as follows: Section 2 introduces the data,
instrument information, and retrieval methods to solve the Mie
scattering lidar equation. Section 3 presents the results and
discussion, and the conclusion is given in Section 4.

in

DATA AND METHODS

Site Information
Taklimakan Desert is the second largest shifting sand-dune desert
in the world, which covers a total area of 3.376 x 10° km?, with an
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east-west length of 1,000 km and a south-north width of 400 km.
It is encompassed by huge mountains, with Tianshan Mountain
to the north, Pamir Plateau to the west, Kunlun Mountains to the
south, and over Lake Lop Nur and Kumtag Desert to the east (Pan
etal., 2020; Bi et al., 2022). Tazhong station [38.968° N, 83.659" E,
1,100 m above mean sea level (MSL)] is situated in the hinterland
of TD, and its climate pattern belongs to warm temperate
continental desert climate, which gets abundant sunshine,
sparse desert vegetation, and a significant diurnal temperature
difference. Because of its unique topography and environmental
features, the climate here is characterized by extreme drought,
scarce  precipitation  (~38 mm), intense  evaporation
(~2,500-3,400 mm), frequent dust storms, and a deep
boundary layer structure during daytime (Wang et al., 2016;
Pan et al.,, 2020; Yang et al., 2021).

Dust Aerosol Measurements

The CHM15k ceilometer (Lufft, Germany) is an unattended and
single-wavelength elastic lidar for continuously detecting the
vertical profiles of aerosol and cloud. The ceilometer emits a
solid-state laser pulse at 1,064-nm wavelength (Nd:YAG, class
M1 laser) with a narrow line width of 0.38 nm, which facilitates
excellent background light suppression (Heese et al., 2010). The
laser has a nominal pulse energy of 8.0 uJ and a repetition
frequency of 6,500 Hz, with separated-lens telescopes of 100-
mm diameter for the transmitter and the receiver. The beam
divergence angle and field of view are 0.33 and 0.45 mrad,
respectively. An avalanche photo diode in photon counting
mode is used to receive the attenuated backscattering signals
from aerosol particles or cloud droplets with a 5-m vertical
resolution and a 15-s temporal resolution. A fan and a heater
are installed inside the device to automatically remove impurities
and dewdrops from the window in real time .

A sun/sky radiometer (model CE-318, Cimel, France) is
designed to automatically observe the direct solar irradiances
and diffuse sky radiances at a wavelength range of 340-1,020 nm,
with 1.2° full field-of-view every 15min. These datasets are
capable of retrieving the aerosol optical depth (AOD),
Angstrém exponent (AE), water vapor content (WVC),
volume size distribution (dV/dInR), and single scattering
albedo (SSA). The inversion accuracies of AOD, dV/dInR, and
SSA are expected to be 0.01-0.02, 15-35%, and 0.03-0.05,
respectively, for a newly calibrated field instrument (Holben
et al., 1998; Che et al., 2015; Che et al., 2019a; Che et al., 2019b).

The CALIPSO is a polar-orbiting satellite that provides height-
resolved profiles of aerosols and clouds on a global scale (Winker
et al., 2007; Winker et al., 2009). It can measure the total
attenuated backscattering signals at 532 and 1,064 nm,
depolarization ratio at 532 nm, and attenuated color ratio with
vertical resolution of 30 m below 8.2 km, which is commonly
utilized to probe the three-dimensional distribution and
transport of aerosol species both regionally and globally
(Huang et al,, 2008; Liu et al, 2008). In this study, we make
use of level 1B products and vertical feature mask products,
including the feature classification of cloud and aerosol types (Liu
etal., 2009), to intercompare the vertical structures of dust aerosol
and cloud detected by the ground-based ceilometer.

Dust Aerosol Vertical Profiles

Other Ground-Based Measurements
Data on the hourly mean mass concentrations of particulate

matters (e.g., PM,s and PM;q, in pg/m3 ) are acquired from
Chinese Environmental Protection Bureau (CEPB, www.
chinaairdaily.com), which are based on electron absorption
(Andersen Instruments and Wedding and Associates Beta
Attenuation Monitors-BAM) or inertial mass weighing
principal (R&P Tapered Element Oscillating Microbalance-
TEOM) (U.S. EPA, 1991).

An 80-m gradient meteorological tower can continuously
collect multiple meteorological variables at seven layers of
different heights, for instance, air temperature (°C) and relative
humidity (%; HMP155A, Vaisala, Finland), wind speed (ms™)
and wind direction (; WindSonic Gill 2, England), ambient
pressure (hPa; CS100, Setra, United States), precipitation (mm;
52203, YOUNG, United States), and sensible heat and latent heat
fluxes (W m™% CPEC310, Campbell, United States). All datasets
are automatically sampled and stored in a Campbell data logger
with 1- and 30-min time intervals (Yang et al., 2021). At the same
time, the experimenters manually recorded the total cloud
amount, cloud types, visibility, and weather conditions every
1h during daytime, which can assist in identifying key
weather processes, such as dust storm, rainy, cloudy, or clear-

sky days.

Methods
The classical elastic Mie scattering lidar equation can be
expressed as, follows:

X(z) = P(2)z* = CEf(2) exp( - Z/ZU(z)dz> 1)
0

where z is the distance between scattered particles, ceilometer
lidar P(z) is the energy of backscatter signal at altitude z, X(2) is
normalized range-corrected backscatter signal, C is the
calibration constant of lidar, E is laser-emitted pulse energy,
B(z) is backscattering coefficient () at z, and o(z) is extinction
coefficient at z.

Aerosols and air molecules are two main contributors for the
total extinction o(z) and backscattering f(z); hence, X(z) is also
expressed as follows:

X (z)=CE[B,(z)+8,, (z)]exp< —2/: [04(2)+ 0, (z)]dz) (2)

where the subscripts a and m represent aerosol and air molecule

(Rayleigh), respectively. It is difficult to solve the backscatter lidar

equation because there are two unknown variables in one

equation: f3(z) and o(z). Fernald method (Fernald, 1984) is

generally utilized to acquire an analytical solution of the lidar

equation which defines a lidar ratio as the ratio of extinction to
backscattering coefficient.

8

Sa =04 (Z)/[))a (Z), Sm = Om (Z)/ﬁm (Z) = ? (3)

The lidar ratio of air molecule (S,,) can be determined by the

standard atmospheric profile which has a constant value of 87/3.
The aerosol lidar ratio (S,) might vary from 10 to 150 sr, which is
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FIGURE 1 | Sensitivity study of different lidar ratio values’ (S,) influence
on the inversion of aerosol extinction coefficient (km™') profiles at 20:00 UTC
on September 27, 2019 at Tazhong.

primarily dependent on the aerosol species, chemical
composition, size distribution, and refractive index of aerosol
particles as well as on the wavelength of the incident light
(Ackermann, 1998). Figure 1 presents a sensitivity study of
different lidar ratio values (S, = 30, 50, and 70 sr) influencing
the inversion of aerosol extinction coefficient profiles at 20:00
UTC on September 27, 2019 at Tazhong. That time is a clear-sky
condition with low aerosol concentrations, representing typical
background levels in TD. We designate S, the value of 30 under
clear-sky condition as a reference. It is evident that there are
relatively small influences for different S, values on the retrievals
of o(z) below 500-m height, which is mainly due to the low
aerosol concentrations at 500-m height range. However, those
influences gradually increase with height from 500 m to 4 km and
are closely linked to the aerosol concentrations—for instance, the
retrieved o(z) values at 1.1 km are 0.075, 0.097, and 0.115 km ™,
respectively, for S, of 30, 50, and 70 sr, which suggests that
different S, values (50 and 70 sr) would lead to the extinction
coefficients of inversion being about 29.3 and 53.3% higher than
that for the reference value (S, = 30 sr). The corresponding o(z)
values at 2.8 km are 0.058, 0.082, and 0.108 km ™', respectively,
for S, of 30, 50, and 70 sr, resulting in errors of approximately
41.4 and 86.2%. Therefore, the calculation errors of aerosol
extinction coefficient profiles strongly rely on the accuracy of
the S, value.

The volumetric aerosol lidar ratio can be effectively
determined by the combination of an elastic backscatter lidar
and a collocated sun/sky radiometer measurement (Huang et al.,
2010). This method is mainly dependent on sky radiometer-
derived high-precision AOD (~0.01-0.02) during daytime as a
constraint for the inversion of ceilometer signals. The AOD is

Dust Aerosol Vertical Profiles

obtained by the integral of o(z) at atmospheric column.
However, there are two major problems for the application
of this method to the ceilometer. Firstly, the sun/sky radiometer
only measured clear-sky AOD values during daytime, when the
ceilometer signals are greatly affected by strong background
light. Secondly, the lidar ratio estimated by ceilometer inversion
is based on columnar AOD, which is largely influenced by the
incomplete overlap height (~150 m) of the ceilometer. This
problem is especially serious for the cases wherein most of
the aerosol particles are concentrated in the lower atmospheric
layer (Wiegner and Geif3, 2012), for instance, in desert areas
with frequent emissions of high concentrations of dust particle
from near-surface. Fortunately, Liu et al. (2002) directly
observed the S, values of Asian dust by using a high-
spectral-resolution lidar (HSRL) and Raman elastic-
backscatter lidar and indicated that the measured S, values
ranged from 42 to 55sr, with a total mean of 51sr.
Murayama et al. (2004) showed that the S, of lofted Asian
dust varied from 43 to 49 sr at 355 and 532 nm with a dual-
wavelength Raman lidar. Tesche et al. (2009) implied that the
average S, values of African dust are in the range of 53-55 sr at
355, 532, and 1,064 nm during SAMUM 2006 by using ground-
based Raman lidar and an airborne HSRL. Consequently, in this
study, we designate S, = 50 sr for dust aerosols and S, = 30 sr for
clear-sky conditions to retrieve the vertical profiles of
backscattering and extinction coefficients.

RESULTS AND DISCUSSION

Optical Characteristics of Dust Aerosols

Figure 2 depicts the time series of hourly average mass
concentrations of PM,s and PM,;, and the ratios of PM, s/
PM,, sampled at Hotan Environmental Protection Bureau
from July 1 to September 30, 2019. Hotan (37.087° N, 79.927°
E, 1,380 m above MSL) is about 300 km southwest of Tazhong,
which is the closest environmental monitoring station to the
center of TD. The results indicate that the hourly mean PM
concentrations display dramatic day-to-day variations during the
entire period. In about 90% of the total number days, the PM, 5
and PM,, concentrations are greater than 100 and 250 pg/m’,
with maxima of 977 and 2,758 pg/m’ (which occurred in July 26),
respectively, which are 27 times and 36 times higher than the
values set by the World Health Organization Air Quality
Guidelines of 35 pg/m3 for PM,5 and 75 pg/m3 for PM;,
(World Health Organization, 2005). The background levels of
PM, 5 and PM, concentrations can also remain at 50 and 130 pg/
m?, respectively, under clear-sky conditions (September 20-30,
2019). Frequent dust events lead to significant variations of
surface PM concentrations, for example, in July 15 and 26,
August 13 and 17, and September 3 and 6. The ratio of PM, 5
to PMjy is a key indicator for distinguishing the relative
contributions of fine-mode and coarse-mode particles. The
corresponding ratios are all smaller than 0.50, implying that
the coarse-mode particles are dominant in the surface
particulate matters over TD. The overall hourly mean PM,,
PM,, and PM, 5/PM ;4 are 110.4 + 121.0 pg/m3, 317.2 £ 340.0 pg/
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FIGURE 2| Time series of hourly mean mass concentrations of particulate matter (PM) at Hotan from July 1 to September 30, 2019. (A) PM, 5 (ug/ms) vs. PMyq (ug/
m). (B) Ratios of PM, s/PM1. The corresponding total mean values and standard deviation are shown in the figures.
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m®, and 0.35 + 0.07, respectively, during the whole period.

Meanwhile, high levels of surface particulate matter
concentrations persist for a long duration and cover a large
spatial distribution over TD throughout the summer of 2019,
which ultimately have adverse effects on human health, air
quality, and traffic safety.

Figure 3 illustrates the time evolutions of AOD, AE, and WVC
(in cm) derived from the sun/sky radiometer at Tazhong from
July 2 to August 1, 2019. The Angstrém exponent is generally
used to reflect the size of aerosol particles, that is, small AE values
(<0.60) indicate that coarse-mode particles are dominant,
whereas large AE values (>1.0) represent the dominance of
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FIGURE 4 | Vertical profiles of dust aerosols and cloud layers on September 10, 2019 at Tazhong. (A) Purple and light blue in white dashed rectangle show the

cloud layers detected by CALIPSO Vertical Feature Mask products. (B) Yellow in white dashed rectangle shows the dust aerosol detected by CALIPSO. (C) Normalized
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fine-mode particles. It is obvious that the aerosol optical
properties at Tazhong also show remarkable diurnal variations,
with the total averages of AODsq, AE 49 g70, and WVC at 0.73 +
0.50, 0.28 £ 0.12, and 1.43 * 0.36 cm, respectively. The AODsq,
values vary from 0.20 to 3.0, and the AE44_g70 values range from
0.03 to 0.64, which further confirms that dust particles in the
columnar atmosphere are the predominant aerosol types in the
hinterland of TD, with little impacts by human activities. All
AODsq values are greater than 1.0, and the corresponding
AE,40_370 values remain between 0.03 and 0.30 under several
heavy dust events from September 26 to 30, 2019. In fact, Che
et al. (2013) analyzed the multi-year (2004-2008) aerosol optical
features and have also verified that coarse-mode dust aerosols are
dominant in Tazhong. Thereby, it is reasonable that we specified a
lidar ratio of 50 for dust aerosol to retrieve the dust extinction
coefficient profiles.

Dust Aerosol Vertical Profiles

Figure 4 delineates the vertical profiles of dust aerosols and cloud
layers at Tazhong on September 10, 2019 as measured by
CALIPSO and the CHMI15k ceilometer. The passing time of
CALIPSO over Tazhong station is at 20:40 UTC, marked with a
black dashed line in Figure 4C. The results suggest that both the
ground-based ceilometer and the spaceborne CALIPSO can
clearly detect the cloud layers (purple and light blue in
Figure 4A) at 3-6 km and dust layers (yellow in Figure 4B) at
1-3 km height. Figure 4C shows the normalized range-corrected
signal in logarithmic scale [log;o(RCS)] as observed from the
ceilometer. We can see that the log;,(RCS) signals are weak below
1-km height during 00:00-04:00 UTC, and there is a lightly
intense dust layer hanging at an altitude of 1-2.5 km, which is
thought to be the transported dust aerosols from the surrounding
areas. A moderately intense dust event begins to make an
outbreak at 04:00 UTC, and locally generated dust particles
are gradually lofted from the surface to the upper free
atmosphere (~2.5 km), accompanied by northwestward surface
wind speeds of up to 6.0-8.0 m/s. Then, the dust storm reaches its
strongest peak at 09:39 UTC, and the corresponding log;o(RCS)
signals at 200-m height are greater than 7.0, when the maximum
wind speed was exceeding 17.0 m/s. Meanwhile, the log;o(RCS)
signals above 1-km height are slightly weak, which is primarily
attributed to the high concentrations of dust particles causing an
intense attenuation of weak laser energy of the ceilometer. There
are two evident layers at 15:00 UTC; in other words, a dust aerosol
layer occurs at 0-1.5-km height and a cloud layer appears at
3.5-5.0-km height. It is very interesting that the dust aerosols are
gradually uplifted again at 16:00 UTC and reached an altitude of
3km at 20:00 UTC; then, they are mixed evenly with clouds,
which was effectively detected by both the ceilometer and
CALIPSO. High-altitude clouds and water vapor carried by
westerly cold front cyclones interplay with elevated dust
particles via a series of complex cloud microphysical processes.
Finally, a rainfall event appears at 23:30 UTC, and it shows that
the log;o(RCS) signals of the ceilometer exhibit a very strong
vertical profile from the ground to 3-km height, which is mainly
owing to the scattering of emitted laser energy by the falling
raindrops. The occurrence of a rainfall episode is also

Dust Aerosol Vertical Profiles

demonstrated by the simultaneous datasets of rain gauge and
hourly manual records. The whole dust storm event lasted for
nearly 20 h, and it would undoubtedly exert a profound impact on
the energy budget and precipitation distribution over the TD
region. Similar interactions among dust aerosols, cloud layers,
and precipitations have taken place approximately 10 times
during the entire experiment period. This is very vital to
uncover the feedback mechanism of the
dust-cloud—precipitation process in Taklimakan Desert, which
is worthy of further investigation in the future.

As mentioned above, we collect the raw backscattering signals
of the ceilometer at 5-m vertical resolution and 15-s temporal
resolution. Because the emitted laser pulse energy is low (~8.0 pJ),
the signal-to-noise ratio (SNR) of the ceilometer is larger than 1 at
8.5-km height during nighttime. Nevertheless, influenced by
strong background sunlight, the corresponding SNR value is
about 1 at up to 4 to 5km during daytime, depending on the
aerosol loading (Heese et al., 2010). Figure 5A characterizes the
raw backscattering signals of the ceilometer [log;o(RCS)] at 01:30
UTC on August 14, 2019. The SNR is approximately equal to 1 at
2-km height but decreases seriously with height at above 2 km.
There is a distinct aerosol layer at about 1.5 km and an evident
cloud layer at 5.8 km in our case. However, due to the low SNR
values, the backscattering signals of aerosols and clouds are
relatively not obvious in Figure 5A. The vertical distributions
of cloud layers at 5-6.5 km are also not apparent (see Figure 5C).
Smoothing the raw signal can effectively suppress the noise, and
aerosol or cloud layers could be clearly detected, as shown in
Figures 5B, D. In the smoothing method, we recalculate the raw
backscattering signals at 15-m vertical resolution and 30-min
time interval. After smoothing, the SNR values of the ceilometer
have been greatly improved, and the SNR is higher than 1 at 8-km
height so that aerosol layers or cloud layers in the upper
troposphere would be detected by the CHMI15k ceilometer.
Therefore, subsequently, the log;o(RCS) signals and retrieved
backscattering and extinction coefficients from the ceilometer
are processed by a smoothing algorithm, except for special
declarations.

Figure 6 shows the diurnal variation of log;o(RCS) of the
ceilometer and the vertical profiles of aerosol extinction
coefficient o(z) during a typical blowing dust event on July 26,
2019. Dust aerosols are confined in the atmospheric boundary
layer of 0-1-km height at 00:00-06:00 UTC, with the strongest
signal peak located at about 200-300 m. As discussed above, the
peak of log;o(RCS) signals corresponds to the maxima of PM;,
concentration and AODsg of 2,758 ug/m” and 3.0, respectively,
as well as with AE449_g70 of 0.03. Driven by strong surface winds
(~10 m/s) and the intense sensible flux heating in the afternoon,
dust particles are gradually lifted upward from 06:00 UTC and
dispersed over time. The dust vertical structures show an obvious
stratification, and the log;o(RCS) signal is the strongest near the
ground surface and clearly drops with the increase of height.
Figure 6B displays the vertical profiles of the aerosol extinction
coefficient at various hours, and the Rayleigh extinction
coefficient of air molecule is illustrated with a black line.
There are no effective inversion results of o(z) at 0-150 m,
which is the height of the incomplete overlap factor of the
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ceilometer. It is clear that the maximum dust o(z) value at 04:00
UTC exceeds 2.0 km™" on 300 m and almost linearly decreases
with height, close to 0km™' at 1.0-km height. This majorly
indicates that a great deal of high-concentration dust aerosols
near the surface has strong attenuation effects on laser pulse
energy, which directly leads to very weak backscattering signals in
the upper atmosphere. The o(z) profile presents two distinct
layers at 10:00 UTC along with the uplifted and diffused dust
particles—that is, the o(z) value is about 0.6 km™! at 200 m and
stays around 0.4 km ™" at 300 m, then decreases with height from
0.30 to 1.8 km, and is equal to 0 km™" at 1.8 km. The extinction
coefficient o(z) at 19:00 UTC also shows prominent vertical
variations, and there are three obvious dust layers. The o(z)
value is about 0.3km™" at 300 m but increases with height
from 300m to 1.3km [o(z) ~0.65km™'] and then slightly
decreases with height from 1.3 to 3.0km and is about
0.2km™" at 3.0 km.

Figure 7 describes the time series of dust vertical profiles in
August and September 2019 at Tazhong. It is evident that dust
events frequently occur in the hinterland of TD during summer in
2019, and the occurrence frequencies and intensities of dust
storms in August are significantly higher than those in
September. The backscattering signals of the ceilometer are
greatly intense from Augustl0 to 21, implying that heavy dust
events persistently make an outbreak during this period, with a
maximum uplifted height of 4 km. Moderate dust events are still
active from September 1 to 18, but there are 12 consecutive clear-
sky days from September 19 to 30. The log;((RCS) signals of the
ceilometer under clear-sky conditions are relatively weak, with all
values less than 5.2, which is well representative of the
background levels of dust aerosols in TD. Generally, the
number of dusty days accounts for about 77% of the whole
period, and most of the uplifted heights of dust layers are less than
3 km, although on occasional events these could reach up to 4 km.
These elevated dust particles would heat up the atmospheric layer
and alter the thermal structure of the atmosphere at daytime
through absorption of solar radiation. On the other hand, the
airborne dust aerosols could also prevent the surface longwave

radiation emitted into outer space and play a vital role in heat
preservation at nighttime. Whether the summertime dust
aerosols can be transported downstream for a long distance is
mainly dependent on the uplifted height (4 to 5km) and the
intensity of mid-latitude westerlies (Yumimoto et al., 2010; Chen
et al., 2017b). Figure 7 also indicates that an obvious dust
stagnation layer persistently hovers over the TD at 1.5-3.0-km
height during summer in 2019. Affected by the surrounding
huge mountains and the Mongolian cold frontal cyclone, the
summertime high-altitude dust stagnation layer is not easily
transported outside the Tarim Basin. After hanging over the
desert for several days, most of the elevated dust particles are
re-deposited in TD and nearby downstream arid regions
through gravitational dry settlement or wet removal
process. As a result, the transported contribution of the
summertime Taklimakan dust to East Asian dust loading is
relatively small.

Aerosol Mixing Layer Height

The height of the atmospheric boundary layer (ABLH) is a key
quantity to reflect the complex physical processes of turbulent
mixing and convective development and could directly affect the
vertical exchanges of water vapor, matters, momentum, and
energy between the land surface and the upper atmosphere.
The potential temperature gradient method is commonly used
to calculate the ABLH based on radiosonde profile
measurements, which is defined as the height at which the air
temperature gradient is obviously discontinuous or the diurnal
variation of temperature is close to disappearing (Holzworth,
1964; Liu and Liang, 2010; Dai et al., 2014). It is well known that
the concentrations of water vapor or aerosols are high in the ABL,
whereas they rapidly decrease in the free atmosphere. Thus, we
can define the aerosol mixing layer height (AMLH) as the height
at which the humidity or aerosol concentration gradient is
evidently discontinuous. The AMLH primarily represents the
vertical distributions of airborne particles in the lower
atmosphere, which is slightly different from the traditional
ABLH. Because the backscattering signal profile X(z) = P(2)7*
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can well reflect the vertical distribution of aerosol concentrations,
the gradient method or wavelet covariance transform method is
usually utilized to retrieve the AMLH based on the backscattering
signals. In the gradient method, the AMLH is defined as the
height at which X(2) significantly decreases with z, namely, the
height corresponding to the minimum of % (Sawyer and Li,
2013). In wavelet covariance transform method, Davis et al.
(2000) defined a wavelet covariance transform function
Wre (a, b) related to the integral of lidar’s backscattered signal,
and AMLH is determined as the height corresponding to the
maximum value of W¢ (a, b). The detailed inversion algorithms
can be referred to earlier literatures (Davis et al., 2000; Kotthaus
and Grimmond, 2018). In this study, we combine the gradient
method with the wavelet covariance transform method to
calculate the AMLH from the backscattering signal of the
ceilometer, which is suitable for cases of low backscattered
signal gradient or well-defined atmospheric inversion layer
above the ABL.

Figures 8A, B outline the time evolutions of 30-min averaged
log;o(RCS) of the ceilometer under clear-sky and floating dusty
conditions at Tazhong. The AMLH marked with black dots is
superposed on the figures. It is apparent in Figures 8A, B that the
AMLH exhibits a large fluctuating diurnal variation. Here we

make use of a three standard deviation (30) criteria to inspect if
any measurements fall within the 30 range of the mean of AMLH
for a certain whole day [i.e., mean (AMLH) * 30]. In other words,
any point that exceeds the mean by 30 would be regarded as
highly improbable and eliminated. The clear-sky days in Figures
8A,C are from September 19 to 30, 2019, and the floating dusty
days in Figures 8B, D are from September 12 to 15, 2019. The
results show that AMLHs present significant structural
characteristics under two weather conditions, which is highly
consistent with the change of log;((RCS) signals. The maximum
values of AMLH are almost concentrated on 2-3.5 km, which is
the height of the aforementioned dust stagnation layer. The
AMLHs exhibit prominent diurnal variations, namely, they are
usually a low stable layer in the morning (~1.4-1.8 km) and at
nighttime and are a high convective layer in the afternoon
(~2.0-2.8 km). The standard deviation generally decreases with
the increase of AMLH. The diel variations of AMLHs under
floating dusty conditions are more significant than those of clear-
sky cases, which are possibly attributed to the relatively weak
backscattering signals of the ceilometer caused by the low aerosol
concentrations under clear-sky conditions. There is a deep
daytime AMLH (~3 km) convective structure and an obvious
dust stagnation layer over the hinterland of TD during the
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whole period. The average maximum AMLHs under the two
cases are about 2.5 and 2.8 km that appeared at 12:00 UTC,
respectively, which is greatly consistent with the PBL height (3
to 4 km) measured from the radiosonde data (Zhang et al,
2011; Wang et al, 2016). The summertime AMLHs in
Taklimakan Desert are remarkably larger than those in
humid (~800m-1.5km) or sub-humid (~1.0-2.0km)

regions (Davis et al.,, 2000; Liu and Liang, 2010; Sawyer and
Li, 2013; Kotthaus and Grimmond, 2018). Such a deep and
intense AMLH convective structure is conducive to vertically
uplift the dust particles generated from the desert surface into
the upper atmosphere during summer and then exerts a far-
reaching impact on the ecological environment and climate
change.
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Threshold of Diverse Dust Aerosol

Intensities

As mentioned above, the occurrences of dust episodes have a
great contribution to the surface particulate concentrations over
desert areas. In this study, we propose a quantitative threshold
method to distinguish the different levels of dust events based on
the hourly average mass concentrations of particulate matters
(e.g, PM,5 and PM,,) and wind speed (ws). Note that the
classification algorithm in this paper is somewhat different
from the standard method of the World Meteorological
Organization for identifying dust storms, which is mainly on
the basis of horizontal visibility and wind speed. Therefore, the
typical dust events can be classified as follows: (1) clear-sky
condition: PM,o < 150 pg/m®, PM,5 < 50 pg/m’, and ws <
20ms " (2) floating dust: 150 pg/m’> < PM,, < 400 pg/m’,
PM,5 > 50 pg/m’, 2.0 ms™' < ws < 5.0 ms™’, lasting for 3h at
least; (3) blowing dust: 400 pg/m’ < PM,, < 800 pg/m’, PM, 5 >
100 pg/m>, 5.0 ms™' < ws < 10.0 ms™", lasting for 3 h at least; (4)
and dust storm: PM,;, > 800 pg/m3, PM, 5 > 150 pg/m3, ws >
10.0ms ™', lasting for 3h at least. Then, we can analyze the
characteristics of the aerosol optical parameters under different
dust intensities, such as normalized range-corrected signal
log;o(RCS), aerosol extinction [0(z)] and backscattering [B(z)]
coefficients, vertical optical range (VOR), and corresponding
lidar ratio (S,). Similar to the definition of horizontal visibility,
the VOR is calculated as the height at which the integral of the
aerosol extinction coefficient with z is equal to 3, namely:

VOR

I 0 o(z)dz = 3.

Figure 9 draws the vertical profiles of log;o(RCS), surface wind
speed, and VOR under different dust events at Tazhong. Here the
clear-sky days, floating dust, blowing dust, and strong dust storms
are from September 21 and 22, August 12 and 13, August 3 and 4,
July 25, and August 10, 2019, respectively. The backscattering
signal intensities log;o(RCS) and VORs of the ceilometer present
pronounced diurnal variations with the increase of surface wind
speed and persistence of high wind speed. The maximal AMLH
values are about 4.0, 3.2, 2.5, and 1.0km for clear-sky days,
floating dust, blowing dust, and heavy dust storms, respectively,
which is majorly owing to the different concentrations of dust
particles produced from the surface and caused by different
degrees of attenuation of emitted laser pulse energy. The
log;o(RCS) under clear-sky conditions are all lower than 5.2 and
range from 5.2 to 5.8 under floating dust and from 5.6 to 6.2 under
blowing dust. The log;o(RCS) are higher than 6.2 for heavy dust
storm cases. Affected by the lofted dust particles, the atmospheric
turbidities significantly increase, and the corresponding VOR
values vary from 3.2 to 4.0 km, from 2.0 to 3.5 km, from 1.5 to
3.0 km, and from 0.2 to 1.5 km, respectively. Obviously, the diurnal
variations of VOR greatly fluctuate under strong dust storms and
blowing dust. In comparison, the clear-sky VORs display relatively
smooth variations. The overall mean VOR values are
approximately 3.37, 2.64, 192, and 0.32km for four typical
weather types, respectively, as shown in Figure 9.

Figure 10 shows the averaged vertical profiles of aerosol
extinction coefficient at Tazhong under clear-sky, floating

Dust Aerosol Vertical Profiles
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FIGURE 10 | Averaged vertical profiles of aerosol extinction coefficient
(km™") at Tazhong under clear sky (blue), floating dust (black), blowing dust
(orange), and strong dust storm (red) conditions. The clear-sky days were
from September 21 to 29, 2019. The floating dusty days were July 27

and 29, August 12 and 13, and September 13, 2019. The blowing dusty days
include July 26 and August 3 and 4, 2019. The strong dusty days include July
25, August 10, 11, and 17, and September 6 and 10, 2019.

dust, blowing dust, and strong dust storm conditions. The
clear-sky days include from September 21 to 29, 2019. The
floating dusty days include July 27 and 29, August 12 and 13,
and September 13. The blowing dusty days include July 26 and
August 3 and 4. The strong dusty days include July 25, August 10,
11, and 17, and September 6 and 10. The results imply that the
aerosol extinction coefficients o(z) are all greater than 1.0 km™! at
150-300-m height, with maximal o(z) of 2.0 km™ for strong dust
storms. The corresponding o(z) distinctly decreases with the
increase of height, from 1.0km™ at 300 m to 0.3km™" at
1km and 0.0km™ at 2.0km, and then this remains at
0.0km™ from 2.0 to 5.0km. This suggests again that the
intense attenuation effects induced by massive airborne dust
particles directly result in very weak backscattering signals
above 2.0-km height. For the blowing dust case, the o(z) value
is about 0.50 km™" at 200 m, linearly decreases with height, is
0.25km™" at 300 m, and then stays at around 0.30 km™" from
300 m to 1.6 km; finally, it gradually decreases with height and is
nearly 0.0 km™! at 4.0km. The o(z) values are 0.10km and
0.14km™" at 200-m height for clear-sky and floating dust,
respectively, and both linearly reduce with height and are
about 0.04 and 0.09km™ at 300 m. Then, the o(z) values of
the two cases nonlinearly increase with height and reach a
maximum of 0.20km™ at 2.7km for clear-sky case and a
maximum of 0.32km™" at 2.6km for floating dust case.
Finally, the corresponding o(z) values decrease again with
height and stay at about 0.05km™' from 3.4 to 5.0km.
Generally, the aerosol extinction coefficients under dust cases
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Dust Aerosol Vertical Profiles

TABLE 1 | Statistics of aerosol optical parameters under different levels of dust intensity during summer 2019 at Tazhong.

Dust intensity logso(normalized range-corrected Vertical optical o (0-1 km) B (0-1 km) S, (s)
levels signal) (0-1 km) range (km) (km™) (km™' sr™)

Clear sky <b6.2 >3.0 <0.12 <0.004 30
Floating dust 5.2-5.8 2.0-3.0 0.12-0.25 0.0024-0.005 50
Blowing dust 5.6-6.2 1.0-3.0 0.25-0.50 0.005-0.01 50
Strong dust >6.2 <1.0 >0.50 >0.01 50

10g10(RCS), o(z), and B(z) are calculated as the overall average from O to 1 km.

are about 3-10 times higher than those in clear-sky conditions.
These structural patterns reflect the influences of uplifted dust
aerosols on the o(z) vertical profiles at different heights.

Table 1 summarizes the statistics of aerosol optical parameters
under different levels of dust intensity during summer in 2019 at
Tazhong. It is evident that the log;o(RCS), 0(2), and f(z) are less
than 5.2, 0.12km™, and 0.004km™" sr™" for clear-sky cases,
respectively, and the corresponding VOR is greater than
3.0 km, while the lidar ratio S, is 30 sr. The log;o(RCS), o(z),
and f(z) are larger than 6.2, 0.5 km™, and 0.01 km™sr! for
strong dust storms, respectively, and the corresponding VOR is
smaller than 1.0 km, while the lidar ratio S, is 50sr. The
log1o(RCS), o(z), PB(z), and VOR vary as 52-58,
0.12-0.25km™', 0.0024-0.005 km ™" sr™', and 2.0-3.0km under
floating dust, respectively, and the corresponding aerosol optical
characteristics are in the ranges 5.6-6.2, 0.25-0.50 km ',
0.005-0.01 km™" sr™", and 1.0-3.0 km for blowing dust. Unlike
the HSRL or Raman depolarized lidar, the CHM15k ceilometer
can only provide vertical profile information of aerosol optical
properties at 1,064 nm, and it lacks multi-channel profiles and
depolarization ratio. However, these statistical variables are very
helpful to investigate and validate dust aerosols in the application
of climate models or satellite remote sensing.

CONCLUSION

This study mainly examined the vertical profiles and optical
properties of dust aerosol in the hinterland of Taklimakan
Desert during summer in 2019. The primary findings are
summarized in the following discussion.

Influenced by the abundant surface dust sources and strong
wind speed, dust events frequently occurred in Taklimakan Desert
during the whole inclusive period; the overall hourly mean PM, s,
PM,p, PM,s/PM,o, and AE,4_g7;0 were 1104 + 121.0 pg/ms,
317.2 + 340.0 ug/m’, 0.35 + 0.07, and 0.28 + 0.12, respectively,
suggesting that dust particles were the predominant aerosol types
in the hinterland of TD. Both the ground-based ceilometer and
spaceborne CALIPSO could distinctly detect the dust aerosol, high-
altitude cloud layer, and subsequent rainfall process. Affected by
the surrounding huge mountains and the intensity of mid-latitude
westerlies, there was an obvious summertime dust stagnation layer
persistently hovering over the TD at 1.5-3.0-km height, and most
of the uplifted dust particles were re-deposited in the TD and
nearby downstream arid regions after hanging over the desert for
several days. The AMLH exhibited prominent diurnal variations,

which were usually a low stable layer in the morning and at
nighttime (~1.5km) and a high convective layer in the
afternoon (~2.8km). There was a deep and intense daytime
convective structure with maximum AMLH of ~3km that
appeared at 12:00 UTC, which was greatly consistent with the
PBL height (3 to 4 km) measured from radiosonde data.

The backscattering signals log;o(RCS), 0(z), and f(z) were less
than 5.2, 0.12km™", and 0.004km™" sr™" for clear-sky cases,
respectively, and the corresponding VOR was greater than
3.0 km, while the lidar ratio S, was 30 sr. In comparison, the
log;o(RCS), o(2), and fB(z) were larger than 6.2, 0.5 km™, and
0.01km™'sr' for heavy dust storms, respectively, and the
corresponding VOR was smaller than 1.0 km, while S, was
equal to 50sr. The aerosol extinction coefficients o(z) were
about 2.0, 0.5, 0.14, and 0.10km™ at 200-m height,
respectively, under strong dust storm, blowing dust, floating
dust, and clear-sky conditions, and the corresponding values
were 0.30, 0.30, 0.15, and 0.11km™" at 1km. Generally, the
aerosol extinction coefficients under dust events were about
3-10 times higher than those of clear-sky cases. The statistics
of aerosol optical parameters under different dust intensities at
Tazhong are very helpful to investigate and validate dust aerosols
in the application of climate models or satellite remote sensing.

The findings of this paper directly confirmed the existence of a
dust stagnation layer and a deep daytime convective structure over
Taklimakan Desert in summer, which provide an invaluable dataset
for surveying the uplifted and long-distance transportation of
summertime Taklimakan dust particles. The interaction among
dust aerosol, cloud, and precipitation plays a pivotal role in the
radiation budget of the Earth-atmosphere system and concerning
the hydrological cycle, but it still remains one of the biggest
uncertainties in the current climate change. To uncover the
complex feedback mechanism of dust-cloud-precipitation in
desert source regions, in the future, we should integrate a variety
of advanced detection methods (e.g;, HSRL, Raman depolarized
lidar, cloud radar), sophisticated satellite remote sensing algorithms
(e.g., CALIPSO, CloudSat), and optimal and robust climate models
to acquire three-dimensional and comprehensive multi-variable
information of these complicated processes.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Frontiers in Environmental Science | www.frontiersin.org

43

April 2022 | Volume 10 | Article 851915


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Bi et al.

AUTHOR CONTRIBUTIONS

JB coordinated and supervised the project. JB, ZL, DZ, FY, BL,
JM, ZH, and QH contributed to field experiment and data
analysis, research framework design, and writing the first
drafts. ZL prepared data and completed all figures. JB
revised the manuscript. All co-authors contributed to the
interpretation of the results and to the text and approved it
for publication.

FUNDING

This research was founded by the National Science Foundation of
China (42075126), the Project of Field Scientific Observation and
Research Station of Gansu Province (18JR2RA013), the

REFERENCES

Ackermann, J. (1998). The Extinction-To-Backscatter Ratio of Tropospheric
Aerosol: A Numerical Study. J. Atmos. Oceanic Technol. 15 (4), 1043-1050.
doi:10.1175/1520-0426(1998)015<1043:tetbro>2.0.co;2

Bi, J., Huang, J., Shi, J., Hu, Z., Zhou, T., Zhang, G., et al. (2017). Measurement of
Scattering and Absorption Properties of Dust Aerosol in a Gobi farmland
Region of Northwestern China - a Potential Anthropogenic Influence. Atmos.
Chem. Phys. 17, 7775-7792. doi:10.5194/acp-17-7775-2017

Bi, J., Zuo, D., Yang, F., Zhang, L., Huang, Z., and Wang, T. (2022). Surface
Radiation Characteristics and Downward Cloud Radiative Forcing in Southern
Xinjiang during Summer 2019. Meteorol. Atmos. Phys. 134 (1), 13-23. doi:10.
1007/s00703-021-00847-5

Che, H., Wang, Y., Sun, J., Zhang, X., Zhang, X., and Guo, J. (2013). Variation of
Aerosol Optical Properties over the Taklimakan Desert in China. Aerosol Air
Qual. Res. 13, 777-785. doi:10.4209/aaqr.2012.07.0200

Che, H.,, Zhang, X.-Y., Xia, X., Goloub, P., Holben, B., Zhao, H., et al. (2015).
Ground-based Aerosol Climatology of China: Aerosol Optical Depths from the
China Aerosol Remote Sensing Network (CARSNET) 2002-2013. Atmos.
Chem. Phys. 15, 7619-7652. doi:10.5194/acp-15-7619-2015

Che, H., Xia, X., Zhao, H., Dubovik, O., Holben, B. N., Goloub, P, et al. (2019a).
Spatial Distribution of Aerosol Microphysical and Optical Properties and
Direct Radiative Effect from the China Aerosol Remote Sensing Network.
Atmos. Chem. Phys. 19, 11843-11864. doi:10.5194/acp-19-11843-2019

Che, H., Gui, K,, Xia, X., Wang, Y., Holben, B. N., Goloub, P., et al. (2019b). Large
Contribution of Meteorological Factors to Inter-Decadal Changes in Regional
Aerosol Optical Depth. Atmos. Chem. Phys. 19, 10497-10523. doi:10.5194/acp-
19-10497-2019

Chen, S., Huang, J., Li, J., Jia, R,, Jiang, N., Kang, L., et al. (2017a). Comparison of
Dust Emissions, Transport, and Deposition between the Taklimakan Desert
and Gobi Desert from 2007 to 2011. Sci. China Earth Sci. 60, 1338-1355. doi:10.
1007/s11430-016-9051-0

Chen, S., Huang, J., Kang, L., Wang, H., Ma, X, He, Y., et al. (2017b). Emission,
Transport, and Radiative Effects of mineral Dust from the Taklimakan and
Gobi Deserts: Comparison of Measurements and Model Results. Atmos. Chem.
Phys. 17, 2401-2421. doi:10.5194/acp-17-2401-2017

Dai, C., Wang, Q., Kalogiros, J. A., Lenschow, D. H., Gao, Z., and Zhou, M. (2014).
Determining Boundary-Layer Height from Aircraft Measurements. Boundary-
Layer Meteorol. 152 (3), 277-302. doi:10.1007/s10546-014-9929-z

Davis, K. J., Gamage, N., Hagelberg, C. R., Kiemle, C., Lenschow, D. H., and
Sullivan, P. P. (2000). An Objective Method for Deriving Atmospheric
Structure from Airborne Lidar Observations. J. Atmos. Oceanic Technol.
17 (11), 1455-1468. doi:10.1175/1520-0426(2000)017<1455:aomfda>2.0.
co;2

Fernald, F. G. (1984). Analysis of Atmospheric Lidar Observations: Some
Comments. Appl. Opt. 23, 652-653. doi:10.1364/A0.23.000652

Dust Aerosol Vertical Profiles

Fundamental Research Funds for the Central Universities
(lzujbky-2021-kb02 and lzujbky-2021-sp04), and China 111
Project (number B13045).

ACKNOWLEDGMENTS

The authors are grateful to the NASA scientific team for the
provision of CALIPSO products and the Chinese
Environmental Protection Bureau for providing data on
the hourly mean PM, s and PM;, concentrations at Hotan.
We would like to express special thanks to all staff of
Taklimakan Desert Meteorology Field Experiment Station
for supporting the field experiment. We also appreciate all
reviewers and editors for their constructive and insightful
comments.

Ge, J. M., Huang, J. P., Xu, C. P, Qi, Y. L., and Liu, H. Y. (2014). Characteristics of
Taklimakan Dust Emission and Distribution: A Satellite and Reanalysis Field
Perspective. J. Geophys. Res. Atmos. 119 (20), 11772-11783. doi:10.1002/
2014JD022280

Heese, B., Flentje, H., Althausen, D., Ansmann, A., and Frey, S. (2010). Ceilometer
Lidar Comparison: Backscatter Coefficient Retrieval and Signal-To-Noise Ratio
Determination. Atmos. Meas. Tech. 3, 1763-1770. doi:10.5194/amt-3-1763-
2010

Holben, B. N., Eck, T. F., Slutsker, L., Tanré, D., Buis, J. P., Setzer, A., et al. (1998).
AERONET: A Federated Instrument Network and Data Archive for Aerosol
Characterization. Remote Sensing Environ. 66 (1), 1-16. doi:10.1016/s0034-
4257(98)00031-5

Holzworth, G. C. (1964). Estimates of Mean Maximum Mixing Depths in the
Contiguous United States. Mon. Wea. Rev. 92 (5), 235-242. doi:10.1175/1520-
0493(1964)092<0235:eommmd>2.3.co;2

Hu, Z., Huang, J., Zhao, C,, Bi, ], Jin, Q., Qian, Y., et al. (2019a). Modeling the
Contributions of Northern Hemisphere Dust Sources to Dust Outflow from
East Asia. Atmos. Environ. 202, 234-243. doi:10.1016/j.atmosenv.2019.01.022

Hu, Z., Huang, J., Zhao, C., Ma, Y, Jin, Q,, Qian, Y., et al. (2019b). Trans-Pacific
Transport and Evolution of Aerosols: Spatiotemporal Characteristics and
Source Contributions. Atmos. Chem. Phys. 19, 12709-12730. doi:10.5194/
acp-19-12709-2019

Hu, Z., Huang, J., Zhao, C,, Jin, Q.,, Ma, Y., and Yang, B. (2020). Modeling Dust
Sources, Transport, and Radiative Effects at Different Altitudes over the Tibetan
Plateau. Atmos. Chem. Phys. 20, 1507-1529. doi:10.5194/acp-20-1507-2020

Huang, J., Lin, B., Minnis, P., Wang, T., Wang, X., Hu, Y., et al. (2006a). Satellite-
based Assessment of Possible Dust Aerosols Semi-direct Effect on Cloud Water
Path over East Asia. Geophys. Res. Lett. 33, 1L19802. doi:10.1029/2006GL026561

Huang, J., Minnis, P., Lin, B., Wang, T., Yi, Y., Hu, Y., et al. (2006b). Possible
Influences of Asian Dust Aerosols on Cloud Properties and Radiative Forcing
Observed from MODIS and CERES. Geophys. Res. Lett. 33, L06824. doi:10.
1029/2005GL024724

Huang, J., Minnis, P., Yi, Y., Tang, Q., Wang, X., Hu, Y., et al. (2007). Summer Dust
Aerosols Detected from CALIPSO over the Tibetan Plateau. Geophys. Res. Lett.
34, 118805. doi:10.1029/2007GL029938

Huang, J., Minnis, P., Chen, B., Huang, Z., Liu, Z., Zhao, Q., et al. (2008). Long-
range Transport and Vertical Structure of Asian Dust from CALIPSO and
Surface Measurements during PACDEX. J. Geophys. Res. 113, D23212. doi:10.
1029/2008]D010620

Huang, J., Fu, Q,, Su, J., Tang, Q., Minnis, P., Hu, Y., et al. (2009). Taklimakan Dust
Aerosol Radiative Heating Derived from CALIPSO Observations Using the Fu-
Liou Radiation Model with CERES Constraints. Atmos. Chem. Phys. 9,
4011-4021. doi:10.5194/acp-9-4011-2009

Huang, Z., Huang, J., B, J., Wang, G., Wang, W., Fu, Q,, et al. (2010). Dust Aerosol
Vertical Structure Measurements Using Three MPL Lidars during 2008 China-
U.S. Joint Dust Field experiment. J. Geophys. Res. 115, DO0K15. doi:10.1029/
2009]D013273

Frontiers in Environmental Science | www.frontiersin.org

44

April 2022 | Volume 10 | Article 851915


https://doi.org/10.1175/1520-0426(1998)015<1043:tetbro>2.0.co;2
https://doi.org/10.5194/acp-17-7775-2017
https://doi.org/10.1007/s00703-021-00847-5
https://doi.org/10.1007/s00703-021-00847-5
https://doi.org/10.4209/aaqr.2012.07.0200
https://doi.org/10.5194/acp-15-7619-2015
https://doi.org/10.5194/acp-19-11843-2019
https://doi.org/10.5194/acp-19-10497-2019
https://doi.org/10.5194/acp-19-10497-2019
https://doi.org/10.1007/s11430-016-9051-0
https://doi.org/10.1007/s11430-016-9051-0
https://doi.org/10.5194/acp-17-2401-2017
https://doi.org/10.1007/s10546-014-9929-z
https://doi.org/10.1175/1520-0426(2000)017<1455:aomfda>2.0.co;2
https://doi.org/10.1175/1520-0426(2000)017<1455:aomfda>2.0.co;2
https://doi.org/10.1364/AO.23.000652
https://doi.org/10.1002/2014JD022280
https://doi.org/10.1002/2014JD022280
https://doi.org/10.5194/amt-3-1763-2010
https://doi.org/10.5194/amt-3-1763-2010
https://doi.org/10.1016/s0034-4257(98)00031-5
https://doi.org/10.1016/s0034-4257(98)00031-5
https://doi.org/10.1175/1520-0493(1964)092<0235:eommmd>2.3.co;2
https://doi.org/10.1175/1520-0493(1964)092<0235:eommmd>2.3.co;2
https://doi.org/10.1016/j.atmosenv.2019.01.022
https://doi.org/10.5194/acp-19-12709-2019
https://doi.org/10.5194/acp-19-12709-2019
https://doi.org/10.5194/acp-20-1507-2020
https://doi.org/10.1029/2006GL026561
https://doi.org/10.1029/2005GL024724
https://doi.org/10.1029/2005GL024724
https://doi.org/10.1029/2007GL029938
https://doi.org/10.1029/2008JD010620
https://doi.org/10.1029/2008JD010620
https://doi.org/10.5194/acp-9-4011-2009
https://doi.org/10.1029/2009JD013273
https://doi.org/10.1029/2009JD013273
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Bi et al.

Huang, J., Fu, Q., Zhang, W., Wang, X,, Zhang, R,, Ye, H,, et al. (2011). Dust and
Black Carbon in Seasonal Snow across Northern China. Bull. Amer. Meteorol.
Soc. 92, 175-181. doi:10.1175/2010BAMS3064.1

Huang, J., Wang, T., Wang, W., Li, Z., and Yan, H. (2014). Climate Effects of Dust
Aerosols over East Asian Arid and Semiarid Regions. J. Geophys. Res. Atmos.
119, 11398-11416. doi:10.1002/2014JD021796

Huebert, B. J., Bates, T., Russell, P. B., Shi, G., Kim, Y. J., Kawamura, K., et al.
(2003). An Overview of ACE-Asia: Strategies for Quantifying the Relationships
between Asian Aerosols and Their Climatic Impacts. J. Geophys. Res. 108 (D23),
8633. doi:10.1029/2003JD003550

Husar, R. B,, Tratt, D. M., Schichtel, B. A., Falke, S. R., Li, F., Jaffe, D., et al. (2001).
Asian Dust Events of April 1998. J. Geophys. Res. 106 (D16), 18317-18330.
doi:10.1029/2000jd900788

IPCC Climate Change (2013). “The Physical Science Basis,” in Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change. Editors T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor,
S.K. Allen, J. Boschung, et al. (Cambridge, United Kingdom and New York, NY,
USA: Cambridge University Press), 1535.

Jickells, T. D., An, Z. S., Andersen, K. K,, Baker, A. R., Bergametti, G., Brooks, N.,
et al. (2005). Global Iron Connections between Desert Dust, Ocean
Biogeochemistry, and Climate. Science 308, 67-71. doi:10.1126/science.1105959

Jin, L., He, Q., Li, Z., Deng, M., and Abbas, A. (2021). Interannual and Seasonal
Variations of Sand-Dust Events in Tarim Basin, China. Res. Sq. doi:10.21203/rs.
3.rs-327333/v1

Jin, Q., Wei, J., Lau, W. K. M,, Py, B., and Wang, C. (2021). Interactions of Asian
mineral Dust with Indian Summer Monsoon: Recent Advances and Challenges.
Earth-Science Rev. 215, 103562. doi:10.1016/j.earscirev.2021.103562

Kai, K., Nagata, Y., Tsunematsu, N., Matsumura, T., Kim, H.-S., Matsumoto, T.,
et al. (2008). The Structure of the Dust Layer over the Taklimakan Deser during
the Dust Storm in April 2002 as Observed Using a Depolarization Lidar.
J. Meteorol. Soc. Jpn. 86 (1), 1-16. doi:10.2151/jmsj.86.1

Kotthaus, S., and Grimmond, C. S. B. (2018). Atmospheric Boundary-layer
Characteristics from Ceilometer Measurements. Part 1: A New Method to
Track Mixed Layer Height and Classify Clouds. Q.J.R. Meteorol. Soc. 144 (714),
1525-1538. d0i:10.1002/qj.3299

Li, Z., Lau, W. K. M., Ramanathan, V., Wu, G,, Ding, Y., Manoj, M. G,, et al. (2016).
Aerosol and Monsoon Climate Interactions over Asia. Rev. Geophys. 54,
866-929. doi:10.1002/2015RG000500

Li, L., Mahowald, N. M., Miller, R. L., Pérez Garcia-Pando, C., Klose, M., Hamilton,
D. S, et al. (2021). Quantifying the Range of the Dust Direct Radiative Effect
Due to Source Mineralogy Uncertainty. Atmos. Chem. Phys. 21, 3973-4005.
doi:10.5194/acp-21-3973-2021

Liao, H., and Seinfeld, J. H. (1998). Radiative Forcing by mineral Dust Aerosols:
Sensitivity to Key Variables. J. Geophys. Res. 103, 31637-31645. doi:10.1029/
1998JD200036

Liu, S., and Liang, X.-Z. (2010). Observed Diurnal Cycle Climatology of
Planetary Boundary Layer Height. J. Clim. 23 (21), 5790-5809. doi:10.
1175/2010jcli3552.1

Liu, Z., Sugimoto, N., and Murayama, T. (2002). Extinction-to-backscatter Ratio of
Asian Dust Observed with High-Spectral-Resolution Lidar and Raman Lidar.
Appl. Opt. 41 (15), 2760-2767. doi:10.1364/A0.41.002760

Liu, D., Wang, Z., Liu, Z., Winker, D., and Trepte, C. (2008). A Height
Resolved Global View of Dust Aerosols from the First Year CALIPSO
Lidar Measurements. J. Geophys. Res. 113, D16214. doi:10.1029/
2007JD009776

Liu, Z., Vaughan, M., Winker, D., Kittaka, C., Getzewich, B., Kuehn, R., et al.
(2009). The CALIPSO Lidar Cloud and Aerosol Discrimination: Version 2
Algorithm and Initial Assessment of Performance. J. Atmos. Ocean Technol. 26
(7), 1198-1213. doi:10.1175/2009jtecha1229.1

Mabher, B. A., Prospero, J. M., Mackie, D., Gaiero, D., Hesse, P. P., and
Balkanski, Y. (2010). Global Connections between Aeolian Dust, Climate
and Ocean Biogeochemistry at the Present Day and at the Last Glacial
Maximum. Earth-Science Rev. 99 (1-2), 61-97. doi:10.1016/j.earscirev.
2009.12.001

Mikami, M., Shi, G. Y., Uno, I, Yabuki, S., Iwasaka, Y., Yasui, M., et al. (2006).
Aeolian Dust experiment on Climate Impact: An Overview of Japan-China
Joint Project ADEC. Glob. Planet. Change 52, 142-172. doi:10.1016/j.gloplacha.
2006.03.001

Dust Aerosol Vertical Profiles

Mu, L, Su, J., Mo, X, Peng, N., Xu, Y., Wang, M., et al. (2021). The Temporal-
Spatial Variations and Potential Causes of Dust Events in Xinjiang Basin during
1960-2015. Front. Environ. Sci. 9, 727844. doi:10.3389/fenvs.2021.727844

Murayama, T., Miiller, D., Wada, K., Shimizu, A., Sekiguchi, M., and Tsukamoto,
T. (2004). Characterization of Asian Dust and Siberian Smoke with Multi-
Wavelength Raman Lidar over Tokyo, Japan in spring 2003. Geophys. Res. Lett.
31, L23103. doi:10.1029/2004GL021105

Pan, H., Huo, W.,, Wang, M., Zhang, J., Meng, L., Kumar, K. R,, et al. (2020). Insight
into the Climatology of Different Sand-Dust Aerosol Types over the Taklimakan
Desert Based on the Observations from Radiosonde and A-Train Satellites. Atmos.
Environ. 238, 117705. doi:10.1016/j.atmosenv.2020.117705

Qian, Y., Yasunari, T. J., Doherty, S. J., Flanner, M. G., Lau, W. K. M., Ming, J., et al.
(2014). Light-Absorbing Particles in Snow and Ice: Measurement and Modeling
of Climatic and Hydrological Impact. Adv. Atmos. Sci. 32, 64-91. doi:10.1007/
500376-014-0010-0

Rosenfeld, D., Rudich, Y., and Lahav, R. (2001). Desert Dust Suppressing
Precipitation: A Possible Desertification Feedback Loop. Proc. Natl. Acad.
Sci. 98, 5975-5980. doi:10.1073/pnas.101122798

Sawyer, V., and Li, Z. (2013). Detection, Variations and Intercomparison of the
Planetary Boundary Layer Depth from Radiosonde, Lidar and Infrared
Spectrometer. Atmos. Environ. 79, 518-528. doi:10.1016/j.atmosenv.2013.07.019

Shao, Y., Wyrwoll, K.-H., Chappell, A., Huang, J., Lin, Z., McTainsh, G. H., et al.
(2011). Dust Cycle: An Emerging Core Theme in Earth System Science. Aeolian
Res. 2, 181-204. doi:10.1016/j.aeo0lia.2011.02.001

Shimizu, A., Sugimoto, N., Matsui, I, Arao, K., Uno, I, Murayama, T., et al. (2004).
Continuous Observations of Asian Dust and Other Aerosols by Polarization
Lidars in China and Japan during ACE-Asia. J. Geophys. Res. 109, D19S17.
doi:10.1029/2002]D003253

Tesche, M., Ansmann, A., MiLLER, D., Althausen, D., Mattis, I., Heese, B., et al.
(2009). Vertical Profiling of Saharan Dust with Raman Lidars and Airborne
HSRL in Southern Morocco during SAMUM. Tellus B: Chem. Phys.
Meteorology 61, 144-164. doi:10.1111/j.1600-0889.2008.00390.x

Twomey, S. (1977). The Influence of Pollution on the Shortwave Albedo of Clouds.
J. Atmos. Sci. 34 (7), 1149-1152. doi:10.1175/1520-0469(1977)034<1149:
tiopot>2.0.co;2

U.S. EPA (1991). Technical Assistance Document for Sampling and Analysis of
Ozone Precursors. Report No. EPA 600/8-91-215. North Carolina: U. S.
Environmental Protection Agency, Atmospheric Research and Exposure
Assessment Laboratory. Research Triangle Park, NC.

Uno, L, Eguchi, K., Yumimoto, K., Takemura, T., Shimizu, A., Uematsu, M., et al.
(2009). Asian Dust Transported One Full Circuit Around the globe. Nat. Geosci.
2, 557-560. doi:10.1038/NGEO583

Uno, L, Eguchi, K., Yumimoto, K., Liu, Z., Hara, Y., Sugimoto, N., et al. (2011).
Large Asian Dust Layers Continuously Reached North America in April 2010.
Atmos. Chem. Phys. 11, 7333-7341. doi:10.5194/acp-11-7333-2011

Wang, X., Doherty, S. J., and Huang, J. (2013). Black Carbon and Other Light-
Absorbing Impurities in Snow across Northern China. J. Geophys. Res. Atmos.
118, 1471-1492. doi:10.1029/2012JD018291

Wang, M., Wei, W., He, Q., Yang, Y., Fan, L., and Zhang, J. (2016). Summer
Atmospheric Boundary Layer Structure in the Hinterland of Taklimakan
Desert, China. J. Arid Land 8 (6), 846-860. doi:10.1007/s40333-016-
0054-3

Wiegner, M., and Geif3, A. (2012). Aerosol Profiling with the Jenoptik Ceilometer
CHMI15kx. Atmos. Meas. Tech. 5, 1953-1964. doi:10.5194/amt-5-1953-2012

Winker, D. M., Hunt, W. H., and McGill, M. J. (2007). Initial Performance
Assessment of CALIOP. Geophys. Res. Lett. 34, L19803. doi:10.1029/
2007GL030135

Winker, D. M., Vaughan, M. A., Omar, A., Hu, Y., Powell, K. A, Liu, Z., et al.
(2009). Overview of the CALIPSO Mission and CALIOP Data Processing
Algorithms. J. Atmos. Ocean Technol. 26 (11), 2310-2323. doi:10.1175/
2009jtechal281.1

World Health Organization (2005). Air Quality Guidelines for Particulate Matter,
Ozone, Nitrogen Dioxide and Sulfur Dioxide. Global Update, E87950.
Copenhagen: World Health Organization Regional Office for Europe.

Yang, F., He, Q., Huang, J., Ali, M., Yang, X., Huo, W., et al. (2021). Desert
Environment and Climate Observations Network Over the Taklimakan
Desert. B. AM. Meteorol. Soc. 102 (6), E1172-E1191. doi:10.1175/BAMS-
D-20-0236.1

Frontiers in Environmental Science | www.frontiersin.org

45

April 2022 | Volume 10 | Article 851915


https://doi.org/10.1175/2010BAMS3064.1
https://doi.org/10.1002/2014JD021796
https://doi.org/10.1029/2003JD003550
https://doi.org/10.1029/2000jd900788
https://doi.org/10.1126/science.1105959
https://doi.org/10.21203/rs.3.rs-327333/v1
https://doi.org/10.21203/rs.3.rs-327333/v1
https://doi.org/10.1016/j.earscirev.2021.103562
https://doi.org/10.2151/jmsj.86.1
https://doi.org/10.1002/qj.3299
https://doi.org/10.1002/2015RG000500
https://doi.org/10.5194/acp-21-3973-2021
https://doi.org/10.1029/1998JD200036
https://doi.org/10.1029/1998JD200036
https://doi.org/10.1175/2010jcli3552.1
https://doi.org/10.1175/2010jcli3552.1
https://doi.org/10.1364/AO.41.002760
https://doi.org/10.1029/2007JD009776
https://doi.org/10.1029/2007JD009776
https://doi.org/10.1175/2009jtecha1229.1
https://doi.org/10.1016/j.earscirev.2009.12.001
https://doi.org/10.1016/j.earscirev.2009.12.001
https://doi.org/10.1016/j.gloplacha.2006.03.001
https://doi.org/10.1016/j.gloplacha.2006.03.001
https://doi.org/10.3389/fenvs.2021.727844
https://doi.org/10.1029/2004GL021105
https://doi.org/10.1016/j.atmosenv.2020.117705
https://doi.org/10.1007/s00376-014-0010-0
https://doi.org/10.1007/s00376-014-0010-0
https://doi.org/10.1073/pnas.101122798
https://doi.org/10.1016/j.atmosenv.2013.07.019
https://doi.org/10.1016/j.aeolia.2011.02.001
https://doi.org/10.1029/2002JD003253
https://doi.org/10.1111/j.1600-0889.2008.00390.x
https://doi.org/10.1175/1520-0469(1977)034<1149:tiopot>2.0.co;2
https://doi.org/10.1175/1520-0469(1977)034<1149:tiopot>2.0.co;2
https://doi.org/10.1038/NGEO583
https://doi.org/10.5194/acp-11-7333-2011
https://doi.org/10.1029/2012JD018291
https://doi.org/10.1007/s40333-016-0054-3
https://doi.org/10.1007/s40333-016-0054-3
https://doi.org/10.5194/amt-5-1953-2012
https://doi.org/10.1029/2007GL030135
https://doi.org/10.1029/2007GL030135
https://doi.org/10.1175/2009jtecha1281.1
https://doi.org/10.1175/2009jtecha1281.1
https://doi.org/10.1175/BAMS-D-20�0236.1
https://doi.org/10.1175/BAMS-D-20�0236.1
https://doi.org/10.1175/BAMS-D-20�0236.1
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Bi et al.

Yin, Y., and Chen, L. (2007). The Effects of Heating by Transported Dust Layers on
Cloud and Precipitation: A Numerical Study. Atmos. Chem. Phys. 7, 3497-3505.
doi:10.5194/acp-7-3497-2007

Yumimoto, K., Eguchi, K., Uno, I, Takemura, T., Liu, Z., Shimizu, A., et al. (2010).
Summertime Trans-Pacific Transport of Asian Dust. Geophys. Res. Lett. 37,
L18815. doi:10.1029/2010GL043995

Zhang, Q., Zhang, J., Qiao, J., and Wang, S. (2011). Relationship of Atmospheric Boundary
Layer Depth with Thermodynamic Processes at the Land Surface in Arid Regions of
China. Sci. China Earth Sci. 54 (10), 1586-1594. doi:10.1007/s11430-011-4207-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Dust Aerosol Vertical Profiles

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article or claim that may be made by its manufacturer is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bi, Li, Zuo, Yang, Li, Ma, Huang and He. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Environmental Science | www.frontiersin.org

46

April 2022 | Volume 10 | Article 851915


https://doi.org/10.5194/acp-7-3497-2007
https://doi.org/10.1029/2010GL043995
https://doi.org/10.1007/s11430-011-4207-0
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 26 April 2022
doi: 10.3389/fenvs.2022.832710

OPEN ACCESS

Edited by:
Longlei Li,
Cornell University, United States

Reviewed by:

Eduardo Landulfo,

Instituto de Pesquisas Energéticas e
Nucleares (IPEN), Brazil

Dipesh Rupakheti,

Nanjing University of Information
Science and Technology, China

*Correspondence:
Shuwen Zhang
zhangsw@lzu.edu.cn

Specialty section:

This article was submitted to
Atmosphere and Climate,

a section of the journal

Frontiers in Environmental Science

Received: 10 December 2021
Accepted: 28 February 2022
Published: 26 April 2022

Citation:

Yang L, Zhang S, Tao H, Yang Y,
Wang L, Cui 'Y, Xu Y and Li X (2022)
Comprehensive Analysis of a Dust
Storm by a Lidar Network Combined
With Multiple Data.

Front. Environ. Sci. 10:832710.

doi: 10.3389/fenvs.2022.832710

Check for
updates

Comprehensive Analysis of a Dust
Storm by a Lidar Network Combined
With Multiple Data

Lili Yang™?, Shuwen Zhang'*, Huijie Tao? Yanping Yang'?, Lina Wang?, Yongfeng Cui®,
Yanyan Xu* and Xiaoyun Li*

"Key Laboratory for Semi-Arid Climate Change of the Ministry of Education, College of Atmospheric Sciences, Lanzhou University,
Lanzhou, China, °Forecast Department, Gansu Province Environmental Monitoring Center, Lanzhou, China, SForecast
Department, Wuwei Ecological Environment Monitoring Center, Wuwei, China, “Marketing Center, Wuxi CAS Photonics Co., Ltd.,
Wuxi, China

In order to improve the accuracy of dust storm prediction and reduce the damage and
losses by a dust storm event, it is necessary to conduct an in-depth study on the same.
The data of the national air quality stations, backward trajectories generated by the Hybrid
Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT), and the lidar network
data from Wuwei, Baiyin, and Dingxi were used to study a large-scale dust storm event that
occurred from 12 to 14 May 2019. This study explores the cause of the dust storm and
physical characteristics of dust aerosols in three-dimensional space, as well as its impact
on air quality. Results show that the dust storm was caused by the eastward movement of
the East Asian trough and affected most cities in northern China from northwest to
southeast. Consequently, the air quality deteriorated seriously, especially over the Hexi
Corridor. The hourly peak concentrations of PM4q in Wuwei and Baiyin were close to
3,000 ug-m~3. The observations from the lidar network show that the dust intensities were
similar at different cities, and their extinction coefficients were close. However, the
depolarization ratio varied with sources and the physical characteristics of dust
particles. According to the simulation results of extinction coefficients and particle
concentrations, due to the impact of dust transported at high altitudes, the
concentration of particles in Dingxi did not decrease with the increase in altitude. The
particle concentrations from ground-based monitoring were lower than those of Baiyin and
Wuwei, while particle concentrations above 0.3 km were higher than those of Baiyin and
Wuwei.

Keywords: dust, lidar network, particle concentration, synoptic situation, HYSPLIT backward trajectory, extinction
coefficient

1 INTRODUCTION

Since 1990, with the rapid development of industries and urbanization, as a consequence of
economic growth and population aggregation, China’s urban ambient air quality has been
seriously deteriorated, with air pollution growing into one of the most concerned environmental
issues in China. Many scholars in the environmental field have been focusing on the research of
PM, s and O; (Lou et al., 2016; Maji et al., 2017; Chen et al., 2020; Jiang and Xia, 2021). In addition, in
response to the severe air pollution situation, China introduced the “Air Pollution Prevention and
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Control Action Plan” and the “Air Pollution Prevention and
Control Law” in September 2013 and August 2015, respectively.
By combining the effective measures in the field of air pollution
prevention and control over the years, China has made more
comprehensive regulations on the problems of pollution in
various fields. With the implementation of a series of
environmental protection measures, China’s ambient air
quality has been greatly improved during the 13th Five-Year
Plan period (Zeng et al., 2019; Maji et al., 2020; Zhao et al., 2020;
Hu etal., 2021), especially in a megalopolis. However, in northern
China, especially in northwest China, due to the geographic
proximity to several large deserts, the area is prone to be hit
by dust storms, which causes heavy pollution (Wu and Kai, 20165
Guo et al.,, 2019; Yang et al., 2021a; Rupakheti et al., 2021; Zhang
et al, 2021). According to the statistics (Yang et al., 2021b), the
dust events in China decreased year by year, but the strong dust
storm did not decrease during 2015-2020. Therefore, research on
dust events cannot be ignored.

At present, the monitoring method of dust events is relatively
limited, with ground-based monitoring stations as main
approaches, which only represent the dust intensity over the
ground, and cannot detect the dust intensity of high altitudes and
the height of dust. With the advancement of science and
technology, a series of satellites has been successfully launched,
and the pieces of remote sensing equipment carried by them have
realized the vertical monitoring of aerosols. Therefore, most
scholars studied dust events based on the aerosol optical depth
(AOD) obtained from the secondary product of satellites (Banks
et al., 2013; Feng et al., 2015; Long et al., 2015; Guo et al., 2017;
Reiji, 2018). However, the relationship between the temporal and
spatial variability of the AOD and the ground-monitoring
particulate matter varies with places (Li et al, 2014a; Li et al,
2015; Xu et al.,, 2021) and seasons (Schafer et al., 2008; Li et al.,
2014b; Hu et al., 2016; Ma et al., 2016). Due to various uncertainty
sources such as calibration, surface parameterization, and
assumptions in aerosol retrieval models, there is great
uncertainty in the AOD retrieved by the satellite. Therefore, if
the AOD retrieved by the satellite is used to retrieve particle
concentrations, the error will be further increased. Additionally,
polar orbiting satellites pass through the same area twice a day in
a fixed time, which cannot capture the whole process of the
weather system or pollution process. On the other hand, satellites
cannot detect the atmospheric conditions under the clouds.

The ground-based lidar fills the gap with higher temporal
resolution, which is widely applied in fields such as urban
scenarios, environment, ecology, and so on (Bai et al, 2021;
Floutsi et al., 2021; Taubert et al., 2021). The aerosol lidar is
widely used in the study of dust events. Salgueiro et al. (2021)
studied the pollution process jointly affected by a forest fire and
Saharan desert dust aerosols over southwestern Europe on June
21, 2019, by using a multi-wavelength Raman lidar and Sun
photometer and summarized the different characteristics of forest
fire and dust aerosol particles. Janicka et al. (2017) have
conducted a similar research study by using the aerosol-
polarization-Raman PollyXT-UW lidar for a serious pollution
caused by forest fires and dust events in Warsaw, Central Poland,
on 10 July 2013. In order to better understand the differences
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between dust aerosols and anthropogenic pollutants in large
spatial scales in China, Banks et al. (2017) employed an elastic
lidar to investigate the vertical profiles of aerosols along the
Yangtze River during the Yangtze River Campaign of winter
2015. Durable Saharan dust event incursions over the city of Sofia,
Bulgaria, on 15 and 23 April, and aerosol layers extraordinary in
altitude (up to 15 km) were detected by an Nd:YAG-laser-based
lidar (Atanaska et al., 2017).

A ground-based lidar can detect the vertical distribution of
aerosols, but the monitoring of an individual lidar cannot reflect
the characteristics of aerosols in three-dimensional space. In
order to promote the continuous improvement of air quality
in the Beijing-Tianjin-Hebei area and surrounding areas, the
China National Environmental Monitoring Centre (CNEMC)
established a comprehensive three-dimensional observation
network of air pollution in 2017, including 37 lidars (Wang
et al,, 2019), which are mainly deployed in Beijing, Tianjin,
Hebei, Henan, Shandong, Shanxi, and other regions. In order
to obtain the characteristics of dust in three-dimensional space,
reveal the source, transmission, and development trend of dust,
and improve the method of dust monitoring, the Department of
Ecology and Environment of Gansu Province successively built
multiple lidars in Gansu Province from 2019 to 2020, filling the
gap of the lidar network in northwest China.

In this study, the dust event that occurred from 11 to 14 May
2019 (all times mentioned in this study refer to Beijing time) was
comprehensively analyzed based on the lidar network in
northwest China, combined with the data from China’s
national urban air quality monitoring stations, National
Centers for Environmental Prediction (NCEP) reanalysis data,
and HYSPLIT backward trajectory. The dust sources and the
synoptic system were thoroughly studied, as well as the changes of
particle sizes and concentrations in the process of dust
transmission, especially in the vertical direction. By fitting the
extinction coefficient and the particle concentration, the
monitoring of particle concentration was extended from the
ground to a high altitude, which realized the research of lidar
data from qualitative to quantitative. This study will help us to
further understand the process of dust storms, provide a basis for
the improvement of numerical prediction, contribute to the
prediction and early warning of dust events, and reduce the
harm caused by dust.

The data and methodology are introduced briefly in Section 2.
The distribution of three-dimensional space and transmission
and development of the dust event are shown in Section 3.
Section 4 gives the conclusion and possible further
improvements to this study.

2 MATERIALS AND METHODS
2.1 Lidar Network

The stations of the three lidars for capturing the dust storm are
located in Wuwei (102.65°E, 37.91°N), Baiyin (104.13°E, 36.54'N),
and Dingxi (104.61°E, 35.60°N). The three lidars are of the same
type, named as AGHJ-I-LIDAR, whose laser is Nd:YAG and
emits wavelengths of 355 and 532nm. The aerosols in the
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atmosphere produce Mie scattering after encountering with the
emitted laser, and the scattering signals with the direction of 180°
(backscattering) are received and are then divided into three
channels, which are 355 nm parallel, 532 nm parallel, and 532 nm
vertical, respectively. The maximum pulse energy of 355 and
532 nm wavelengths reach 25 and 30 mJ, respectively. The spatial
resolution of the lidar is 7.5 m, the temporal resolution is 5 min,
the maximum detection distance is 10 km, and the blind zone and
incomplete-overlap zone are 30 and 120 m, respectively. The
characteristics of atmospheric aerosol were studied by converting
the received signal into the extinction coefficient and
depolarization ratio (Lee and Noh, 2015; Nishizawa et al,
2017; Niu et al., 2019; Panahifar et al., 2020). The specific
algorithm was presented elsewhere (Yang et al., 2021a).

2.2 HYSPLIT Backward Trajectory

HYSPLIT (Draxler and Hess, 1998) was originally jointly
developed by the Air Resources Laboratory (ARL) of the
National Oceanic and Atmospheric Administration (NOAA)
and the Bureau of Meteorology, Australia. HYSPLIT calculates
and analyzes the transport and diffusion trajectory and settlement
of air pollutants based on meteorological data and the Lagrange
method. The data of the Global Data Assimilation System
(GDAS) from the NCEP are used as the initial field of
HYSPLIT, and the horizontal resolution is 1 x 1.

2.3 Data of Air Quality From National

Stations

The observational data of PM, 5 and PM,; hourly concentrations
were released on the National Urban Air Quality Real-Time
Release Platform of CNEMC. The data are monitored by the
automatic monitoring instruments installed in the national urban
air quality monitoring stations with the temporal resolution of 1h,
which work continuously throughout the year, and there are
1,436 stations in China. The collection duration of PM, s and
PM;, concentrations is required to stay at least 20 h per day and
at least 45 min per hour, according to the ambient air quality
standard (GB 3095-2012); otherwise, the data shall be deemed
invalid.

2.4 NCEP Reanalysis Data

The data used to analyze the synoptic system guiding dust storms
were derived from NCEP reanalysis data, which assimilate real-
time observation data such as station data, satellite observation,
ships, and planes. The horizontal resolution is 2.5 x 2.5, and the
time resolution is 6 h. The pressure level is divided into 17 layers
(1,000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50,
30, 20, and 10 hPa). The temperature and wind field in ground
data were derived from the 0.995 sigma level.

3 RESULTS AND DISCUSSION

The dust storm that occurred from 11 to 14 May 2019 seriously
affected most cities in northern China. Many studies show that
the Himawari geostationary satellite has advantages in dust
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FIGURE 1 | Spatial distribution of clouds and dust storms derived from
the Himawari-8 geostationary satellite at 09:00 BT on 11 May.

detection (Bessho, et al., 2016; She et al., 2018; Xia et al., 2019;
Zhang et al., 2019). As shown in Figure 1, the Himawari-8
detection results at 09:00 am. on May 11 with less cloud
influence were selected. It can be seen that the dust over the
Taklimakan Desert was very serious, and it was transmitted
eastward to the west of Hexi Corridor and Inner Mongolia.

3.1 Distribution of Three-Dimensional
Space of the Dust Storm

The dust event caused a sharp increase in the concentration of
particulate matter in the atmosphere. In order to explore the
impact of the dust event on the ambient air quality, the mass
concentration of PM;, and PM, 5 monitored on the ground was
used to study the impact in the horizontal direction, and the
ground-based lidar network was used to study the impact in the
vertical direction.

3.1.1 Horizontal Distribution of the Dust Storm

In order to show the impact scope, intensity, and trend of the dust
event, Figure 2 shows the distribution of the hourly
concentration of PM;, monitored on the ground from 06:00
a.m. on May 11 to 06:00 a.m. on May 13; it can be seen that the
process of dust transmission takes place from west to east.
Meanwhile, the hourly concentration of PM;, and PM,5 of
nine cities from 00:00 a.m. on May 11 to 00:00 a.m. on May
14 was selected to have a thorough understanding of the impact of
the dust process on the urban ambient air quality (Figure 3A).
The cities arranged from top to bottom in Figure 3A were from
west to east in the geographical location (Figure 3B); it also
showed the process of dust transmission from west to east, and
the trend of PM,s and PM,, hourly concentrations was
consistent during the dust process.

As can be seen from Figure 2, there was little impact of dust at
06:00 a.m. on May 11; however, the concentration of PM;, in
Hami increased to 574 pg-m’3 at 08:00 a.m. (Figure 3A), and the
air quality deteriorated to serious pollution. The north of Xinjiang
and the west of the Hexi Corridor were obviously affected at 12:00

Frontiers in Environmental Science | www.frontiersin.org

49

April 2022 | Volume 10 | Article 832710


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Yang et al.

Dust Storm by Lidar Network

06:00 on 11

50°N

40°N

30°N

20°N

12:00 on 11

18:00 0on 11

ugm?

Bl <s
.51-100
DIOI-ISO

50°N

40°N

30°N

20°N

Tistano
201300
o5
o100

50°N

40°N

30°N

20°N

. 1001-2000
. 2001-3000
. >3000

80°N  90°N 100°N 110°N 120°N 130°N

80°N  90°N 100°N 110°N 120°N 130°N

FIGURE 2 | Distribution of the hourly concentration of PM;o monitored on the ground from 06:00 on 11 May to 06:00 on 13 May.
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p-m.; the concentration of PM;, in Hami reached the peak of
2,759 pg-m73, and the concentration of PM,s increased to
230 ug'm . Subsequently, the dust transmitted from west to
east, and the dust intensity in Hami decreased significantly.
The west of the Hexi Corridor began to be affected by dust
(Figure 2). As a result, the concentration of PM,, in Jiuquan
gradually increased, and the ambient air quality deteriorated into
serious pollution at 13:00 (Figure 3A), and the PMj,
concentration reached the peak of 2,464 ugm™ until 17:00;

the PM, s concentration reached the peak concentration of
244 ug-m™ at the same time. Then, the dust continued to
move eastward; the PM;, concentration in Jiuquan gradually
decreased, and it was 1808 pug-m > at 18:00 and 94 pg-m ™ at 01:00
on May 12. The dust moved very slowly (60 km-h™") in the Hexi
Corridor and did not affect Wuwei until 20:00 on May 11
(Figure 3A). The PM,;, concentration in Wuwei suddenly
increased from 76 pg-m > in the previous hour to 1,498 ug-m~>
and reached a peak of 2,703 pug-m~> at 23:00; at the same time, the
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PM, 5 concentration reached 614 ug-m . The peak concentration
of PM;, in Wuwei was significantly higher than that in the
upwind area, which might be due to the superposition of the
dust in the Badain Jaran Desert. As can be seen from Figure 2, the
air quality in the west of the Hexi Corridor improved significantly
at 00:00 on 12 May, and the eastward movement of the dust
affected the central and western part of Inner Mongolia, the
central and eastern part of the Hexi Corridor, and the central part
of Gansu and Ningxia. Yinchuan and Baiyin were hit by dust
almost at the same time (Figure 3A); the PM;, concentration
increased to 2,250 ug-m ™~ and 1,407 ug-m~> at 00:00 on 12 May,
respectively, and the PM, 5 concentration increased to 483 pg-m >
and 514 pg-m >, respectively. Then, the PM;, concentration in
Yinchuan gradually decreased, and the air quality improved at 12:
00. Nevertheless, the dust intensity in Baiyin continued to
increase after 00:00 on 12 May, and the peak concentration of
PM,, and PM, 5 reached 2,727 pg-m_3 and 614 pg-m_3 at 02:00,
which was second to Wuwei. The influence of dust in Baiyin
lasted for a long time, and the concentration of PM;, did not drop
to 264 pg-m > until 00:00 on 14 May, which might be due to the
superposition of the dust in the Tengger Desert. In addition, the
dust was transmitted from Wuwei to Baiyin at an average speed of
50 km-h™'. Compared with other cities, the PM;, concentration
in Dingxi increased slowly (Figure 3A), with the level of
347 ug-m > at 03:00 on 12 May, and the peak concentration of
PM,, and PM, 5 reached 2045 pg-m’3 and 478 pg-m’3 at 06:00 on
12 May; the dust intensity was weaker than that in upwind cities,
but the PM;, concentration decreased slowly. As a result, the
heavy pollution in Dingxi lasted for a long time. It is preliminarily
considered that the dust was mainly floating dust when it was
transmitted to Dingxi, combined with the local topographic
conditions that were not conducive to the diffusion of
pollutants. Huhhot was affected by dust for a short time
(Figure 3A), with the peak concentration of PM;, and PM, 5
reaching 2,732 pgm ™ and 714 ug-m~> at 07:00 on 12 May, and
the air quality improved after 13:00. Xi’an was slightly affected by
dust (Figure 3A), but it lasted for a long time; the PM;,
concentration decreased to 144 pg-m > until 13:00 on the 15th.
The duration of dust influence lasted for the shortest time in
Beijing, with the concentration of PM,, increasing to 226 pg-m73
at 15:00 on 12 May, and decreased to 83 pg-m™ at 22:00. When
the dust was transported to Beijing (Figure 3A), the intensity of
dust weakened significantly, and the peak concentration of PM,,
was only 618 pg-m™>.

It can be seen from Figure 2 that most cities in northern China
were affected by dust on 12 May, with the central and eastern part
of Gansu, Ningxia, Shaanxi, and most parts of Inner Mongolia
being hit the hardest. The front air mass of the dust reached the
Beijing-Tianjin-Hebei area. The intensity of dust increased
significantly, especially in Lanzhou, which is located in the
center of Gansu, with a daily average concentration of PM;,
reaching 1,275 ug-m >, which was 8.5 times the secondary
standard of PM;, specified in GB3095-2012. The floating dust
was transported to the Yangtze-Huaihe region, and the scope of
dust impact was further expanded on 13 May. Gansu, Ningxia,
and Shaanxi remained as the central areas of strong dust, and the

daily average concentration of PM;, was about 500 ug-m .
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Sichuan, Hubei, Henan, Shandong, Anhui, and Jiangsu were
newly affected areas by floating dust, and the daily average
concentration of PM;, was 200-300ug-m. The dust
concentration in the Beijing-Tianjin-Hebei area decreased
significantly. On 14 May, with the gradual diffusion and
settlement of dust during the transportation process, the
impact scope was not significantly expanded compared with
the previous day. The influence of dust in upwind cities
gradually ended, and the dust intensity was significantly
weakened. The daily average concentration of PM;y in the
affected cities remained at about 250 pg-m . Subsequently, the
strong cold air moved to the south and east and removed
pollution obviously. The impact of the dust event gradually
ended, and the ambient air quality improved after the 14th.

In summary, the strong dust event lasted for a long time and
affected a wide area. The northern part of Xinjiang was first
affected on 11 May, and then, the dust spread to the
Beijing-Tianjin-Hebei area and the Yangtze-Huaihe region,
which affected most cities in northern China. The ambient air
quality deteriorated into serious pollution, and the air quality in
the Hexi Corridor was the most affected. Until 14 May, the
affected cities were dominated by floating dust, and the impact of
dust gradually weakened. The variation trend of PM;, and PM, 5
was consistent, but the concentration of PM;, was significantly
greater than that of PM, s, indicating that the particles were
carried mostly by coarse particles, and the proportion of coarse
particles in cities near the source was higher. When dust was
transmitted to downwind cities, it was mainly in the form of
floating dust, and the proportion of fine particles increased
slightly. In addition, the transmission speed of dust in the
Hexi Corridor was about 50-60 km-h™'. Combined with the
moving path of dust and the distance between cities, the dust
rising time of downwind cities can be effectively predicted, which
plays a guiding role in the qualitative prediction of dust in
downwind cities.

3.1.2 Vertical Distribution of the Dust Storm

3.1.2.1 Qualitative Analysis

The data of national air quality stations are mainly derived by
ground-based monitoring, which cannot reflect the change
characteristics of particles in the vertical direction. As a piece
of active remote sensing equipment, the aerosol lidar makes up
for the disadvantage that particle monitoring is limited to the
ground. The results from the lidar can not only reflect the
distribution characteristics of particles in the vertical direction
but also reflect the particle size and morphological characteristics
of particles. According to the development height of the dust, the
detection results of the three aerosol lidars within 3 km from 12:
00 on 11 May to 00:00 on 14 May are shown in Figure 4. In order
to explore the monitoring effect of the three aerosol lidars, the
curves of hourly PM;, concentrations (the black solid line)
monitored from the ground were superimposed on the
distribution of the extinction coefficient on the left side of
Figure 4. It can be seen that the near-ground extinction
coefficients were consistent with the variations of PM,
concentrations. During periods of strong dust, the extinction
coefficients of the three lidars were all greater than 1 km™". The
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temporal and spatial distribution of the extinction coefficient of  the extinction coefficients greater than 1 km™'. However, at this
Wuwei (Figure 4A) shows that the dust in Wuwei was mainly  time, the corresponding PM;, concentration only reached about
concentrated within the height of 0.8 km from 19:00 on 11 Mayto 500 pg-m >, indicating that the high-altitude dust transmission
04:00 on 12 May, and the strong dust (extinction coefficient  was significantly increased compared with the previous period of
greater than 1 km ™) was distributed within the height of 0.4 km; ~ strong dust. From the extinction coefficients of Dingxi
the ground PM,;, concentration in some periods was over  (Figure 4E), it can be seen that the vertical height of dust
2000 pg-m . From 07:00 to 12:00 on 12 May, the near-ground  development of Dingxi was close to that of Baiyin, but the
extinction coefficients were low, and the corresponding PM;,  strong dust developed to the height of 0.6 km, which was
concentrations were low (less than 200 pg-mf3 ). However, there higher than that of Wuwei and Baiyin. When it comes to the
was a strong dust zone at an altitude of 1.0-1.5 km during this  duration of the dust process among the three cities, it lasted the
period; the extinction coefficients in some areas were close to  longest in Dingxi, while Baiyin and Wuwei had undergone similar
2km™, and the strong dust zone showed a sinking trend. It was  duration. Therefore, the higher the development height of strong
expected that the local air quality would deteriorate again during  dust was, the longer it took for aerosol particles to settle and the
the dust deposition process, and the monitoring results showed  longer the dust events lasted.

that the near-ground extinction coefficients and corresponding The temporal and spatial distribution of depolarization ratios
PM,o concentrations increased again after 12:00. From the  is shown in the right side of Figure 4. The depolarization ratios
extinction coefficients of Baiyin (Figure 4C), it can be seen  increased significantly during the dust process, and at the same
that during the dust period, the vertical height of dust  lidar station, the higher the dust intensity was, the greater the
development of Baiyin was mainly concentrated at the height  extinction coefficients and the greater the depolarization ratios
of about 1.5km. The strong dust of Baiyin was concentrated  became. With the weakening of the dust intensity, the
within 0.3 km from 22:00 on 11 May to 08:00 on 12 May, and the =~ depolarization ratios decreased, indicating that the proportion
extinction coefficients in some periods were even greater than  of non-spherical particles carried in strong dust was higher than
2km™', corresponding to the ground-monitoring PM;,  that in floating dust. Wuwei and Baiyin, as the cities near the
concentration greater than 2000 pug-m . Then, the extinction  sources, had significantly higher depolarization ratios than
coefficients weakened with the weakening of the dust intensity =~ Dingxi over the period of strong dust. Therefore, it can be
and enhanced again at 10:00-14:00 on 13 May, corresponding to  inferred that the proportion of non-spherical particles in the
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dust near the source was higher. In the dust process of
transmission to the downwind cities, the non-spherical
particles were affected by both air resistance and
sedimentation and settled faster than the spherical particles.
Therefore, when the dust was transported to the downwind
cities, the proportion of non-spherical particles decreased. In
addition, the dust intensities of Baiyin and Wuwei were similar,
but the depolarization ratios of Baiyin (Figure 4D) were
significantly greater than those of Wuwei (Figure 4B).
Combined with the backward trajectory of Figure 8, it showed
that the depolarization ratios in different sources with similar
dust intensities were not necessarily close.

The results of the lidar completely showed the development
and transmission of dust, which played a positive guiding role in
the nowcasting of dust in local and downwind cities. The higher
the development height of strong dust was, the longer the
duration of dust events lasted. The extinction coefficients with
similar dust intensities were close, but the depolarization ratios
were not necessarily close. The reason may be due to different
sources, or that spherical particles may be easier to transport, and
non-spherical particles may be easier to settle in the downwind
transmission of dust.

3.1.2.2 Quantitative Analysis

In order to obtain the temporal and spatial changes of particle
concentration during dust events, especially the changes in
vertical height, the mass concentration of the particulate

matter obtained by the aerosol lidar is the direction that many
scholars (Xiang et al., 2015; Yang et al., 2021a) have been working
on. The extinction coefficients at 200 m height from 12:00 on 11
May to 00:00 on 14 May were selected to fit with the ground-
monitoring particle concentration, and the fitting results are
presented in Figure 5. The relative humidity of each lidar
station during the fitting period was less than 80%, so the
influence of water vapor on the extinction coefficient was
ignored. It was found that the extinction coefficients at 200 m
height had a high correlation with the concentrations of PM,q
and PM,; monitored on the ground, and when the particle
concentrations were greater, the correlation was higher, and
the fitting effect was better. The fitting curves of Wuwei and
Dingxi were close to linearity. However, due to the influence of
meteorological conditions such as humidity (Lagrosas et al., 2017;
Lv et al, 2017), when the extinction coefficients of Baiyin
increased to a certain extent, the change was not obvious with
the increase of particle concentration, and the reason needs to be
further explored.

y = a + bx" (Figure 5) was selected as the best fitting formula
after the comparison of various fitting formulas. The parameters ¢
of Wuwei and Dingxi were close to 1, indicating a linear fitting,
and the parameter ¢ of Baiyin were 3.35 and 2.87 for PM, 5 and
PM;, respectively. Fortunately, the fitting effect of the extinction
coefficients of each lidar with the concentration of PM, 5 and
PM,;, was very good. Compared with Baiyin and Dingxi, the
fitting results of Wuwei were slightly worse, the correlation
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coefficient (R?) of fitting PM, 5 and PM,, were 0.842 and 0.864,
respectively. The R* of the fitted PM, 5 of Baiyin and Dingxi were
0.939 and 0.959, and the R? of the fitted PM,, were 0.961 and
0.957, respectively.

Based on the aforementioned analysis, the greater the particle
concentration, the better is the fitting effect. Therefore, the period
when the PM;, concentrations exceeded 500 pg-m > was selected
to estimate the distribution of the average concentration of PM, 5
and PM at different heights (Figure 6). The selected periods for
Wuwei, Baiyin, and Dingxi were 20:00 on 11 May to 06:00 on 12
May, 00:00-12:00 on 12 May, and 04:00 on 12 May to 10:00 on 13
May, respectively. The distribution of the average concentrations
of PM, ;s and PM,, at different heights can been seen from
Figures 6A, B.

The concentrations of PM, s and PM;, in Wuwei gradually
decreased with the increase in altitude. The average concentration
of PM, 5 decreased from 520 pg-m > on the ground to 270 ug-m ™
at 0.2 km height and to 67 pg-m ™ at 1 km height, and the average
concentration of PM,, decreased from 2,437 ugm™ on the
ground to 1,639 ugm > at 0.2 km height and to 364 pg-m™> at
1 km height. The concentrations of PM, s and PM;, in Baiyin
decreased rapidly with the increase in altitude within 0.4 km. The
average concentration of PM, s decreased from 515 pg-m’3 on the
ground to 193 pg-m at 0.2 km height and to 59 ug-m ™ at 0.4 km
height, and the average concentration of PM;, decreased from
2088 pg-m~> on the ground to 1,071 pg-m ™ at 0.2 km height and
to 255 ug-m > at 0.4 km height. Combined with Figure 4C, the
extinction coefficients above 0.4 km height were very small,
indicating that the dust intensities were very small and the
fitting would lead to a large error, so it would not be analyzed.
The average concentration of PM, 5 in Dingxi decreased from
325 ug-m " on the ground to 225 ug-m at 0.2 km height, and the
average concentration of PM,, decreased from 1,314 ug-m™ on
the ground to 1,198 ugm™> at 0.2km height. However, the
difference between Wuwei and Baiyin was that within the
altitude of 0.2-0.3km, the average concentrations of PM, s
and PM;, in Dingxi gradually increased with the increase in
altitude, which increased to 253 pg-m™ and 1,351 pgm™,
respectively at the altitude of 0.3km. The concentrations of
PM, s and PM;, above 0.3 km gradually decreased again with

the increase in altitude, and decreased to 71pugm™> and

357 ug-m >, respectively, at 1km altitude, which was close to
the average concentrations of PM, 5 and PM; at 1 km altitude in
Wuwei. Also, it can be seen from Figures 6A, B that although the
ground particle concentration in Dingxi was lower than that in
Baiyin and Wuwei, the particle concentration in the height of
0.3-0.9 km was higher than that in Baiyin and Wuwei. Figure 6C
shows the variation of the value of PM,s/PM;, during the
selected period. The value of PM,s/PM;, of Wuwei and
Baiyin increased with the increase in altitude, while the value
of PM,s/PM;, of Dingxi did not change significantly with
altitude, indicating that in cities near sources, low altitude was
dominated by coarse particles, and the proportion of fine particles
was small and increased with the increase in height. The value of
PM, 5/PM,, gradually tended to be stable in the vertical direction
during transmission to the downwind. On the other hand, the
value of PM, s/PM;, of Dingxi within 0.3 km was higher than that
in Baiyin and Wuwei, which further proved that coarse particles
were easier to settle when the dust was transported to the
downwind.

By retrieving the distribution of PM,s and PM;, average
concentrations at different heights during strong dust events,
it is found that when a dust event occurred, the particle
concentrations did not necessarily decrease with the increase
in altitude. The ground particle concentrations in Dingxi were
lower than those in Baiyin and Wuwei, but the high-altitude
particle concentrations above 0.3 km were higher than those in
Baiyin and Wuwei. The slow settlement of high-altitude
particulate matter had a longer impact on the local ambient
air quality. The average concentrations of PM, s and PM,, in
Baiyin and Wuwei gradually decreased with the increase in
altitude, indicating that the dust mainly came from the
surrounding sources. The maximum average concentrations
of PM, s and PM,, in Dingxi were located near the height of
0.3 km, indicating that high-altitude transmission was the main
source. For Wuwei and Baiyin, the low altitude was dominated
by coarse particles, and the proportion of fine particles was low.
When the dust was transported to Dingxi, the value of PM, 5/
PM;j in the vertical direction gradually tended to be stable and
greater than that of Wuwei and Baiyin, which further proved
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that coarse particles were easier to settle during the
transmission.

3.2 Synoptic System Causing the Dust

Storm

An in-depth understanding of the synoptic system guiding the
dust event will help to improve the accuracy of dust event
forecasting and effectively reduce disasters and losses caused
by the dust event. In order to explore reasons for the
occurrence and development of the dust event, the synoptic
system that led to the dust event was deeply analyzed
(Figure 7). The East Asian trough moved eastward, which
became even stronger under the influence of cold air in high
latitudes, resulting in the dust event.

The synoptic situation of 500 hPa at 08:00 on 11 May is shown
in Figure 7A; the trough moved to the eastern part of northern
Xinjiang, the southern branch of the trough extended to 40°N,
and the wind speed near the trough reached 38 m-s™". There was a
cold center near Sajan; the cold trough slightly lagged behind the
height trough, and the cold advection after the height trough was
strong, indicating that the East Asian trough was still in the
strengthening stage. The east of the Hexi Corridor was dominated

by a weak northwest airflow; the low-altitude water vapor was
very weak, and the temperature continued to rise, which provided
certain thermal conditions for the front of the cold air. Led by the
East Asia trough, the strong cold air on the ground moved
southeast along the northwest. The strong wind behind the
front caused strong dust from the east of northern Xinjiang to
the west of the Hexi Corridor. Following the East Asian trough,
the cold air moved eastward, and the high-pressure center had
crossed the Sajan, with strong strength, and the central strength
reached more than 1,035 hPa (Figure 7B). The cold front was
located at the border between China and Mongolia in an
east-west direction, and there was an obvious thermal low
pressure in the front side of the front. Due to the
development of thermal low pressure, the cold front was
further strengthened, the isobars behind the front were
dense, and there was a wide range of gale areas. The tail of
the cold front had crossed the Tianshan Mountains and affected
the eastern part of northern Xinjiang. The Hexi Corridor was
under the control of thermal low pressure in the front side of the
front. As the East Asian trough moved eastward, it gradually
turned to the north-south direction; the cold front gradually
turned to the northeast-southwest direction and entered the
Hexi Corridor through the northwestern path. The strong wind
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behind the front caused the dust event in the Hexi Corridor
from west to east.

Due to the supplement of cold air in high latitudes, the East
Asian trough deepened and strengthened on 11 May, and the
movement speed of the East Asian trough was relatively slow. It
took 12 h until 20:00 on 11 May (Figure 7C) to move from the
eastern part of northern Xinjiang to the west of the Hexi Corridor.
The enhancement of convergence and ascending movement in
the front of the East Asian trough promoted further enhancement
of the ground thermal low pressure. Affected by the northwest
gale after the cold front, the Hexi Corridor had experienced
strong dust weather and was most obviously affected by dust. At
the same time, it can be seen that there was a new trough
generation and development in the north of Sajan, which
blocked the cold air supplement of the East Asian trough. At
this time, the cold center behind the trough had been significantly
weakened, and the trough would enter a period of rapid
movement toward the east. The development of the thermal
low pressure in the front side of the front in central Inner
Mongolia and Ningxia had created favorable conditions for
the further enhancement of the cold front (Figure 7D),
resulting in a wide range of strong wind areas in the central
and western Inner Mongolia; this caused a strong dust event in
the Badain Jaran Desert and Tengger Desert and further
enhanced the dust in the middle and east of the Hexi corridor.
Therefore, the dust became the strongest when it moved to the
east of the Hexi Corridor.

It can be seen from 500 hPa at 20:00 on 12 May (Figure 7E)
that the trough had moved to the eastern part of northern China,
and the intensity was obviously weakened, and the ground cold
air quickly moved eastward and weakened, resulting in floating
dust in the middle and eastern parts of China, but the dust stayed
for a long time. Since then, the cold air moved rapidly eastward
following the East Asian trough. At the same time, due to the
weakening of the East Asian trough and lack of subsequent
supplement of cold air, the strength of the ground cold high
pressure weakened rapidly during the eastward movement. The
cold high-pressure center moved to the north of Shaanxi, and the
center strength was only 1,020hPa at 20:00 on 12 May
(Figure 7F). Moreover, during the eastward movement of cold
high pressure, in the northern section, it can follow the movement
of the trough, with fast moving speed and strong intensity.
However, in the south section, there is no obvious system for
it to follow, leading to rapidly weakening intensity and slower
movement speed. At the same time, the front end of the cold front
reached the west of Shandong; therefore, the dust moved
eastward to the Yangtze-Huaihe region, but the dust intensity
was obviously weakened.

3.3 HYSPLIT Backward Trajectory

In order to further explore the source of the dust event, the
HYSPLIT backward trajectory was used to analyze the dust
transmission path at different heights of the three aerosol lidar
stations. The strong dust was mainly concentrated below
1,500 m, according to the lidar detection results. Therefore,
the 24-h backward trajectories of the dust transmission at
three altitudes of 200 m, 500, and 1,000 m at the time of

Dust Storm by Lidar Network

PM;, peak concentration in Wuwei, Baiyin, and Dingxi were
selected.

Figure 8A shows the backward trajectories of Wuwei at 23:00
on 11 May. The source at 1,000 m in Wuwei was different from
those at 500 and 200 m. At 02:00 on 11 May, the 1,000 m high-
altitude dust was located in the Kumtag Desert and then gradually
spread from the ground to a high altitude. The dust spread to a
height of 1,000 m when it reached Wuwei, where the 1,000 m
high-altitude dust in Wuwei originated. The dust of 500 and
200 m in Wuwei came from the 500-1,000 m altitude in the
northwest of Inner Mongolia and gradually settled. Multiple
sources were superimposed when the dust passed through the
Badain Jaran Desert. Combined with the backward trajectory
analysis of different heights, the dust of Wuwei mainly came from
Kumtag Desert, deserts near northwest Inner Mongolia, and the
Badain Jaran Desert, and the dust at high and low altitudes was
affected along different paths.

According to the HYSPLIT backward trajectory analysis of
Baiyin at 02:00 on 12 May, the sources within the height of
200-1,000 m were relatively consistent (Figure 8B). The dust was
located near Hami at 02:00 on 11 May and then gradually diffused
from the ground to the high altitude. After 14:00, the dust at
200-500 m gradually settled to the ground through the Hexi
Corridor, but the dust at 1,000 m spread to the high altitude, and
the dust moved to the vicinity of the Badain Jaran Desert at 20:00.
Subsequently, dust at different heights was transmitted to Baiyin
along the northwest path at a relatively stable altitude.

The HYSPLIT backward trajectories of Dingxi at 14:00 on 12
May are shown in Figure 8C. The paths of the dust were very
consistent, which came from the border between China and
Mongolia and were transported along the northwestern path.
At about 20:00 on 11 May, the dust passed through the Badain
Jaran Desert and settled here. Then, the dust at the height of
1,000 m was superimposed with the dust of the Badain Jaran
Desert and diffused to the high altitude. The dust at the height of
200-500 m was transported close to the ground and diffused to
the high altitude when passing through the Tengger desert at 08:
00 on 12 May. Combined with the backward trajectory analysis of
different heights, the dust in Dingxi mainly came from the sandy
land on the border of China and Mongolia, Badain Jaran Desert,
and Tengger Desert. The dust in high and low altitudes came
from different sources and affects Dingxi along the same path.

HYSPLIT backward trajectory analysis shows that the high-
and low-altitude dust in Wuwei had different sources and paths,
which was mainly from the Kumtag Desert, near northwest Inner
Mongolia, and the Badain Jaran Desert. The high-altitude dust
was transmitted along the northwest by the western path, and the
low-altitude dust was transmitted along the northwestern path.
The sources of Baiyin were relatively consistent, which came from
the desert and Gobi near Hami, superimposed with the dust of the
Badain Jaran Desert, and were transmitted along the
northwestern path. The high- and low-altitude dust paths in
Dingxi were very consistent, but the sources were slightly
different. The near surface dust mainly came from the
Tengger Desert, and the high-altitude dust came from the
border of China and Mongolia and the Badain Jaran Desert.
Combined with the detection data from lidars, the results indicate
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that in addition to the impact of dust intensity, different sources
of dust also had an impact on the lidar results, especially on the
depolarization ratio.

4 CONCLUSION AND DISCUSSION

At present, dust monitoring is relatively simple, mainly relying on
ground particle monitors and satellites. However, the ground
particle monitors can only obtain the ground dust intensity, and
the satellites are seriously affected by clouds. Therefore, there is a
lack of monitoring in the vertical direction of dust, which cannot
reflect the development and transmission characteristics of dust
in three-dimensional space. In order to solve this problem and
realize the qualitative to quantitative research of the aerosol
lidar in dust detection, a dust event in China from 11 to 14 May
2019 was studied as a case. The study analyzed the horizontal
and vertical characteristics of dust and the physical
characteristics of dust particles in a comprehensive way; the
synoptic system and the sources of dust and the following
conclusions were obtained.

The East Asian trough moved eastward to lead the eastward
diffusion and transmission of the dust event from the eastern part
of northern Xinjiang and the western Hexi Corridor on 11 May,
resulting in the deterioration of the ambient air quality in most
cities in northern China, causing serious pollution, of which the
Hexi Corridor was the most seriously affected. The PM;, hourly
peak concentration of Wuwei and Baiyin was close to
3,000 ug'm >, and the dust impact was significantly weakened
on 14 May. The qualitative analysis of lidar network monitoring
results combined with HYSPLIT backward trajectories show that
when the dust intensities were the same in different cities, the
extinction coefficients were close, but the depolarization ratios
were not necessarily close. As cities close to the sources, the
sources of Wuwei and Baiyin were not only high-altitude
transmission but also superimposed with the dust of the
surrounding deserts. As a city far away from the source, the

source of Dingxi was mainly high-altitude transmission. In
addition, for Wuwei and Baiyin, the proportion of coarse
particles and non-spherical particles carried in dust was
higher than that in Dingxi. It is preliminarily considered that
the sedimentation velocity and resistance coefficient of non-
spherical particles were greater than spherical particles;
therefore, coarse particles and non-spherical particles were
easier to settle. The fitting effect between the extinction
coefficient and the PM,s and PM,, concentrations
monitored on the ground was very good. Through the fitting,
it is found that the particle concentration in Dingxi did not
necessarily decrease with the increase of height during the dust
period. The ground particle concentrations in Dingxi were
lower than those in Baiyin and Wuwei, but the high-altitude
particle concentrations above 0.3 km were higher than those in
Baiyin and Wuwei.

Using the aerosol lidar network can not only reflect the
development characteristics of dust in the vertical direction
but can also effectively show the change characteristics of
aerosol particle sizes and morphology and realize the
quantitative analysis of particle concentration in three-
dimensional space, which is of significant importance for
informing the forecasting of the dust event.
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The spring sand-dust weather can be disastrous in China. It seriously endangers
agricultural production, transportation, air quality, people’s lives and property, and is a
subject of sustained and extensive concern. Currently, few studies have been conducted
to analyze sand-dust events in North China from the perspective of sand-dust processes.
Although there are a few studies on the spatio-temporal variation characteristics of sand-
dust processes, they are mainly based on outdated data or case studies of major sand-
dust events. In this study, the evolution characteristics of sand-dust processes in China
over the last 60years are studied based on the identification method and several
characteristic quantities (including duration and impact range) of sand-dust weather
processes defined in the Operational Regulations of Monitoring and Evaluation for
Regional Weather and Climate Processes newly issued by the China Meteorological
Administration in 2019. First, through statistics, we obtain the annual occurrence
frequency, annual days, and the annual number of affected stations of sand-dust
processes (including sand-dust storms, blowing sand, and suspended dust) from
January 1961 to May 2021. Based on the Mann-Kendall test (MK) and Ensemble
Empirical Mode Decomposition (EEMD), we analyzed evolution trends and probability
distribution characteristics of annual occurrence frequency, annual days, and the annual
number of affected stations of sand-dust processes. In addition, we investigate the start
time of the first and the last dust processes in each of the past 60 years, as well as the
seasonal distribution characteristics of sand-dust processes. The results show that under
the background of global warming, the sand-dust weather in China tends to decrease
significantly. Specifically, the annual occurrence frequency and annual days showed an
upward trend before the 1980s and a significant downward trend after that, as well as the
significant turnarounds in the annual number of dust processes that occurred in the 1990s
and around 2010. Moreover, the sand-dust processes tend to start later and end earlier.
The sand-dust processes are mainly concentrated between March and May, with the
highest occurrence probability in April.

Keywords: China, sand-dust process, temporal evolution, EEMD, probability distributions
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INTRODUCTION

Sand-dust weather can be disastrous and seriously damage the
ecological environment (Sun et al., 2001), causing excessive loss of
soil and nutrients in source areas and aggravating land
desertification (Chandler et al., 2004; Kielgaard et al., 2004;
Zobeck and Pelt, 2006). In addition, it can bring serious
environmental pollution (Giannadaki et al, 2013; Knippertz
and Stuut, 2014; Pu et al,, 2015; Guo et al., 2018; Tian et al,,
2019) to downstream areas, seriously endangering human health
(Mott et al., 2005; Goudie, 2014; Tong et al., 2017). Sand-dust
weather can also lead to mesoscale to large-scale climate
adjustment (Idso and Brazel, 1977; Littmann, 1991).
Specifically, dust aerosols contribute large amounts of fine
particles (Bishop et al, 2002; Evan et al., 2009; Hsu et al,
2009; Mahowald, 2011; Prospero et al., 2012) to marine and
terrestrial ecosystems, thus affecting regional and global climate
change (Huang et al, 2014), including changes in the
hydrological cycle (Goudie, 2009; Huang et al., 2010a), marine
primary productivity (Mahowald et al., 2005; Han et al., 2008),
radiation balance, cloud formation (Huang et al., 2014; Li et al,,
2016), glacier formation and melting (Calov et al., 2005; Krinner
et al., 2006; Bar-Or et al,, 2008), and global carbon and energy
cycles (Mahowald et al., 2005; Jickells et al., 2006; Ling et al.,
2014). Dust aerosols can also affect precipitation through aerosol-
cloud-precipitation interactions (Huang et al., 2010b; Carslaw
et al.,, 2013; Jin et al.,, 2016; Jin and Wang, 2018).

Arid and semi-arid areas are prone to sand-dust weather.
These areas include the North American Great Plains, North
Africa, the Middle East, the Mongolian Gobi Desert, and Central
Asia (Ahmed et al., 1987; Chen et al., 1995; Alpert and Ganor,
2001; Natsagdorj et al., 2003; Worster, 2004; Alizadeh-Choobari
et al., 2016; Beyranvand et al., 2019). As a part of the sand-dust
storm area in Central Asia, northern China is one of the few areas
in the world where sand-dust weather occurs frequently. Asia is
the second-largest source of dust in the world due to the large
deserts in the Middle East, Central Asia, and East Asia (Jin et al,,
2021), and approximately 40% of the dust aerosols in the world
come from Asia (Zhang et al., 2003a; Tanaka and Chiba, 2006).
The sand-dust weather in northern China is mainly distributed in
the Northwest and North of the country. However, the impact of
sand-dust weather is not limited to these regions. Eastern China
(Zhang et al., 2013; Wang and Chen, 2016; Yang et al., 2017), East
Asia (Chung et al, 2005; Huang et al., 2014; Lee et al., 2014;
Yumimoto and Takemura, 2015; Kashima et al., 2016), North
America and Europe (Husar et al., 2001; Tratt et al., 2001; Uno
et al., 2001; Bishop et al., 2002; Chun et al., 2002; Grousset et al.,
2003; Grousset et al., 2003; Zhang et al., 2003b; Mukai et al., 2004;
Chung et al., 2005; Yuan and Zhang, 2006; Stith et al., 2009;
Creamean et al., 2013; Liu et al., 2013), and even the Arctic (Stone
et al., 2005) are affected by dust from North China.

Sand-dust weather endangers the human living environment
and socio-economy (Chen et al., 2004; Liu et al., 2006; Meng and
Lu, 2007; Goudie, 2009; Tam et al., 2012). Dust aerosols have a
significant impact on the atmospheric system, air pollution,
marine and terrestrial ecosystems, and regional and global
climate change (Bryant, 2013; Wang et al., 2015; Mao et al,
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2019; Jin et al., 2021). Therefore, human beings increasingly
recognize that sand-dust weather is not just a severe
meteorological disaster, but also a considerable global
ecological and environmental problem (Shao and Dong, 2006;
Jin et al, 2017). Currently, numerous studies have been
conducted on the spatio-temporal variations of sand-duct
events in northern China, which are of great significance to
improving understanding of sand-dust storms and effectively
controlling their occurrence. However, most of these studies
examine the statistical characteristics of sand-dust weather
based on a single station (Quan et al., 2001; Kurosaki et al.,
2011; Shao et al,, 2013; Shao et al., 2013; Kim and Choi, 2015;
Kangetal,, 2016; Yong et al., 2021), and they rarely analyze sand-
duct events in northern China from the perspective of sand-dust
processes or focus on the local characteristics of sand-dust
weather (Natsagdorj et al., 2003; Liu et al.,, 2004; Zhang et al.,
2005; Wang et al.,, 2006; Tang et al., 2013; Zhao et al., 2013; Guan
et al, 2014; Liu et al., 2014). Moreover, although there are a few
previous studies on the spatio-temporal variations of sand-dust
processes, they are mainly based on outdated data from the
“China Severe Sand-Dust Storm Series and Its Supporting
Dataset (1960-2007)” (Sun et al., 2001; Zhou and Wang, 2002;
Guan et al., 2017; Wang et al., 2020) or case studies of major sand-
dust events (Husar et al., 2001; Chung et al., 2003; Zhang et al.,
2005; Shao and Mao, 2016).

To improve the monitoring and forecasting of significant
regional weather and climate processes in China and establish
a relatively unified index system at national and regional levels,
the China Meteorological Administration issued the Regulations
of Monitoring and Evaluation for Regional Weather and Climate
Processes in 2019. Combined with the spatial distribution
characteristics of the current ground-based meteorological
observation network in China, this file specifies the
identification methods of four important regional weather and
climate processes (rainstorm, high temperature, drought, and
sand-dust), as well as the calculation methods of characteristic
quantities such as duration and impact range. In this study, to
better understand and analyze the evolution characteristics of
sand-dust processes in China in the last 60 years, we first
statistically obtained sand-dust processes in China from
January 1961 to May 2021 by using the regional sand-dust
process identification method. We then analyzed the
interdecadal, interannual, and seasonal variation characteristics
of regional sand-dust processes from the perspectives of
occurrence frequency, duration, and the influence range of
sand-dust processes at different levels, to provide a theoretical
basis for improving understanding of regional sand-dust
processes in China, which can finally improve the sand-dust
forecast and disaster prevention.

In this study, sand-dust weather is divided into three levels,
i, sand-dust storm, blowing sand, and suspended dust.
According to the Operational Regulations of Monitoring and
Evaluation for Regional Weather and Climate Processes, we
obtained the occurrence frequency, total duration, and the
number of affected stations of sand-dust processes each year
from January 1961 to May 2021, based on the Mann-Kendall test
and the ensemble empirical mode decomposition (EEMD)
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method. The present study then analyzes the evolution trends and
probability distribution characteristics of the above three
statistical indicators. Meanwhile, the start time of the first and
last sand-dust weather processes for each year are investigated,
and the seasonal distribution characteristics of sand-dust
processes are analyzed.

DATA AND METHODS
Study Area

According to the meteorological observation standard issued by
the China Meteorological Administration in 1979 (Central
Meteorological Bureau, 1979), sand-dust storms, blowing sand,
and suspended dust are all classified as sand-dust events. Among
them, sand-dust storms are the most disastrous. They are
generally defined as a storm carrying a large amount of sand
and dust, which makes the air severely turbid and reduces the
horizontal visibility to below 1,000 m. Note that the severe sand-
dust storm with the greatest destructive power can reduce the
horizontal surface visibility to below 50 m or even 0 m. Blowing
sand is usually defined as a weather phenomenon with horizontal
visibility of 10,000-1,000 m, which is caused by strong wind
carrying a large amount of sand and dust. Suspended dust is
the weakest of the three sand-dust categories. It is usually caused
by airflows in the mid-upper troposphere transporting dust from
the windward direction, or by some fine dust suspended in the
lower troposphere (horizontal visibility below 10,000 m) after a
sand-dust storm. 20:00 LST (Local Standard Time; the same
below) was selected as the recording mode. If there were two or
more sand-dust records before 20:00 LST in 1day, it was
considered a sand-dust day. If the sand-dust event lasts after
20:00 LST, it was considered two sand-dust days (Central
Meteorological Bureau, 1979).

Through remote sensing and field observation, it has been
determined that the main sand-dust source areas in China
include the Tarim Basin (Taklamakan Desert), the Alxa Gobi
(Badain Jaran Desert, Tengger Desert, Ulan Buh Desert and Hexi
Corridor), the Junggar Basin (Gurbantunggut Desert), the Ordos
Plateau and the southeastern Inner Mongolia Plateau (Duce et al.,
1980; Iwasaka et al., 1983; Dong et al., 2000; Qiu et al., 2001; Sun
et al., 2001; Prospero et al., 2002; Qian et al., 2004). The Tarim
Basin and the Junggar Basin are both located in Xinjiang. Due to
large deserts in the basins, the sand-dust weather in these two
regions is quite frequent, especially in the Tarim Basin where the
average annual sand-dust weather is more than 100 days, with
individual areas exceeding 200 days (Qian et al., 2002; Wang
et al., 2005; Wan et al., 2013). However, due to the closed terrain
of these basins and the prevailing easterly wind at the opening of
the eastern edge of the basin, small-scale sand-dust events often
stay in basins and have little impact on the downstream areas.
Thus, the sand-dust processes are often studied separately in
these two areas (Goudie, 1983, 2009; Washington et al., 2003;
Wang et al., 2005; Qian et al., 2007; Ganor et al., 2010; Xu et al,,
2016; Yang et al., 2016; Li et al., 2018). Because the focus of this
study is to reveal the evolution characteristics of regional sand-
dust processes in China, the small-scale sand-dust processes in
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these two basins are not considered due to their limited impact.
Therefore, the study area in this research does not include
Xinjiang. However, the sand-dust processes originating in
Xinjiang that extend and have an influence on downstream
areas are still considered.

Dataset

The data of this study comes from the “dust (storm) data set (v1.
0)” established by the meteorological information center of the
China Meteorological Administration in 2013, this data set
contains the daily observations of dust weather phenomena
(including sand-dust storms, blowing sand, and suspended
dust) from more than 2,400 national surface meteorological
stations in 31 provinces (cities and autonomous regions) in
China since January 1954. The missing rate of daily
observations of weather phenomena in the data set is less than
1%, the accuracy of element data is close to 100%, and it is
automatically updated and extended every day. The observation
of sand-dust storms blowing sand and suspended dust in the data
set conform to the requirements of the criterion of surface
meteorological observation, and the process of data quality
control includes basic parameter check, data missing
inspection, climatological limit value check, variation range
inspection, internal consistency inspection, time consistency
inspection, comprehensive analysis of quality control code,
spatial consistency inspection and marking of quality
control code.

The data used in this study range from 1 January 1961, to 31
May 2021, including the daily observations of the sand-dust
storm, blowing sand, and suspended dust derived from
1945 ground-based meteorological stations in China, except
for Xinjiang (Figure 1). These data are provided by the
National Meteorological Information Center of the China
Meteorological Administration. To ensure the integrity and
reliability of the data, the selected stations have data records
dating from least 1 January 1961. The data missing rate of all
stations is less than 1%. All data can be downloaded from the
China Meteorological Data Service Center (http://data.
cma. cn).

Methods

According to the national standard of Classification of sand-dust
weather (GB/T20480-2017, Niu et al., 2017), a sand-dust process
is defined as a weather process that lasts for at least 1 day. For a
sand-dust process at a single station, if a station monitors
continuous sand-dust weather, it is determined that there is a
sand-dust process at that station. Note that the shortest duration
of a sand-dust process at a single station is 1 day. In terms of
regional sand-dust weather, if there are not less than 3% of
adjacent stations (adjacent distance <200 km) with suspended
dust or severer sand-dust weather on a certain day, that day
should be regarded as a regional sand-dust weather day. The
distance (D) between adjacent station A and station B is
calculated by the following equation Eq. 1.

_Rx cos™! (sin (LatA) x sin (LatB) + cos (LatA) x cos(LatB) x cos(LonA — LonB)) x m
B 180

D

(¢Y)
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FIGURE 1 | Study area and station distribution.

where R denotes the average radius of the earth, taken as
6,371 km 7 = 3.14. In addition, LonA, LatA, LonB, and LatB
indicate the longitude and latitude of station A and station B,
respectively. For the start time of a regional sand-dust process,
the first sand-dust day meeting the judgment standard of a sand-
dust process is the start date of the regional sand-dust process.
Similarly, after a sand-dust process is started, the last sand-dust
day during continuous dust days is the end date of the regional
sand-dust process. Moreover, we need to separate the regional
sand-dust processes with a short time gap. That is, for the
regional sand-dust process with a duration of more than 4 days
determined by the above four conditions, if the average
longitude position of stations where blowing sand is observed
retreats westward by 4.5 longitudes or more compared with the
previous day, the previous day is determined as the end date of
this regional sand-dust process. The method in this paper is
developed based on the Objective Identification Technique for
Regional Extreme Event (OITREE, Ren et al., 2012; Li et al,,
2014).

The Mann-Kendall test is a rank-based nonparametric test,
which has the advantage of being able to test for linear or
nonlinear trends, it is a classical technique for climate
diagnosis and prediction (Mann, 1945; Kendall, 1975). The
MK method can be used to determine the presence or absence
of abrupt climate changes in a climate series and, when
present, it can be used to determine the timing of the
abrupt changes. The MK method is also often used to
detect trends in the frequency of precipitation and drought
under the influence of climate change. This study was used to
analyze time series data for trends in dust and sand processes.
The MK was used because it is distribution-free, robust to
outliers, and has a high capacity for non-normally distributed

data (Yue et al.,, 2002; Onoz and Bayazit, 2003). Our analysis
shows that the annual time series of annual total frequency
and total days of sand-dust processes are not significantly
autocorrelated at the 90% confidence level. Therefore, the
effect of autocorrelation on trend estimation can be ignored
(Hu et al., 2021).

Huang et al. (1998) proposed the Empirical Mode
Decomposition (EMD) method and successfully developed
the Hilbert-Huang transform by combining the EMD
method with the Hilbert spectrum analysis. According to
the EMD method, a series of data sequences with different
characteristic scales are formed by repeatedly screening and
decomposing the signal into a series of fluctuations and a trend
term. Each sequence is called an Intrinsic Mode Function
(IMF) component, and the IMF component with the lowest
frequency represents the time series of the general trend or
mean value of the original signal (Huang and Wu, 2008; Wu
et al,, 2011). Due to the adaptability of the EMD method in
signal analysis, the EMD method has been widely used in
various fields. However, the signal sometimes has the
phenomenon of mode mixing in the application process,
which affects the analysis effect of the EMD method. To
solve this problem, Wu and Huang (2009) proposed the
EEMD method, in which the uncorrelated Gaussian white
noise can be artificially added to the original signal to
eliminate the phenomenon of mode mixing. Currently, the
EEMD method has been frequently used to detect the scale
variation characteristics (Guo et al.,, 2016; Lin et al., 2016;
Sankaran, 2017; Deng and Fu, 2019; Li and Yue, 2020) and to
predict the trends of climate element series (Liang and Ding,
2012; Diodato and Bellocchi, 2014; Zhang and Yan, 2014; Qi
et al,, 2017; Bi et al., 2018).
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RESULTS

Temporal Evolution Characteristics of
Sand-Dust Weather

As shown in Figure 2A, the annual total number and duration of
sand-dust processes in China exhibit a general trend of first
increasing and then decreasing from 1961 to 2020. Specifically,
the annual total number of sand-dust processes gradually
increased from 1961 to 1979, peaked in 1979, and then
decreased rapidly until the 21st century. For the annual total
days of sand-dust processes, it increased from 1961 to 1965 and
reached its peak in 1965, then gradually increasing after a
decrease in 1966, with two sub-peaks in 1972 and 1976. After
1976, the annual total days rapidly decreased, with a valley value
of 6 days in 1997. There was a short active period of sand-dust

weather between 1998 and 2002, and the annual frequency and
total days of sand-dust processes increased. After 2002, they both
decreased again. Compared with 1961-1999, the annual average
frequency and total days of sand-dust processes in 2000-2020
decreased by 71.4 and 78%, respectively.

According to the MK results, Figures 2B,D are for the
detection of the sequence from 1961 to 2020. The annual
frequency and annual sand-dust days showed an increasing
trend before the 1990s, followed by a decreasing trend, and
the decreasing trend was even greater. The change trends of
annual frequency and total days of sand-dust processes
significantly turned around in the 1990s and around 2006. In
the late 1990s, the annual frequency and the annual number of
dust days dropped significantly, indicating a sudden change.
Further testing of the sequence from 1991 to 2020 (Figures
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2C,E) indicated that the UF values of the annual total frequency
and annual total days of sand-dust processes were basically below
0 after the 1990s, indicating that the overall trend was decreasing
after the 1990s. The intersection of UF and UB in the confidence
interval around 2006, that is, there was an obvious mutation in
2006. That is to say, the annual total frequency and annual total
days were significantly reduced after the mutation. Therefore,
China’s sand dust underwent significant mutations in the late
1990s and around 2006. The annual average frequency of sand-
dust processes was 27 in the period 1961-1989, 10 between 1990
and 2010, and 4 between 2011 and 2020. For annual sand-dust
days, the value was 69 before 1990, 20 in 1990-2010, and 5 in
2011-2020.

It is worth noting that although the data for 2021 ends in May,
the frequency of sand-dust processes and total days increased
sharply in 2021, reaching the maximum since 2003. The
frequency and total days of sand-dust processes in 2021 were
10 and 19, respectively.

From 1961 to 2020, the annual longest duration of sand-
dust processes in China increased first and then decreased
(Figure 3A). Specifically, it tended to increase before 1973
and decrease after 1973. In addition, the annual longest
duration of sand-dust processes fluctuated greatly during
1961-1973, with low values in 1964, 1967, and 1970, and
high values in 1963, 1966, and 1969, reaching the peak in 1969
(18 days) and sub-peak in 1973 (16 days). After 1973, the
annual longest duration of sand-dust processes began to
decrease gradually. In the early 1980s (1981-1986), the
duration of sand-dust processes was relatively long, but it
was relatively short in the 1990s. The year 2000 is a high-value
year of the longest duration (11 days), and subsequently, the
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longest duration of sand-dust processes decreased rapidly
until 2020.

The evolution of the average duration of sand-dust processes is
slightly different from that of the longest duration (Figure 4B),
showing an overall increasing-decreasing-increasing evolution
trend. Specifically, the average duration of sand-dust processes
trended to increase before the 1970s, decrease from the 1970s to
1990s, increase slightly in the early 2000s, decrease in the late
2000s, and increase in 2020. Among them, the average duration of
sand-dust processes was the maximum (4.3 days) in 1966,
followed by 1976 (3.97 days) and 2000 (2.92 days), and the
least (1 day) in 2012 and 2019. From January to May 2021,
the average duration of sand-dust processes was 2 days, and
the longest duration was 4 days.

In this paper, the “maximum number of stations” refers to
the maximum number of stations affected by each sand-dust
process in a year. The “average number of stations” refers to the
average number of stations affected by each sand-dust process in
a year. From trends of the maximum station number for
suspended dust, blowing sand and sand-dust storms
(Figure 4A). The annual maximum number of stations with
different categories of sand-dust processes shows a decreasing-
increasing-decreasing-increasing trend from 1961 to 2020.
Specifically, the number of sand-dust stations for different
grades of sand-dust processes decreased in the early 1960s,
the maximum numbers of suspended dust and blowing-sand
processes increased to the peak in the late 1970s. The maximum
number of sand-dust storm stations was slightly different from
suspended dust and blowing sand, it increased to its peak in the
mid-1970s. After that, the maximum number of stations for the
three sand-dust categories gradually decreased. It reached the
valley in the late 2010s. Subsequently, it increased again in the
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2020s. From January to May 2021, the maximum number of
stations for suspended dust, blowing sand, and sand-dust storm
processes were 339, 394, and 103, respectively. Among them, the
maximum numbers of suspended dust and blowing sand in 2021
were significantly more than the multi-year average values from
1961 to 2020 (288 and 345 stations, respectively), while the
maximum number of sand-dust storm stations was less than the
multi-year average (150 stations).

The maximum number of stations for suspended dust and
blowing sand were significantly more than that of sand-dust
storms during 1961-2020, except for the late 1960s to the early
1970s. In the past 60 years, the average number of maximum
blowing sand stations (329 stations) was more than that of
suspended dust and sand-dust storm stations.

From the average number of stations for different sand-dust
processes (Figure 4B), it can be found that the average number of
blowing sand stations is the largest, followed by suspended dust
and sand-dust storms. The average number of stations for
suspended dust and blowing sand show a decreasing-
increasing-decreasing-increasing trend, and they both peaked
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in the 1970s, with two valley values in the early 1960s and the
end of the 2020s. The average number of blowing sand stations in
2020 was 269, followed by 196 in 2001. Since 1961, the average
number of sand-dust storm stations has shown a decreasing-
increasing-decreasing-increasing trend. Specifically, the average
number of sand-dust storm stations was largest in the 1960s,
reaching a minimum in the early 1990s, before increasing again in
the early 2000s, and then continuing to decrease until early 2020,
when it increased again.

Figure 5 shows the start time of the first and last sand-dust
processes each year. The first sand-dust process in China mainly
occurred in early January before the 1990s. After that, the start
time of the first sand-dust process was gradually delayed and
postponed to March after the 2000s. The start time in 2021 was
January 13. The last sand-dust process in each year tends to start
earlier. Specifically, the start time was basically in December
before the 1990s. After that, it gradually advanced to mid-late
May after the 2000s. In other words, over the past 60 years, the
start time of sand-dust processes was delayed and the end time
advanced.

Table 1 lists the top 10 years with the maximum number of
stations for suspended dust, blowing sand, and sand-dust
storm processes during 1960-2020, as well as the months
with the maximum number of sand-dust stations in
10 years. It can be seen that the top 10 years were mainly
before the 1990s, including 4 years (1980, 1982, 1983, and
1988) in the 1980s. In addition, in the top 10 years, the months
with the maximum number of suspended dust stations are
concentrated in spring, with six instances in April, two storms
in May, and only one occurrence in December. The top
10 years with the maximum number of blowing sand
stations also mainly appeared before the 1990s, mostly in
the 1970s-1980s. After the 1990s, only the year 2000 ranks
in the top 10. In the top 10 years, the month with the maximum
number of blowing sand stations was April, followed by

TABLE 1 | The top 10 years with the maximum number of sand-dust stations for different sand-dust categories during 1961-2020, and the months with the maximum

number of sand-dust stations in the 10 years.

Order Suspended-dust Blowing sand Sand-dust storm
Stations Year month Stations Year month Stations Year month

1 784 1988 4 639 1977 2 497 1969 3
2 626 1979 4 607 1981 4 467 1966 4
3 613 1983 5 557 1982 4 451 1959 4
4 564 1980 4 537 1983 3 440 1971 3
5 533 1998 4 532 1978 4 394 1961 4
6 501 2010 3 528 2000 4 373 1960 4
7 489 1982 5 518 1974 4 363 1975 4
8 454 1965 12 512 1984 2 353 1977 2
9 425 1975 4 495 1973 12 319 1958 2
10 418 2000 4 491 1988 1 308 1988 4
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TABLE 2 | The top 10 years with the most sand-dust processes, the months with the most sand-dust processes in the 10 years, and the maximum number of affected

stations in a sand-dust process during 1961-2020.

Order Frequency Year Total duration Maximum number Maximum number Maximum number
of suspended-dust of blowing of sand-dust
stations and sand stations storm stations
month of and month and month
occurrence of occurrence of occurrence
and month and month
of occurrence of occurrence
1 41 1979 92 626 (4) 436 (2) 214 (4)
2 39 1972 116 276 (12) 443 (12) 230 (4)
3 37 1974 95 310 (5) 518 (4) 253 (4)
4 36 1965 73 454 (12) 437 (3) 159 (12)
5 33 1966 142 353 (4) 419 (11) 467 (4)
6 33 1973 99 394 (5) 495 (12) 190 (3)
7 31 1963 87 224 (4) 428 (1) 217 (1)
8 31 1976 66 151 (4) 443 (5) 188 (5)
9 31 1978 123 384 (4) 532 (4) 288 (4)
10 30 1982 74 314 (5) 557 (4) 274 (4)
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February, with instances only happening once in January, = maximum number of sand-dust storm stations, April is the
March, and December. The top 10 years with the maximum most frequent (7 times), followed by March (2 times) and
number of sand-dust storm stations appeared all before the = February (1 time).

1990s, with 3 times in the 1960s, 4 times in the 1970s, and Therefore, the top 10 years with the maximum number of
3 times in the 1980s. In addition, for the month with the  sand-dust stations for different sand-dust categories are mainly
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FIGURE 7 | Frequency and probability of (A) the number of sand-dust
processes, (B) maximum number of suspended-dust stations, (C) maximum
number of blowing-sand stations, and (D) maximum number of sand-dust
storm stations.

before the 1990s, and the sand-dust processes mainly occur in
April.

Table 2 lists the top 10years with the most sand-dust
processes, the months with the most sand-dust processes in
the 10 years, and the maximum number of affected stations in
a sand-dust process from 1961 to 2020. The top 10 years with the
most suspended dust processes are mainly before the 1980s,
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including 3 years (1963, 1965, and 1966) in the 1960s, 6 years
(1972, 1973, 1974, 1976, 1978, and 1979) in the 1970s and only
1 year (1982) after the 1980s. For the top 10 years with the most
sand-dust processes, the annual total durations of sand-dust
weather are all more than 60 days, with the most duration
days in 1966. In addition, for the maximum number of sand-
dust stations in these 10 years, the average value is 375, and the
maximum is 626 in 1979. The maximum number of suspended
dust stations mainly appear in April, followed by May and
December (2 times). For the maximum number of blowing
sand stations, the average is 471 in the 10years, and the
monthly distribution of the maximum number of blowing
sand stations is relatively scattered, ie., three times in April,
twice in December, and once in January, February, March, and
November. For the annual maximum number of sand-dust storm
stations, the average is 248 in the 10 years, and the maximum
mainly appears in spring, i.e., six times in April and once in
January, March, May, and December.

Overall, the top 10 years with the most sand-dust processes are
concentrated in the 1960s and 1970s, and the month with the
most sand-dust processes is mainly April. In the years with more
sand-dust processes, the maximum number of affected stations
for different categories of sand-dust processes is also more than
the average.

Probability Distributions of Sand-Dust

Processes

Figure 6 shows the probability distributions of the annual
frequency, the maximum number of affected stations, annual
total days, average days, and maximum duration of sand-dust
processes. The probability distribution of the annual frequency of
sand-dust processes is mainly concentrated 5-14 times and 26-32
times. The largest probability was six occurrences (5.6%),
followed by 8-12 (4%) and 26-32 (about 3%). Considering the
probability distribution of the maximum number of affected
stations for different categories of sand-dust processes
(Figure 6B), the number of suspended-dust stations is mainly
concentrated in stations 220-430. The probability of 220 and 430
stations is the largest (8%), followed by 120 stations (6.3%), and
the probability of exceeding 600 stations was 2%. The probability
distribution of the maximum number of blowing-sand stations
was relatively scattered, and the maximum probability (10%)
appears in about 450 stations. The probability reaches 5% when
the maximum number is 130-140, 220-240, or 300-320. The
probability of storms affecting more than 600 stations is 1.5%.
The maximum number of dust-dust storm stations has the
highest probability for 60 stations (13.5%), followed by 30
stations (8.5%) and 110-130 stations, 160 stations, 230
stations, and 280 stations (more than 5%).

The probability distribution of sand-dust process durations
(Figures 6C-E) show that the annual total days of sand-dust
processes are mainly about 5 days, followed by 10-30 days and
60-75 days (4%). The average probability of an annual total
duration exceeding 100 days is 0.6%. The annual average days
of sand-dust processes are mainly 1-3 days. The probability of
2 days is more than 6%, and the probability of 3 days is 3%. The
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maximum duration of sand-dust processes is mainly 1-8 days,
of which the probability of 3 days is the largest (8%), followed
by 10-12days (4%). The probability with the maximum
duration reaching 25 days exceeds 3%, and it is 1% for more
than 30 days.

The annual total days of sand-dust processes are divided into
11 grades, ie., 1-9, 10-19, 20-29, 30-39, 40-49, 50-59, 60-69,
70-79, 80-89, 90-99, and >100 (days), as shown in Figure 7A.
The results suggest that the frequency of 1-9 is the most (14
times), accounting for 21%, followed by 20-29 (10 times; 15%). In
addition, the frequency for 10-19 and 60-69 is 9 times,
accounting for 13%. Overall, for the annual total days of sand-
dust processes, the frequency is the most (33 times; 49%) within
30 days, followed by 60-79 (16 times; 23%). The frequency of
more than 100 days is 3 times, accounting for 4%.

The maximum number of suspended-dust stations is divided
into eight grades, i.e., 0-99, 100-199, 200-299, 300-399, 400-499,
500-599, 600-699, and 700-799, as shown in Figure 7B. The
results indicate that the maximum number of suspended-dust
stations is mainly concentrated in grades 100-299 and 400-499.
Specifically, the highest probability is in grades 400-499 (45%),
followed by grades 200-299 (15 times; 23%) and grades 100-199
(14 times; 19%). Similar to the suspended dust, the probability of
the maximum number of blowing-sand stations (Figure 7C) is
the largest in grades 400-499 (35%), followed by grades 100-199
and 200-299 (both 14 times; 20%). In addition, the frequency for
grades 0-99 is 9 times, accounting for 14%. For the maximum
number of sand-dust storm stations (Figure 7D), the probability
is the highest in grades 0-99 (24 times; 38%), followed by grades
200-299 (17 times; 23%), 200-299 (13 times; 15%) and 400-499
(12 times; 14%). No sand-dust storms can affect more than 500
stations.

It can be seen that in the sand-dust processes in China, the
probability of a large-scale sand-dust process is greater than the
probability of a small-scale sand-dust process. Generally, during
the small-scale sand-dust weather, the intensity of sand-dust
is weak, mainly by suspended-dust. During the occurrence of
large-scale sand-dust weather, the intensity of sand-dust is strong,
mainly by blowing sand and sand storms.

Figure 8A shows the percentile box-type diagrams of the
maximum number of affected stations, the average number of
affected stations, the maximum number of affected stations in a
single day for all the sand-dust processes (1,028 in total), and the
number of affected stations for different categories of sand-dust
processes from 1961 to 2020. The results show that the maximum
number of affected stations for all the sand-dust processes is
concentrated between 100 and 300, with an average value of 258
and a maximum value of 1,579. The average number of affected
stations is concentrated between 100 and 200, with an average of
153 and a maximum value of 659. The maximum number of
affected stations in a single day is concentrated between 100 and
300, with an average of 202 and a maximum of 1,122. In all the
sand-dust processes, the number of suspended-dust stations is
mainly concentrated between 30 and 120, with an average of 80
stations and a maximum of 784 stations. The number of blowing-
sand stations is more than that of suspended-dust stations, and it
is mainly concentrated between 70 and 200, with an average of
136 stations and a maximum of 639 stations. For a single sand-
dust storm process, the number of affected stations is mainly
concentrated between 10 and 50, with an average of 41 stations
and a maximum of 497 stations.

From the percentile box-type diagrams of the maximum
number of affected stations for different categories of sand-
dust processes during 1961-2020 (Figure 8B), the maximum
number of suspended-dust stations is mainly concentrated
between 180 and 390, with an average of 289 and a maximum
of 784. The maximum number of blowing-sand stations is mainly
concentrated between 220 and 460, with an average of 346 and a
maximum of 639. The maximum number of sand-dust storm
stations is concentrated between 50 and 230, with an average of
150 and a maximum of 497.

Figure 9 shows the monthly frequency of the annual
maximum number of affected stations for different categories
of sand-dust processes. The annual maximum number of
suspended-dust stations mainly appears from March to May,
including 41.7% in April and 25% in March, and appears only in
June during summer and only in October during autumn, and the
probability is 8.3% in winter. The annual maximum number of
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FIGURE 10 | The anomalies evolution and the EEMD results of the FIGURE 11 | Same as Figure 10, but for the annual total days of sand-
annual total number of sand-dust processes. dust processes.
blowing-sand stations also mainly occurs in spring 60, respectively. The annual maximum numbers of affected

(March-May), 39.3% in April, 34.4% in March, and 8.3% in
February. The probability of the maximum number of blowing-
sand stations in winter is 15%, which is more than that of
suspended dust and sand-dust storm weather. The maximum
number of blowing-sand stations never appears in summer, and
the probability is 2% in October. The probability of the maximum
number of sand-dust storm stations reaches 82% in spring, with
55.7% in April, 24.6% in March, and 1.6% in May. The probability
of annual maximum sand-dust storm stations is 1.6% in June, 0%
in autumn, and, 4.9% in January-February.

In summary, during 1961-2020, the probability of the annual
total frequency of sand-dust processes is mainly concentrated
5-14 times and 26-32 times, with a maximum probability of 6
times. The annual total duration has a maximum probability of
5 days, followed by 60-70 days. The maximum numbers of
suspended-dust, blowing-sand, and sand-dust storm stations
are concentrated between 220 and 430, about 450 and about

stations for suspended dust, blowing sand and sand-dust
storm are mainly concentrated in 180-390, 220-460, and
50-230, respectively. In addition, the months with the most
affected stations by sand-dust processes mainly concentrate
from March to May, with the highest probability in April.

Evolution Trends of Sand-Dust Processes
The EEMD is quite suitable for analyzing nonlinear and non-
stationary time series. It has the advantages of local stabilization
processing and no need to pre-set basis function, and it can
effectively solve the problems of mode mixing in the EMD.
From Figure 10A, it can be found that the annual total
frequency of sand-dust processes before 1986 shows positive
anomalies, except for 1963, while it is a negative anomaly
during 1986-2020. By the EEMD of the annual number of
sand-dust processes, we obtain four IMF components and one
trend component (Res). Each component is relatively

Frontiers in Environmental Science | www.frontiersin.org

70

May 2022 | Volume 10 | Article 820452


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Duan et al.

Characteristics of Sand-Dust Weather Processes

Number of Stations

Number of Stations

IMFs

= 200

IMFs

Res

Number of Stations

IMFs

Res

1970 1980 1990 2000 2010 2020

storm processes.

- 360

240

= 200

160
120

500

= 400

= 300

= 200

100

200

100

FIGURE 12 | Annual maximum number of affected stations (top) and their EEMD results (bottom) for the (A) suspended dust, (B) blowing sand, and (C) sand-dust

Res | 440

S
@
3
3

]
o

1980 1990 2000 2010 2020

independent and can reflect the inherent multi-time scale
oscillation mode in the initial sequence.

Figure 10B shows the subsequence of the number of sand-
dust processes between 1961 and 2020 using the EEMD. The
results suggest that quasi-periodic oscillations of different time
scales show strong or weak non-uniform changes with time in the
same period. Specifically, the IMF1 component has the largest
amplitude, with the highest fluctuation frequency. With time
increasing, the amplitude and frequency of other IMF
components decrease in turn, and corresponding fluctuation
periods gradually increase. The IMF1 component has a 4-5-
year periodic variation, a 6-8-year periodic variation for the IMF2
component, and a 10-year periodic variation for the IMF3
component. The trend component Res increases slightly and
then decreases rapidly from 1961 to 2020.

The annual total duration of sand-dust processes and the
anomaly evolution are given in Figure 11. There are positive

anomalies before 1984, except for 1963. After 1984, there are
negative anomalies, except for 1985 and 2000 when there are
weak positive anomalies. This result indicates that annual total
days of sand-dust processes are generally more than average
before the mid-1980s and less than average thereafter. The IMF
components and Res component decomposed by the EEMD
show that there is a 4-5-year periodic variation for IMFI, a
6-8-year periodic variation for IMF2, and a 30-year periodic
variation for IMF3. The Res component presents a significant
decreasing trend from 1961 to 2020.

According to the EEMD results of the maximum number of
affected stations for different categories of sand-dust processes
(Figure 12), it can be found that the IMF1 component for the
suspended-dust processes shows a 4-year periodic variation
before the 1990s, and the cycle period is reduced to about
3 years from 1990s to 2010s and turns back to 4 years after
2010. There is an 8-year periodic variation for the IMF2
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the maximum number of affected stations for different categories of sand-dust
processes. (C) maximum duration, maximum numbers of affected

stations in a single process and a single day.

component, a 15-20-year periodic variation for IMF3, and a 30-
year periodic variation for IMF4. Moreover, the Res component
increases first and then decreases between 1961 and 2020.
Specifically, it increases from 1961 to the early 1980s and
decreases after the 1980s. For the maximum number of
blowing-sand stations, the periodic of IMF
components are consistent with suspended-dust processes, and
its Res component shows an increase-decrease-increase trend.
Specifically, it tends to increase from 1961 to 1978 and 2012-2020
and decrease from 1978 to 2012. For sand-dust storms, periodic
variations of IMF components are consistent with those of the
suspended-dust and blowing-sand processes. The Res component

variations
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shows an overall decreasing trend, but it tends to increase slightly
from the late 2010s to 2020.

The relationships between the annual frequency and the
annual total duration of sand-dust processes are shown in
Figure 13A. It suggests that there is a positive linear
correlation between them, and the correlation coefficient
reaches 0.87. The annual total duration of sand-dust processes
increases with the increase of their frequency. From the
relationships between the annual total duration and the
maximum number of affected stations for different categories
of sand-dust processes (Figure 13B), it can be seen that there is
no significant linear correlation between the total duration and
the maximum number of suspended-dust stations, and the
correlation coefficient is only 0.19, which fails to pass the
significance test at 0.01 confidence level. However, the annual
total duration of sand-dust processes positively correlates with
the maximum number of affected stations for blowing-sand and
sand-dust storm processes, and the correlation coefficients are
0.31 and 0.62, respectively, which both pass the significance test at
a 0.01 confidence level.

Figure 13C presents the scatter plots of maximum duration,
the maximum number of affected stations, and the maximum
number of affected stations in a single day for all the 1,028 sand-
dust processes. The results show that the maximum duration of
sand-dust processes has linear correlations with both the
maximum number of affected stations and the maximum
number of affected stations in a single day, and the squared
correlation coefficients reach 0.68 and 0.53, respectively, which
both pass the significance test at 0.01 confidence level. In
addition, the maximum duration of a single sand-dust process
is mainly within 6 days, and the number of sand-dust stations in a
single day mainly ranges between 100 and 600. The maximum
number of affected stations for a single process is more than that
of a single day, mainly concentrating in 200-900.

Figure 14 shows the spatial distribution of the number of
sand-dust processes participated by each station in each decade
from 1961 to 2020. It can be seen from the figure that the stations
most involved in the sand-dust process are mainly in the central
and western Inner Mongolia in northern China, the central Hexi
Corridor in Gansu, Ningxia, Northern Shaanxi, and central and
southern Hebei. Among them, central and western Inner
Mongolia and northern Ningxia are the maximum value
centers involved in the sand-dust process, and central and
southern Hebei is the second maximum value center. During
the period from 1961 to 1990, the average number of sand-dust
processes in these areas reached more than 160 times/10a, among
them, the participation times of central and western Inner
Mongolia and northern Ningxia reached more than 220 times/
10a, and the participation times of sand and dust process in
central and southern Hebei reached more than 200 times/10a.
Since the 1990s, the number of stations in northern China
participating in sand-dust processes has decreased rapidly.
From 1991 to 2000, only some parts of central and western
Inner Mongolia recorded 80 times/10a. After 2011, the
participation of most sites in China reduced to less than
40 times/10a.
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FIGURE 14 | The spatial distribution map of the number of sand-dust processes participated by each station in each decade in China from 1961 to 2020.

In summary, there are obvious interannual fluctuations in dust
activity in northern China, and dust activity in China, especially
in northern China, has shown a decreasing trend in general over
the past 60 years, but the trend varies significantly from region to
region. Our results are also in general agreement with the analysis
results ~ using the  Moderate  Resolution  Imaging
Spectroradiometer (MODIS) aerosol optical thickness product
(DOD) (Wang et al., 2021), which tests the reliability of MODIS
aerosol inversion data from another perspective (Yu et al., 2020).
Further analysis revealed that the maximum frequency of a single
station participating in sand-dust processes was 245 times/10a
from 1971 to 1980, 163 times/10a from 1981 to 1990, 90 times/
10a from 1991 to 2000, 63 times/10a from 2001 to 2010 and
28 times/10a from 2011 to 2020.

CONCLUSION AND DISCUSSION

Currently, most of the studies on sand-dust events in northern
China are focused on the statistical characteristics of sand-dust
weather at a single station, or they focus only on local features.
Few studies have analyzed sand-duct events in northern China
from the perspective of sand-dust processes. The few previous
works on the spatio-temporal variation characteristics of the
sand-dust processes are either based on outdated datasets or
explore individual cases of major sand-dust events. Based on the
identification methods and several characteristic quantities
(including duration and impact range.) of sand-dust processes
defined in the Operational Regulations of Monitoring and
Evaluation for Regional Weather and Climate Processes, we
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analyzed the annual frequency, annual total duration, and the
number of affected stations for different categories of sand-dust
processes (including sand-dust storm, blowing sand and
suspended dust) from January 1961 to May 2021. Based on
the MK test and EEMD, we further analyzed evolution trends
and the probability distribution characteristics of annual
frequency, annual total duration, and the number of affected
stations of sand-dust processes. In addition, the start time of the
first and last sand-dust processes each year, as well as the seasonal
distribution characteristics of sand-dust processes, were
investigated.

The results show that the annual frequency, annual duration,
maximum and average number of affected stations of sand-dust
processes have all decreased significantly since the 1980s. The
frequency and duration of sand-dust processes have two sudden
change periods in the 1990s and around 2006. There is an
increasing trend in the early 1980s, a significant decreasing
trend in the 1980s-1990s, and since the late 1990s, the
downward trend has been slow, especially after 206. Moreover,
the start time of the first sand-dust process every year has been
delayed from January to February, and the start time of the last
sand-dust process has been advanced from December to May.
Sand-dust processes mainly occur in spring (the most in April)
and are less likely to occur in the summer. Furthermore, this
study found that compared with 1961-1999, the average
frequency and total duration of sand-dust processes
2000-2020 have decreased by 71.4 and 78%, respectively. Since
the 1990s, the number of stations in northern China participating
in sand-dust processes has decreased rapidly; from 1991 to 2000,
only some parts of central and western Inner Mongolia reached
80 times/10a; after 2011, the number of participation of most sites
in China has been reduced to less than 40 times/10a.

It is noteworthy that in 2021, the first sand-dust process in
China occurred from January 13 to 14, more than 30 days earlier
than the average in 2000-2020. In March 2021, China suffered
from a severe sand-dust storm rarely seen in the past 10 years,
which affected 19 provinces (districts and cities) and nearly half
of the country’s land area. As of May 2021, the frequency and
total duration of sand-dust processes in China increased sharply,
reaching the maximum (10 times and 19 days) since 2003. As of
October 2021, the annual amount of precipitation in northern
China was the second largest in history, and rainstorms during
the flood season had a high intensity and significant extremes.
From July 17 to 22, an extreme rainstorm episode occurred in
Henan Province of China, resulting in 292 deaths and 47 people
going missing in Zhengzhou (https://www.mem.gov.cn/). In
western China, the autumn rain started early, and the rainfall
was highest compared to the same time of year previously.
Moreover, the autumn rainfall in West China occurred
significantly earlier (August 23), and was of larger intensity,
with the most rainfall for the same period during other years
in recent history. In September, the Weihe River experienced the
largest flood for that time of year since 1935. The Yiluo River and
Qin River suffered the largest floods for that time of year since
1950. Between October 3 and 6, the strongest autumn flood was

Characteristics of Sand-Dust Weather Processes

recorded since meteorological records began in Shanxi Province.
Meanwhile, high-temperature days were more than normal for
this year, and the meteorological drought frequently occurred in
the eastern part of southwest China, south China, and the eastern
part of northwest China. Meanwhile, the number of landing
typhoons was less, and only four typhoons landed in China,
which is three fewer than in normal years (http://www.cma.gov.
cn/).

Global warming has intensified the instability of the climate
system and increased the possibility of extreme weather and
climate events. Theoretically, water vapor will increase by 7% for
every 1°C increase in temperature. This increase in water vapor
makes heavy rain and rainstorms occur more frequently.
Anomalies the atmospheric circulation also cause
instability in the climate system. As global warming
increases, the intensity and frequency of extreme weather and
climate events will be further enhanced in the future. In August
2021, the sixth assessment report of the Intergovernmental
Panel on Climate Change (IPCC, 2021) revealed that all
regions of the world will face intensified climate change and
more severe weather extremes in the coming decades. A series of
abnormal and extreme weather-climate events occurred in
China in 2021. However, whether these indicate that 2021 is
the beginning of a more intense period of climate change is
unclear, and this issue requires further systematic research,
examining the overall weather and climate characteristics and
various external forcing factors in 2021.
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Asian dust deposition is an important source of nutrients to the Pacific Ocean, when
aerosol dust is deposited into the ocean, it will affect the biological productivity and hence
climate. In this paper, we analyzed a dust process that occurred in the Taklimakan Desert
during 21-25 May 2019 by employing multi-sensor satellite observations and the WRF-
Chem model. It is found that dust aerosols rise in the Taklimakan Desert, moving eastward
at high altitudes under the role of the westerly winds, passing over the downwind regions,
and deposition in the Pacific Ocean. Dust aerosol deposition results in an increase of
chlorophyll-a (Chl-a) concentrations and particulate organic carbon (POC) after 2 days,
Chl-a concentrations and POC increase by 175 and 873%, respectively. Moreover, the
values of Chl-a concentrations and POC are 256 and 644% higher than the 5-years
average during the same period.

Keywords: dust aerosol, CALIPSO, HAMAWARI-8, chlorophyll-a concentration, WRF-chem model

1 INTRODUCTION

Dust aerosol is an important aerosol type in the atmosphere, it plays an important role in the climate
system, the marine and terrestrial ecosystem, and the environment in general (Zhao et al., 2020; Hu
etal.,, 2021). On the one hand, dust aerosol can affect the radiation budget of climate by direct effect
on thermal radiation and solar radiation (Sokolik and Toon, 1996; Wang et al., 2013). On the other
hand, dust aerosol can affect cloud properties and precipitation by participating in cloud and
precipitation processes (Wang et al., 2010; Huang et al., 2014; Wang et al., 2015; Tao et al., 2020).
Moreover, when dust aerosol settles into the ocean, it can affect the growth of marine phytoplankton
by providing nutrients, then affect the marine primary productivity, even the ocean surface
carbon cycle.

Since the ‘iron hypothesis’ was proposed in 1991 (Martin et al., 1991), researchers have conducted
numerous experiments on iron in various High Nutrient-Low Chlorophyll (HNLC) regions (Frost
and Morel, 1991), which have successfully induced algal blooms and reduced the partial pressure of
carbon dioxide at the sea surface (Emerson, 2019). In the natural environment, soluble iron in HNLC
areas of mid-latitude North Pacific mainly depends on aerosols’ deposition (Moore and Braucher,
2008).
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FIGURE 1 | The WRF-Chem model domain (area surrounded by solid
black lines).

Yue et al. (2009) simulated the global distribution of dust
sources by a global transport model and showed that the Middle
East and Central Asia are the major sources of aerosol dust in the
Northern Hemisphere. Many studies have shown that Asian dust
aerosols can be transported over thousands of kilometers to the
Pacific Ocean (Uno et al., 2009; Hu et al., 2019; Hu et al., 2020).
Moreover, previous studies note that Asian dust plays a very
important role in global oceanic biogeochemical cycles and hence
climate since it can provide nutrients to the marine ecosystems
(Bishop et al., 2002; Hsu et al., 2009; Mahowald et al., 2010).

Multi-sensor satellite observations provide valuable products
to investigate dust aerosol’s transport and its effect on
phytoplankton blooms. For example, the 8-year analysis of the
SeaWIFS and BSC-DREAMSb model (the Barcelona
Supercomputing  Center, Spain- The Dust Regional
Atmospheric Model) shows that the deposition of mineral
dust from dust sources in the deserts of North Africa and the
Middle East correlates well with the chlorophyll-a concentration
in large areas of the Mediterranean Sea (Varenik and Kalinskaya,
2021). Tan et al. (2011); Tan and Shi (2012) find that Asian dust
aerosol is positively correlated with Chl-a concentrations in the
open sea of China by using long-term satellite observation. Luo
et al. (2020) find that both Chl-a concentrations and particulate
organic carbon (POC) increase after the dust deposition by using
multi-sensor satellite data.

These results above prove the substantial importance of Asian
dust deposition in the potential stimulation of phytoplankton
production over Earth’s remote and spatially extensive ocean,
especially over the Pacific Ocean. However, there are still some
uncertainties in understanding the impact of dust aerosol on
plankton growth due to the limited observations over the Pacific
Ocean (Luo et al., 2020). Moreover, the amount of nutrients
contained in aerosols is affected by aerosol type, aerosol source,
aerosol transport path, and other factors (Luo et al., 2020; Wang
etal., 2021), so multi-source data are needed to study the effect of
aerosol on Chl-a concentration, especially the valuable
observations from satellites in geostationary orbit which have
a higher temporal and spatial resolution.

Transport of Dust Aerosols

The purpose of this research is to analyze a dust case during
21-25 May 2019 and dust aerosol’s effect on Chl-a concentrations
by using multi-sensor satellite data combined with other data and
the WRF-Chem model.

2 DATE AND METHODS

2.1 Satellite Data and Meteorological Data
2.1.1 CALIPSO

The CALIPSO satellite is launched on 28 April 2006 (Li et al.,
2015). CALIPSO L2 vertical feature mask (VEM) products can
provide the spatial and temporal distributions of cloud and
aerosol. Moreover, VEM can provide the type of aerosols, such
as dusty marine, elevated smoke, polluted smoke, dust, polluted
dust, clean continental, and clean marine.

In this paper, we obtain the CALIPSO L2 VEM data during May
21-25, 2019 (Version 4.20) over East Asia from the CALIPSO
website (https://www-calipso.larc.nasa.gov/products/) to research
aerosol type and its transport characters.

2.1.2 HIMAWARI-8
The Himawari-8 satellite was launched on 7 October 2014, which
has higher temporal, spatial, and spectral resolution than
previous satellites in geostationary orbit (Bessho et al., 2016).
The Advanced Himawari Imager (AHI) onboard the Himawari-8
satellite has 16 observation bands from visible channel to infrared
channel, and it can provide multi-spectral images over East Asia,
Southeast Asia, and Oceania. Moreover, the AHI sensor offers
distinct advantages for tracking dust aerosol movement since it
can provide a full-disk picture every 10-min (She et al., 2018).
In this paper, AHI Level-2 calibrated data (AOT_L2_Mean,
AHI equal latitude-longitude map Data-Daily Combined
Aerosol, grid interval = 0.05) with the spatial resolution of
2km are employed to study the temporal and spatial
distribution of dust aerosol. Murakami (2016) proves that the
Chl-a concentrations with a time resolution of 10 min derived by
Himawari-8 have uncertainties due to noise interference, but the
hourly and daily Chl-a concentration effectively reduce the error,
so we use L3 daily data with the horizontal resolution of 5 km in
our study to research the effect of dust deposition on plankton
growth (http://www.eorc.jaxa.jp/ptree/index.html).

2.1.3 Meteorological Data

The wind components, geopotential height, temperature, and sea
surface temperature (SST) data sets from the European Centre for
Medium-Range Weather Forecasts (ECMWEF) Reanalysis 5 data
(ERAD5) are used to analyze the meteorological conditions for dust
aerosol transport and evaluate SST’s effect on phytoplankton
growth for this case (https://cds.climate.copernicus.eu).

2.1.4 Other Data

The merged L3 global ocean color products are used to provide
POC information and the observations of photosynthetic active
radiation (PAR), the POC and PAR with the spatial resolution of
5km x 5km are used in our study. Merged observations from
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FIGURE 2 | The average daily AOD observed by the Himawari-8 is superimposed with a wind field of 500 hPa (Black arrow) on 21 (A), 22 (B), 23 (C), 24 (D), and
25 (E) May 2019.

multi-sensors can improve both the spatial and temporal
coverage of the data (Wang et al., 2021).

The Global Ocean Forecasting System (GOFS) product
(version 3.1) is used to analyze seawater velocity in the surface
layer of the ocean in this study, the temporal resolution and
spatial resolution for seawater velocity are 3-h and 0.08 x 0.04".

The Simple Ocean Data Assimilation ocean reanalysis
(SODA) product (version 3.4) is employed to study the
upwelling velocity of the ocean in this study. The spatial
resolution and temporal resolution for upwelling velocity are
0.5 x 0.5° and 5-days.

The Modern-Era Retrospective analysis for Research and
Applications version 2 (MERRA-2) tavgl_2d_adg Nx: 2d,1-
Hourly, Time-averaged, Single-Level, Assimilation, Aerosol
Diagnostics (extended) product (V5.12.4) are provided by
Goddard Earth Sciences Data and Information Services Center
(GES DISC). This data, with a temporal resolution of 1h and a
spatial resolution of 0.5 x 0.625°, was used to evaluate the dust
deposition simulated by the WRF-Chem model.

2.2 The Model
The HYSPLIT model provided by the Australian Meteorological
Agency and the National Oceanic and Atmospheric
Administration Air Resources Laboratory is performed to
study dust aerosol’s transport path. In this paper, the
meteorological data input for the HYSPLIT model is derived
from the Climate Data Center 1 (CDC1) meteorological data, and
other information such as the transport altitudes of dust aerosol is
obtained from the products of CALIPSO VFM.

The WRF-Chem model (Weather Research and
Forecasting model coupled to Chemistry, version 3.9.1) is
widely used in simulating the transport and the deposition

amount of dust aerosols (Chen et al., 2017). In this paper, to
cover the major source of dust aerosol (Taklimakan desert)
and the deposition area for dust aerosol (the Northwestern
Pacific Ocean), we set the model domain with 300 x 180 grids,
the center of the domain is geographically located at 125°E and
40°N (black box in Figure 1), the vertical grid has 30 levels
from 50 hPa to the ground. The meteorological fields input for
the WRF-Chem model are provided by NCEP Climate
Forecast System Version 2, the spatial and temporal
resolution for meteorological data are 0.5 ° x 0.5 ° and 6-
hourly. The chemical species’ initial and boundary conditions
are derived from Community Atmosphere Model with
Chemistry, and the anthropogenic emissions were set based
on Emissions Database for Global Atmospheric Research
inventory data. The simulation period in our study is 9-30
May 2019, and we set the first 7 days of simulation as a model
spin-up for the dust case in our research.

In this study, we calculated the vertical sub-grid-scale
turbulent flux caused by vortex transport using the boundary
layer scheme of Yonsei University, and combined the Monin-
Obukhov surface scheme with the Noah land surface scheme (Liu
et al,, 2016). Morrison’s two-moment microphysics scheme and
Grell-Freitas integration scheme are used to simulate cloud
microphysics and convection processes. We used GOCART
scheme (Ginoux et al., 2001) to simulate and calculate dust
emissions, and adopted four-dimensional assimilation method
in the process of model simulation to reduce meteorological
simulation errors. The mean bias is 1.30 m's™', which is within
the acceptable range (Kumar et al., 2014). The model simulation
results were adopted to determine the consistency between the
increase of Chl-a concentration and dust deposition in the
study area.
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FIGURE 3 | Vertical profiles of aerosol on 21 (A), 22 (B), 23(C), 24 (D), and 25 (E) May 2019 provided by CALIPSO VFM products.

3 RESULTS AND DISCUSSION

3.1 Dust Aerosol Transport

Aerosol optical depth (AOD) can present the spatial
distribution of atmospheric aerosol, especially dust (Liu
et al, 2013; Zhang et al., 2019). Figure 2 shows the
distribution of daily AOD observed by Himawari-8 satellite,
we can see that there is a severe aerosol event in the
Taklimakan Desert beginning on 21 May 2019 according to
the AOD data (shading areas in Figure 2), aerosol layers with
AOD greater than 0.8 move eastward with the wind according
to the distribution of wind fields at 500 hPa (black arrow in
Figure 2), passing over the Sea of Japan, and reach the
northwest Pacific Ocean on 24 and 25 May as shown in
Figure 2. During the whole period, the maximum value of
AOD can reach 1.2 observed by the Himawari-8 satellite.

Figure 3 is the vertical distributions of aerosol types obtained
by CALIPSO VEM products during 21-25 May 2019, its scan
trajectory during this process is shown in Figure 4. As shown in
Figure 3, dust aerosols distribute from 1 km to about 7 km over
the dust source region (Taklimakan Desert). In the downwind
region, dust aerosols distribute from 1 km to about 6 km. When
dust aerosols transport to the Pacific Ocean, they distribute from
0 km to about 10 km. Based on the CALIPSO VFM results, dust
aerosols account for more than 85% of all aerosols during 21-25
May 2019. Thus, dust particles are the dominant aerosol type in
the whole process, the values of AOD in Figure 2 can be related to
dust concentration in the atmosphere.

A forward trajectory analysis simulated by the HYSPLIT
model is conducted to find the transport paths of dust
aerosols during 21-25 May 2019. The duration for the model
is 93-h, and the initial height for the case is 1.5, 2.5, and 3.5 km
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where dust aerosols are observed on 21 May according to the
results in Figure 3A. The CDC1 is used as the meteorological
input at 20:00 UTC on 21 May. The model simulation shows that
dust aerosols originate from the Taklimakan Desert on 21 May
2019, then spread eastward, passed over the east of China, and
reach the western part of the Pacific Ocean on 24 and 25 May
2019, consistent with the results in Figure 2.

Meteorological condition plays an important role in dust
aerosol horizontal transport (Uno et al., 2009). Figures 6A-E
presents the potential height field and temperature field at
500 hPa during 21-25 May 2019. We can see that there is a
strong cold advection at the height of 500 hPa, which is conducive
for sweeping dust aerosol from the northwestern region across
Northeast China, and reaching the Pacific Ocean.

To sum up, based on the results in Figures 2,3, Figures 5,6,
dust aerosols rise in the Taklimakan Desert, moving eastward at
high altitudes under the effect of the westerly winds, passing over
the downwind regions, and deposition in the Pacific Ocean.

3.2 Effects of Dust Aerosol Deposition on

Ocean Primary Productivity

The spatial distribution of Chl-a concentrations from 24-30 May
2019 is studied with the observations from the Himawari-8
satellite which is in geostationary earth orbit (GEO). The
satellite in GEO can provide high temporal resolution of Chl-a
concentrations compared to polar orbit satellites. Figure 7 shows
the spatial distribution of Chl-a concentrations from 24-30 May
2019. It is obvious that Chl-a concentrations massively increase
on 26 May due to the deposition of dust, and lasted until 28 May.
However, there are some missing values of Chl-a concentrations
because of the existence of clouds, because Himawari-8 observes

the Chl-a concentrations in the visible band. To better investigate
the dust aerosol’s effect on Chl-a concentrations, we define a
relatively small region (45-50°N, 145-155°E) as shown in
Figure 7 (Black box) with data relatively integrity as the
research region.

The seawater velocity represents the horizontal movement
of the ocean. To investigate the oceanic transport effect on the
position of deposition dust aerosols, we use seawater velocity
derived from the GOFS3.1 product to calculate the
longitudinal and latitudinal displacement for the research
region. Figure 8 shows the eastward and northward
seawater velocity in the surface ocean (depth <100 m) from
12 May to 4 June 2019. The positive value means seawater
flows eastward or northward. The total longitudinal and
latitudinal displacement from 24 May to 4 June is about
80 km based on the results in Figure 8, respectively. Thus,
the change in longitude and latitude caused by seawater
movement is less than 6.7 km/day. However, the area for
the research region is roughly 550 km (longitude length)
and 750 km (latitudinal length). Therefore, we conclude that
the movement range of dust deposition carried by seawater
movement is far smaller than that of the research region, so we
assume that dust deposition remains in the research region and
provide nutrients for phytoplankton.

Besides nutrient input present in the aerosols, PAR and SST
also can impact the Chl-a concentrations (Luo et al., 2020; Wang
et al, 2021). To evaluate those factors’ effect on Chl-a
concentrations, the variation of the daily mean values of those
factors (such as PAR, dust deposition amount, SST) are drawn
over the research region using the Himawari-8 data, ERA-5
datasets, and the merged L3 global ocean color products
during 24 May to 4 June 2019 (Figure 9).
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FIGURE 5 | The particle forward trajectories (93 h) beginning at 20:00 UTC 21 May 2019 by CDC1 meteorological data using the online HYSPLIT model. The begin
point is set in Taklimakan Desert at 40.596°N/87.8723°E, 41.309°N/88.102°E and 42.023°N/88.336°E position. The beginning point height is set to 1.5 km (red), 2.5 km

In Figure 9, the dotted lines are the 5-year averaged values
for Chl-a concentrations (black) and POC (blue) over the same
period in the research region. The WRF-Chem model simulate
that the average dust deposition is 179.79 ug m~> (Table 1) on
24 May, and the simulation results began to decrease on 25
May (463.84 ug m™2), which was consistent with the change of
Himawari-8 AOD from 24 May (0.22) to 25 May (0.36). We
also can see that the Chl-a concentrations increased on 26 May
after the dust deposition on 24 May as shown in Figure 9. The
response time is 2 days, which is similar to the iron enrichment
experiment (Tsuda et al, 2003). However, dust aerosols
continuously deposit into the ocean from 24 to 30 May, and
the Chl-a concentrations only increase from 26 to 28 May as
shown in Figure 9 and Table. 1. One reason for this

phenomenon is the missing observation of Chl-a
concentrations due to clouds and other factors on 29 May,
another reason is that the nutrient needed by the
phytoplankton is oversaturated, so Chl-a concentrations do
not increase after 30 May. We also can see that Chl-a
concentrations have two peaks during this period, this is
due to the missing values of Chl-a concentrations.
Furthermore, during the response process, Chl-a
concentrations increase from 0.56mgm™ (25 May) to
1.54 mgm™> (26 May), which is an increase of nearly 175%.
Moreover, the Chl-a concentrations (1.54 mg m™>) are 256%
larger than their mean values during the same periods from
2016 to 2019 (0.433 mg m™>). After 29 May, the values of Chl-a

concentrations decrease to less than 0.45 mgm ™.
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FIGURE 7 | Spatial pattern of daily mean Chlorophyll-a concentration on 24 (A), 25 (B), 26 (C), 27 (D), 28 (E), 29 (F), and 30 (G) May 2019.

Suitable SST is also helpful in increasing Chl-a concentrations.
In our case, the mean values of SST are 4.13, 4.01, 3.78, and 3.97
during 25-28 May. It is noted that SST shows a downward trend
during Chl-a concentrations increase, the decrease in SST could
easily be associated with oceanic upwelling, which can bring
nutrients to the surface ocean. To investigate the possible

contribution of upwelling in this case, we analyzed the
upwelling velocity from SODA 3.4. Our results indicate that
the mean value of upwelling velocity is about 0.053 m/d from
24 May to 28 May, which is lower than the mean value of
upwelling velocity (0.085m/d) in May 2019. Thus, the
nutrient provided by the rising movement of seawater is lower
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TABLE 1 | The values of Chl-a concentrations, POC, SST, PAR, and dust deposition as simulated by WRF-Chem model during 24-30 May.

Data Chl-a Concentrations POC (mg-m~3) SST (°C) PAR (Einstein/(m?.day) Dust Deposition AOD
(mg-m~) (Hg/m?)
24 May 0.27 175.69 4.08 50.19 179.79 0.22
25 May 0.56 162.36 4.13 55.76 463.84 0.36
26 May 1.54 1580.52 4.01 60.66 540.15 0.52
27 May 0.90 234.89 3.78 48.29 611.16 0.49
28 May 0.99 1307.11 3.97 53.34 1184.15 0.58
29 May 0.45 110.00 3.95 35.45 602.45 0.53
30 May 0.39 441.85 4.1 32.67 311.53 0.23
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than the mean values of nutrients in May 2019. Therefore, both
the nutrients transported by oceanic upwelling and SST are not
the main factors that lead to the increase in Chl-a concentrations.

Iwasaki (2020) indicate that typhoon also can directly or
indirectly affect the Chl-a concentration in the Pacific Ocean
through precipitation and strong sea surface winds. However,
there was no typhoon process during May 21 to 25 May 2019 as
shown in Figure 6, thus typhoon is not a factor that lead to the
change in Chl-a concentrations for this case.

On the other hand, PAR presents a slight increase trend on 26
May compared with the value on 25 May, then shows a decreasing
trend during 26 May to 30 May. During this period, the
maximum value of Chl-a concentrations occur on 26 May,
which means that dust deposition and PAR both promote the
growth of phytoplankton on 26 May. However, the value of PAR
on 25 May (55.76 Einstein/ (mz-day)) is larger than that on 27
May (48.29 Einstein/ (mz'day)), while the value of Chl-a
concentrations on 25 May (0.56 mgm ) is smaller than that
on 27 May (0.90 mg m~>) as shown in Table. 1, suggesting PAR is
not the main factor that leads to the increase in Chl-a
concentrations for this case. To sum up, based on the results
discussed above, dust aerosol deposition could be the major
reason for the increase in Chl-a concentrations in this case.

When dust deposition stimulates the growth of phytoplankton, it
can trigger ocean biological pumps, leading to more absorption of CO,
from the atmosphere to the ocean (Pan et al., 2011). In this paper, we
use the variations in POC to assess marine biological pumps caused by
dust aerosol deposition. As shown in Figure 9, POC shows a similar
trend to those of Chl-a concentrations. the POC increased on 26 May
after the dust deposition on 24 May. The response time is 2 days,
which is similar to the iron enrichment experiment (Tsuda et al,
2003). In addition, the POC has two peaks during this period, which is
consistent with Chl-a concentrations. During the response process,
POC increased from 162.36 mg m™> (25 May) to 1,580.52 mgm > (26
May), increasing nearly 873%. Moreover, the value of POC
(1,580.52 mgm™) was 644% higher than its mean value in this
period from 2016 to 2019 (212.25 mgm ™).

4 CONCLUSIONS AND PERSPECTIVES

Dust aerosols settling into the ocean can promote marine
phytoplankton by supplying nutrients, leading to more
absorption of CO, from the atmosphere to the ocean, and
even have an influence on planetary climate.

This paper research a dust episode during 21-25 May 2019,
analyzes the transport and deposition of dust aerosols, quantify
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Dust in the atmosphere and snow on the Tibetan Plateau (TP) remarkably influence the
Asian climate, which can influence snow cover by changing radiative forcing. In this study,
we investigated the spatial and temporal distributions of dust and snow cover over the TP
from 2009 to 2018 and estimated the relative contributions of atmospheric dust and dust-
on-snow to the change in snow cover over the northern TP through the use of reanalysis
datasets and satellite retrievals. The results show that the high and low centers of aerosol
and dust aerosol optical depth (AOD) are roughly similar. Dust concentrations over the TP
generally decrease from north to south and from west to east, showing decreasing trends
in the winter half-year (December to May). The correlation coefficients between the dust
concentration and snow cover over the northern TP are —0.6 in spring. Dust in the
atmosphere and on snow over the TP could significantly influence snow cover by changing
the radiative forcing, and the influence of dust deposited on snow is greater than that in the
atmosphere. Atmospheric dust reduces the surface net solar radiation by —3.84 W m~ by
absorbing shortwave radiation, decreasing the surface temperature by —2.27°C, and finally
increasing the snow cover by 1.04%. However, dust deposited on snow can decrease the
surface albedo by —0.004 by reducing the surface optical properties, induce surface
warming at 0.42°C, and reduce snow cover by —-2.00% by rapid snowmelt in the
northern TP.

Keywords: dust aerosol, Tibetan Plateau, aerosol radiative forcing, snow albedo, snow darkening, surface radiation

1 INTRODUCTION

As the “sensitive area” of climate change (Wu et al., 2005; Xu et al., 2015a), snow/ice is the largest
seasonal variable of land cover over the Tibetan Plateau (TP) (Smith and Bookhagen, 2018; Lievens
et al,, 2019). The snow and ice systems over the TP are very fragile, have experienced widespread
melting, and retreat in the last 20 years (Kang et al., 2015), besides the extent of ablation retreat being
still gradually increasing (Yao et al., 2012). In addition, the enhanced warming over the TP has also
caused widespread concern (Wu et al., 2017; Zhou and Zheng, 2021). The warming rate over the TP
in the last 50 years has reached 0.3-0.4°C/decade, which is twice the global average of the same period
(Shen et al,, 2015). The Intergovernmental Panel on Climate Change (IPCC) (2021) pointed out that
even if global warming was to be controlled within 1.5°C by the end of this century, TP warming is
likely to exceed 2.1°C (Duan and Xiao, 2015). The surface albedo of glaciers over the TP has declined
significantly in recent decades (Liu and Chen, 2000; Wang et al., 2014; Zhang et al., 2021). In addition
to the notably rapid warming over the TP (Qin et al., 2006; Wang et al., 2008; Kang et al., 2010; Bolch
et al., 2012), factors such as land use change, water vapor feedback, cloud properties, and the
radiation forcing of light-absorbing aerosols (LAAs) can also significantly influence warming (Kang
et al., 2000; Flanner et al., 2009; Xu et al., 2009).
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Dust aerosols are mainly emitted from drylands through
wind erosion (Chen et al., 2014; Huang et al., 2016; Wang et al.,
2012; Bi et al,, 2016). The atmosphere, hydrosphere, and
cryosphere are closely related to the physical process of dust
aerosols, including dust emission, transport, and wet/dry
deposition (Niemand et al, 2012). Through direct and
indirect effects, dust has a significant regulating effect on the
Earth’s radiative budget and hydrological cycle. Due to human
activities, the aggravation of desertification, and vegetation
degradation in recent years, the TP has become a new source
of dust emissions that cannot be ignored (Ma et al.,, 2014).
Moreover, sufficient evidence has proved that in addition to
local dust emissions, a large quantity of dust particles over the
TP come from external transport (Mao et al., 2019). Feng et al.
(2020) found that the atmospheric dust in the top of the
troposphere above the TP in spring of the 2000s increased by
34% compared with that in the 1990s, which is related to
increasing dust aerosols from East Asia, South Asia, and the
Middle East since the 2000s. Moreover, the results of the MISR
retrievals showed that the correlation between the TP and
Taklimakan Desert (TD) aerosol optical depth (AOD) is
lower in spring than in summer (Xia et al., 2008). Chen et al.
(2013), Chen et al. (2014) and Yuan et al. (2019) investigated the
dynamic and thermal transport mechanisms of dust aerosols
from the TD to the northern TP. By the weakening and
northward movement of the East Asian westerly jet and the
increase in surface-sensible heat over the TD in summer,
abundant TD dust particles are transported to the northern
slope of the TP. These results were also supported by ice cores
and aerosol products from the total ozone mapping
spectrometer (TOMS), as well as the coupled model
intercomparison project (Phase 6) (CMIP6) and community
earth system model (CESM) (Feng et al., 2020). As a crucial
natural aerosol, the TP dust deposited on ice and snow is much
larger than black carbon (BC). Dust can lead to significant
climate effects by influencing slight initial changes in snow
albedo, with rapid subsequent adjustment and feedback (Cong
et al., 2015; Ji et al., 2016; Xie et al., 2018; Shi et al., 2019). The
magnitude of dust deposition and its spatial distributions over
the TP diverge from BC (Flanner et al., 2009), which causes the
climate effect of dust-on-snow in spring to be more complex.
For example, dust deposited on snow and ice could reduce snow
depths by 5-25 mm in the Himalayas and western TP (Zhang
et al., 2017). Qu et al. (2014) found that dust is an important
factor in Zhadang Glacier melting, with an average radiative
forcing weakened by dust-on-snow of 1.1-8.6 W m™>. Dust
deposited on snow in the Himalaya-TP also increases the
surface temperature and the lower atmospheric temperature
over the TP and strengthens the southwest wind in the lower
layer through reducing snow albedo during the premonsoon,
which, in turn, increases dust over the Indo-Gangetic Plain-
Himalayas (Lau and Kim, 2018).

In this study, we used satellite retrievals and reanalysis
datasets to obtain the spatial distributions of aerosols,
especially dust aerosols and snow cover over the TP, and
analyzed the correlation between dust and snow cover. This
study mainly evaluates the relative impacts of atmospheric
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dust and dust-on-snow over the TP in spring and winter from
2009 to 2018. We hope to provide a reference and basis for the
causes of ice and snow melting and regional warming over the
TP. The datasets used in the study are presented in Section 2.
Section 3.1 analyzes the spatial and temporal distributions of
aerosols over the TP. Section 3.2 focuses on spatial and
temporal distributions of snow cover over the TP. In
Section 3.3, the influence mechanism of dust aerosols on
snow over the TP is discussed. Section 4 shows the
conclusion and discussion.

2 DATASETS AND METHODS

2.1 MODIS

The Moderate-Resolution Imaging Spectroradiometer (MODIS)
installed on the Terra and Aqua satellites is one of the most widely
used remote sensing platforms in earth science research
(Parkinson, 2003). The Terra and Aqua satellites feature 5-min
temporal and 36-channel spectral resolutions, 2330-km viewing
swath widths, wide spectral ranges (0.412-14.24 um), and near-
global coverage every 1-2 days. Thus, MODIS not only provides
reliable and extensive retrieval data products on aerosols and
clouds but also offers an ideal solution for aerosol model
development and validation, dynamic analysis of atmospheric
pollution, and air quality monitoring with a spatial resolution of
1-10 km (Levy et al,, 2007; Remer et al., 2008). Dark target (DT)
and deep blue (DB) are the two major algorithms applied to the
MODIS instrument for retrieving AOD. DT manifests its excellent
performance over high vegetation coverage regions such as
farmlands or forests, while DB was developed to retrieve the
aerosol properties over Gobi, deserts, or snow-covered areas.
The retrieval deviation can be reduced in the estimation of
surface albedo and further in AOD over the regions of bright
surface with a weaker blue-band reflectance (Hsu et al., 2006). In
this study, snow cover and AOD at 550 nm were derived from
MODIS-Aqua version 6.1. The resolution of snow cover is 0.05° x
0.05" (lat x lon), and the AOD at 550 nm is 1° x 1° (lat x lon).

2.2 MISR

The Multiangle Imaging SpectroRadiometer (MISR) onboard
Terra was launched on 18 December 1999. The sensors can
measure particles with medium spatial resolution and can
cover almost the whole world. MISR products have made
significant progress in retrieving aerosols. However, the
predictability of MISR aerosol products for PM,;
concentrations has not improved (Liu et al, 2007). Both
MISR and MODIS are onboard the Terra satellite. Statistical
comparisons were made with coincident AOD retrieved by
MODIS and MISR. The correlation coefficient between MISR
and MODIS is approximately 0.9 over the ocean and
approximately 0.7 over land (Kahn et al., 2009). Compared
to AERONET, marine stations have the highest correlation
coefficient (0.9), and dusty sites have the lowest correlation
coefficient (0.7) (Kahn et al., 2005). Although MISR has these
biases, MISR can still represent the spatial and temporal
variations in aerosols. In this study, 550 nm AOD at 550 nm
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with a horizontal resolution of 0.5° x 0.5° (lat x lon) was derived
from the MISR Level 3 Data.

2.3 MERRA-2 Reanalysis Data

The Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2) is produced by the NASA
Global Modeling and Assimilation Office (GMAO), which
provides datasets dating back to 1980 (Gelaro et al, 2017).
Previous studies have evaluated MERRA-2. Compared with
models and observations, the MERRA-2 AOD is larger than
the simulated AOD, but observations are larger than the
MERRA-2 AOD (Randles et al., 2017). Furthermore, previous
studies compared observed AOD based on AERONET and found
that the MERRA-2 AOD better matches that of AERONET
(Randles et al., 2017). Liu et al. (2019) combined the AAI and
several satellite datasets to check the reliability of long-term
changes in the MERRA-2 dust concentration. Moreover,
MERRA-2 underestimates the daily temperature and
overestimates the latent heat flux in summer (Draper et al,
2017). Although MERRA-2 still presented these biases,
MERRA2 could represent the spatial and temporal variations
in aerosols. In this study, we used AOD, dust aerosol optical depth
(DAOD), and surface albedo with a horizontal resolution of 0.5° x
0.625°(lat x lon) to analyze the impacts of dust over the TP.

2.4 ERA5 Reanalysis Data

The European Centre for Medium-range Weather Forecasting
Reanalysis V5 (ERAS5) is a global atmospheric reanalysis dataset
(Hersbach et al., 2019) dating back to 1950, with a horizontal
resolution of 0.25° x 0.25° (Hersbach et al., 2018). Compared with
ERA-Interim, ERA5 was significantly improved. The assimilation
method uses the ensemble 4DVar data assimilation scheme with 10
ensemble members, with a horizontal resolution of 31 km x 31 km
and a vertical stratification of 137 layers with a top pressure of 1 Pa.
The integrated forecast system version was upgraded to Cy41r2,
the radiative transfer mode was upgraded to RTTOV-vl11, and the
temporal resolution was improved to 1 h. The ERA5 reanalysis
datasets are better than MERRA-2 in estimating solar irradiance,
but there are some biases in cloudy conditions. ERA5 overestimates
solar radiation, while MERRA-2 underestimates solar radiation in
most areas. In terms of wind speed, ERA5 is superior to MERRA-2
compared to the observation data. In terms of precipitation, ERA-5
performs better on the monthly scale, followed by JRA-55,
MERRA-2, and CFS-2 (Taszarek et al, 2021) in terms of
thermodynamic theoretical parameters, low-altitude decrement
rate, low-altitude wind shear, etc. (Maa et al,, 2021). Both ERA5
and MERRA -2 data better represent variables such as temperature,
moderateness, mid-tropospheric decrement rate, and mean wind.
However, ERA5 has a higher correlation and lower mean error
compared to MERRA-2 (Taszarek et al., 2021). In general, ERA5 is
better than MERRA-2 data in terms of solar radiation,
precipitation, temperature, and wind speed. However, ERA5
excludes aerosol data; we use MERRA-2 data for analyzing
aerosols in this article. For the analysis of temperature and
radiation, ERA5 data are used. In this study, we used surface
temperature and surface net solar radiation (clear) with a
horizontal resolution of 0.25° x 0.25° (lat x lon).

Influence of Dust on Snow

2.5 Correlation Analysis Method

By using the correlation analysis method, this article analyzes the
correlation relationship between MERRA-2 AOD and MODIS,
MISR AOD, verifying the feasibility of MERRA-2 AOD in the
study area. The correlation coefficient as defined by Pearson can
be used to characterize the correlation between two different
variables. Assuming a sample size of n for variables x and y, the
correlation coefficient formula is as follows:

Yl -0)(yi-y)]
\/Z?:l (xi — 2)2 X Z?:l (yi - )7)2

where X and j represent the average of x and y, respectively.

The significance test for the correlation coefficient r can be
performed using the t-test method, assuming that the two
variables are not correlated, with the statistic t:

(1)

r

n—2

t=r
1-1r2

2

n is the sample size and n-2 is the degree of freedom. The
significance level is assumed to be a. If t < t, the linear
correlation is insignificant. If t > t,, the linear correlation is
significant.

2.6 Climate Trends

Assuming a sample size of n for a certain climate variable xi, and
ti represents the time corresponding to xi, establishing a one-
dimensional linear regression equation between xi and ti:

(©)

In Eq. 3, a is the regression constant and b is the regression
coefficient. For the observed data xi and the time ti, the least-
squares estimates of the regression coefficient b and the constant
a are:

Xi=a+bt,i=12,,n

n 1 n n
i Xiti ~ ;(Zlexf)(zleff)
1
Z:’thiz - ;,(Z:l=1ti)2

a=x-bt

(4)

where
1& 1
X=—)xpt=—)1
x n;x ”Zl

Using the relationship between the regression coefficient b and
the correlation coefficient a, finding the correlation coefficient
between time ti and the variable xi:

?:1 tiz - i (Z?:l ti)z

Y Xi = i (Z?:lxi)z

®)

r =

The correlation coefficient r indicates the closeness of the
linear correlation between the variable x and time t. When r = 0,
the regression coefficient b is 0, and the regression line
determined by the least-squares estimation is parallel to the
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x-axis, indicating that the change of x is independent of time t;
when r > 0, b > 0, indicating an upward trend of x with time t;
whenr < 0,b <0, indicating a downward trend of x with time t. In
this article, we mainly use this method to calculate the linear trend
of snow and dust aerosols.

2.7 Rate of Dust Change

This article focuses on calculating the rate of dust change by using
statistical methods. The difference between the dust
concentrations of two adjacent days (the latter-day minus the
previous day) is calculated using dust concentration data from
MERRA-2 reanalysis datasets, and the rate of dust change
concentration is obtained by dividing the difference by the
dust concentration of the day. The main calculation formula is
as follows:

Dust (i + 1) — Dust (i)
Dust (i)

Dust ar (i) = (6)
where Dust is the atmospheric dust concentration and Dust, . is
the diurnal rate of atmospheric dust concentration. i represents
the time series, i represents the current day, and i+1 represents the
next day.

The dust concentration is influenced by the season; the effect
of seasonal variability of dust concentration needs to be removed
for a clearer analysis of the effect of dust on snow. We use the
difference transform to remove the seasonal variability. To
specifically analyze the effect of high and low values of dust
variability on snow, the rates of dust change data from 2009 to
2018 were arranged from smallest to largest in spring, and the
high and low values were selected using the 5% and 95% quartiles.
In this article, we calculated the 5% and 95% quartiles as
-0.63mgm > d' and 0.65mgm > d”'. Therefore, all dates
greater than 0.65mgm ™ d ™' are identified as high-value days,
while dates less than —0.63 mg m ™~ d ™" are identified as low-value
days. Furthermore, the highest diurnal rates of atmospheric dust
concentration and the lowest diurnal rates of atmospheric dust
concentration are usually located next to each other. When the
diurnal rate of atmospheric dust is high, the dust concentration in
the atmosphere gradually increases at this time, mainly because
most of dust is released into the atmosphere. When the diurnal
rate of atmospheric dust is low, the dust deposits on snow at this
time. Thus, the high values represent the atmospheric dust and
the low values represent dust-on-snow. High and low-value days
are analyzed separately for radiation, temperature, and snow
distribution to comprehend the mechanism of the effect of
dust to snow.

3 RESULTS

3.1 Spatial and Temporal Distributions of
Aerosols Over the Tibetan Plateau

As a major aerosol over the TP, dust in the atmosphere and snow
on the TP remarkably influence the Asian climate. In this article,
we choose the most dominant absorbing aerosols (dust aerosols)
to estimate the relative contributions of atmospheric dust and

Influence of Dust on Snow

dust-on-snow to the change in snow cover over the TP through
the use of reanalysis datasets and satellite retrievals. We use three
aerosol-related datasets, MERRA-2 reanalysis datasets, MODIS,
and MISR retrievals. The MERRA-2 reanalysis datasets include
dust-related variables, which are used to investigate the
association between dust aerosols and snow cover, and they
further analyze the influence of atmospheric dust and dust-on-
snow to the change in snow cover over the TP. Due to differences
in models and emissions, MERRA-2 AOD shows specific
uncertainties in different regions and should be evaluated
before use. We need to analyze the applicability of MERRA-2
reanalysis datasets on the TP. To evaluate the feasibility of
MERRA-2 reanalysis datasets over the TP, the aerosol
products from MERRA-2 are compared with those derived
from MODIS and MISR retrievals. Overall, MERRA-2
captures the spatial and temporal distributions of 550 nm
AOD over the TP for 2009-2018. The monthly mean AOD
distribution from MERRA-2 is similar to that from the
MODIS and MISR retrievals. The TP AOD from MERRA-2,
MODIS, and MISR has the largest values in April (0.31 + 0.03,
0.36 + 0.04, and 0.23 * 0.03), and December (0.09 + 0.01, 0.08 +
0.01, and 0.06 + 0.01) has the smallest (Figures 1A-C). The
MERRA-2 AOD, MODIS AOD, and MISR AOD have the largest
values in the northern TP (0.25 + 0.1, 0.30 + 0.12, and 0.20 £ 0.08)
and gradually decrease from the periphery of the TP to the inside
and from north to south over the TP. Meanwhile, the TP AOD
from MERRA-2 has been found to be greater than that from
MODIS and MISR retrievals. The differences between MERRA-2
and MODIS may be related to cloud contamination effects and
emission uncertainty in each model system (Liu and Chen, 2020)
(Figures 1D-F). The cloud contamination effects are a source of
bias in the MODIS retrieval of AOD, and the emission
uncertainty refers to the MERRA-2 reanalysis.

Moreover, the MERRA-2 reanalysis datasets are consistent
with the MODIS and MISR retrievals, which could reflect the
seasonal and monthly variations in the TP AOD during
2009-2018 (Figure 2). Figure 2 shows that the values of the
TP AOD from the MERRA-2 reanalysis datasets, MODIS, and
MISR retrievals are 0.20 + 0.08, 0.16 + 0.09, and 0.14 + 0.07 from
2009 to 2018, respectively. The TP AOD from the MERRA-2
reanalysis datasets has the largest values of 0.29 + 0.03 in spring,
followed by 0.23 + 0.03 in summer, and the lowest AOD of 0.12 +
0.02 in winter, which are consistent with the MODIS AOD values
(0.31 £ 0.05, 0.15 + 0.04, and 0.12 + 0.02) and MISR AOD values
(0.21 £0.02, 0.19 + 0.03, and 0.08 + 0.01) (Figure 2A). Although
MERRA-2 AOD has been found to be greater than that from
MODIS and MISR retrievals, the seasonal and monthly variation
characteristics of three datasets are basically consistent. MERRA-
2 AOD data can be used to reflect the variation characteristics of
AOD in the TP. Figures 2B,C show the comparison between
monthly MERRA-2 AOD and MISR AOD, MODIS AOD from
2009 to 2018. The comparison results show better correlations
and smaller errors among the MERRA-2 reanalysis datasets,
MISR, and MODIS retrievals, with correlation coefficients (R)
of 0.90 and 0.76 and root-mean-square errors (RMSEs) of 0.03
and 0.06 (Figures 2B,C). Overall, the MERRA-2 monthly average
AOD is in good agreement with MISR and MODIS.
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averaged AOD over the TP from the (D) MERRA-2, (E) MODIS, and (F) MISR retrievals during 2009-2018. Note that the error bars represent the standard deviation of the
corresponding variables.
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FIGURE 2| (A) Seasonal variations in the TP AOD from the MERRA-2. MODIS and MISR retrievals during 2009-2018 and comparison of MERRA-2 AOD, (B) MISR
AOD, and (C) MODIS AOD over the TP (70-110°E, 25-45°N) for 2009-2018. The red line is the fit line.

As the main type of aerosol over the TP, dust AOD has the  the atmospheric circulation and aerosol emissions in the
largest value of 0.15 + 0.02 in spring and the lowest value 0£0.03+  surrounding areas (Figures 3C,F). The results are consistent
0.007 in winter, showing gradual decreases from the northern to  with those from Xu et al. (2015b), who showed the three-
southern regions of the TP (Figure 3A). The temporal and spatial ~ dimensional structure of aerosols over the TP based on MISR
distributions of DAOD (Figures 3A,C) and dust concentration and Cloud-aerosol Lidar and Infrared Pathfinder Satellite
(Figures 3B,D) are similar to that of AOD over the TP (Figure 1). (CALIPSO) retrievals. They further found that the spatial
DAOD (0.15 + 0.02) and dust concentration (0.2 + 0.06 mg m™) distribution of dust aerosols in the northern TP is
had the largest values from March to June, while DAOD (0.03 +  significantly different from that in the southern TP, which
0.007) and dust concentration (0.04 + 0.01 mgm™) had the  can be seen clearly from 6 to 8 km above sea level, especially
lowest values from October to February (Figures 3A,B). The in spring and summer. Chen et al. (2013) and Yuan et al. (2020)
monthly variations in DAOD in the northern TP diverge from  also investigated the meridional transport path of dust from the
those in the southern TP, with the DAOD in the northern TP TD to the northern slope of the TP and found that the westerly
having the largest values in May (0.28 + 0.03) and the DAOD in  jet weakens and moves northward providing dynamic and
the southern TP having the largest values in May (0.11 £ 0.016)  thermal conditions for meridional transport.

(Figure 3). The spatial distribution of dust concentration in spring and

The dust occurrence frequency in the northern TP is higher ~ winter (Figures 4A,C) is similar to that of MERRA2 DAOD
than that in the southern TP. The DAOD (0.25 + 0.1) and dust (Figures 1D, 4B,D). The dust concentration in the northern TP
concentration (0.35 + 0.2 mg m~>) in the Qaidam Basin are (0.5+0.1 mg m™) was higher than that in the southern TP (0.15 +
higher than those in other regions over the TP. The difference ~ 0.05mgm™) in spring from 2009 to 2018. A large dust
between the northern TP and southern TP is closely related to concentration value (0.6 + 0.1 mg m™>) occurred in the Qaidam
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Basin, and a small +value (0.05 + 0.01 mg m™>) was located east of
95°E and south of 30°N on the TP based on MERRA-2 reanalysis
datasets (Figure 4A). The spatial distribution in winter is similar to
that in spring; due to the frequent dust storms in spring, the dust
concentration in winter (0.15 + 0.02 mg m™) is smaller than that in
spring (Figure 4B). In addition, based on Eq. 3, the regression
coefficients of monthly data with time series were calculated for
spring and winter from 2009 to 2018 to obtain the long-term trend

of dust concentration. The long-term trend of dust concentration
shows a decreasing trend over the TP, with domain-mean values
of ~0.012 mg m month™" in spring and —0.003 mg m > month™"
in winter at the 95% significance level. The maximum values of
~0.015mg m ™~ month™" in spring and —0.006 mg m™— month™" in
winter are located in the northern TP, which was related to the
reduction of dust storms over the TD and Gobi Desert (GD) in
recent years (Figures 4C,D).
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3.2 Spatial and Temporal Distributions of
Snow Cover Over the Tibetan Plateau

Snow cover is mainly located in the western TP (Kunlun
Mountains) southeast of the TP, especially in the Hengduan
Mountains, the Himalayas, and Qilian Mountains, and snow
cover is difficult to melt due to the complex terrain. The snow
cover in the hinterland of the TP and the Qaidam Basin with a dry
climate and scarce precipitation belongs to instantaneous snow,
and the snow cover is lower (10% * 2) (Figure 5C). Both the
fraction of coverage and duration of snow cover over the TP are
lower than those at high latitudes, which leads to rapid changes in
seasonal snow cover over the TP. Due to the influence of local
temperature and precipitation, the changes in snow cover are
more active in the cold season (Figures 5A,C). The snow cover
accumulates gradually during the accumulation period from
October to January, which causes the snow cover to have the
highest values in January (30% * 6) and lasts until spring
(Figure 5A).

The spatial distributions of surface temperature are opposite to
snow cover (Figures 5B,D). The monthly variability of snow on
the TP is opposite to surface temperature, with snow reaching
minimum values in July and August while surface temperature is
at a maximum and snow reaching a maximum in December and
January while surface temperature is at a minimum. With
increased surface temperature, snow cover will decrease. The
surface temperature has larger values in the northern TP,
especially the Qaidam Basin, with the maximum value being
11.4°C, and the lowest values mainly occur in the middle, west,

+

and southeast of the TP (-6.3°C 0.83, -8.8°C + 1.15,
and -5.0°C + 1.30, respectively) (Figure 5D). The surface
temperature over the TP has the highest value in summer
(10.2°C + 0.69) and the lowest value in winter (-16.7°C =*
1.52), with the highest value in July (11.4°C + 0.47) and the
lowest value in January (-18.6°C + 1.58) (Figure 5B). The surface
temperature has a larger value over the TP in summer; thus, the
snow cover of only 15% indicates that most of the snow cover has
melted and supplied water to the lake (Zhang et al., 2012), and the
minimum snow cover appears in August (12.97% =+ 3.92)
(Figures 5A,B).

To compare the snow with dust, the snow cover was
interpolated to a spatial resolution of 0.5° x 0.625° of
MERRA-2. With the lower surface temperature and higher
dust concentration over the TP in the winter half-year
(December to May), we further investigated the influence of
dust aerosols on snow cover over the TP. The distribution of
snow cover in spring and winter is consistent with the annual
snow cover (Figures 6A,B). In the eastern 90°E of the TP, snow
cover increases in spring and decreases in winter. In the western
90°E of the TP, snow cover increases in spring and winter
(Figures 6C,D), but the variation trend of dust concentration is
opposite to that of snow cover in spring (Figures 4C,D). May
dust lead to significant melting of snow in spring and winter,
causing most of them at risk of rapid mass loss? We will further
discuss the relationship between dust and snow cover.
However, due to the accumulation of snow, the relationship
between snow cover and dust concentration is not clear
(Figures 7C,D).
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Snow cover has a larger value (80% + 12) in the southeastern
TP in spring from 2009 to 2018, and the lower values (10% + 1)
are mainly in the center of the TP, including the Kunlun

Mountains and Qaidam Basin (Figure 6A). The spatial
distribution of snow cover in winter is almost equal to that in
spring, while for the entire domain, snow cover in winter is lower
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than that in spring, and the maximum values (70% + 8) are
mainly located in the southeastern TP. The value of snow cover is
60% + 4 in Qinghai Lake (Figure 6B). There is an obviously
increasing trend of snow cover in the southern TP in spring from
2009 to 2018. The maximum value was mainly located in the
southeastern TP, with a maximum value of up to 1.6% month™’;
the snow cover in the northeastern TP shows a decreasing trend
(-1.2% month™). However, whether this change is due to dust
will be discussed further below. With the deposition of dust
aerosols from the TD in the northern TP, dust aerosols mainly
influence fresh snow in the northern TP (Figure 6C). The
variation trend of snow cover in winter is significantly
different from that in spring. Most areas of the TP show
decreasing trends and are mainly located in the west,
southeast, and northeast of the TP, with a maximum value of
up to —2% month ", Could dust have caused the decrease in snow
cover in regions of maximum snow cover? We will use the rate of
dust to analyze. The snow cover shows an increasing trend in the
southwestern TP, which is mainly caused by the influence of
precipitation (Figure 7D).

Due to the influence of precipitation and temperature, the
correlation between snow and dust is uncertainty. Therefore,
positive correlation will occur in the case of low precipitation, and
inverse phase deposition of dust in snow will occur when the dust
concentration is large, while the influence of dust in the
atmosphere and dust in snow is different, so the correlation
results are different. Therefore, we cannot get an obvious signal
from the climatic state, so we use the rate of dust change to
analyze.

To explain the influence of dust on snow over the TP, this study
analyzed the temporal and spatial correlations between dust
concentration and snow cover. Dust has a significant correlation
with snow cover in most regions of the TP at an 85% significance
level of the t test. In particular, dust has a greater influence on snow
cover duration in the regions of maximum snow cover (Figure 7).
In spring, there is a significant negative correlation between dust
and snow cover in the northern 35°N and eastern 90°E of the TP,
with the highest correlation coefficients being —0.6. However, in
winter, there is a significant positive correlation between dust and
snow cover in the TP, with the highest correlation coefficients
being 0.5. In the northwest and the hinterland of the TP, there is a
significant positive correlation between dust and snow cover, with
values of 0.4 in spring and 0.5 in winter, which are mainly
influenced by precipitation more than dust aerosols
(Figures 7C,D).

In spring, there is a significant negative correlation between
dust and snow cover in the northern 35°N and eastern 90°E of the
TP. Surface temperature and precipitation are two direct factors
that can affect snow, while dust usually affect the snow by
affecting surface temperature. The influence of precipitation
will lead to a non-significant correlation in some areas.
Therefore, we select the northern region of the TP (35-40°N,
87-105°E) and calculate the rate of dust and the variability
characteristics of precipitation and select the high and low
values of dust rate in the case of precipitation less than
0.0049 mm, so as to reduce the influence of precipitation on

Influence of Dust on Snow

snow and then analyze the influence of dust on snow in the
northern region of the TP (35-40°N, 87-105°E).

3.3 The Influence of Dust in the Atmosphere
and Deposition in Snow Over the Tibetan

Plateau

We select the northern region of the TP (35-40°N, 87-105°E) and
calculate the rate of dust and the variability characteristics of
precipitation and select the high and low values of dust rate in the
case of precipitation less than 0.0049 mm, so as to reduce the
influence of precipitation on snow and then analyze the influence
of dust on snow in the northern region of the TP (35-40°N,
87-105E). Dust physical processes, including dust emissions,
long-term transport, and dry/wet deposition, are closely related to
the climatic effects of dust aerosols. The study of the climate effect
of dust is always very complex. It is difficult to separately analyze
the effect of dust in the atmosphere and snow for observations,
which leads to the lack of observational facts in the climate effects
of dust aerosols over the TP. We distinguished between
atmospheric dust and dust-on-snow by calculating the diurnal
rate of dust concentration in the northern region of the TP
(35-40°N, 87-105°E) in this study (Figure 8). The highest (red
dots, >0.65mgm™ d™') and the lowest diurnal rates of
atmospheric dust concentration (blue dots, <-0.63 mgm™>
d™") are usually located next to each other in Figure 8. In
particular, the dust concentration is higher during high events
(red dots) due to local dust emissions and transport from other
sources. However, dust aerosols settle quickly to snow due to dry/
wet deposition, which leads to dust concentrations in the
atmosphere decreasing rapidly in low events (blue dots). The
pattern of surface dust concentration in high and low events is
almost the opposite in the northern TP (Figures 8, 9). Therefore,
the high and low values of the diurnal rates of atmospheric dust
represent atmospheric dust and dust-on-snow over the TP,
respectively. Furthermore, we investigate the influencing
mechanism of atmospheric dust and dust-on-snow on snow
cover over the TP based on high and low events.

Based on high and low values of dust variability, using
radiation data from MERRA-2 and meteorological element
data from ERAS5, we analyze the characteristics of changes in
solar radiation, surface temperature, and snow cover. Through
analyzing the distribution characteristics of radiation, surface
temperature, and snow cover in the northern region of the TP
(35-40°N, 87-105°E) based on the high and low values of the rate
of dust, we can analyze the influence of atmospheric dust and
dust-on-snow on snow cover in the northern region of the TP
(35-40°N, 87-105°E). The solar radiation anomaly and surface
temperature anomaly are mainly obtained by calculating the
average values of solar radiation and surface temperature in
the high and low values to subtract the average values from
2009 to 2018 in spring. Dust can affect solar radiation directly,
while the variation of solar radiation directly affects surface
temperature. The radiation anomaly and surface temperature
anomaly can be interpreted as being caused by dust. The
precipitation is lower in the high and low events; thus, we can
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FIGURE 8 | Time variation of dust concentration (units: mg m=2 d~") over the TP in spring for 2009-2018 and selected cases representing atmospheric dust (red
dots) and dust-on-snow (blue dots).

ignore the influence of precipitation on snow over the northern
TP (Figures 9C,D).

Atmospheric dust reduces the surface net solar radiation
(-3.84Wm™) through absorbing shortwave radiation,
decreases the surface temperature (-2.27°C), and finally
increases the snow cover (—1.04%). The high events occur
mainly from March to May, which are mainly from local dust
emissions and external transport. During high events, surface
dust concentration anomaly has negative values (—0.026 mg m ),
and the minimum value is —0.05mgm ™. During this time,
surface dust aerosols are emitted to the atmosphere. As one of
the major LAAs, dust aerosols can significantly absorb solar
radiation. Due to the influence of atmospheric dust, the
surface net solar radiation anomaly has lower values of
—-3.84 Wm™ in the northern TP (Figure 10C), which caused

a negative surface temperature anomaly of -2.27°C in the
northern TP during the high events (Figure 11A). The surface
temperature can significantly influence snow cover, and the snow
cover anomaly shows higher values of 3% in the eastern 90°E of
the north TP and lower values of 2% in the western 90°E of the
north TP. The spatial distribution of surface albedo is similar to
that of snow cover; a positive surface albedo anomaly mainly
occurs in the northern TP (0.0004).

The dust deposited on snow reduces the surface albedo by —0.004,
induces surface warming (0.42°C), and reduces snow cover (—2.00%)
by rapid snowmelt in the northern TP. The positive surface dust
concentration anomaly is high over the northern TP (0.057 mg m™),
and the negative values of —0.01 mg m > are located on the southern
37°N and eastern 98E of the northern TP during low events
(Figure 9B). Dust deposited on snow can reduce surface albedo;
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FIGURE 9 | Spatial distributions of (A,B) surface dust concentration (units: mg m~3) and (C,D) precipitation (units: mm) on (first column) the difference between high
and normal days and (second column) the difference between low and normal days.
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FIGURE 10 | Spatial distribution of (A,B) surface albedo and (C,D) surface net solar radiation (units: W m™2) on (first column) the difference between high and
normal days and (second column) the difference between low and normal days.

thus, the surface albedo anomaly has lower values of —0.004 in the
northern TP, with minimum values down to —0.016. (Figure 10B).
The spatial distribution of the surface net solar radiation anomaly is
contrary to that of the surface albedo, and the larger values of
3W m? are located in the south of northern TP (Figure 10D).
The surface temperature has a larger value of 2°C, mainly in the west
of the northern TP (Figure 11B). The spatial distribution of snow
cover is almost opposite to that of surface temperature, while for the
entire snow cover domain, the lower values of snow cover of —2.00%
are mainly located north of the TP (Figure 11D). The significant
decreasing snow cover over the TP is induced due to the snow
darkening effect. Dust-on-snow increases the surface solar shortwave
radiation by decreasing the surface albedo, which further strengthens
the surface temperature, weakens the snow cover, and further

increases dust emissions. Hence, TP dust can create a positive
feedback loop, which decreases snow cover. In the same period,
snow cover can partially block the upward longwave radiation from
the ground and affect the ground thermal regime. When the snow
cover decreases, the upward longwave radiation from the ground
increases, which weakens the surface temperature. The effect of snow
darkening is higher than the thermal regime of snow cover, which
finally increases surface temperature and decreases snow cover.
Figure 12B shows the significant increase in the surface latent
heat flux by the dust-on-snow. This is due to the increased soil
moisture induced by a rise in the amount of snowmelt over the
northern TP in spring. The warming of the northern TP also
increases the regional surface sensible heat flux in Figure 12C.
The total surface heat flux (latent + sensible heat flux) shows a
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larger value over the northern TP (429 W m2). Hence, dust-on-
snow over the TP can warm the TP and enhance its thermal effects by
increasing the surface latent heat flux and sensible heat flux, thereby
affecting the Asian climate.

4 DISCUSSION AND CONCLUSION

In addition to local dust emissions, a large number of dust
particles over the TP come from external transport.
Furthermore, both atmospheric dust and dust-on-snow over
the TP affect snow over the TP by influencing the net surface
radiation. Previous studies have mainly analyzed the effect of
absorbing aerosols in the atmosphere and snow on snow cover
from simulation models. This study evaluated the relative impacts
of atmospheric dust and dust-on-snow over the TP in spring from

2009 to 2018 based on satellite data (MODIS) and reanalysis data
(MERRA-2, ERA5).

The results showed that MERRA-2 captures the spatial and
temporal distributions of aerosols over the TP well during
2009-2018. The seasonal distributions of AOD from the
MERRA-2 reanalysis datasets are similar to those from
MODIS and MISR retrievals. The climatic effects of dust on
the energy budget and water cycle of the TP and surrounding
areas cannot be ignored. Dust aerosols show decreasing trends
over the TP from December to May, and snow cover shows
increasing trends. Dust can absorb shortwave radiation, which
can further affect snow cover over the TP.

By calculating the diurnal rate of dust concentration over the
northern TP in the case of precipitation less than 0.049 mm, the
extreme values of dust concentration were used to analyze the
influencing mechanism of atmospheric dust and dust-on-snow
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over the TP. The results show that the influence mechanism of
atmospheric dust is different from that of dust-on-snow over the
TP. Atmospheric dust reduces the surface temperature (-2.27°C)
by weakening the net surface solar radiation (-3.84 W m-2) and
increases the snow cover (1.04%). Dust-on-snow reduces the
surface albedo (-0.004) and removes the snow cover (-2.00%) and
expands the dust source region area by increasing snowmelt,
resulting in an increase in dust emissions, which creates a
significant positive feedback loop.

However, we ignore the effects of dry/wet deposition of dust on
snow over the TP; as the influence of dry/wet deposition of dust on
snow cover is different, the results might not be accurate.
Additjonally, we analyzed only dust aerosols and other types of
aerosols mixed with dust aerosols in the atmosphere, which will
result in different radiative characteristics (Bauer et al., 2007). We
will discuss this in subsequent studies (Herman et al., 1997; Torres
et al., 1998; Diner et al., 2002; Levelt et al., 2006a; Levelt et al.,
2006b; Yao et al., 2010; Olauson, 2018; Tian et al., 2018; Kang et al.,
2019; Sun et al.,, 2020; Allan et al., 2021; Liu et al., 2021).
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This study investigated the meteorological influence of mineral dust in the south-western
African region using satellite and reanalysis datasets by studying 1) the seasonal transport
and distribution of mineral dust in the region; 2) the relationship between precipitation, wind
and desert dust, and 3) the long-term trends of dust column density, precipitation rate and
surface wind speed. The results show that the Namib desert is the main source of dust in
the region, with the density and distribution varying by seasons. The study found that the
greatest dust distribution occurs in the June-July-August (JJA) season, attributed to the
southwesterly winds which transport the dust into the interior of the region. Moreover,
small dust aerosols less that 20 um are observed at highest altitudes between 7 and
10.28 km. Favourable meteorological such as strong and fast winds and low precipitation,
and low vegetation played a vital role in the production and distribution of dust aerosols.
Over a long time (i.e., from 1990 to 2020), dust column density trend increased, while
precipitation and surface wind speed trends decreased. This study provides significant
basis for assessing and monitoring of the desertification processes and their effect on
regional climate variability and change in Southwest Africa, where data is ground-based
data is scarce and related efforts are rare.

Keywords: dust aerosols, dust—extinction, CALIPSO, wind, MODIS, NDVI

1 INTRODUCTION

Tropospheric aerosols ascend from natural sources such as sea-spray, volcanoes and mineral dust.
Other sources of tropospheric aerosols occur from anthropogenic activities such as biomass burning,
combustion of fossil fuels and from gas-to-particles conversion processes (Feiyu et al., 2008).
Aerosols have substantial ability to influence the radiation transfer through the atmosphere and
atmosphere water cycle, thus influence the Earth’s climate directly and indirectly (Hui et al., 2005).

Mineral dust is a major component of atmospheric aerosol loading with the strongest source
regions in the Saharan Desert (Caquineau et al., 2002; Washington et al., 2003; Papayannis et al.,
2005; Adams et al., 2012; Ginoux et al., 2012; Chouza et al., 2016; Shikwambana and Sivakumar
2018). These dust aerosols fluctuate in space and time, with variability in mass of more than 4 orders
of magnitude (Mahowald et al., 2009; Mahowald et al., 2014). Due to its specific optical properties,
airborne mineral dust can absorb and scatter both terrestrial and solar radiation with direct and
indirect effects on the climate (Li et al., 1996; Buseck and Mihaly 1999; Sokoliket al. 2001; Dufresne
etal., 2002; Johnson and Osborne 2011; Gehlot et al., 2015). Mineral dust aerosols are accountable for
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substantial climate forcing through their indirect effects on cloud
and precipitation processes and their direct effects on solar and
thermal radiation. The transport of mineral dust by prevailing
winds from the Saharan Desert (Prospero 1996; Prospero 1999;
Kallos et al., 2006; Knippertz and Todd 2012; Ridley et al., 2014),
and from the Arabian desert (Prakash et al., 2015; Shalaby et al.,
2015; Francis et al, 2017) have been extensively reported.
However, in southern Africa only a few studies concerning
mineral dust have been reported by authors such as Tesfaye
et al. (2015), Dansie et al. (2017) to name a few. Bryant et al.
(2007) conducted a study that focused on dust emissions from the
Makgadikgadi Pans of Botswana using various satellite data such
as the Total Ozone Mapping Spectrometer (TOMS) and
Moderate Resolution Imaging Spectrometer (MODIS) for the
period of 1980-2000. In their study they found that surface wind
speed variability, sediment inflows, the extent and frequency of
lake inundation intermittently influenced the desert dust
loadings. Furthermore, Bhattachan et al. (2012) showed that
vegetation loss and dune remobilization in the Southern
Kalahari can promote dust emissions comparable to those
observed from major contemporary dust sources in the
Southern African region. An update dust plume source
inventory for southern Africa was presented by Vickery et al.
(2013). In this work they detected 328 distinct daytime dust
plumes which were attributed to 101 point sources. The point
sources consisted largely of ephemeral inland lakes, coastal pans
as well as dry river valleys originating from Namibia, Botswana,
and South Africa. Furthermore, the plume observations identified
sub-basin scale source clusters for the Etosha Pan, Makgadikgadi
Pans as well as the south western Kalahari pan belt.

Over the past years, the use of satellites and reanalysis
datasets have proven to being amongst the best methods to
use for large continuous area coverage and long-time
monitoring. Some of the disadvantages of satellites is that
they have limited use of optical sensors in cloudy conditions.
However, in this work satellite and reanalysis datasets are of
great advantage since they offer the ability to view broad areas
which is important for studying the distribution of dust
aerosols. Mineral dust aerosol data from the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) (Amiridis et al., 2013; Huang et al,, 2015; Zhao
et al,, 2015) and the Modern-Era Retrospective analysis for
Research and Applications, Version 2 (MERRA-2) (Schepanski
etal, 2016; Provencal et al., 2017) have been used in the past by
several researchers. CALIPSO can identify the different types of
aerosols such as dust and can further provide vertical height
profiles of dust. MERRA-2 provides the spatial distribution of
dust extinction and wind vector data.

This research aims to 1) study the seasonal distribution of
mineral dust, 2) study the seasonal distribution of meteorological
parameters that impact on the mineral dust, 3) study the seasonal
vertical height profiles of dust and 4) study the trend analysis of
dust and some meteorological parameters that influence the dust
distribution. The study presented here is organised as follows: the
study region is discussed in Section 2 while details of the data
used is given in Section 3. Section 4 contains a discussion of the
results and conclusions are given in Section 5.

Dust Distribution Over South-Western Africa

2 STUDY SITE

Figure 1 shows the two main deserts in southern Africa, ie. the
Namib and Kalahari. The Namib is a costal desert which stretches
<2000 km along the Atlantic coasts of South Africa, Namibia and
Angola. The descent of dry air of the Hadley Cell cooled by the cold
Benguela current along the coast causes the Namib’s aridity. In
central Namib, the desert extends for approximately 140 km inland
(Lancaster et al., 1984), becoming narrower at its northern and
southern extremities (Lancaster et al., 1984). Within the desert,
coastal plains are characterised by high air humidity, no rain and
mild air temperatures. On the other hand, eastern part of the desert is
characterized by low air humidity, high air temperatures, and
summer rainfall prevail (Hachfeld and Jiirgens 2000).

The Kalahari Desert (a large semi-arid sandy savannah) is
located approximately 600 km east of the Namib desert. It
occupies the northernmost part of the Northern Cape
province in South Africa, the eastern third of Namibia, the
southeastern parts of Angola and almost all of Botswana. The
longest north-south extent is ~1,600 km, and its greatest east-west
distance is ~970 km. Precipitation in the northern Kalahari can
reach ~635 mm annually and the precipitation in the southern
Kalahari can reach ~254 mm annually.

3 DATA AND METHODS

3.1 Data

3.1.1 CALIPSO

CALIPSO has been in orbit since 2006 and has been collecting data
ever since. The specifications of CALIPSO are discussed in detail by
Winker et al. (2003, 2010). One the objectives for CALIPSO is to
provide measurements on the spatial and vertical distribution of
aerosols globally. There are three basic types of Level 2 data products:
profile products, layer products, and the vertical feature mask
(VEM), and these data products are provided at various spatial
resolutions. The level 2 processing involves three major steps which
are discussed in detail by Winker et al. (2009).

Level 3 aerosol profile product reports monthly averaged statistics
based on quality-screened level 2 aerosol extinction profiles at 532 nm
below 12 km in altitude, vertically gridded to mean-sea-level. Further
details on the methodology used for the generation of the Level 3
products can be found in Winker et al. (2013), Tackett et al. (2018).
The mean bias becomes much larger for altitudes lower that 3 km (of
the order of 60%) which is attributed to the decrease of the CALIOP
signal-to-noise ratio, as well as to the incomplete overlap height region
of the ground based lidar and finally to the distance between the two
instruments, resulting to the observation of possibly different air
masses. The data, used in this study, is the all-sky dust extinction
coefficients at 532 nm available from the CALIOP Level 3 aerosol
profile monthly products with a horizontal resolution of 2° x 5
(latitude/longitude) and a vertical resolution of 60 m.

3.1.2 MERRA-2

The Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2) was introduced to replace
and extend the original MERRA dataset (Rienecker et al., 2011). It
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is produced using version 5.12.4 of the Goddard Earth Observing
System Model (GEOS) Data Assimilation System (DAS). Gridded
data are released at a 0.625" longitude x 0.5 latitude resolution on
72 sigma-pressure hybrid layers between the surface and
0.01 hPa. MERRA-2 contains the assimilation of bias-corrected
AOD from the Advanced Very High Resolution Radiometer
(AVHRR) and MODIS, AOD over bright surfaces obtained
from the Multiangle Imaging SpectroRadiometer (MISR), and
AOD from the AErosol RObotic NETwork (AERONET)
(Randles et al., 2016). More details on MERRA and MERRA-2
can be found in Rienecker et al. (2008, 2011), Buchard et al. (2015,
2016), respectively. The data used in this study are the dust
column density products.

3.1.3 AIRS

The Atmospheric Infrared Sounder (AIRS) instrument was
launched on 4 May 2002 on the Earth Observing System
(EOS) Aqua Platform. It collects information on the different
layers of the atmosphere and provides hyperspectral imagery
through applying various processing algorithms. The instrument
collects climate data and turns it into 3-D maps of water vapour,
cloud properties, and air/surface temperature. Moreover, AIRS
can measure the atmospheric temperature in the troposphere
with precision of ~1 K over 1 km-thick layers under cloudy and
clear conditions. AIRS also has 4 visible (VIS) and near-IR (NIR)
channels between 0.40 and 0.94 um, which are utilized for the
detection of clouds in the IR FOV. The IR resolution for AIRS is
1 km in the vertical and 13.5 km in the horizontal. The VIS/NIR
spatial resolution, on the other hand, is ~2.3 km. The uncertainty
of estimate for temperature profiles are 1) between 1 and 2 K/km
in the troposphere and 2) between 2 and 3 K/km above the

troposphere. More details of the instrument are discussed by
Hartmut et al. (1995), Chahine et al. (2006), Menzel et al. (2018).
In this study, we use the air temperature product.

3.1.4 TRMM

In November 1997 the Tropical Rainfall Measuring Mission
(TRMM) was launched. TRMM has 5 instruments onboard
namely, the Lightning Imaging Sensor (LIS), TRMM Microwave
Imager (TMI), Visible and Infrared Scanner (VIRS), the
Precipitation Radar (PR), Clouds and the Earth’s Radiant Energy
System (CERES). Kummerow et al. (2000), Liu et al. (2012) provide
comprehensive details on the specifications of the TMI, PR, VIRS
and LIS instruments. The overall objective of TRMM was to use 1) to
obtain and study multi-year science data sets of tropical and
subtropical rainfall measurements, 2) to understand how
interactions between the sea, air and landmasses produce changes
in global rainfall and climate, 3) to improve modelling of tropical
rainfall processes and their influence on global circulation to predict
rainfall and variability at various periods, and 4) to test, evaluate and
improve satellite rainfall measurement techniques. The relative bias
of preceipitation has been calculated elevation wise, and the values
have been characterized under three categories as under-estimation
(bias <10%), overestimation (bias >10%), and approximately equal
(bias range from 10% to 10%) (Yang and Luo, 2014). In this study,
the precipitation rate product was used.

3.1.5 MODIS Normalised Difference Vegetation Index
The Normalised Difference Vegetation Index (NDVI) products
(MOD13Q1) collection 6 (C6) product, from Moderate Imaging
Spectroradiometer (MODIS) sensors onboard Aqua satellites,
were averaged by season, ie., DJF, MAM, JJA, and SON, in
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TABLE 1 | Summary of the data used in this study.

Input data source Products used
(temporal resolution, spatial

resolution)

Merra-2 (monthly; 0.5° x 0.625°)

(b) Surface wind speed and wind
vectors (m.s™")

CALIPSO (monthly, 2° x 5°) Dust extinction coefficients at

532 nm (Mm™")

AIRS (monthly, 13.5 km at nadir, 1 km
vertical)

Air temperature (°C)

TRMM (monthly, 0.25° x 0.25°) Precipitation rate (mm/month)

MODIS Vegetation Indices

(MOD13Q1.0086) (NDVI)

Google Earth Engine (GEE). The products have a spatial
resolution of 250 m and spanned from 2000-2020, thus were
suitable to analyse the seasonal vegetation variations in this study.
The NDVI quantifies vegetation by measuring the difference
between near-infrared (where there is high scattering by
vegetation structure) and red light (where vegetation
biochemistry causes intense absorption). Generally, NDVI
values <0.1 indicate no green vegetation, values between 0.2
and 0.4 correspond to areas with sparse vegetation, values
between 0.4 and 0.6 indicate moderate vegetation, while values
>0.6 indicate a high density of green vegetation. The MOD13Q1
C6 product has achieved Stage 3 validation, i.e., uncertainties
have been rigorously quantified over global sites. Its uncertainties
are within £0.025 (https://modis-land.gsfc.nasa.gov/ValStatus.
php?ProductID=MOD13, accessed: 12/05/2022). Errors in the
red band associated with residual atmospheric effects are the
main source of the NDVI errors.
The summary of the data used is given in Table 1.

3.2 Method

3.2.1 Statistical Analysis

Sneyers (1990) produced a statistical test to identify abrupt
changes in significant trends. The Sequential Mann-Kendall
(SQMK) test sets up two series, a progressive (forward) and a
retrograde (backward) series (Sneyers, 1997; Sneyers et al., 1998;
Lu et al,, 2004). If the progressive and retrograde series intersect
each other and diverge beyond some base value, then there is a
statistically significant trend. The point where they intersect each
other shows the approximate year at which the trend starts
(Mosmann et al., 2004). Supplementary Appendix Al gives
the SQMK test steps in detail.

4 RESULTS AND DISCUSSION

4.1 Seasonal Spatial and Vertical

Distribution of Dust
Figure 2 shows an averaged seasonal spatial distribution of dust
surface concentration overlay with 2-m wind vectors in the study

(a) Dust surface mass concentration (ug.m=)

Normalised Difference Vegetation Index

Dust Distribution Over South-Western Africa

Period of Output data

analysis

1990-2020 Seasonal distribution maps of dust surface mass
concentration

1990-2020 Seasonal distribution maps of wind speed and wind
direction

2007-2020 Dust extinction coefficient vertical seasonal profiles

2002-2020 Seasonal distribution maps of air temperature

2000-2020 Seasonal distribution maps of the precipitation rate

2000-2020 Seasonal vegetation variation maps

region. The results clearly show that the Namib desert is the main
source of dust in the region seasonally. In their study, Vickery
et al. (2013) show that the Namib desert produces the highest
number of plumes ~85 compared to other dust sources in
Southwest Africa. This is one of the reasons why a high dust
concentration is observed in that region seasonally. Figure 2
results further show that the Kalahari Desert does not contribute
significantly to the overall emission of dust in the southern
African region. However, at a local scale, the Kalahari Desert
could be the major contributor to the dust emissions. This is
because the Kalahari is made up of biomes which is likely to trap
the dust, especially during the rainy (DJF) season. The higher
precipitation rate in the Kalahari also dampens the soil which
reduces the formation of dust and sand. The low wind speeds also
reduce the lifting and transport of sand and dust aerosols. The
highest dust concentration between 0.25 and 0.30 uyg m™ in the
Namib Desert is observed in the JJA season, followed up by the
SON, DJF and MAM seasons, respectively. The high wind speeds
in the JJA season (see Figure 2C) are the main source of the high
concentration of dust. The strong winds lift large amounts of sand
and dust from bare, dry soils into the atmosphere. The low
precipitation seasonally also ensures that the sand and dust is
always dry thus making it easier for the lifting process. This
process also applies to moderate wind speeds in the SON season
(see Figure 2D). In the SON season, a moderate dust
concentration of between 0.15 and 0.23 ugm™ is observed. A
low dust concentration between 0.1 and 0.15 ug m ™ is observed
in the DJF and MAM seasons, Figures 2A,B, respectively. The
low wind speed is one of the factors that influence the low
concentration of dust.

Dust aerosols exert a significant effect on the global radiative
budget by scattering and absorbing longwave and shortwave
radiation thereby impacting the vertical profile of temperature,
atmospheric stability and precipitation (Denjean et al., 2016). It is
for this reason that the knowledge of the vertical distribution of
dust is important. Figure 3 shows dust extinctions profiles
averaged in a latitude-longitude box. The largest dust
extinction coefficients value of ~2.7 Mm™' is observed at the
surface during the DJF season. This large extinction coefficient
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FIGURE 2 | Seasonal averaged dust surface mass concentration overlay with wind vectors for the period 1998-2020 in (A) DJF, (B) MAM, (C) JJA and (D) SON,
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FIGURE 3 | Seasonal mean dust extinction coefficient profiles from
CALIPSO over the period 2007-2020, obtained from CALIPSO.

value implies a high dust aerosol loading at the surface. However,
the dust extinction coefficients values decrease with increasing
altitude indicating that most of the dust aerosols are concentrated
at the surface and elevate at an altitude less than 4 km. The
suppression of dust aerosols on ths surface might be due to higher
precipitation rates and low wind speeds. On the other hand,
elevated dust aerosols are observed during the SON season. Three
distinct peaks at 7.05 km (0.25 Mm ™), 7.29 km (0.33 Mm ") and
10.28 km (0.037 Mm™") are observed during this period. The
synthesis and elevation of these dust aerosols are due to the dry
soil conditions and high wind speeds (Aili et al, 2016)
experienced during this season. The high temperatures and
lack of precipitation contribute favourably to the drying of the

soil, which allows for the production of dust particles, and allows
strong winds to transport the dust particles into the upper
troposphere. Alfaro et al. (1998) showed that strong winds
force particles of about 100-200 um diameter to move in
ballistic trajectories (“saltation”) close to the surface. These
saltating particles can break apart or eject smaller soil particles
upon impacting the soil. These smaller particles (<~50 um) are
entrained into the boundary layer, after which they can be
transported long distances.

4.2 Seasonal Meteorological Conditions

Over the Deserts

Meteorological parameters such as wind speed and wind
direction are important to understand the dispersion and
propagation directions of dust aerosols. Wind in the desert
also has a vast effect on the formation of sand dunes. Wind
speed and wind direction seasonal results obtained from
MERRA-2 are presented in Figure 4. Although wind speed
and wind direction show seasonal variations, the only
consistency is the prevailing westerlies, from the Atlantic
Ocean, travelling at high wind speeds of between 8.5 and
10ms™' every season. Moreover, the longshore southerly
winds in the central coastline region are also present and are
maintained by a strong pressure gradient between a permanent
high-pressure cell over the ocean, the South Atlantic Anticyclone
(SAA), and a thermal low over the hot, arid continental landmass
(Shannon, 1985; Peard, 2007). The lowest wind speeds of between
4 and 6 m s~ are observed over the Namib and Kalahari deserts
in the DJF, MAM and SON seasons (see Figures 4A,B,D). The
dominant wind directions in these seasons are the westerlies and
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southerlies. However, moderate wind speeds of between 7 and
8ms ' with dominant westerlies and easterlies winds are
observed in the JJA season.

Figure 5 shows the averaged seasonal precipitation rate over
the study area. Overall, the precipitation over the Namib desert is

extremely low, less than 50 mm/month. However, in the JJA
season (see Figure 3C) the is an area (23°S, 15°E) on the southern
part of the desert with a precipitation rate of ~80 mm/month,
which is the highest in the Namib Desert. On the other hand, the
Kalahari Desert shows a precipitation rate variability for the
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different seasons. A high precipitation rate of ~120 mm/month is
observed in the DJF season (see Figure 5A) while the lowest
precipitation rate of >50 mm/month is observed in the JJA and
SON seasons (see Figures 5C,D). The MAM season shows a
moderate precipitation rate of ~80mm/month. The low
precipitation can be attributed to increased dust aerosol
concentration. Lohmann and Feichter (2005) showed that dust
aerosol can suppress precipitation by promoting the formation of
small cloud droplets that do not lead to any rainfall. Furthermore,
Brooks (2000) also showed that the increase in dust concentration
leads to increasing atmospheric stability and reducing convection
which results in decreasing rainfall. Therefore, increase
concentrations of dust aerosols in the atmosphere lead to less
precipitation in these deserts. Precipitation is important
especially in the Kalahari Desert which has some biomes,
which require some amount of water to survive.

The average seasonal air temperature is shown in Figure 6.
The highest average temperature of ~33°C is observed over the
Namib and Kalahari Deserts during the DJF season (see
Figure 6A). The SON season also shows slightly high
temperatures between 30 and 33°C over the Namib and
Kalahari Deserts (see Figure 6D). The lowest temperature
between 22 and 26°C over these deserts are observed in the
JJA season (see Figure 6C), while moderate temperatures of
between 26 and 30°C are observed in the MAM season (see
Figure 6B). These results also show that the Namib Desert is
generally warmer than the Kalahari Desert in every season.
However, in the JJA season, winter fogs produced by
upwelling cold currents, frequently blanket coastal deserts

(such as the Namib Desert) and block solar radiation, thus
making the JJA season cold. Overall, coastal deserts are
relatively complex because they are at the juncture of
terrestrial, oceanic, and atmospheric systems.

4.3 Seasonal and Spatial Variation of

Vegetation

Figure 7 shows the seasonal distribution of NDVI over the
study area. The Namib Desert shows NDVI values of <0.1 for
all seasons, indicating that no vegetation is present at any time
of the season over the area. This area is dominated by bare sand
and dust. However, during the DJF and MAM seasons (see
Figures 7A,B), high NDVI values >0.7 are observed in the
northern parts of the Kalahari Desert. This indicates that these
seasons have some vegetation. The higher precipitation rates in
these seasons (see Figures 5A,B) aid in providing the water
needed for the growth of the plants. Rainfall is the main
determinant for the growth of plants in this area.
Vegetation coverage in the Kalahari Desert is a crucial
factor affecting wind erosion and airborne dust
accumulation. High vegetation coverage traps the dust fall
and thus reduces the transport and dispersion of the dust. This
study does not aim to quantify the amount of dust trapped, but
there are interesting studies aiming to quantify the trapping
effect of different vegetation coverages on the aeolian dust to
better understand the role of vegetation in aeolian dust
accumulation in arid and semi-arid regions (Yan et al,
2011). The JJA and SON seasons (see Figures 7C,D) in the
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Kalahari Desert show low to moderate values of NDVI between
0.2 and 0.4. The northern parts of the Kalahari Desert show
values of ~0.4, while the southern parts of the Kalahari Desert
show values of ~0.2. These values indicate that during these
seasons the area comprises sparse vegetation which is due to a
lack of rainfall. Furthermore, with sparse vegetation, it is
anticipated that slightly more dust would be removed from
the soil and transported into the atmosphere. In fact, the NDVI

for JJA and SON are consistent with the seasonally averaged
dust surface mass concentration results (Figure 5).

4.4 Trend Analysis Observations

The SQMK test is applied to detect the trends in the dust column
density, precipitation rate and surface wind speeds. One of the
reasons the SQMK test is used in this study is that it is not very
sensitive to outliers (Mondal et al,, 2015). Furthermore, the
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precipitation rate and wind speed parameters were selected
because they have some influence on the dust column density,
therefore correlating the parameters can explain why the trend of
the dust column density is observed. Figure 8A shows an
increasing trend of the dust column density from the year
1990 to the year 2020. An increasing dust column density over
time means an increase in dust aerosol loading which leads to the
degradation in air quality. A decrease in precipitation over time
would lead to dry soil conditions and great chances for the
creation of dust from the bare soil. Figure 8B shows a
decreasing precipitation rate from the year 2006 to the year
2020. This is the period with the highest/increasing dust
column density. High wind speeds are responsible for 1)
lifting the dust from the surface and 2) higher wind speeds
would be responsible for the transport and distribution of the
dust. Figure 8C shows a decreasing surface wind speed trend over
time. This result means less of the dust is being transported to
distant places but rather more dust particles are being removed
from the bare soil thus increasing the column density of the dust.
Opverall, the precipitation and wind speed observations support
the observation of the increasing dust density over time.

4.5 Relationship Between Precipitation,

Wind and Desert Dust

Rosenfeld et al. (2001) showed that the reduction of precipitation
affected by desert dust can cause drier soil, which in turn raises more
dust, thus providing a possible feedback loop to further decrease
precipitation. The elevated dust is then transported to various places
by the wind. The transport of dust particles by wind occurs in several
modes, which depend predominantly on particle size and wind
speed. The dust particles are not normally directly lifted by wind
because their inter-particle cohesive forces are large compared to
aerodynamic forces, instead, these small particles are predominantly
ejected from the soil by the impacts of saltating particles (Gillette
et al,, 1974). Following the ejection, dust particles are susceptible to
turbulent fluctuation and thus usually enter short-term (~20-70 um
diameter) or long-term (<20 um diameter) suspension (Kok et al,
2012). Long-term suspended dust can remain in the atmosphere for
up to several weeks and can thus be transported thousands of
kilometres from source regions (Kok et al, 2012). However, the
acceleration of particles with diameters over ~500 um is strongly
limited by their large inertia, and these particles generally do not
saltate (Shao, 2008).

5 CONCLUSION

The study uses a multi-dataset approach to study the
relationship between meteorological parameters and desert
dust aerosols. The study specifically looks at the deserts in
south-western Africa as this is the least studied region. This
study further closes the knowledge gap that exists in dust
aerosols in south-western Africa, where the ground data are

Dust Distribution Over South-Western Africa

scarce and monitoring efforts are rare. The results clearly show
that the Namib desert is the main source of dust in the
Southwest  African region seasonally. The greatest
distribution of dust is observed in the JJA season and the
southwesterly winds are accountable for the transport of dust
into the interior. However, winds in the northerly direction are
responsible for the transport of dust over the Atlantic Ocean.
Furthermore, the highest dust aerosols were observed at ~7
and 10 km which suggests that the dust particles are <20 pm in
diameter (Kok et al., 2012). This study demonstrated that
meteorological parameters play an important role in the
production and distribution of dust aerosols. High
temperatures and lack of precipitation contribute to the
drying of the bare soil creating an enabling condition to
produce dust. Strong winds lift the dust from the soil and
distribute the dust. This study is important because it could be
used as a basis to investigate desertification, primarily from a
climate change point of view, in Southwest Africa. Moreover,
the study can be expanded to study the transport of dust
aerosol to other areas and how this dust impacts the local cloud
fraction and precipitation in those areas.
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Western Iran is an important dust source region in Middle East, with strong dust
activities occurring in springtime. Based on a three-hourly meteorological
station data, remarkable decadal change of dust frequency in the spring
season has been found in the west and southwest of Iran, with less dust
activities during 1992-2005 (hereafter as “P1") and more frequent dust
activities occurring during 2006-2015 (hereafter as "P2"). The decadal
change signal in dust activities is closely associated with the corresponding
decadal difference in precipitation and atmospheric moisture transportation in
the region. Compared with P1 period during 1992-2005, anomalous moisture
divergence over the center of Middle East can be found in P2 period during
2006-2015, suggesting less moisture transport to the western Iran from the
Arabian Sea, Red Sea, and the Persian Gulf, hence there is relatively less
precipitation and dry soil moisture over the main dust source regions in the
study region, which is favorable for more frequent dust emissions in P2 period.
Meanwhile, westerly anomaly in P2 period can also be found in western Iran and
upstream regions, such as Iraq and Syria, which is favorable for more dust
transport to western Iran from upstream dust source region in Middle East.
Furthermore, negative SST anomalies in central and western North Pacific and
positive SST anomalies in the eastern North Pacific can be found in P1 period,
which is corresponding to positive phase of Pacific Decadal Oscillation (PDO).
Conversely, a negative phase of PDO can be found during P2 period. This
suggests that PDO is the key influential factor for the decadal change of spring
dust activities in western Iran.

KEYWORDS

spring dust activity, decadal change, moisture transport, pacific decadal oscillation,
western Iran

1 Introduction

Dust aerosol plays a pervasive role in the Earth system (Goudie and Middleton 2006;
UNEP, 2016). Large amounts of dust emit in the dust source areas of the Earth, which can
be transported over thousands of kilometers and deposited far away from the source
regions (Shao et al., 2011; Van der Does et al., 2018). The main dust sources of the world
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are mostly located in dry and semi-dry lands with sparse
vegetation, and alluvial plains (Prospero et al, 2002; Ginoux
et al., 2012).

Middle East is one of the key dust sources in the world
(Prospero et al., 2002; Ginoux et al., 2012; Wu et al., 2020). Air
quality in the Middle East is strongly affected by dust aerosol,
posing a serious threat to human health (Fountoukis et al.,
2020). There are large regions prone to dust emission in
Middle East, with the Iraqi Alluvial plain, the Syrian
Desert, and Rub al-Khali and Ad-Dahna deserts in Saudi
Arabia being identified as major dust sources (Draxler
2001; Goudie and Middleton, 2001;
Legrand, 2003). In general, dust emissions strongly depend

et al, Léon and
on meteorological factors (precipitation, near-surface winds,
etc.) and land surface conditions (soil moisture, soil
properties, and surface vegetation cover, etc.) (Qian et al,
2002; Shao et al., 2011; Wu et al,, 2018). The meteorological
factors are subject to the large-scale circulations and they vary
greatly with time, which leads to the strong temporal
variations of dust activity in Middle East.

Previous studies have shown that there is remarkable
variability in dust activity in Middle East in interannual to
decadal time scale, which are closely associated with the
variation in large-scale circulation and sea surface
temperature (SST) (e. g., Yu et al,, 2015; Pu and Ginoux,
20165 Kamal et al., 2020). In particular, there is a significant
decadal enhancement of dust activity in Saudi Arabia, which is
suggested to be linked to prolonged drought and the
consequent reduction in vegetation cover across the Saudi
Arabia and upstream region in Sahel (e.g., Piccarreta et al,
20065 Zoljoodi et al., 2013). A relatively high dust period is
found in late 1980s and early 1990s, indicating there is a 10-to-
16-years cycle in dust activity in Saudi Arabia (Yu etal., 2015).
However, few studies have been conducted to investigate the
decadal variations of dust activity in other countries of Middle
East other than Saudi Arabia. Since there is large difference in
the temporal variations of dust activity in different regions of
Middle East due to the different influencing factors (Furman,
2003), it is unclear whether there is also a decadal change in
dust activity in other countries as Saudi Arabia. As found in
East Asia and North Africa, the occurrence of dust storms is
closely associated with an anomalous atmospheric circulation
pattern (e.g., Fan and Wang, 2004; Ding et al., 2005; Gong
et al., 2006; Fan et al., 2016; Francis et al., 2018). So, if the
decadal variation of dust activities in Middle East is driven by
similar large-scale circulation, it is likely that the dust activity
might show similar decadal variations as in Saudi Arabia (Yu
et al., 2015; Jin et al., 2021).

As a key dust source region in Middle East, Western and
southwestern Iran is a regional belt of high-frequency dust
outbreaks (Alizadeh-Choobari, et al., 2016; Kamal et al., 2020;
Broomandi et al., 2021). It is found that dust activity is this

region shows different variability from other regions in Iran
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(e.g., Alizadeh-Choobari, et al., 2016; Rashki et al., 2021). The
main reason is that this region can be affected not only by the
local dust events, but also by dust aerosols transported from
upstream regions, such as Saudi Arabia and Syria (e.g.,
Boloorani et al., 2014; Alizadeh-Choobaril et al., 2016;
Alizadeh-Choobaril and Najafi 2018; Namdari et al., 2018;
Kamal et al., 2020). Taking this region as the focus domain, we
will try to investigate whether there also exists decadal change
of dust activity in western Iran, and what is the roles of local
meteorological factors and the associated atmospheric
circulation on these possible decadal changes, as well as its
possible linkages to the sea surface temperature (SST)
anomaly signals.

The paper is organized as follows. Section 2 introduces the
research data and methodology. In Section 3 the results of
decadal dust variations and underlying mechanisms are
presented. Finally, conclusions and discussions are given in
Section 4.

2 Data and methodology

2.1 Observation data

The dust weather data were extracted based on the code
of the
description of the weather phenomena present at the

present meteorological observation, i.e., a
time of observation. The three-hourly weather code from
10 meteorological stations across western Iran during
1979-2018 are used in this study, which are provided by
the Islamic Republic of Iran Meteorological Organization
(IRIMO). The dust-related weather codes are listed in
Table 1. The spatial distribution of these stations is
illustrated in Figure 1.

In this study, a day was considered a “dusty day” if any
dust-related weather code (06-09, 30-35, 98) is reported once
during the day, following Shao and Wang (2003). Dust events
are further classified into two categories: dust outbreak
(present weather code 07-09; 30-35; 98) and dust-in-
suspension (present weather code 06). The numbers of days
for either category and all dust events are also derived. Then
three types of dusty day frequency (DDFs) were derived: 1)
Dust Outbreak Day Frequency (DODF), 2) Dust-in-
Suspension Day Frequency (DiSDF), and 3) Dust Event
Day Frequency (DEDF). Following Kamal et al. (2020), for
a given station, the monthly frequency of dust day for each
category is calculated by dividing the number of dust days for
a specific category by the total number of days with available
weather observations in a specific month. The months with
missing observations more than 5 days were excluded. The
regional mean DDF time series is based on the average of the
10 observation stations. The interannual variations of DDF is
very consistent with the MODIS dust optical depth in the
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TABLE 1 Phenomena related to dust according to the World Meteorological Organization (WMO) weather codes.

Synoptic code Weather description

06
07
storm or sandstorm seen
08
storm or sandstorm
09
30-32 Slight or moderate dust storm or sandstorm
33-35 Severe dust storm or sandstorm
98

recent 2 decades when MODIS observations (Song et al., 2021)
are available (Supplementary Figure S1).

As we focus on the decadal variation of spring dust
activities over western Iran, the linear trend has been
removed from the original DDFs dataset, then a 9-years
running mean is further applied to the time series of all
DDFs. The spring season in this study refers to the months
of March, April, and May.

Time series data of monthly accumulated precipitation at
10 synoptic stations over western Iran during the period of
1979-2018 are obtained from IRIMO. In addition, monthly
precipitation  dataset the Global Precipitation
Climatology Centre (GPCC) Version 7, with a spatial
resolution of 1° x 1° (Schneider et al., 2017), is also used to

from

calculate precipitation anomalies.

In order to investigate the role of vegetation cover change,
we also use leaf area index (LAI) from Moderate-Resolution
Imaging Spectroradiometer (MODIS) during 2000-2018
(Myneni et al., 2015). MODIS LAI is provided continuously
every 8-days on a 0.05° x 0.05° grid. Note that although
MODIS observation is only available in a shorter period
(i.e., after year 2000) compared to dust and precipitation
observations, vegetation cover difference between two
periods of high dust and low dust activity, respectively, can
be calculated and thus is also shown to demonstrate its role in
dust variations.

2.2 Reanalysis data

To demonstrate the variations of meteorological
conditions associated with decadal changes of DDF,
we also use the ERA5 reanalysis, which is the fifth
ECMWEF atmospheric reanalysis of the global climate
(Hersbach et al., 2020). For this study, we use specific
humidity (q), zonal (u) and meridian (v) wind at the
27 different atmospheric levels, sea level pressure (SLP),
(SST),
ERAS5

sea surface
850 hPa

temperature
from ERAS.

and geopotential at

reanalysis is provided
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Widespread dust in suspension in the air, not raised by wind at or near the station at the time of observation

Dust or sand raised by wind at or near the station at the time of observation, but no well-developed dust or sand whirl, and no dust

Well-developed dust or sand whirl seen at or near the station during the preceding hour or at the time of observation, but no dust

Dust storm or sandstorm within sight at the time of observation or at the station during the preceding hour

Thunderstorm combined with dust storms or sandstorms at time of observation, thunderstorm at time of observation

originally at ~30km grid and is interpolated to 0.25° x
0.25° for public use.

We also use the soil moisture from ERA5-Land. ERA5-Land
is generated by replaying the land component of the
ERA5 climate reanalysis but at a higher-resolution (~9 km)
and with an elevation correction for the thermodynamic near-
surface state (Munoz-Sabater et al, 2021). The data is
interpolated to 0.1° x 0.1° for public use. Soil moisture in the
topsoil level (0-7 cm) is used. To identify the decadal change of
the atmospheric water vapor transport, the vertically integrated
moisture flux (VIMF) is also calculated by the following equation
(Li et al., 2009):

VIMF = L. rmp <aﬂ + %> -dp

g Jpuy\ Ox Oy
where q is the specific humidity; u and v are the x- and
y-components of the wind, respectively; p is the pressure;
Psurf is the surface pressure; Ptop is the pressure at the top of
the atmospheric layer; and g is the acceleration due to gravity.
VIME is calculated by integrating the horizontal moisture flux
convergence over the lower to middle layers of troposphere
(1,000-700 hPa). Note values of VIMF is expressed in units of
10° kg m7s™".

To remove the long-term trend signal, all calculations are
based on the linear detrended data for the period 1979 to 2018.
We use the t-test to determine the significance of the correlation
coefficient between climatic factors and dust-day frequency, as

well as the significance of the difference between two selected
periods, as shown in Section 3.

3 Results

3.1 Decadal change of spring dust activity
Figure 2 shows the time series of spring dust days’ frequency

for DODF, DiSDF, and DEDF in western Iran from 1979 to

2018, and their corresponding 9-years running means. There
are apparent interannual variations of DDF in the region, which
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is also presented in Kamal et al. (2020). The interannual
variations are underlain by the strong decadal variations. It
is found that dust activities are relatively weaker during
1992-2005 (hereafter P1), with negative anomalies of dust
day frequency, but strong positive anomalies of dust day
frequency from 2006 to 2015 (hereafter P2) can also be
found, suggesting that dust activities are stronger during
2006-2015. The DiSDF
anomalies = 1.5-2.0) occurred in western Iran during
2007-2012, which is consistent with the peak of dust
activities in Saudi Arabia (Yu et al.,, 2015) and Syria (Pu and
Ginoux, 2016). DODF shows similar variations with DiSDF in
most years, but they differ greatly during 2009-2018 when

most  extreme (normalized

DiSDF shows significantly decreasing trends while there is no
apparent decreasing trend in DODF. This can be explained by
the fact that DODF indicates local dust emission while DiSDF
indicates dust transport from upstream regions in addition to
dust suspension after local dust emission. According to the
temporal variations, we can identify two periods, with relatively
weak dust activities in P1 during 1992-2005, and relatively
strong dust activities in P2 during 2006-2015.

As precipitation is an important factor not only for the
suppression of dust emission but also for the wet deposition of
dust, it greatly modulates the dust activities (e.g., Zoljoodi
et al.,, 2013; Kamal et al., 2020). In western Iran, in P1 (P2),
positive (negative) precipitation anomaly corresponds well
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with weaker (stronger) dust activities. This suggests that
both the DODF and DiSDF are regulated by spring
precipitation on the decadal time scale. The correlations
between dust days’ frequency and precipitation are strong
with  the -0.58 -0.51,
respectively for DODF and DiSDF in western Iran. In next

correlation  coefficients and
sections we will further examine the role of climatic factors and
atmospheric circulation in the Middle East on the decadal

DiSDF changes.

3.2 Decadal differences in climatic factor
and associated atmospheric circulation

Figure 3 shows the anomalies of precipitation and soil
moisture in spring during P1 and P2 relative to the
climatological mean from ERA5 and ERA5-Land, respectively.
We can find that there is a notable decadal difference of
precipitation over western Iran and surrounding regions
between P1 and P2. The anomaly of spring precipitation is
of the
especially in western Iran and upwind areas (Iraq and

positive (+2 mm/month) in most parts region,
Arabian Peninsula) for P1, while precipitation anomaly is
negative (-1.8 mm/month) for P2 in this region (Figures
3A,B). The soil moisture in the topsoil layer also shows a

similar pattern of anomalies as precipitation (Figures 3C,D) in
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Time series of spring (A) dust days' frequency; Dust Outbreak Day Frequency (DODF; blue line), Dust-in-Suspension Day Frequency (DiSDF; red
line), and Dust Event Day Frequency (DEDF; black line) along with precipitation (PER; green line) from 1979 to 2018 and (B) their corresponding 9-yr

running means in western Iran (1983-2015).

most regions, with regional averages + 1.5 and —1.5m’ m™ for
P1 and p2, respectively. Note that in the southwestern part of
Iran, there is some difference between precipitation anomaly and
soil moisture anomaly. In this region, there is only weak dry
anomaly in precipitation in P2, but there is large soil moisture
deficit in the region, which may be due to enhanced evaporation
during the period compared to P1 due to the increase of surface
temperature.

The less precipitation and smaller soil moisture in P2 have
led to a smaller vegetation cover (in terms of LAI) in P2
(Supplementary Figure S2). Although LAI data is not available
for a whole period of P1, compared to the period of 2000-2005 (a
part of P1) when MODIS LAI data is available, LAI is
significantly smaller in western Iran and surrounding regions
in P2, which can also contribute to the fact that DiSDF is larger in
P2 than in P1. This is consistent with conclusions from previous
studies (e.g., Kelley et al, 2015; Notaro et al, 2015), which
that the
agricultural collapse across these regions after 2007 was

pointed out reduced vegetation covers and
favorable for dust generation and transport to neighboring
regions.

Atmospheric water vapour transport is the moisture
source for western Iran. Figure 4 shows the mean of
vertical profiles of water vapor flux in P1, P2, and
climatology for the whole period (1979-2018). The results
revealed that during the weak dust period, low level
westerlies about 700 hPa which

are strengthened at
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displaces the meridional transport to lower to lower
levels. Hence, the strong water vapour transport (1.5 X
10°kg m™ s7') induced by westerlies is associated with
enhanced precipitation during P1 over the Middle East.
Conversely, the P2 period is characterized by weak water

vapour transport (1.3 x 107> kg m™>

s7') than climatology.
Hence, the observed precipitation deficit over the region
during P2.

Figure 5 further shows the climatology of vertically
integrated moisture flux (VIMF) and its convergence/
divergence and their anomalies corresponding to the
decadal variation of spring DiSDF over western Iran. In
general, atmospheric moisture sources for Iran are mainly
Mediterranean Sea in the northwest, oceans to the south such
as Red Sea, Arabic Sea, and Persian Gulf, and water vapor is
transported toward Iran by Saudi Arabia Dynamic High-
Pressure System and Sudan’s Low-Pressure System (e.g.,
Heydarizad 2018; and Pazhoh 2019)
(Figure 5A). In P1, the VIMF convergence flux flow is
much higher in western Iran and upwind areas of Iraq and

et al, Darand

Arabian Peninsula in the lower to middle layers of the
troposphere (VIMF: 0.03 x 10°kg m™ s™'), which is
consistent to the positive precipitation anomalies in this
period (Figure 5B). In P1, water vapor transported into
Middle East from the Arabian Sea and Red Sea is enhanced,
leading to more convergence in western Iran. Unlike P1, in
P2 the northward and eastward water vapour transport to
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The anomalous spring precipitation (unit: mm) and soil moisture (unit: m® m=5) corresponding to the decadal variation of spring DiSDF over
western Iran for the (A,C) P1 (1992-2005) and (B,D) P2 (2006-2015) periods. The climatology (Clim) of precipitation and soil moisture is calculated
for the 1979-2018 and 1981-2018 periods, respectively. The black dots indicate the statistical significance at the 95% confidence level.

western Iran is reduced (VIMF: 0.01 x 10> kg m~>s™'), leading
to less water vapour convergence and thus less precipitation
over western Iran and surrounding regions in this period
(Figure 5C).

In addition to precipitation, surface wind is another
factor that strongly affects dust emission. In the spring,
predominant wind direction is west over most parts of
western Iran, northwest over the alluvial plain in Iraq, and
east over Rub al-Khali and Ad Dahna Desert in Arabian
Peninsula (Figure 6A). Figures 6B,C shows the anomaly of
UV-wind in lower layers of the troposphere (averaged at the
levels of 1,000, 975, 950, 925, 900, 875, 850 hPa) over center
of the Middle East in the periods P1&P2. Compared to
climatology during 1979-2018, the spring wind speed over the
Shamal region is relatively lower in P1, while it is relatively higher in
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northern Iraq, Syria, and west part of Iran in P2, which leads to both
greater dust transport from upstream regions to western Iran and
larger local dust emission in western Iran. From the upstream dust
sources for western Iran is mainly the Tigris-Euphrates basin in Iraq
(Rezazadeh et al., 2013; Notaro et al., 2015; Mohammadpour et al.,
2021), Syrian desert in Syria and Jordon (Zoljoodi et al, 2013;
Sotoudeheian et al., 2016).

3.3 Linkage with decadal change of sea
surface temperature

The decadal shift in atmospheric circulation can be

closely linked to the variations of sea surface temperature.
As shown in Figure 7A, associated with the low DiSDF in P1,
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there exist negative SST anomalies in central and western
North Pacific and positive SST anomalies in the eastern
North Pacific, which is corresponding to positive phase of
Pacific Decadal Oscillation (PDO). In P2 period, the pattern
of SST anomaly is almost opposite to that in P1 (Figure 7B),
with positive SST anomalies found in central and western
North Pacific, and negative SST anomalies found in the
eastern North Pacific. The pattern of SST anomalies in
Pacific Ocean during P2 period resembles that for negative
phase of PDO. Besides the SST anomaly signal in Pacific
Ocean, opposite SST anomalies can also be found in Indian
ocean for P1 and P2 period, with positive SST anomalies
found in Indian Ocean and Arabian Sea in P1 period, and
opposite anomalies found for P2 period.

Figure 8 shows the time series of Pacific Decadal
Oscillation (PDQO), Indian Ocean Basin Mode (IOBM)
and Indian Ocean Dipole (IOD) indices in MAM and
DiSDF over western Iran, as well as their 9-years running
mean. From Figure 8A, we can find the correlation
coefficient between PDO and DiSDF is about -0.34 in
interannual time scale, which is statistically significance
at 95% confidence level.

In decadal time scale, the variation of PDO and DiSDF are
quite opposite (Figure 8B), with correlation coefficient
of -0.54, which is statistically significant at the 99%
confidence level (Table 2). This implies that PDO is a key
influential factor for the decadal change of dust activities in
western Iran. During negative PDO phase in P2 period, it is
also the high dust period, while in the low dust period in P1,
the PDO is in its positive phase (Figure 8B). Pu and (Ginoux
et al, 2012) has revealed that there exists a significantly
negative correlation between the dust activities in Syrian
and the PDO in spring at interannual time scale from
2003 to 2015. The results
demonstrate that, at the interdecadal time scale, PDO also

from our study further

play an important role in modulating the dust variations in
Middle East.

For the impacts of Indian Ocean, we can find from
Figure 8A that the correlation between DiSDF and IOBM
is —0.29, and correlation between DiSDF and IOD is 0.19. Both
of them are not exceeding the 90% significance level,
suggesting that the DiSDF is not affected by IOD and
IOBM in interannual time scale.

The correlation between DiSDF and IOBM, IOD at decadal
time scale are shown in Table 2, and we can find that the
correlation coefficient between IOBM and DiSDF is —0.43,
which is statistically significant at the 99% confidence level,
although it is lower than the correlation coefficient for PDO.
The correlation coefficient between IOD index and DiSDF is
weak, with the value of -0.29, which is not statistically
significance at the 90% confidence level. This result suggests
that in addition to Pacific Ocean, decadal variation of IOBM
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Climatology of vertical profile of water vapour transport (unit:

107° kg m~2 s7!) over Middle East (22-38°N; 42-56°EF)
corresponding to the decadal variation of spring DiSDF over
western Iran for the P1 (1992-2005; blue lines) and P2
(2006-2015; red lines) periods. The climatology of water vapour
transport (black lines) was calculated for the 1979-2018 period.
The solid lines indicate zonal transportation, while the dashed lines
represent the meridional.

might also play an important role in modulating the decadal dust
variations in western Iran.

Previous studies have suggested that the decadal IOBM
variations may be a response to the remote forcing from North
Pacific Ocean and thus modulated by PDO (Han, Meehl et al.,
2014; Han, Vialard et al., 2014; Dong et al.,, 2016). From
Table 2, a strong positive correlation between PDO and IOBM
is found, with correlation coefficient reaching 0.61, which is at
statistically 99% confidence level. In order to distinguish
whether the impact of IOBM on dust variations in western
Iran in decadal time scale is distinct from that for PDO, we
further use partial cross-correlation analysis (Yuan et al,
2015) to re-calculate the correlation among PDO, IOBM,
and DiSDF. The results show that, after removing the
influence of PDO, there is no significant correlation
between DiSDF and IOBM in decadal time scale
(R = —0.14). However, after excluding the IOBM signal, the
correlation between DiSDF and PDO in decadal time scale is
kept strong and significant (-0.39; statistically significant at
the 95% confidence level). These results imply that POD plays
a determining role on both IOBM and DiSDF, and IOBM may
serve as an intermediary between PDO and DiSDF in
western Iran.
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FIGURE 5

Vertically integrated moisture flux convergence/divergence (VIMF, shaded, unit: 107° kg m=2 s™) over the lower-middle layers of troposphere
(1,000-700 hPa), superimposed with vertically integrated moisture transportation vector (arrows, Unit: kg m~'s™) during MAM season (A)
climatology averaged over 1979-2018; (B) anomalies for P1 period (1992-2005) from the climatology and (C) anomalies for P2 period (2006—-2015)
from climatology, corresponding to the decadal variation of spring DiSDF over western Iran. The reference arrow for moisture transportation
vector is 1 kg m™s™* for climatology and 0.1 kg m™'s™* for anomalies. The white dots (B,C) indicate the statistical significance at the 95% confidence

level.

Figure 9 shows the anomalies of geopotential height and
wind at 850hpa over the Arabian Peninsula for P1 and
P2 period respectively. We can find that there exist
negative anomalies of geopotential height at 850 hpa over
most part of the Arabian Peninsula in negative PDO phase
during 2006-2015 (P2 period) as shown in Figure 9B, while
positive anomalies of 850 hpa geopotential height in the same
region can be found in positive PDO phase during 1992-2005
(Figure 9A). This is consistent with previous findings that

Frontiers in Environmental Science

122

negative PDO will be favorable for the negative anomalies of
geopotential height at 850 hPa in this region, and lower
geopotential height over the Middle East and Africa will
facilitate the formation of the cyclones that are important
for the spring peak of dust storms (e.g., Dayan et al., 2008; Pu
and Ginoux 2016). The opposite pattern can be found for the
P1, with positive anomalies of geopotential over the Arabian
Peninsula, and this is favorable for the weaking of spring dust
activities in the region.
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FIGURE 6

The UV-wind climatology and anomalies at 1,000-850 hPa (averaged at the seven levels: 1,000, 975, 950, 925, 900, 875, 850 hPa available
from ERAS reanalysis) during MAM season (A) climatology averaged over 1979-2018; (B) anomalies for P1 period (1992-2005) from the climatology
and (C) anomalies for P2 period (2006-2015) from climatology, corresponding to the decadal variation of spring DiSDF over western Iran. Colored
shading indicates the wind speed (unit: ms™) and is superimposed with wind vector. The reference arrow for wind vector is 4 ms™ for
climatology and 0.2 ms™ for anomalies. The white dots (B,C) indicate the statistical significance at the 95% confidence level.

Conclusion and discussion

Based on station observation data, we revealed a decadal
change of dust in-suspension day frequency over western Iran,
and further pointed out that the atmospheric circulation may
play an important role in modulating this decadal variation.
Two periods with strong (P2: 2006-2015) and weak (P1:
1992-2005) dust activities are identified, then the surface
wind, precipitation, soil moisture, water vapor transport
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and divergence during P1 and P2 are compared. The results
show the northwesterly winds, which can either enhance the
dust dust the
main dust source areas to western Iran, predominate in
P2 than PI.

There is anomalous convergence in the lower to middle

emission locally or transport from

troposphere over the western Iran in P1, resulting in more
moisture transport from southern seas to the upper region
and thus more precipitation in this period. The moisture
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transport is closely relatively to the large-scale circulations
including subtropical high-pressure system on Saudi Arabia
as pointed out (Darand and Pazhoh 2019). In contrast, in
P2 the negative anomalies of spring precipitation and soil
moisture are evident over the region because of anomalous
water vapor divergence. The negative anomalies of spring
precipitation and evident has also led to the deteriorated
vegetation cover in P2 in the western Iran, which also partly
contributes to the high dust frequency in P2. In addition, the
SST anomalies show distinct differences between the decadal
change of DiSDF in P1&P2. The findings showed that a
negative PDO is connected with circulation and geopotential
height patterns favorable to high dust frequency in P2 in the
western Iran. Previous studies have shown the PDO
influences the climate factors and thus on dust in Arabian
Peninsula and Syria at interannual scales (e.g., Notaro et al.,
2015; Puand Ginoux 2016). The periods of their analysis are
relative short, and our study further give direct evidence on
the dominant impacts of PDO on dust variations in western
Iran on decadal scales. Even the significant decadal
correlation between DiSDF and IOBM can be found, this
correlation is no longer significant after removing the
influence of PDO, and this suggests that IOBM may serve
as an intermediary for the impact of PDO on DiSDF in
western Iran.
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With respect to various sources of dust in the Middle East,
western Iran is affected by local and transported dust storms.
In general, western Iran shows similar decadal changes in dust
activity with Saudi Aria during 1988-2012, which suggests
that decadal dust activities in both western Iran and Saudi
Arabia are all associated with decadal changes in regional
climate and circulations. However, whether other regions of
Middle East other than Saudi Arabia and western Iran, such as
Syria, Iraq and Sudan, experienced similar decadal variations
need further confirmation with dust observations in these
regions. In particular, as dust particles in these regions can be
transported to affect western Iran, it is desirable to separate
the contributions of these upstream areas to the decadal
variations of dust activities in western Iran, as revealed in
this study. Numerical simulation with meteorological models
could be conducted to quantify the impacts of dust
transportation and local dust emission on the dust storm
episode, as well as the variation of dust activities in
different time scales (e.g., Ledari et al,, 2022). In addition
to western Iran, other parts of Iran, in particular eastern Iran
which is regarded as one of the most dusty regions in Middle
East, also suffer from heavy dust pollution (Rashki et al,
2021), and it is desirable to conduct similar analysis as in this
study for these regions to enhance our understanding of dust
variations in Middle East.
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(A) Time series of spring DiSDF, PDO, IOBM, and IOD from 1979 to 2018 and (B) their corresponding 9-yr running means (1983-2014). The
monthly standardized PDO index is derived from the leading principal component of monthly sea surface temperature anomalies in the northern
Pacific Ocean (20° N) after the global average sea surface temperature has been removed. The IOBM index is defined as SST anomalies over the
tropical Indian Ocean (40°E-120°E, 20°S—25°N). The IOD index is defined as the difference in SST anomalies between the west region (50°E-70°E

and 10°S-10°N) and the east region (90°E-110°E and 10°S-0) in the Indian Ocean.

TABLE 2 The correlation coefficients among DiSDF, PDO, IOBM, and
10D in spring based on 9-yr running means of original series.

Variables DiSDF PDO I0BM 10D
DiSDF 1 ~0.540 —0.43* -0.29
PDO — 1 0.61°* 0.31%
IOBM — — 1 -0.11
10D — — — 1

*statistically significant at the 90% level. **statistically significant at the 95% level.
*statistically significant at the 99% level.
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acp-21-13369-2021 (Song et al,, 2021). Reanalysis data from ERA-
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With the implementation of various stringent emission reduction measures
since 2013 in China, significant declines in fine particle (PM,s) concentrations
have occurred nationwide. However, China has suffered from increasing levels
of ozone pollution in eastern urban areas. Many studies focus on the chemical
interaction between PM, 5 and Os, but the meteorological mechanisms of the
seesaw variation pattern between them are still unclear. Taking the megacity
Shanghai (SH) as an example, we explored the meteorological causes of two
types of PM,s5-Oz concentration variation seesaw events, i.e., high PM,sg
concentration with low Oz concentration (Type-one) events and low-PM-
high-Oz (Type-two) seesaw events. The backward trajectories of the
144 Type-one events are divided into three clusters. Among the three
clusters of Type-one seesaw events, the boundary layer height decreases by
20.53%—-53.58%, and the wind speed decreases by 17.99%-28.29%, which is
unfavorable for the diffusion of local air pollutants and contributes to the
accumulation of PM, 5. Additionally, a backward air mass with a high content
of PM5 5 plays an important role in the Type-one events, especially in the case of
cluster one. In terms of cluster two, the increase in cloud cover, decrease in
solar radiation and increase in relative humidity also promote the hygroscopic
growth of aerosols and suppress the production of Os. As for cluster three,
higher cloud cover and relative humidity contribute to the seesaw pattern of PM
and Osz. The 64 Type-two seesaw events are divided into two clusters. Oz-rich
air masses from the nearby east sea surface and remote northeast China
increase the local Oz of SH. Moreover, in cluster one, high boundary layer
depth and wet deposition contribute to the decrease in PM, 5 concentration. In
cluster two, a obvious decrease in cloud cover and increase in solar radiation are
also favorable for the photochemical production of ozone. The results will
provide suggestions for the government to use to take measures to improve the
air quality of SHs.
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Introduction

In recent years, cities in eastern China have been facing
severe air pollution. PM, 5 (particles with aerodynamic diameters
less than 2.5 um) and ozone concentrations often exceed air
quality standards (Ministry of Ecology and Environment, 2013).
Air pollution is one of the main environmental problems in
urban areas, particularly in megacities, such as Shanghai (SH).
Exposure to high levels of PM, 5 has adverse effects on human
health and ecosystem productivity (Yue et al., 2017; Wang et al.,
2019a). Thus, in September 2013, the State Council issued the
Action Plan on the Prevention and Control of Air Pollution,
known as the Clean Air Actions (CAA), to aggressively control
anthropogenic emissions. The Yangtze River Delta region was
required to reduce its PM,s concentrations by 20% within
5 years (Ministry of Ecology and Environment, 2013). Starting
that year, PM, 5 data from a nationwide monitoring network of
approximately 1000 sites became available from the China
National Environmental Monitoring Center (CNEMC) of the
Ministry of Ecology and Environment of China (MEE).
Afterward, in a three-year action plan to fight air pollution
(State Council of the People’s Republic of China, 2018), sulfur
dioxide, nitrogen oxides and PM, 5 were further restricted. With
joint efforts, the average annual PM, 5 concentration in China
decreased by 44% in 2019 compared with 2013 (Zhong et al,
2021).
concentration in China continues to rise (Liu et al, 2018;
Dang and Liao, 2019, 2012-2017), which partially offsets the
health benefits brought by the decrease in PM, 5 concentration.

However, at the same time, the surface ozone
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Stage Il of the CAA plan began in 2018 (State Council of the
People’s Republic of China, 2018), and new emission control
measures were implemented for surface ozone.

Given the seesaw variation between PM, 5 and O, i.e., the
decrease in Oj concentrations with the increase in PM, 5
contents, many studies have been conducted to investigate the
chemical mechanisms (Shao et al., 2022; Wu et al., 2022). The
interaction between PM,s and Oj; is closely related and very
complicated. NOx and VOCs (volatile organic compounds) in
the atmosphere are able to generate ozone under light conditions
in photochemical reactions (Carrillo-Torres et al., 2017). In this
process, NOx, SO, and VOCs are also oxidized to form
secondary PM, s (Zhu et al, 2015). At nighttime and in the
immediate vicinity of large NO emissions, ozone concentrations
are depressed through the process of NOx titration. The result is
the net conversion of O3 to NO, (Gillani and Pleim, 1996). In
regions with high NOx emissions, O; formation can be VOC-
limited (Sillman et al., 1990; Kleinman et al., 2003). As a result of
CAA, NOx decreased obviously (Silver et al.,, 2018, 2015-2017).
Thus, due to the nonlinear relationship between O3 production
and NOx (Simon et al.,, 2015), the concentration of O3 in VOC-
limited areas in eastern China increases to some extent.Through
heterogeneous chemical reactions, PM, 5 can indirectly affect O;.
In winter on the North China Plain, formaldehyde is produced by
the oxidation of reactive VOCs. The fast production of ozone is
driven by HOx radicals from the photolysis of formaldehyde,
overcoming radical titration from the decreased NOx emissions
(Lietal., 2021). Research has demonstrated an ~40% decrease in

PM, s, slowing the aerosol sink of hydroperoxyl (HO2) radicals

122°30'E 123°E

Longitude

The detailed geographical distribution of 9 observational stations in the Shanghai region. The points in the figure represent the latitude and
longitude of the Shanghai air quality monitoring station. Air quality monitoring station locations can be obtained from the website of Ministry of
Ecology and Environment of the People’s Republic of China (http://106.37.208.233:20035). Capital letters in the figure represent abbreviations of site

names.
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and thus stimulating ozone production at 0.6-1 ppbv a’l in
Beijing-Tianjin-Hebei (Li et al., 2019). Using the WRE-CMAQ
model, Liu and Wang also uncovered a similar and substantial
effect of HO2 uptake on increases in O3 levels due to changes in
PM concentrations (Liu and Wang, 2020a). Although many
studies have been performed to evaluate the quantitative
contributions of photolysis rates and heterogeneous chemical
reactions to the production of O3, their relative importance is still
unclear (He and Carmichael, 1999; Sillman, 1999).

The absorption and scattering of shortwave radiation by
PM, 5 can attenuate incident solar shortwave radiation and
change the radiation balance in the atmosphere (Charlson
et al, 1992; Bond et al., 2013). The attenuation of short-wave
radiation will reduce the photolysis rate of O; and precursors (J
[03'D] and ] [NO,], etc.), which will decrease the photochemical
reaction intensity, and then reduce the net chemical production
of O3 (Jacobson, 1998; Li et al.,, 2011; Deng et al,, 2012). Wang
et al. (2019b) analyzed the photolysis rate data in Beijing from
2012 to 2015, and found that aerosols caused J[NO,] and J[O5'D]
near the ground in Beijing to decrease by 24%-30% and 27%-
33%, respectively, which led to a decrease of photochemical
generation rate in the local ozone in summer by
approximately 25%.

Previous studies on the interaction between PM, 5 and O3
have mostly focused on chemical mechanisms. However,
meteorological conditions also have great effects on the
formation, transportation and deposition processes of PM, 5
and Oj; and their precursors (Finlayson-Pitts and Pitts, 1986;
Cox and Chu, 1996; Xu et al., 1996; Mu and Zhang, 2014; Zhang
etal, 2014; Hu et al., 2015; Yin et al., 2017; Zhang, 2017; Wang
etal., 2021). For example, by altering the chemical reaction rates
directly and the biogenic emissions of VOCs indirectly, higher
temperatures can enhance ozone formation in most instances
(Guenther et al., 2006; Lu et al., 2019b). The response of PM, 5

concentrations to temperature was largely the result of
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competing changes in sulfate and nitrate concentrations with
a smaller role played by organics (Dawson et al, 2007).
Increasing relative humidity will increase the water content
of fine particles, thus increasing the PM,s concentration
(Dawson et al., 2007). Water vapor is able to react with the
excited oxygen atom O('D) and generate OH radicals, which
eventually lead to a reduction in the reaction between O('D)
and O, (Johnson et al,, 1999). Thus, the increase in water vapor
can lead to a decrease in surface ozone concentrations
(Camalier et al,, 2007; He et al., 2017).Pollutant distributions
are strongly affected by the wind field (Chen et al., 2020). PM, 5
concentrations typically decrease by an order of magnitude
between polluted regions and the diluting background air,
whereas for ozone concentrations may actually increase or
decrease, affected by upwind regions (Jacob and Winner,
2009; Gu et al., 2020b). Precipitation decreases both PM, 5
and O; concentrations via wet removal (Shan et al.,, 2008).
An increase in the planetary boundary layer height can decrease
pollutant levels via dilution of primary pollutants into a larger
volume of air (Su et al., 2018)

However, most of the existing studies focused on the
meteorological condition contributions to the individual
pollution of PM, 5 or O; (He et al, 2017; Wang et al,
2018; Lu et al., 2019a; Zhai et al., 2019; Li et al., 2020; Yin
et al., 2020). In terms of the synergetic seesaw pattern
between PM, s and Os, its meteorological mechanism has
been poorly understood. Individual meteorological factors
will have the same or adverse effects on the concentration of
PM, 5 and O;. What is the net contribution of meteorological
conditions to the seesaw concentrations pattern between
PM,s and Os;. This take the
concentration events of PM,s and O; in Shanghai as a

study will seesaw
case to reveal their meteorological causes, which will
benefit the prediction of future synergetic pollution of
PM2>5 and 03.
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The hourly and seasonal means of PM; s and ozone concentrations in Shanghai, (A) diurnal changes and (B) monthly changes from 2014 to

2020.
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Data and method
Air pollution dataset

Hourly surface observations of O3, PM, 5 and nitrogen dioxide
(NO,) were all obtained from the CNEMC network (http://106.37.
208.233:20035/, last access: 28 December 2020). As part of the
CAA, the network started in 2013 with 496 sites in 74 major cities
across the country, growing to more than 2500 sites in 366 cities by
2020. At each monitoring site, the concentration of O; was
measured using ultraviolet
differential ~ optical

concentrations are measured using the micro-oscillating balance

absorption  spectrometry and

absorption spectroscopy. PM,s mass

10.3389/fenvs.2022.1015723

method and/or the  absorption method. NO, concentrations are
measured by the molybdenum converter method, which is known
to have positive interferences from NO, oxidation products
(Ministry of Ecology and Environment, 2012). Instrumental
operation, maintenance, data assurance, and quality control
were conducted based on the most recent revisions of China’s
environmental protection standards (Ministry of Ecology and
Environment, 2013). In terms of time, all the data we used are
from 13 May 2014 to 7 November 2020.

Air quality data were measured at 9 sites in the Shanghai
region, and each site has distinct representation for different
influences from urban air pollutant emissions. Figure 1 shows the
locations of the nine sites, i.e,, Putuo Station, No.15 Factory
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The seasonal distribution (A), precipitation distribution (B) and annual distribution (C) of seesaw events in Shanghai during 2013-2020. If the
hourly precipitation of any grid exceeds 0.5 mm, it is considered that there is an obvious wet cleaning process in this study.

Frontiers in Environmental Science

132

frontiersin.org


http://106.37.208.233:20035/
http://106.37.208.233:20035/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1015723

Sun and Wang

10.3389/fenvs.2022.1015723

2ol
7B, . .

90 100

-400 -300 -200 -100 0 100 200 300

FIGURE 4

(B) summer, (C) autumn, (D) winter.

70 80 90 100 110 120 130 140 150 70 80 90 100 110 120 130 140 150
-400 -300 -200 -100 0 100 200 300 400 -400 -300 -200 -100 0 100 200 300 400
c Z&UV-Aut Dso Z&UV-Win

50
45
40

35

400

Seasonal anomaly of atmospheric circulation at 925 hPa for the Type-one seesaw events. The shading indicates the anomaly of geopotential
height (unit: m?.s72). The black arrow is the wind anomaly. The solid red box marks the location of Shanghai. And the results are shown for (A) spring,

Z&UV-Sum

90 100 120 130 140 150

-200 150  -100 -50 0

Station, Hongkou Station, Xuhui Shanghai Normal University
Station, Yangpu Sipiao Station, Jing’an Monitoring Station,
Pudong Chuansha Station, Pudong New Area Monitoring
Station and Pudong Zhangjiang Station. As the observation
system is being developed and gradually improved, the
duration of available data varies from station to station. The
concentration unit of air quality data provided by the official
website of MEE is micrograms per cubic meter (ug-m™). Before
31 August 2018, the concentration was under the standard
condition (273 K, 1013 hPa). From 1 September 2018 and on,
the reference gas concentration was changed to 298 K and
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1013 hPa, and the PM,s concentration was changed to the
measured local environmental conditions. Additionally, we
removed invalid values and abnormal values from the hourly
CNEMC data due to instrument calibration issues.

Meteorological dataset

The hourly dataset of the fifth-generation European Centre
(ECMWEF ERA5)
atmospheric reanalysis dataset with a resolution of 0.25° was

for Medium-Range Weather Forecasts
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used to describe the meteorological characteristics in this
research  (https://cds.climate.copernicus.eu/cdsapp#!/dataset/
https://cds.
climate.copernicus.eu/cdsapp[]!/dataset/reanalysis-era5-

reanalysis-era5-pressure-levels?tab=overview,

single-levels?tab=overview, last access: 18 May 2022). The U
and V components of 10 m wind, 2 m air temperature, relative
humidity, boundary layer height (BLH), mean surface
downward longwave radiation flux (Longwave), mean
surface downward shortwave radiation flux (Shortwave),
total precipitation, fraction of cloud cover, surface net solar
radiation (SSR), and the vertical distribution of vertical
velocity, geopotential, and ozone mass mixing ratio are
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involved in this study. In order to find out the statistical
difference between meteorological variable values of five
clusters, t-test is used to examine significance. The t-test is a
popular statistical tool used to test differences between the
means of two groups, or the difference between one group’s
mean and a standard value. Running t-tests help us to
understand  whether the differences
significant (Box, 1987).

Additional information on ozone in ERA5 is that the

heterogeneous ozone chemistry is updated and the interaction

are statistically

between ozone and the atmosphere is one-way. Ozone is

advected by the atmospheric flow. However, the
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Transport pathways of air masses in 5 clusters with (A,B) PM, s mean concentration and (C,D) Os mean concentration (ppb). The background
PM, 5 concentration is the annual average from 2014 to 2020, sourced from MERRA-2. The background ozone concentration is the annual average

from 2014 to 2020, sourced from ERAS.

ERA5 prognostic ozone has no feedback on the atmosphere via
the radiation scheme (Hersbach et al., 2020).

Since it has a relatively high temporal and spatial resolution
(1 hour averages and 0.5° x 0.625°), we also obtain surface PM, 5
concentrations in the Modern-Era Retrospective Analysis for
Research and Applications, version 2 (MERRA-2). Using fields
from the 2D aer_Nx collection, the concentration of particulate
matter can be computed using the following formula:

PM,s = DUSMASS25 + OCSMASS+ BCSMASS +
SSSMASS25 + SO4SMASS* (132.14/96.06)Because the species
tracer in MERRA-2 is the sulfate ion, sulfate requires a
multiplication ~ factor  (https://gmao.gsfc.nasa.gov/reanalysis/
MERRA-2/FAQ/). In addition to the lack of nitrate aerosols
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in MERRA-2, the bias in MERRA-2 mainly comes from the
uncertainties of the emission inventory and meteorological
simulation GOES-5(Geostationary Operational
Environmental Satellite-5) models (Buchard et al, 2016; He
et al., 2019).

in

Definition of seesaw events of PM, 5
and Oz

As shown in Figure 2, the PM,5 concentration and O;
concentration in SH have obvious seasonal and diurnal seesaw
variation characteristics. Figure 2 shows the climatology of
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TABLE 1 Absolute anomalies and relative anomalies of PM, 5, Oz and
NO, concentrations in each backward trajectory cluster of the

two seesaw events in Shanghai. Units: pg/m?*. The anomalies are with
respect to their average value of every hour in every month.

Pollutants Cluster1 Cluster2 Cluster3
Type-one

PM, 5 +49.84 +40.45 +45.22

[eR -33.19 ~39.49 -33.63

NO, +41.06 +30.61 +22.77
Type-two

PM, 5 -33.88 —40.34

0, +25.77 +22.65

NO, -22.83 -33.87

TABLE 2 Relative anomaly percent changes in PM, 5, Oz and NO,
concentrations in each backward trajectory cluster of the two
seesaw events in Shanghai. Units: %. The relative anomalies are with
respect to the average value of every hour in every month.

Pollutants Cluster1 Cluster2 Cluster3
Type-one

PM, 5 +107.54% +95.92% +105.65%

0, ~58.45% —54.70% ~54.56%

NO, +82.88% +71.88% +51.81%
Type-two

PM, 5 -67.97% ~71.09%

[eR +53.18% +64.25%

NO, ~46.61% ~57.64%

diurnal and seasonal variations in PM, 5 and O concentrations.
It shows higher PM, s concentrations during the morning rush
hour and lower concentrations in the afternoon; while O5 shows
lower concentrations at 7-8 a.m. and higher concentrations at
2-3 p.m. In terms of seasonal variation, the PM, 5 concentration
in winter is the highest, but winter is the cleanest season for O3
pollution in SH. The chemical and physical mechanisms of the
diurnal and seasonal seesaw pattern between PM, s and O; in
Figure 2 have been revealed in previous studies from the
perspective of the variation in emission and meteorological
factors. In short, ozone has a strong correlation with high
temperatures, so it peaks at midday and during mid-spring to
early summer in SH (Gu et al., 2020a; Chang et al., 2021). The
reason that ozone concentration of Shanghai in spring is higher
than summer is the photochemical reaction of ozone affected by
plum-rain in summer (Gao et al., 2017). Deep and persistent
cloud cover impedes solar radiation to reach the surface of the
Earth, affecting the photochemical generation of ozone Affected
by human activities, household heating in winter and vehicle
emissions in the morning and evening are able to increase PM, 5
(Xiao et al, 2015; Zhang and Cao, 2015). Outbreaks of haze
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generally occur during the winter as a result of temperature
inversions. During an inversion warm air settles above a layer of
cool air near the surface. The lid-like warm air traps pollutants
near the surface. Lower PM in afternoon can be explained by the
enhanced emission for heating and relatively low the boundary
layer (Zhang and Cao, 2015).However, there are still some seesaw
events of PM, s and O; under the background of diurnal and
seesaw patterns shown in Figure 2, the mechanisms of which are
still unclear. This study will focus on the meteorological causes of
these seesaw events.

To eliminate the influence of seasonal variation, diurnal
variation and interannual variation, the original data are
classified according to different years, months and hours, and
the mean, first quartile and third quartile are calculated. The
original data of PM,s and O; are compared with the
corresponding quartile. If the hourly concentration of PM, 5 is
greater than the corresponding third quartile, and O; is less than
the corresponding first quartile, we call it High-PM-Low-O;
seesaw hour (Type-one for short). Similarly, if the hourly
concentration of Oj is greater than the corresponding third
quartile, and PM,s is less than the corresponding first
quartile, it is defined as Low-PM-High-O3 hour (Type-two).
The quartiles are not fixed, but change with the specific year,
month and hour. The above three influencing factors, together
with the original data of pollutant concentration, any change in
four variables will affect the quartiles. That is, the relatively high/
low air pollutant concentrations are used to define the seesaw
cases instead of their absolute values. To ensure the spatial and
temporal continuity of the two types of cases, a seesaw event was
defined as at least 12 consecutive seesaw hours occurring at more
than half of the available observation stations in Shanghai.

HYSPLIT model and clustering analysis

Backward trajectory analysis essentially follows a parcel of air
backward in hourly time steps for a specified length of time. The
Hybrid-Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Draxler et al, 2009) developed by the
National Oceanic and Atmospheric Administration (NOAA)
was used in this study to identify potential source regions of
PM, 5 or O; for a specific city of SH and capture the horizontal
movement of the air masses from the source region. The model
uses internal terrain following sigma coordinates and
meteorological element fields are interpolated linearly to the
corresponding coordinates.

To show the origins of air masses arriving at SH, 48-hour
backward trajectories were computed every 6 h (at 00:00, 06:00, 12:
00, and 18:00 UT) for the years 2014-2020 for 100 m above
ground over SH using the HYSPLIT- 4 model (Draxler et al,
2009.). Meteorological archive data used for the HYSPLIT model
are from NCEP (National Centers for Environmental Prediction),

at a horizontal resolution of 2.5° (latitude) x 2.5 (longitude).
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TABLE 3 Meteorological factor percent changes in 5 clusters. The bold
font indicates an important influencing factor. Units: % Data
source: ERA5-1000 hPa & Surface. The relative anomalies are with
respect to the average value of every hour in every month. Bold fonts
indicate the main factors influencing the specific seesaw cluster.

Variable Clusterl Cluster2 Cluster3
Type-one
Temperature -3.27% +11.18% -0.27%
BLH -53.58% -48.13% -20.53%
Shortwave +2.91% —-20.96% -9.67%
Longwave -3.15% +6.75% +0.95%
SSR +1.78% -15.70% —6.48%
Precipitation -32.76% +32.25% -33.55%
Windspeed —-28.29% -39.11% -17.99%
Cloud Cover +2.62% +24.92% +8.69%
Relative Humidity -9.89% +12.78% +5.80%
Type-two
Temperature +21.75% —22.80%
BLH +45.63% +100.02%
Shortwave -18.87% +6.27%
Longwave +7.08% +0.84%
SSR —-13.94% +3.90%
Precipitation +136.85% —40.58%
Windspeed +38.35% +38.88%
Cloud Cover +37.10% —51.40%
Relative Humidity +13.22% +1.60%

TrajStat software is used to classify the backward trajectories
arriving at SH to better determine the transportation of PM, 5
and Os. The trajectories were assigned to distinct clusters
according to their moving speed and direction using Ward’s
hierarchical method based on the Euclidean distance between all
pairs of trajectories (Sirois and Bottenheim, 1995). Major
transport pathways leading to elevated or dropped PM,;
concentrations and ozone concentrations were identified by
with  the
concentrations of the pollutant.

combining trajectories corresponding mean

Results

Occurrence frequency of the seesaw
events

Figure 3A shows the seasonal distribution of the two types of
PM,s and O; seesaw events during the 2013-2020 period.
Obviously, the frequency of Type-one seesaw events is higher
than Type-two in total. There were 144 cases in Type-one and
64 cases in Type-two. In terms of seasons, most of the two types
of seesaw events occur in winter. Both seesaw events show the
lowest frequency in summer, which is approximately 22.73% and
10% of that in winter for Type-one and Type-two, respectively.
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Considering the wet deposition, the physical mechanisms
of the seesaw events are supposed to be different from those
on dry days. We reclassified the seesaw events with the
occurrence of precipitation in Figure 3B. In summer, more
than half of the seesaw events occurred on rainy days, which
is different from other seasons. The sample size is 5 for both
dry and rainy Type-one events in summer, but all the Type-
two events occur on rainy days. The positive correlation
between PM2.5 and O3 in summer results in the lowest
High
O3 concentrations in a strong oxidative air condition

event  frequency  occurring in  summer.
promoted the formation of secondary particles in summer.
During plum-rain in summer, under most circumstances
PM2.5 concentrations and O3 concentrations decrease at
the same time due to precipitation (Jia et al, 2017; Zhu
et al,, 2019). The interannual variation in the seesaw event

frequency is shown in Figure 3C.

Atmospheric circulation anomalies of the
seesaw events

The roles of meteorology on pollutants are complex and
varying. To further explore the meteorological causes behind
the calculated the of
meteorological variables under the seesaw events in different

seesaw incidents, we anomalies
seasons, including geopotential height (Z) and U/V components
at 925 hPa, 850 hPa and 500 hPa. Figure 4 indicates the seasonal
average of Z&UV anomalies at 925 hPa for Type-one seesaw
events (ie., high PM,s with low O; concentrations). It shows
almost the same atmospheric circulation pattern in the four
seasons, with a cyclonic anomaly over North China and the
Northeast China region, which brings northwest or west winds
to SH. For the case of Type-two seesaw events in Figure 5 (i.e., high
05 with low PM, 5 concentrations), the circulation anomalies are
also the same in spring, autumn and winter. SH is located at the
edge of the west positive and east negative pressure, and the
prevailing wind of SH comes from the northeast. In terms of
the summertime, the sample size of Type-two is small, which leads
to the vague distribution of its circulation anomaly pattern. The
atmospheric circulation anomalies at 850 hPa and 500 hPa also
show the same pattern for each type of seesaw event (figures not
shown here). According to Figures 4, 5, there is almost no
difference in the seasonal circulation anomalies, therefore, we
the of

considering their seasonal difference hereafter.

investigate mechanisms seesaw  events without

Regional transport contributes to the
seesaw events

Although it shows a consistent seasonal circulation anomaly
distribution for each type of seesaw events in Figures 4, 5, it
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Precipitation intensities in 5 clusters of Shanghai seesaw events. No rain: the rate of fall varying between a trace and 0.5 mm per hour. Light rain:

the rate of fall varying between 0.5 mm and 2.5 mm per hour. Mild rain: the rate of fall varying between 2.5 mm and 7.6 mm per hour (American
Meteorological Society).
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FIGURE 10
Diagram of the impacts of meteorology on both the Oz and PM, s concentrations in Shanghai during seesaw events.

indicates an average pattern of atmospheric circulation. To reveal pathways of air masses. As shown in Figure 6, cluster analysis
the mechanism of the specific seesaw event, the 48 h backward yielded a total of three air-mass clusters for the 144 Type-one
trajectory of each seesaw events is calculated and clustered, which seesaw events, and two air-mass clusters for the 64 Type-two
can provide the information on the origins and transport events.
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FIGURE 11
Vertical profile of the Oz mass mixing ratio in Shanghai in
autumn. The horizontal axis is the anomalies. Data source: ERAS.

For the case of Type-one events, the three kinds of air masses
in SH come from the eastern ocean, north China and southwest
of SH. The frequencies of these three kinds of air masses are
almost the same. There are 56 samples in C1, 36 samples in
C2 and 52 samples in C3. Tables 1, 2 summarize the anomalies of
PM, s, O3 and NO, concentrations in each backward trajectory
cluster. For Type-one seesaw events, the magnitudes of PM, 5
anomalies are higher in cluster-one (C1 for short) (+107%) and
cluster-three (C3) (+105%) than cluster-two (+95%), which may
be due to the higher PM,s background concentrations
transported from the north and southwest upwind regions of
SH (as shown in Figure 6). Moreover, the NO, concentration
increased by 83% and 52% in C1 and C3 in the Type-one events,
respectively, which can also imply the regional transportation of
aerosols and precursors.

In terms of Type-two seesaw events, the air mass in SH
mainly comes from the nearby east sea surface (61% of events,
39 samples) with minor influence from the remote northeast
China (39% of events, 25 samples) Compared to the average
pollutant concentrations, the PM, s concentrations of the two
types of clusters decreased by 67.97% and 71.07%, respectively.
Correspondingly, the ozone concentration increased by 53.18%
and 64.25%, respectively. Based on the climatology of O; and
PM, s in Figure 6, it shows higher O3 concentrations and lower
PM, 5 contents in the east sea surface. The easterly wind brings
Os-rich and low PM, 5 air masses to SH, and leads to high O; and
low PM, s pollution for the two clusters of Type-two events.
Several studies have found that ozone tends to be continuously
produced in the downwind regions of major cities (Kleinman
et al,, 2003; Tie et al,, 2009, 2013). O; formation usually occurs
under strong VOC-limited conditions in coastal megacities,
which inhibits Oz chemical production. In the downwind
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O3 shifts
gradually on the contrary to the sea surface, which results in

region, formation to NOx-limited conditions
pronounced O3 production (Kley, 1997). O precursors emitted
from a coastal city are advected to the ocean by land breezes and
produce O; over the ocean, the O;-rich air mass can be advected

back to the city by sea breezes.

Meteorological cause for the seesaw
events

The meteorological influence on the pollutant varied by
region and could be comparable to or even more significant
than the impact of changes in anthropogenic emissions (Liu and
Wang, 2020b). The relative anomalies of air temperature, BLH,
shortwave, longwave, SSR, precipitation, 10 m wind, cloud cover
and relative humidity are involved to reveal the meteorological
effects on seesaw events. Figures 7, 8 show the spatial distribution
of BLH and RH relative anomalies in the five clusters. Table 3
summarizes the regional mean relative anomalies of the above
nine meteorological factors of SH in the five clusters. For the case
of Cl in Type-one events, it shows lower than normal BLH
around SH and the East Ocean, with a significant negative BLH
relative anomaly of 199.41 m (-54%). The BLH indicates the
vertical diffusion ability of the local atmosphere, which has been
demonstrated to have a negative relationship with ambient PM, 5
concentrations (Wang and Wang, 2014; Wang and Wang, 2016).
The lower PM, 5 in C1 of Type-one events can be attributed to
the repression of vertical diffusion to some extent. Considering
that the wind speed drops by 0.93 m/s (-28%), stable and
stagnant circulation may also increase the concentration of
pollutants.

For C2 in Type-one, the height of the boundary layer
decrease by 48.13% and the relative humidity increased by
12.78%, which is the most significant among the three clusters
(Figure 8). Figure 9 shows the occurrence frequency of
precipitation during the five clusters. Due to the positive
precipitation anomaly (Table 3) and easterly backward
trajectory (Figure 6), there is a positive relative humidity
anomaly in C2 of Type-one events, which is beneficial for the
hygroscopic growth of aerosols and leads to an increase in PM, 5
concentration (Wang et al, 2019b; Won et al., 2021). The
scavenging process and physical removal mechanism of PM
are determined by different precipitation intensities
(Andronache, 2003; Chate et al., 2003; Wang et al, 2010).
According to the definition of the American Meteorological
Society, precipitation can be classified as light rain, mild rain
and heavy rain (American Meteorological Society American
Meteorological Society, 2022). Using this definition, Figure 9
shows the distribution of no rain, light rain and mild rain under
the five clusters. The precipitation in C2 is primarily light rain,
and the deposition ability is weak compared to moistening the air
mass. The stable air mass also contributes to the accumulation of
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surface air pollutants. In addition, based on the regional mean
meteorological factor anomalies in Table 3, the significant
increase in cloud cover (+25%) and decrease in shortwave
radiation (-21%) on the rainy days also caused the weakening
of ozone photochemical production, which led to the decrease in
surface ozone concentration in Shanghai.

For C3 in Type-one, the magnitudes of the regional mean
meteorological anomalies are not as obvious as those in
Cl and C2. However, the obvious increase in relative
humidity (+5.8%) and decrease in solar radiation (-9.7%)
can be considered a beneficial meteorological background for
the increase of PM,s and decrease of Os, respectively.
Notably, the C3 air mass comes from the North China
Plain where the concentration of fine particles is generally
high (Figure 6). This may indicate that the high concentration
of PM, 5 in C3 is related to transport. In brief, it is the
comprehensive influence of transport, shortwave radiation
and relative humidity resulting in C3 (Figure 10).

As described in the previous section, regional transport is
undoubtedly the main influencing factor of the Type-two
seesaw events. The trajectory in Figure 6 also shows that the
air masses originate from areas with higher ozone and lower PM
concentrations. Apart from that, other meteorological factors
also make sense. In C1 of Type-two, the simple size of the dry-
day case is small, and only the rainy cases are involved.
Apparently, it shows a obvious positive anomaly of
precipitation (Table 3) and relative humidity (Figure 8).
Compared with the case of C2 in Type-one, the frequency of
moderate rain in C1 of Type-two is much higher. The effects of
wet deposition are more pronounced than the hygroscopic
growth of aerosols in a humid environment, which results in
a decrease in PM, 5 (Jacob and Winner, 2009).

In C2 of Type-two events, a 51% decrease in cloud cover along
with a 6.27% increase in shortwave radiation contributes to the
photochemical formation of ozone. Moreover, the increase in solar
radiation prompts the development of boundary layer, which
results in the positive BLH anomaly by 403.28 m (+100%) and
the improvement in atmospheric vertical diffusion conditions. The
surface wind speed, which is regularly considered the metric of
horizontal diffusion ability, increases by 39% in C2 of Type-two
events. The significant improvement of vertical and horizontal
diffusion conditions led to a decrease in the PM, 5 concentration
(Wang et al.,, 2016, Wang et al.,, 2018; Wang and Zhang, 2020).

Conclusions and discussion

This study explored the impact of meteorological factors on the
seesaw concentration pattern between PM, s and Os in Shanghai
from 2014 to 2020. On the basis of the variation in PM, 5 and O3
concentrations, we divided the seesaw events into two types, Type-
one (High-PM-Low-Oj3) and Type-two (Low-PM- High-O3). The
trajectories of the seesaw events were assigned to distinct clusters
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according to their moving speed and direction using the HYSPLIT
model. The specific number of clusters is given as follows: three
clusters in Type-one and two clusters in Type-two.

In Type-one seesaw events, the boundary layer height in
three clusters obviously decreased, Cl1 (-53.58%) and C2
(—48.13%). Obviously, worse diffusion conditions lead to an
increase in the PM, 5 concentration. The PM, 5 concentration in
C1 upwind direction is higher than that in SH, while the ozone
concentration is lower. The transport of Cl upwind also
contributes. In C2, the relative humidity increased by 12.78%
which contributed to the hygroscopic growth of PM, s and a
decrease in O production. Less SSR (-20.96%) and higher
cloud cover (4+24.92%) in C2 were not conducive to the
formation of ozone photochemical reactions. The same
conditions were found in C3, but it was less obvious than
C2, +8.69% for cloud cover and -9.67% for SSR. Thus,
transportation and increased relative humidity were also
factors that cannot be ignored in C3.

The cause of another seesaw event is not as complicated as
that of Type-one events. Figure 6 and Tables 1, 3 show that the
moist oceanic air mass with rich O from the northeast sea enters
Shanghai and reduces the concentration of PM, 5 at the same
time in two clusters of Type-two events. Transport is
undoubtedly the main influencing factor in both clusters of
Type-two events. Adequate precipitation also contributes to
the wet removal of fine particles in Cl. A doubled BLH
(+100.02%) was beneficial to the diffusion of PM,5 in C2. A
6.27% increase in SSR contributed to the photochemical
production of O3 under clear sky conditions.

Except for the production of ozone from photochemical
reactions occurring within the troposphere, the presence of
ozone in the troposphere is understood to arise from another
basic process. Tropospheric-stratospheric exchange can cause the
transport of stratospheric air, rich in ozone, into the troposphere
(Langford, 1999). Ni et al. suggested that stratospheric ozone
intrusion acts as an additional source of the near-surface
tropospheric ozone concentration, which deteriorates O;
pollution in China (Ni et al., 2019).

Therefore, we also made a vertical profile of the ozone
mass mixing ratio in autumn (Figure 11). The scavenging
process of precipitation can be clearly seen in this figure. Note
that when the seesaw events occurred, the near-surface ozone
concentration increased, but the ozone concentration in the
upper levels decreased. During the precipitation, strong
convective weather with obvious downward flow may have
affected stratospheric-tropospheric exchange of air masses
and ozone concentrations. Therefore, it is also suspected
that the near-surface tropospheric ozone concentration is
closely related to transport from the upper layer or
stratosphere. However, there are currently no further data
supporting this hypothesis. Besides autumn, the transport of
ozone in the upper and lower layers is not obvious in other
seasons.
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The transport of air pollutants from areas surrounding the Tibetan Plateau (TP) has
recently been studied. However, the major sources of atmospheric total suspended
particulate matter (TSP) on the central TP remain unclear due to a lack of in-situ
observations on aerosol physico-chemical properties. Therefore, to quantitatively
investigate the physico-chemical properties and reveal the major sources of
atmospheric aerosols, a comprehensive field campaign was conducted at the
site of Nam Co from August 6 to September 11, 2020. Aerosol loading was low
during the campaign with average TSP mass concentration, scattering coefficient
at 550 nm, and absorption coefficient at 670 nm being 10.11 + 536 pgm™, 1.71 +
1.36 Mm™, and 0.26 + 0.20 Mm™, respectively. Organic matter (63.9%) and mineral
dust (27.8%) accounted for most of the TSP mass concentrations. The average
scattering Angstrém exponent of 0.59 + 0.14 reflected the influence of mineral
dust, and the elemental fractions and the results of enrichment factor illustrated
that crustal materials were the main contributors of mineral dust. The organic to
elemental carbon ratio of 15.33 is probably caused by the aging that occurs during
the transport of aerosols. The strong correlation between organic carbon and Ca?*
and the results of the electron microscopy analysis of single particles indicated that
organic carbon and mineral dust had the same sources; however, the weak relation
between mineral dust and wind speed indicated that local wind erosion was not the
main contributor to the mineral dust. The potential source contribution function
further illustrated that the summertime TSP in the central TP was mainly
characterized by background biomass and mineral dust aerosols originating
regionally from the ground within the TP.
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Introduction

The Tibetan Plateau (TP), known as the “Third Pole,” covers a
large area with altitudes of over 4000 km (Kang et al., 2010a; Yao
etal, 2012; Bian et al,, 2020). It is a region that exerts an important
influence on weather, climate, environment, and ecosystems both
regionally and globally (Qiu, 2008). Its unique topography (high
altitude and lack of oxygen), relatively low population density, and
low rate of industrialization make the TP a climate-sensitive region
that facilitates studies on the interactions between natural and
anthropogenic activities (Lawrence, 2011). Atmospheric aerosols
directly and indirectly modulate the energy budget of the Earth-
atmosphere system by scattering and absorbing solar radiation (Tian
etal, 2018; IPCC, 2021). For example, small amounts of absorbing
aerosols in this region may lead to greater warming because the
troposphere is thinner over the plateau (Qiu, 2008).

A quantitative estimation of the radiative effects of atmospheric
aerosols requires detailed information regarding their optical
properties (such as the extinction and absorption coefficients and
single scattering albedo), which are related to their size distribution
and chemical composition. It is known that the elemental carbon
(EC) of carbonaceous aerosols is the second largest contributor to
global warming after CO, (Ramanathan and Carmichael, 2008), and
major water-soluble ions such as sulfate, nitrate, and ammonium
have an impact on the hygroscopic quality and acidity of aerosols,
which in turn affects aerosol optical properties (Lau et al., 2006;
Pathak et al, 2009; Gao et al, 2011). Therefore, it is necessary to
conduct field campaigns on atmospheric aerosols in the TP region to
better understand their physico-chemical properties, conduct
reasonable source analyses, and to accurately estimate their
radiative effects.

Sources of atmospheric aerosols over the TP have been
studied over the past few decades. Mountains with high
altitudes are considered barriers to the transport of air
pollutants from the surrounding regions (Wang and French,
1994). However, studies have suggested that transport of aerosols
from the surrounding regions to the Tibetan Plateau occurs
(Hindman and Upadhyay, 2002; Zheng et al., 2017; Dhungel
et al,, 2018; Xu J. et al., 2018; Zheng et al., 2020; Zhang L. et al,,
20215 Li et al,, 2021; Xiang et al., 2021). For example, it is known
that during the pre-monsoon season, South Asia and West Asia
are the main sources of pollutants from the Himalayas (Gul et al,,
2022), and the results from a WRF-Chem model simulation
indicated that black carbon (BC) emissions from residential areas
in South Asia contributed the most to BC on the TP (Yang et al.,
2020). field observations have shown that
approximately 64.2% of the BC
Qomolangma-Everest region originated in India and Nepal in

In addition,
in the non-monsoon

South Asia (Xiang et al., 2021). However, carbon isotopic
composition studies conducted at remote sites on the eastern
TP have reflected an important local emissions contribution (Li
et al., 2022). Other studies have revealed local emissions from
urban vehicles and residential activities (Hu et al, 2017).
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Secondary aerosol formation has also been suggested to be an

important aerosol source in the TP region (Wu et al., 2020).
The

atmospheric aerosols have been the key focus of research

physico-chemical ~properties and composition of
conducted on plateaus. Previous research has shown that the
main components of aerosols over plateaus are dust, BC, and
sulfate/nitrate; however, the main composition varies based on
location (Tian et al., 2017; Zhao et al.,, 2020). Field observations
are essential to quantitatively study the physico-chemical properties
of atmospheric aerosols. Despite the high altitude and harsh
environment, attempts have been made to conduct field
observations in the Tibetan Plateau. For example, the aerosol
mass concentration and chemical species have been quantitatively
estimated by collecting offline filter samples from different sites in
the Tibetan Plateau region (Decesari et al,, 2010; Zhao et al,, 2013;
Congetal,, 2015; Xu et al., 2015; Shang et al., 2018; Arun et al,, 2019),
and the concentrations and sources of black carbon in the TP region
have been studied (Ming et al., 2010; Li et al., 2016; Li et al., 2017),
and the chemical species of submicron aerosols have also been
time-of-flight
spectrometry at a few sites (Xu et al,, 2015; Zheng et al, 2017).

revealed using high-resolution aerosol mass
Several field observation studies have also been conducted in the
Central Highlands region. For example, the column aerosol optical
properties were investigated using sun photometer measurements at
Nam Co (Cong et al,, 2009), and advanced instruments (Arun et al,,
2019). Studies on aerosol elements (Cong et al., 2007; Li et al., 2007),
analysis of sources of water-soluble organic carbon (Li et al.,, 2021),
and studies on the effects of cow dung combustion aerosols on the
local atmospheric environment have been conducted (Chen et al,,
2015). However, combined in-situ observations of the physical
parameters and chemical compositions are insufficient for
making accurate calculations and analyzing the sources and the
radiative effects (Zhang L. et al,, 2021).

Although, the physical properties, chemical compositions, and
sources of fine (PM, 5) and submicron (PM,) aerosols have been
studied in detail within the TP region, those of total suspended
particulate matter (TSP) remain unknown. In addition, most
current studies on pollutant sources on the TP have focused on
urban stations, and few observations of inland areas have been
made, which limit our understanding of regional background
atmospheric and aerosol sources on the TP. Therefore, to better
understand the physico-chemical properties and reveal the sources
of atmospheric aerosols in the central TP region, a comprehensive
field campaign of the physical and chemical properties of TSP was
conducted at Nam Co from August 6, 2020, to September 11, 2020.

Data and methodology
Site description

The experiments were conducted at the Nam Co Station for
Multisphere Observation and Research, Chinese Academy of
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FIGURE 1

Nam Co Station (red), land cover data from the Global Land Cover with Fine Classification System at 30 m in 2020 (GLC_FCS30-2020) of the
Institute of Spatial Information Innovation (Zhang et al., 2021b), Chinese Academy of Sciences.

Sciences (30.46° N, 90.58° E, 4730 m.a.s.l.), which is located in the
central region of the Tibetan Plateau and is a typical station of the
area because of its high altitude, low anthropogenic activity, and
absence of industry (Wu et al., 2018). The Nam Co region has
typical geomorphological features, such as glaciers, lakes, rivers,
and meadows (Figure 1), dominated by alpine meadows and
barren areas. Nam Co Station is located southeast of Nam Co
Lake, which is in the northern boundary of the Nyaingentanglha
mountain range, and is the second largest inland lake in the Tibet
Plateau (TP) region.

The aerosol levels are very low at the Nam Co station (annual
mean AOD of 0.029 at 500 nm) and the local population is also
low (approximately 1000) because of the harsh climate; the
population density within 25km of the station is less than
one person/km* (Cong et al., 2009). The nearest town to the
Nam Co station is Dangxiong, which is located approximately
70 km from the station (Xu J. et al., 2018). Pollutant transport
from Lhasa and Dangxiong is limited by the high mountain
ridges (Xu X. et al., 2018). Residents within the region use both
simple stoves without chimneys and chimney stoves for cooking
and heating, and cow dung is the only biomass fuel used in tents
or houses in the region (Xiao et al, 2015). Pollution from
anthropogenic sources is low, which makes this site ideal for
studying the physicochemical properties of background
atmospheric aerosols and pollution on the plateau associated
with both natural and anthropogenic emissions. In spring, Nam
Co Station is affected by dust transport from the upwind sand
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zone (Fang, 2004), and from June to September by the Indian
monsoon system (Kang et al., 2010b). During the observation
period, the overall climate was cold and windy, with southerly
winds and northwesterly winds dominating during the night and
day, respectively.

Online instrumentation

This experiment utilized a set of instruments with online
observation capability at the Semi-Arid Climate and
of
(Supplementary Table S1) to conduct online observations

Environment  Observatory Lanzhou  University
of aerosols in the Nam Co region from August 6, 2020, to
September 11, 2020. The instrument included a multi-angle
absorption photometer (MAAP, model 5012), which can
directly measure the concentration of black carbon at
670 nm. The absorption coefficient was calculated by
measuring the absorption and scattering of light at 670 nm
through the filter membrane. The detection limit of MAAP
was 3.5 x 107* absorbance units, and the uncertainty of the
absorbance was +12% (Petzold and Schonlinner, 2004).
Integrating a nephelometer (model 3563, TSI Inc.) can
measure the scattering coefficients of atmospheric TSP at
450, 550, and 700 nm wavelengths online. The scattering
angle of aerosols observed by the nephelometer ranged

from 7° to 170°, with blind areas of <7° and >170%
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therefore, the scattering coefficients observed by the
instrument had truncation errors, which can be calibrated
according to Anderson’s method (Anderson and Ogren,
1998). The uncertainty in the measurement of the air
scattering coefficient for the integrating nephelometer was
0.24% (Anderson et al., 1996). All the online instruments were
placed in a room at a temperature of approximately 20°C to
ensure stable operation.

Offline instrumentation

TSP samples were collected approximately 2 m above the
ground using a Laoshan Electronic Instrument Factory Model
2030 medium-flow air sampler and aerosol samples were
collected on 90 mm quartz fiber filters (model 1851-090,
Whatman Inc.). The sampling period was from August 5,
2020, to September 14, 2020, starting at 09:00 a.m., with a
flow rate of 100 L/min for 47h. The accuracy of sampling
flow is no more than #+2%, the uncertainty of flow
repeatability is less than 2%, and the uncertainty of flow
stability is less than 5%. The total suspended particulate
concentration is obtained from offline sampling data and is
calculated as (weight of filter membrane after sampling -
weight of filter membrane before sampling)/volume of gas
flow at the time of collection. A total of 24 TSP samples and
four blank samples were collected for this experiment.

The inorganic water-soluble ions (Na*, NH,", K*, Ca®*, Mg**,
ClI, NO;, and SO,*) were determined with an ion
chromatograph (Dionex ICS-600). Organic carbon (OC) and
elemental carbon (EC) were measured using a Desert Research
Institute Model 2001 thermo-optical carbon analyzer following
the IMPROVE A program. Metallic elements (Ca, Al, Mg, Fe,
and Ti) were measured using inductively coupled plasma atomic
emission spectrometry (ICP-AES).

Calculation method

The extinction of aerosol particles, including scattering and
absorption, can affect atmospheric visibility and climate
(Ackerman et al.,, 2000). The particle single scattering albedo
(SSA) is a key parameter used to study the optical and
microphysical properties of atmospheric aerosols, and
scattering (Bye) and absorption coefficients (B,,s) are two
important optical parameters describing the scattering and
absorption cross-sections per unit volume of air at wavelength
A. Where the sum of By and B,ygs is the particle extinction
coefficient (Bey), which determines light. The SSA is defined as
the ratio of By, /Bey (Bodhaine, 1995

SSA = Bscat/Bext = Bscut/ (Bscut + Babs) (1)
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Therefore, in this study, the absorption and scattering
coefficients at 670 nm were used to calculate the SSA.

The aerosol scattering Angstrém index (ag,) was used to
characterize the wavelength-dependent variation in the
absorption coefficient oy, (Anderson and Ogren, 1998;
Pandolfi et al.,, 2018), and it was calculated as follows,

o
log < 070to > 5
- _ sct
) @
9\700

where o, is the aerosol scattering coefficient at wavelength \.

Potential source contribution function
model

A (PSCF analysis was performed using the GIS-based
software TrajStat, to estimate pollutant pathways by analyzing
pollution trajectories at high concentrations, where Euclidean or
angular distances were employed as a clustering model to identify
potential pollutant source areas (Wang et al., 2009) using the
following,

m,’j

PSCF,J =

e 6]
where ij is a grid point, nj; indicates the total number of trajectory
endpoints in that grid point, my is the number of trajectory
endpoints with pollutant concentration higher than the threshold
value, and the median concentration is set as the threshold value
in this study. After calculating the PSCF value, the weighting
function was used to reduce the uncertainty caused by
trajectories with fewer endpoints (Polissar, 1999). The
meteorological field data were obtained from the Global Data
Assimilation Forecast System used by the National Centers for
Environmental Prediction Global Forecast System model. It is
also possible to use a potential source factor analysis in the
plateau region. Past studies have used the PSCF method to
identify heavy metal sources in the Yaze region of the
southeastern TP (Xu et al., 2022) and to analyze the potential
source area of perfluoroalkyl acids in precipitation on the TP
(Chen et al., 2021).

Enrichment factor
To determine the source of elements in aerosols, the EF of

elements in aerosols relative to crustal material was calculated
(Zoller et al., 1974). The EF of an element is defined as,

EFX — (CX/CR)aerosol (4)
(CX /CR )crust
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where x is the element of interest, R is the reference element,
Cx is the concentration of X, Cy is the concentration of the
reference element, EFy is the EF of X, and aerosol and crustal
subscripts refer to the elements in aerosol samples and in the
crust, respectively. Elements with an EF close to one are
usually considered to be strongly influenced by natural
components, whereas EF values greater than one indicate
possible anthropogenic influences (Cong et al., 2007). A
reference element is often selected as a crustal element,
because the pollution level is low, aluminum (Al) was
chosen as the reference element in the EF calculation in
this study, and its average upper continental crustal
component was chosen as the crustal element.

Results and discussion

Aerosol scattering and absorption
properties

The mean values of the atmospheric aerosol scattering
coefficients of TSP at 450, 550, and 700 nm during the
observation period were 1.97 + 1.63, 1.71 + 1.36, and
1.50
from the 450 nm and 700 nm scattering coefficients was
0.59 0.14. The standard deviation of the scattering
coefficients was large, and the diurnal variation showed a

+

1.14 Mm™, respectively. The mean SAE derived

+

clear bimodal pattern (Figure 2A), with two peaks in the
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morning (06:00) and evening (19:00) and one trough in the
afternoon. No peak was observed for the absorption
coefficient at night.

The aerosol scattering Angstrom index (SAE) is related to the
average particle size of aerosols, and it ranges from 4 (Rayleigh
atmosphere) to 0 (large particles), with negative values for large
dust particles. The SAE of Gobi Desert aerosols is 0.52 + 0.31
(Wangetal., 2018), and the SAE of the Granada region in Spain is
1.1 + 0.03 for dust weather and 1.6 + 0.03 for non-dust weather
(Valenzuela et al., 2015). An East Asian tropospheric aerosol
study in Beijing, China, showed that the SAE of dust, biomass
burning, fresh (industrial) stack plume, other coal combustion
pollution, and relatively clean (background) air are 0.59 + 0.41,
1.52 £0.18, 1.49 £ 0.11, 1.39 £ 0.20, and 1.58 + 0.18, respectively
(Yang et al., 2009). The SAE for biomass combustion and
relatively clean (background) air are similar. The SAE in this
study was similar to that of sand aerosols, and this shows that
mineral dust (MD) at the Nam Co station is likely the largest
contributor to the SAE.

The average particle single scattering albedo (SSA) of TSP
was 0.84 + 0.02at 670 nm, and the average absorption and
scattering coefficients of TSP at this wavelength were 0.26 +
0.20 Mm™ and 1.61 + 1.18 Mm}, respectively. The wavelength
dependence of SSA depends on the particle size, chemical
composition, and mixing state (Gyawali et al, 2012). In
general, the SSA of urban aerosols ranges from 0.80 to
0.98 and that of fresh biomass combustion smoke ranges from
0.72 to 0.88. Fine mode aerosols measured using an aircraft were
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found to have moderate absorption (single scattering albedo at
550 nm of 0.88 + 0.03) and moderate hygroscopicity, whereas
coarse-mode dust was found to have very low absorption (SSA =
0.96 + 0.01) and almost no hygroscopicity (Anderson, 2003).
Thus, the SSA in the present study was representative of a
mixture of fresh biomass burning and coarse-mode dust.
From the diurnal variation, SSA reached the lowest value at
12:00 and showed an increasing trend from 16:00 to 20:00, but
was still less than 0.85 (Figure 2D). This was probably due to the
anthropogenic activities in the area that generated the burning of
fresh biomass, which increased the SSA.

Aerosol chemical compositions

The optical properties of aerosols at the Nam Co station, the
influence of dust aerosols on the region was large, but the
composition of aerosols in the central plateau was complex;
Optical properties alone were not enough to explain the
aerosol composition. To clarify the components, nature, and
sources of aerosols in the Nam Co region, off-line sampling was
conducted in the region for 1month, and the chemical
composition of the collected aerosol samples was analyzed.
During the study period, the mean mass concentration of TSP
in the region was 10.11 + 5.36 ug m >, whereas that measured in
the Himalayas was 20.65 + 11.17 pg m ™~ (Arun et al., 2019), and
that measured at the Shiquanhe station in the Ali region was
15.71 £5.92 ug m > (Zhang L. et al., 2021). The Nam Co station is
located, at a higher altitude than other areas on the Tibetan
Plateau (TP), and there is no industrial activity in the
surrounding region. The TSP concentration was lower than
that at other areas on the TP; however, this could be
attributed to the surrounding mountains hindering aerosol
transport. A low TSP concentration was characteristic of the
TP region, which is characterized by low background pollution
and sensitive changes. Therefore, studying the aerosol
composition and sources in this region can help to clarify the
effects of natural and anthropogenic emissions and external
transport within the central TP.
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Carbonaceous aerosols are an important component of
atmospheric aerosols and consist of elemental carbon and
organic carbon, which affect the incident solar radiation by
scattering and absorption (Sun et al., 2007). OC can be either
released directly into the atmosphere from anthropogenic and
biogenic sources, and biomass combustion, and secondary
formation in the atmosphere, whereas EC is mainly derived
from biomass and incomplete combustion of fossil fuels
(Pachauri et al,, 2013). Owing to the remote location and high
altitude of the Tibet Plateau, carbonaceous aerosols may have
significant climatic impacts in this region. The average mass
concentrations of OC and EC at Nam Co station in the
summer were 1.84 + 0.83 and 0.12 + 0.13 pgm >, (Figure 3A)
respectively.

OC/EC ratios are often used to distinguish the relative
contributions of fossil fuel or biomass combustion sources,
where lower OC/EC ratios (<2.0) are characteristic of a higher
share of vehicle and industrial emissions. OC/EC ratios of
3.8-13.2 indicate the predominance of biomass combustion, a
greater abundance of carbonaceous aerosols in OC from biomass
combustion sources, results in much higher OC/EC values. The
value of OC/EC in the Nam Co area in this study was 15.33,
which is much higher than that in Lhasa (6.5), an urban plateau
(Zhang et al., 2008), and that at the Yulong Snow Mountain
station on the southern slope of the plateau (2.06) (Niu et al.,
2018). Higher OC/EC values indicate a more significant impact
of biomass burning in the region, and because the study site is
located in a near-pristine environment, local residential
emissions in the area may be an important contributor to
biomass burning. The relatively similar OC/EC values of cow
dung aerosols in the Nam Co area also indicate that the local
source is not negligible (Chen et al., 2015). On the other hand, the
aging that occurs with the transport process of aerosols also
increases the OC/EC values (Arun et al,, 2019). In addition, a
higher OC/EC (>2.0) is generally considered to indicate the
presence of secondary organic aerosols (SOA) (Chow et al,
1996). Therefore, biomass aerosols in the region are likely to
be dominated by combustion emissions from the generation of
OC and the secondary generation of aerosols.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1055673

Zhang et al.

20 |

15 4

10 1

Enrichment Factor

Al Ti K Ca Mg Fe Mn Cu Zn Sb Pb

Elements

FIGURE 4
Enrichment factors of various elements during the study
period

Previous studies have considered that mineral dust was
considered one of the main aerosol components in the central
Himalayas (Decesari et al., 2010) and in the central TP (Cong
etal., 2007; Kang et al., 2016). The mean mass concentrations of
metallic elements Ca, Ti, Fe, Al, and Mg measured in the present
study were 0.27 +£0.17,0.014 + 0.02, 0.11 + 0.07, 0.067 £ 0.05, and
0.039 + 0.03 pg m™, respectively. Ca accounted for the majority
of the metallic elements by mass (53.8%), followed by Fe (22.0%),
Al (13.5%), Mg (7.9%), and Ti (2.8%). Everest station has 34.8%
of Fe and 23.1% of Ca as metallic elements (Arun et al., 2019). Ca,
Fe, and Si are major fractions of crustal elements; the values
obtained for Ca and Fe in this study prove that Nam Co station is
similar to Everest station and mineral dust is an important
component of aerosols in the region.

The EFs of each element in the TSP samples from the Nam
Co station are shown in Figure 4. The EFs of Al, Ti and K were
approximately one, which indicates that they were primarily
derived from natural sources, such as soil and dust. However, the
values of Cu, Zn, and Sb were significantly higher (Buzica et al,
2006, which indicates that some of these elements may have
originated from human activities, such as fossil fuel combustion,
industrial metallurgical processes, and traffic emissions, and that
they may have been deposited in the Nam Co region via long-
distance transport.

K*, Mg®*, and Ca*" are the main components of atmospheric
aerosols, and their contribution to PM, 5 (particulate matter with
an aerodynamic diameter <2.5 um) can reach 77% (Xu et al,
2019). In the present study, the mean mass concentrations of
SO,*, NO5~, Mg**, Ca*", NH,*, Na*, and K* were 0.70 + 0.38,
0.77 +0.22, 0.01 + 0.01, 1.90 + 0.83, 0.22 + 0.15, 0.09 + 0.04, and
0.03 + 0.02 ug m >, respectively. The main contributions of the
inorganic ions were Ca** (51.0%), NO;™ (20.6%), SO, (18.9%),
and NH,"(5.8%). The main ion sources in the central plateau
have been identified in previous studies; for example, SO, and
Ca®" are considered typical ions from combustion emissions and
mineral dust, respectively (Kang et al., 2010b). Compared to the
Nepal Climate Observatory-Pyramid Station (Decesari et al.,
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2010) on the southern slope of the Himalayas, where the Ca®"
concentration during the monsoon was 0.34 ug m >, The relative
concentration of Ca®" in the TSP samples in this study (1.90 +
0.83 pgm™) was higher than that in the Nepal Climate
Observatory-Pyramid Station (0.50 uygm™>) and that at the
Everest station during the monsoon (Cong et al, 2015),
reflecting a heavier dust impact in the central plateau.
Furthermore, the higher mass concentrations of SO,* and
NOs;~ indicate that anthropogenic combustion emissions have
less of an impact than dust emissions on the central plateau.

Discussion on aerosol sources

To clarify the composition of aerosols at the Nam Co station
and further analyze the source of aerosols in the region, a
reconstruction of the mass concentration of aerosols at the
Nam Co station was conducted using organic matter (OM),
EC, MD, and water-soluble inorganic ions (nd-WSII) of non-
sand dust. The water-soluble inorganic ion concentration of non-
sand dust was the sum of the SO,*, NO;, NH,*, and K*
concentrations. It is necessary to determine the OM/OC ratio
of to calculate the OM mass concentration (Guinot et al., 2007),
and that measured at the Nam Co station from May to July
2015 was 2.28 (Xu J. et al,, 2018); as this study was conducted
within a relatively short time period (August to September 2020),
the OM/OC value of 2.28 was used to calculate the OM mass.

Calculations of the MD concentration are commonly more
accurate when multiple metallic and nonmetallic elements are
combined with weighting factors (Marcazzan et al., 2001), and
the equation for MD was thus revised to consider the effect of
carbonates present in ionic equilibrium (Zhang L. et al., 2021).

MD = 1.15- (1.89 - [Al] +2.14 - [Si] + 1.67 - [Ti] + 1.36 - [Fe] + 1.2+ [K]
+1.4- [Ca]) + 1.1 [Ca] + 1.83 - [Mg] (5)

where [Si] = 4 [Al] (Wang et al,, 2018), [K] = 0.6 [Fe] (Malm
et al., 1994), and the factor 1.15 represents the mass of the other
metal oxides that compensate for not being measured. The mass
concentration of MD in the region was calculated using this
equation was 1.02 ug m>, whereas that at Shiquanhe station in
the Ali region was 4.61 pgm™, the mass MD concentration
measured at a background site in the western Himalayas was
3.1 pgm™ (Arun et al, 2019).

The reconstructed mass concentrations correlated well with
the measured mass (Supplementary Figure S1). Concentrations
of r = 0.89 indicated that the reconstructed mass concentrations
were reasonable, and reconstructed mass concentrations of OM,
EC, MD, and nd-WSII were 4.20 + 1.90, 0.12 + 0.13, 1.83 + 1.24,
and 042 =+ 0.15pgm-3, respectively, with the largest
contribution from OM (63.9%), followed by MD (27.8%), and
the smallest contribution (Figure 5) from EC (1.8%).

To better understand the sources of aerosols on the central
plateau, the correlations between aerosol chemicals were
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(A) Fitting curves of OC, EC, and K*; (B) Fitting curves of OC, EC, and Ca; (C) Fitting curves of OC, EC, and Ca?*; (D) Fitting curves of WS and

metallic elements.

investigated. K* is a tracer of biomass combustion emissions
(Zhang et al., 2018); EC had almost no linear correlation with
K* (r = -0.06), while OC had a higher correlation coefficient
with K* (r = 0.22) (Figure 6C). Because K" is often considered
to come from plant burning, the weak correlation between OC
and K' may be since most of the biomass aerosols in the region
come from cattle dung burning or exotic transport. Ca** is
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often used as a tracer of mineral dust and represents the
influence of mineral dust, with a correlation of 0.32 between
OC and Ca®" was measured at the Shiquanhe station in the Ali
region during summer (Supplementary Figure S2) and only a
slight correlation measured year-round at the eastern
Himalayas remote high-altitude station (Arun et al., 2019).
The correlation between WSOC and Ca®" was measured by
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Composition ratios of collected single particle aerosols of
different particle sizes.

year-round offline sampling at the Nam Co station was 0.59
(Li et al., 2021). The strong correlation between OC and Ca**
and Ca in this study indicates that they are homologous.
To verify whether the MD aerosols in the region were
dominated by local influences, a metal elements and wind speed
correlation analysis was conducted and the results showed a very low
correlation coefficient between the two. When the wind speed
increased, the metal element concentration increased, but the
results were not significantly, indicating that the aerosol impact
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FIGURE 8
Potential source regions of OC (A) and Ca (B) in aerosols at Nam Co.
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of the local wind-induced sand rising on the Nam Co station is
small. According to previous studies at the Nam Co station, the size
distribution of OC and EC concentrations showed a bimodal
variation, with the main peak of OC occurring in coarse
particles, which may be due to dust particles and bioaerosols,
whereas the main peak of EC in coarse particles may be caused
by the resuspension of soil/dust particles containing EC (Wan et al.,
2015). Another study also suggested that WSOC in the TSP during
the monsoon period is influenced by fine surface soil particles within
the TP (Li et al., 2021). Therefore, the same source of OC and Ca at
the Nam Co station indicates that OC is primarily derived from soil
OM transported with dust.

Single-particle sampling was conducted from August 16 to
18, 2020 using a DKL-2 single-particle sampler. The results
showed (Figure 7) that during the sampling period, OM and
MD accounted for 53.7% and 14.3% of particles, respectively. In
addition, mixed particles of dust and biomass were observed
(Supplementary Figure S4), which also provides evidence for the
homology between biomass aerosols and dust.

To determine the sources of OC and Ca, the potential
source regions of both components were analyzed using
PSCF (Figure 8). The higher PSCF values in the interior of
the plateau indicated that OC and Ca had similar source area
distributions, and both originated primarily from the interior
of the plateau, which explains the high correlation between
OC and Ca in the TSP. Some studies have also suggested that
dust from the Ali region of the plateau can be transported to
the central part of the southern section. The strong influence
of local emissions from the southeastern part of the plateau
can also be demonstrated using isotope-tracing methods.
These results also prove the non-negligible presence of
local emission sources in the plateau region.
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Summary and conclusions

This
composition, and sources of total suspended particulate
matter (TSP) at the Nam Co station in the central Tibetan
Plateau (TP) region. The main results of this study are as follows:

study studied the optical properties, chemical

1) The mean mass concentration of TSP was 10.11 + 536 ygm™,
the mean single scattering albedo (SSA) was 0.84 + 0.09, and the
mean aerosol scattering Angstrom index (SAE) was 0.59 + 0.14.
The SAE of mineral dust aerosols was relatively close, indicating
that aerosols in the Nam Co area are affected by sand; however,
dust lowers the SAE.

The average mass concentrations of organic carbon (OC) and
elemental carbon (EC) were 1.84 + 0.83 ugm™ and 0.12 +
0.13 pgm™, respectively, and the mass concentration of
carbonaceous aerosols dominated by OC, which
accounted for 94% of the total carbon (TC). In addition, the
EC content was low, which indicated that the biomass aerosols in

2)

was

the region were primarily composed of OC and the secondary
generation of aerosols. The OC/EC ratio of 15.33 is probably
caused by the aging that occurs during the transport of aerosols.
3) Of the metallic elements, calcium accounted for most of the
metallic elements by mass (53.8%), followed by iron (22.0%),
and aluminum (13.5%), with mean mass concentrations of
027 + 0.17pugm>, 0.11 = 0.07pugm™>, and 0.067 *
that

materials are the main contributors to the TSP in this

0.05pugm™, respectively. This suggests crustal
region. The enrichment factor EF of elements such as Al,
Ti and K was approximately one, indicating that the natural
sources in the Nam co region are a major source of aerosols.
And the EF values of elements such as Cu, Zn and Sb were
obviously high, which shows that pollution from human
activities may reach the area through long-distance transport.
4) With respect to the composition of water-soluble ions, Ca**
comprised the largest inorganic ion concentration (51.0%),
followed by NO;™ (20.6%), and SO,* (18.9%), with average
mass concentrations of 1.90 + 0.83 pg m>,0.77 £ 0.22 ug m™>,
and 0.70 + 0.38 pg m >, which reflects the influence of heavy
mineral dust on the central part of the plateau and indicates
that the influence of natural dust in the region is greater than
that of anthropogenic fossil fuel combustion.
5) Based on the offline sampling mass reconstruction of aerosols at the
Nam Co station, the mass concentrations of organic matter (OM),
elemental carbon (EC), sand dust (MD), and water-soluble ions (nd-
WSII) removed from sand dust were 4.20 + 1.90,0.12 +0.13 pg m >,
1.83 + 124 ugm™, and 042 + 0.15 ug m™>, respectively, with the
largest contribution from OM (63.9%), followed by MD (27.8%)
and the smallest contribution from EC (1.8%). Therefore, OM and
MD accounted for 91.7% of the TSP mass and were the main
components of summer TSP in the Nam Co regjon.
6) The correlation coefficient between OC and K* was low (r =
0.22), and this was probably due to the low percentage of plant
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material being burned in the area. The strong correlation
between OC and Ca** indicated that OM and MD had the
same sources, and the electron microscopy images of single
particles also showed the mixed transport of biomass with
sand and dust. The low correlation between metal elements
and wind speed indicated that the TSP did not originate
locally, and the PSCF analysis illustrated that OM and mineral
dust originated within the TP.

Based on the results of this study, we can conclude that the
summertime TSP in the central TP is primarily characterized by
background biomass and mineral dust aerosols originating
regionally from the ground within the TP. These results
provide a better understanding of atmospheric aerosols and
will contribute to estimations of aerosol radiative effects on
the TP. However, future studies are required to quantitatively
estimate the contribution of internal and external sources of
atmospheric aerosols in the TP region.
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The 2021 East Asia sandstorm began from the Eastern Gobi desert steppe in
Mongolia on March 14, and later spread to northern China and the Korean
Peninsula. It was the biggest sandstorm to hit China in a decade, causing severe
air pollution and a significant threat to human health. Capturing and predicting such
extreme events is critical for society. The Lagrangian particle dispersion model
FLEXPART and the associated dust emission model FLEXDUST have been recently
developed and applied to simulate global dust cycles. However, how well the model
captures Asian dust storm events remains to be explored. In this study, we applied
FLEXPART to simulate the recent 2021 East Asia sandstorm, and evaluated its
performance comparing with observation and observation-constrained reanalysis
datasets, such as the Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2) and CAMS global atmospheric composition
forecasts (CAMS-F). We found that the default setting of FLEXDUST substantially
underestimates the strength of dust emission and FLEXPART modelled dust
concentration in this storm compared to that in MERRA-2 and CAMS-F. An
improvement of the parametrization of bare soil fraction, topographical scaling,
threshold friction velocity and vertical dust flux scheme based on Kok et al.
(Atmospheric Chemistry and Physics, 2014, 14, 13023-13041) in FLEXDUST can
reproduce the strength and spatio-temporal pattern of the dust storm comparable to
MERRA-2 and CAMS-F. However, it still underestimates the observed spike of dust
concentration during the dust storm event over northern China, and requires further
improvement in the future. The improved FLEXDUST and FLEXPART perform better
than MERRA-2 and CAMS-F in capturing the observed particle size distribution of
dust aerosols, highlighting the importance of using more dust size bins and size-
dependent parameterization for dust emission, and dry and wet deposition schemes
for modelling the Asian dust cycle and its climatic feedbacks.
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1 Introduction

Mineral dust aerosols have a large impact on climate, ecosystem
functioning and human health (Huang et al., 2014; Li et al., 2022b). Dust
can both scatter and absorb solar radiation (Li et al., 2022a), with a net
negative radiative impact of dust being widely documented, especially
over the dust source regions (Myhre and Stordal, 2001; Myhre et al.,
2003). The direct radiation effect of dust accounts for a substantial fraction
of the total dust aerosol feedback in the climate system (Li et al., 2021; Kok
et al,, 2018). Dust can also exert an indirect radiative effect by aerosol-
cloud interactions. It can either serve as cloud condensation nuclei (CCN)
that increase cloud cover and exert a net negative radiative impact (Jia
etal,, 2021), or modify the vertical profile of temperature and thus relative
humidity and stability of the atmosphere, likely inducing less clouds and a
net positive radiative impact (Huang et al,, 2014). Better understanding
the natural processes of the dust cycle is essential for estimating and
projecting its climatic, ecological and societal impacts in the future, and
providing guidance to alleviate the issues caused by severe dust storms.

Dust models describing dust emission, transport and deposition,
are important tools for understanding the dust cycles. As part of the
aerosol module, it has been implemented in many global and regional
Earth system models or weather forecast models to describe complex
dust aerosol feedbacks in the Earth system and provide a forecast of
dust storms (Kok et al., 2014; Checa-Garcia et al., 2021). Most dust
models capture the spatial patterns and seasonal cycles of global dust
processes well. But large uncertainties and inter-model differences
remain, particularly with regard to dust emission, and the dust
seasonal cycles over North China and North America (Zeng et al,
20205 Zhao et al, 2022). Observations, especially remotely sensed
aerosol optical depth, have been assimilated to improve dust
modelling (Gong and Zhang, 2008; Benedetti et al., 2019; Randles
etal,, 2017). Nevertheless, dust emission and deposition are still poorly
constrained in these models.

Off-line Lagrangian dispersion models that can trace the movement of
an air parcel or particles in the atmopshere, provide an alternative way to
study dust cycles. They do not include dust-climate feedbacks, and
therefore can be focused on the dust emission and deposition processes
(Sodemann et al, 2015). They can be run in both forward and backward
modes and are particularly efficient for studying dust processes by
comparing with site observations. Since these models use a numerically
non-diffusive Lagrangian particle solver, they exhibit much less numerical
diffusion than the grid-based Eulerian approach (Cassiani et al., 2016;
Ramli and Esler, 2016) which is commonly employed in the weather
prediction models or Earth system models. When the meteorological
forcing data are available, these models require much less computing
resources, and therefore allow for high-resolution representation of dust
particle size bins in the simulation. However, there has been few
Lagrangian trajectory models that implement dust emission and
deposition schemes to properly describe the full dust cycle (Sodemann
et al, 2015; Mallia et al., 2017). The Lagrangian particle dispersion model
FLEXPART and the associated dust emission model FLEXDUST is one of
the few models that can simulate the full global dust cycle and high-latitude
regions in particular (Sodemann et al., 2015; Groot Zwaaftink et al., 2017,
2016; Zamora et al.,, 2022). The model has also been shown valuable in
modelling regional dust events (Groot Zwaaftink et al, 2022), but its
application to modelling extreme dust storms in specific regions, like East
Asia, remains to be tested.

East Asia is one of the natural hot spots for dust storms (Shao and
Dong, 2006; Chen et al, 2017). The emitted dust from the desert
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regions in central Asia, such as the Taklimakan and Gobi deserts, can
give rise to strong episodic dust storms swiping over East Asia, and
sometimes, even being transported to North America (Uno et al,
2009) and high Arctic regions (Huang et al., 2015). Asian dust storms
mostly occur in spring, due to drier soil conditions, strong wind and
cold surges in the season (Shao and Dong, 2006). The frequency of
Asian dust storm events has decreased rapidly in the past decades,
particularly over northern China, which has been attributed to the
weakened temperature gradients and decreased zonal winds in spring
and winter associated with the enhanced warming in the Arctic (Liu
etal, 2019). In addition, the large-scale vegetation restoration projects
in the arid regions of northern China have also contributed to the
recent inhibition of dust emission (Wang et al., 2021).

Contrary to the long-term decline of the Asian dust storms, the
2021 East Asia sandstorm (Figure 1), beginning from the Eastern Gobi
desert steppe in Mongolia on 14 March, and later spreading over
North China and the Korean Peninsula, was the most severe
sandstorm to hit China in a decade (Filonchyk, 2022). It has been
found that the barer, drier and more loosened soil due to the
anomalous early snow melting and a lack of precipitation in spring
over the dust source region, together with the exceptionally strong
Mongolian cyclone developed over the source region (i.e., central and
eastern Mongolia), had triggered the emission and transport of
enormous amounts of dust to East Asia during this event (Gui
et al,, 2022; Yin et al,, 2022). The 2021 East Asia sandstorm has
provided a unique testbed for dust modelling, particularly in regard to
dust emission schemes which has the largest uncertainties (Jin et al.,
2022; Wang et al., 2022). The ability of dust models in reproducing
such extreme dust events will be critical for understanding the causes
and projecting the occurrences of such extreme events in the future.

In this study, we applied FLEXDUST and FLEXPART to simulate
the 2021 East Asia dust storm event. We focus on evaluating and
improving the performance of FLEXDUST and FLEXPART in
reproducing the strength and spatio-temporal pattern of the dust
cycle during the event as shown by available observation and
observation-constrained reanalysis data. In Section 2, we introduce
the FLEXDUST and FLEXPART models and the observation and
reanalysis data used in this study. In Section 3, we examine the ability
of FLEXDUST and FLEXPART in depicting dust emission,
concentration and deposition during the dust storm event. In
Section 4, the consistency between forward and backward
FLEXPART simulations in simulating dust concentration at
individual sites are analyzed, followed by the discussion on the
biases of FLEXDUST and FLEXPART in representing the spike of
dust concentration during the dust storm event, and their comparison
with the reanalysis data. The results of this study are expected to
provide valuable insights into further development and application of
FLEXDUST and FLEXPART for studying the Asian dust cycles on
longer time scales.

2 Materials and methods
2.1 FLEXPART and FLEXDUST
We used a recent FLEXPART development branch (v10.4-36-

g1228ef7) based on version 10.4 (Pisso et al, 2019) (access from:

https://www.flexpart.eu/browser/flexpart.git). Compared to the

previous model versions, FLEXPART version 10.4 has been
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FIGURE 1

10.3389/fenvs.2022.1013875

Terra MODIS true color image showing the 2021 East Asia dust storm event during March 14-18, 2021 (A-E) (from: https://worldview.earthdata.nasa.
gov). The green arrows denotes the dust storm visible from the images. The red triangles in (A) denote the sites for the backward simulations of FLEXPART and
the observation sites used in Figure 5. The blue triangles in (A) denote the observation sites used in Figure 6. The blue, green and purple boxes in (A) denote the
Taklimakan Desert (TA), Gobi Desert (GB), and North China (NC) used in Table 2, respectively.

improved in several aspects, including a new turbulence scheme for
the convective boundary layer considering the skewness in the vertical
velocity distribution and vertical air density gradient, a new
gravitational settling parameterization for aerosols, a rewritten wet
deposition scheme based on cloud information from the
meteorological input fields, and a new dust mobilization tool
(i.e., FLEXDUST) to work with FLEXPART for simulating the full
dust cycle. More details about these improvements and available
options for these processes can be found in Pisso et al. (2019). In
this study, the original FLEXPART code was only adapted for using
new meteorological forcing.

FLEXDUST is a stand-alone dust emission model that can provide
mineral dust emissions as gridded output or release files which contain
the position and number of dust particles emitted at each time step
that can be directly read by FLEXPART as input (Groot Zwaaftink
et al., 2016). Depending on the types of FLEXPART simulations,
FLEXDUST can be used as either a preprocessing tool providing
release files for the forward simulation of FLEXPART, or a
postprocessing tool yielding gridded output that can work together
with the output of the backward simulation of FLEXPART to estimate
dust concentration or deposition at a receptor point. The vertical dust
flux in FLEXDUST is estimated based on Marticorena and Bergametti
(1995) by default. A soil texture-dependent minimum threshold
friction velocity for wind erosion according to Shao and Lu (2000)
is assumed for dust emission to occur. The dust emission rate is further
scaled by the erodibility of the surface, which is parameterized
according to the bare ground fraction estimated using land cover
data from Global Land Cover by National Mapping Organizations
(GLCNMO), topographic depressions using Eq. 1 (Ginoux et al,
2001), as well as soil moisture and snow cover. We refer to Groot
Zwaaftink et al. (2016) for more detailed description of FLEXDUST.

In this study, we used the most recent version of FLEXDUST
(https://git.nilu.no/christine/flexdust, commit: e60cabd). For the default
setting experiment (referred to as FLEXDUST-default hereafter), the
model was only modified to use new meteorological forcing, and write
specific output. In addition, soil texture data from World Soil
Information (ISRIC) (Poggio et al., 2021) and land cover data from
GLCNMO version 3 (Kobayashi et al., 2017) were used, following the
study by Haugvaldstad (2021) who found that the update of soil texture
data is necessary for capturing the dust source regions in Asia.
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For the improved setting experiment (referred to as FLEXDUST-
update), we further improved the model in the following aspects to
reduce the biases in simulating dust emission.

(1) Default topographic scaling accounting for the potential influence
of local topography on the erodibility of soil in FLEXDUST is
based on Ginoux et al. (2001) (see Eq. 1).

5
s=< Zimax = Zi > W
Zmax — Zmin
Here z; is the local elevation, z,,,, and z,,;, are the maximum and
minimum elevation in a 10° x 10" area. A 10° x 10° box is commonly
used when topographical data are on coarse spatial resolution. But
when topographical data have high spatial resolution, local
depressions at finer scale can be missed by this definition.
Therefore, we used different sizes of the box to derive a
topographic scaling S similar to the approach proposed for creating
global Sand and Dust Storms Source Base-map (https://maps.unccd.
int/sds/).

_ (Soxo + Sexs + S3x3 + S1.2x1.2)
4

S 2
where Sy 9, S¢ x 6> S3 x 3 and Sy « 1., are topographic scaling factors
using 9°, 6°, 3°, and 1.2°boxes, respectively.

(2) In FLEXDUST-default, the land cover types that could emit
dust are limited to bare ground, and sparse vegetation types in
GLCNMO classification scheme. It has, however, been widely
observed that both herbaceous and crop land cover types in
GLCNMO may have at least seasonal dust emission,
especially in winter and spring. Hence, we expand the land
cover types in GLCNMO that can contribute to bare ground
fraction and thus dust emission in FLEXDUST-update. The
total effect of the updates (1) and (2) on the erodibility is
shown in Figure 2.

(3) In FLEXDUST, the threshold friction velocity u-, is calculated
using the expression from Shao and Lu (2000):

w(dy) = \/An( % gd, + /%) 3)

a
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FIGURE 2
Erodibility of the default FLEXDUST (FLEXDUST-default) (A) and updated FLEXDUST (FLEXDUST-update) (B).
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TABLE 1 Summary of the settings for dust modelling in FLEXDUST and FLEXPART, MERRA-2 and CAMS-F.

where p, and p, are density of dust particle and air, respectively.

d, is particle diameter, g is acceleration due to gravity. The
parameters An = .0123 and y = 2.9 x 10*kg/s* are from Shao
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Resolution Size bins Density  Emission Dry Wet Assimilation REEE Y
(lon x lat (um in (kg/m~3) deposition deposition
x lev) diameter)
FLEXDUST 0.3° x 0.3° x 137L 0.04, 0.22, 0.71, | 2500 TFV: Shao and Gravitational In-cloud No Pisso et al.
and 1.304, 2.057, Lu. (2000); settling: a function = scavenging: (2019); Grythe
FLEXPART 3.53, 6.1, 8.63, Vertical fluxes: of particle size, efficiencies et al. (2017);
12.25, 17.32 Marticorena and density and increase with Groot
Bergametti. dynamic viscosity particle size Zwaaftink et al.
(1995) or Kok of air Nislund and | Grythe et al. (2016)
et al. (2014); Size | Thaning, (2007). (2017). Below-
distribution: Dry deposition: a | cloud scavenging:
Kok. (2011); function of a function of the
Erodibility: gravitantional sizes of both the
Ginoux et al. settling, surface aerosol and falling
(2001) type and hydrometeors
meteorological Kyré et al. (2009);
conditions Wesely. = Laakso et al.
(1989) (2003)
MERRA-2 0.5° x 0.625° x 72L = 1.46(0.2-2.0), 2500, 2650, | TFV: Gravitational In-cloud AOD from MODIS = Gelaro et al.
2.8(2.0-3.6), 2650, 2650, | Marticorena and | settling: a function | scavenging: Chin | Collection 5, (2017); Randles
4.8(3.6-6.0), 2650 Bergametti. of particle size, et al. (2000); AVHRR, MISR and | et al. (2017);
9(6.0-12.0), (1995); Vertical density and Ginoux et al. AERONET. Chin et al.
16(12-20) fluxes: Ginoux viscosity of air (2001). Below- (2002)
et al. (2001); Size = Fuks. (1989). Dry cloud scavenging:
distribution: deposition: a Chin et al. (2000);
Tegen and Lacis. | function of surface | Ginoux et al.
(1996); type and (2001)
Erodibility: meteorological
Ginoux et al. conditions Wesely.
(2001) (1989)
CAMS-F 0.4° x 0.4° x 137L 0.06-1.1, 2610 TFV: Gravitational In-cloud AOD from MODIS Rémy et al.
1.1-1.8, 1.8-40 Marticorena and | settling: a function | scavenging: fixed | collection 6, MODIS = (2022)
Bergametti. of particle size, efficiencies for Dark Target and
(1995); Vertical density and dust, the release of | Deep Blue data; the
fluxes: viscosity of air aerosol particles MetOp Polar Multi-
Marticorena and | Morcrette et al. due to re- sensor Aerosol
Bergametti. (2009). Dry evaporation is product (PMAp)
(1995); Size deposition: a considered. provided by
distribution: function of particle = Below-cloud EUMETSAT
Kok. (2011); diameter, surface scavenging: fixed
Erodibility: type and efficiencies for
Ginoux et al. meteorological dust
(2012) conditions Zhang
et al. (2001)

and Lu (2000) in FLEXDUST-default. In FLEXDUST-update, we
modified An to .0025 to lower the threshold friction velocity for
dust emission.
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(4) The default scheme describing vertical dust fluxes from the surface
is based on Marticorena and Bergametti (1995) (referred to as
MB95 scheme) and is used in FLEXDUST-default. In contrast, the
scheme based on Kok et al. (2014) (referred to as KOK14) is used
in FLEXDUST-update. We note that different global tuning
factors have been used in the MB95 scheme (4.8 x 10™*) and
the KOK14 scheme (4.8 x 107%) to produce comparable results.

2.2 Model experiments

The 3-hourly meteorological forcings for both FLEXDUST and
FLEXPART are derived from the fifth generation atmospheric
reanalysis of the global climate (ERAS5) produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF) (Hersbach
et al, 2018) using Flex_extract (version 7.0.4, downloaded from:
https://www.flexpart.eu/wiki/FpInputMetEcmwf), a pre-processing
tool developed for preparing the GRIB files needed by FLEXDUST
and FLEXPART from the ECMWEF Meteorological Archival and
2020). The
meteorological forcing in our application covers 10-160° east
longitude and 10-80° north latitude with 30km horizontal
resolution (T639) and 137 vertical levels from surface to .01 hPa
(80 km).

In this study, both FLEXDUST-default and FLEXDUST-update
were run for the whole month of March in 2021 with spatial resolution

Retrieval System (Tipka et al, domain of the

of .1° covering the major dust source regions (20°-62° north latitude
and 40°-128° east longitude), and temporal resolution of 1h. The
emitted dust particles are assumed to be spherical, and are represented
by 10 size bins (see T'able 1). The volume size distribution of the 10 size
bins follows the brittle fragmentation theory according to Kok (2011)
(see Supplementary Figure S1) and is assumed to be independent of
soil texture and wind conditions as saltation and sand-blasting have
been considered as the main mechanisms contributing to dust
emission.

FLEXPART was run in both forward and backward modes in this
study. Results are independent of whether the model is run forward or
backward in time. Direction of modelling is therefore chosen based on
what is numerically efficient and what analyses are desired. The
forward simulation (referred to as FLEXPART-F) started on
01.03.2021 well before the dust storm events (14-18.03.2021) to
capture the potential contribution of long-living dust aerosols (>5
days) emitted prior to the event. We followed the default model
settings as indicated in Pisso et al. (2019), except that the influence of
sub-grid scale orographic variations on atmospheric boundary layer
height was turned on, and the dust particles in the model have an age
limit of 20 days. The output of FLEXPART-F, e.g., dust concentration,
and dry and wet deposition, has a spatial resolution of .1°covering
20°-65°north latitude and 50°-140°east longitude and 25 vertical levels
from near surface (100 m above surface) to the stratosphere (18 km
above surface) to allow better comparison with different observation
data. The original output of FLEXPART-F in a binary format was
converted into a netcdf format using REFLEXIBLE (https://github.
com/spectraphilic/reflexible) for further analyses.

Backward FLEXPART simulations (referred to as FLEXPART-B)
were setup for specific receptor sites. In each simulation,
computational dust tracer particles were released at hourly intervals
throughout the dust storm event (from 10.03.2021 to 20.03.2021).
Following the release at the receptor, the particles were traced
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backwards in time for 10 days (240 h), which has been shown to
be sufficient for capturing the Asian dust cycle (Haugvaldstad, 2021).
The output of FLEXPART-B is the emission sensitivity (ES) which
corresponds to a distribution of all possible dust sources that could
influence the dust concentration at the receptor location at a given
time interval over the 10 days backward period. The predefined output
region of ES is at a resolution of .1°covering 25°-65" latitude and
50°-128° longitude. The ES is then combined with the dust emission
field from FLEXDUST with the same time stamp and summed up
temporally over the 10 days backward period to yield a map of source
contribution (SC) at a given time (see Eq. 4). Summing up the (SC)
spatially over the output domain then gives the concentration at the
receptor at specific time interval (1-hourly averaged). The details of the
FLEXPART-B derivation and how it is related to FLEXPART-F are
described in Seibert and Frank (2004).

& E(t +bt, ], i)) @

SC(t,ji) = ) (Es, (t +1b, j,i) o

bt=0

where ES, is the emission sensitivity field (unit: s) for a receptor from
FLEXPART-B simulation. E is the emission field from FLEXDUST
(unit: kgm™s™"). H = 100 is the hight (m) of the surface atmospheric
level where ES, is derived. SC, is the source contribution (unit: kgm™)
for a receptor. t and bt denote the time when particles are released
from the receptor, and the backward tracing time (unit: hour),
respectively. j and i are the indices of latitude and longitude of a
grid cell, respectively.

In FLEXPART-B, the same 10 dust size bins as in FLEXPART-F
were simulated individually to generate ES for each dust size bin. The
emission of each dust size bin was derived by scaling the total emission
in FLEXDUST (See
Supplementary Figure S1), so that the variations of emission in

with their volumetric fraction assumed

space and time were taken into account equally in FLEXPART-B
and FLEXPART-F simulations. Summing up the estimated dust
concentration of each size bin at a receptor gives the total dust
concentration and also the distribution of the 10 dust size bins at a
receptor. There are in total 7 receptor sites across North China chosen
for the FLEXPART-B simulations (see Figure 1), as they cover the area
that experienced the most severe dust storm during the event, and also
show certain differences in the timing and strength of the dust storm
along the west-east and north-south gradient.

2.3 Reanalysis and observation dataset

2.3.1 MERRA-2 and CAMS-F

To evaluate the performance of FLEXDUST and FLEXPART in
depicting the full dust cycle of the 2021 East Asia dust storm, the
Modern-Era Retrospective Analysis for Research and Applications,
version 2 (MERRA-2) produced by the NASA’s Global Modeling and
Assimilation Office (Gelaro et al,, 2017) and the global atmospheric
composition forecast (referred to as CAMS-F) produced by the
Copernicus Atmosphere Monitoring Service (Inness et al., 2019)
were used. MERRA-2 was generated using the Goddard Earth
Observation System (GEOS-5) with a 3D variational data
assimilation system that assimilates aerosol optical depth (AOD)
from various ground- and space-based remote sensing platforms,
improving estimates of aerosol properties over the simulations
without AOD assimilation (Randles et al., 2017). MERRA-2 has an
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hourly output on spatial resolution of .5° x .625° and 72 hybrid-eta
levels from the surface to .01 hPa. The dust emission scheme in
MERRA-2 is based on Ginoux et al. (2001) and Marticorena and
Bergametti (1995) using five size bins (Table 1). The dry and wet
deposition are based on the GOCART aerosol module (Ginoux et al.,
2001; Chin et al., 2002). It has been demonstrated that MERRA-2 is
capable of characterizing the three-dimensional evolution of dust
aerosols in East Asia and Sahara (Buchard et al., 2017; Yao et al,
2020) comparing with satellite and ground-based observations.

CAMS-F uses the Integrated Forecasting System (IFS) that also
produces ECMWE weather forecasts, but with additional modules
enabled for aerosols, reactive gases and greenhouse gases that have
been developed within CAMS (Rémy et al., 2022). It provides the
estimation of dust aerosols with three size bins (Table 1) and the
spatial resolution of .45° x .45° and 137 vertical levels. CAMS-F does
not assimilate observations throughout the prediction period. It,
however, starts every 12h with initial conditions obtained by
combining a previous forecast with the satellite retrievals of many
atmospheric constituents including AOD from different remote
sensing platforms through data assimilation. CAMS-F, in 48 h
projection, has been shown to capture the Asian dust cycle
(especially the dust AOD) better than the unconstrained model
when comparing with observations (Benedetti et al., 2019). We use
CAMS-F instead of the CAMS global reanalysis (known as EAC4)
which assimilates observations at each time step, because CAMS-F
does not only provide the dust aerosol mixing ratio and optical depth,
but also emission, dry and wet deposition rates which are absent in
EAC4. This allows us to better quantify the full dust cycle during the
dust storm. Details of the dust emission, and dry and wet deposition
schemes used in CAMS-F are summarized in Table 1.

2.3.2 Observation dataset
2.3.2.1 PM;o concentrations from the CNEMC network
Hourly averaged PM,, (Particle matter with an aerodynamic
diameter smaller than 10 4 m) for different sites in northern China
(Figure 1) were obtained from the air quality monitoring network
operated by China National Environmental Monitoring Center
(CNEMC). The dataset was created in 2013 and is constantly
updated thereafter. The method for measuring PM,, is described
by the National Environmental Protection Standards HJ 653-2013
(MEP, 2013). The air quality monitoring stations are located at least
50 m from any noticeable stationary sources of pollution, and
instrument inlets were located at least 1 m above the roof of a
building or wall.

2.3.2.2 Particle size distrisbution

At the Semi-Arid Climate and Environment Observatory of
Lanzhou University (SACOL) (1477A in Figure 1), a GRIMM
Optical Aerosol Spectrometer (model EDM180) has been devised
to simultaneously measure dust particle size distribution and mass
concentrations (e.g., PM;o, PM, 5, and PM, o) based on the principle of
light scattering with scattering angle of 0°~90". It can provide 31 size
bins ranging from .25 to 32 ym. The measurement range and accuracy
of mass concentration are expected to be .1-6000 and .2 pg.m>,
respectively. An automatic Nafion isothermal dehumidification
system is installed inside the sampling tube, which could effectively
retain some semivolatile aerosol compounds. The sample flow rate is
1.2L/min and the measurement uncertainty of the dust size
distribution is +5% of the maximum range (Grimm and Eatough,
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2009). Since the station is well selected to be representative of the
region (Huang et al., 2008), we consider the uncertainties caused by
spatial heterogeneity to be small. The size distribution of dust aerosol
measured during the 2021 East Asia dust storm event was used in this
study to compare with the modelled distribution of different dust
size bins.

2.3.2.3 Ground-based lidar observation

The Asian dust and aerosol lidar observation network (AD-Net)
(Shimizu et al., 2004) is a lidar network continuously monitoring the
vertical profile of dust and other aerosols with high temporal (15 min)
and vertical (30 m) resolution in real time. Over more than 20 sites in
East Asia are included in AD-Net. The standard lidar system at each
site is a two-wavelength (1,064 nm, 532 nm) polarization sensitive
Mie-scattering lidar. In this study, we chose one site close to the dust
source region (Zamynuud in Mongolia) and one site located in the
deposition region (Fukuoka in Japan) to evaluate the vertical dust
profile simulated by FLEXDUST and FLEXPART. The data was
The
geographical locations of the two sites are shown in Figure 1. The

downloaded  from: https://www-lidar.nies.go.jp/AD-Net/.
variables used in this study were the 532 nm aerosol extinction
coefficient and attenuated backscatter coefficient. For more details
on the processing of lidar data from AD-Net and its quality control, we

refer to the original data website.

3 Results

3.1 Dust source of the 2021 East Asia dust
storm

Figure 3 shows daily averaged dust emission during the dust storm
event (13-17.03.2021) simulated by FLEXDUST-update, along with
MERRA-2 and CAMS-F. All the models show the strongest dust
emission over the Gobi Desert (especially the Eastern Gobi desert
steppe) at the start of the dust storm event (14.03.2021). Later on, the
center of high dust emission moved westward with weakened dust
emission in the Gobi Desert, but enhanced dust emission in the
Taklimakan desert. FLEXDUST-default seriously underestimates
dust MERRA-2 and CAMS-F
(Supplementary Figure S2). In particular, dust emissions from the

emission  compared  to
Taklimakan desert and eastern Inner Mongolia are missing
throughout the dust storm event. In comparison, FLEXDUST-
update shows persistently high dust emission in both the
Taklimakan desert and Qaidam basin (Figure 3), which is more
consistent with MERRA-2 and CAMS-F. The strength of emission
over the main dust source regions (e.g., Gobi and Taklimakan deserts)
is the strongest in CAMS-F while FLEXDUST-update and MERRA-2
are similar to each other (Table 2). FLEXDUST-update still shows
slightly lower emission over North China than CAMS-F and
MERRA-2.

3.2 Dust concentration of the 2021 East Asia
dust storm

Figure 4 illustrates vertically integrated total dust concentration
simulated by FLEXPART-F using the emission from FLEXDUST-
update. Similar to CAMS-F and MERRA-2, the highest total dust
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(B,E,H,K,N) MERRA-2, (C,F,I,L,O) CAMS-F. Dust emission of FLEXDUST-default using MB95 scheme is shown in Supplementary Material.

concentration over the dust source region (Taklimakan and Gobi
deserts) is well depicted in FLEXPART. In addition, the movement of
the high dust concentration belt swiping from Mongolia at the
beginning of the dust storm event to northern China and southern
Japan in the later stage of the dust storm event (Figure 4), as observed
in MERRA-2 and CAMS-F as well as the satellite image (Figure 1), is
also captured in FLEXPART-F. In contrast, FLEXPART-F using the
emission from FLEXDUST-default shows much lower total dust
than that in MERRA-2 and CAMS-F
(Supplementary Figure S3). In general, the spatio-temporal pattern

concentration

of total dust concentration in FLEXPART-F is more similar to that in
CAMS-F than in MERRA-2. While MERRA-2 shows dust (> 107> kg
m™?) all over the Asian domain during the dust storm event (Figure 4),
both CAMS-F and FLEXPART-F indicate an absence or very low
concentration of the dust aerosol in southern China, central Asia, and
northern India.

To further evaluate the performance of FLEXDUST and
FLEXPART in simulating surface dust concentration, we compared
the modelled dust PM,, with the observed dust PM,, at individual
sites over North China (Figure 5). The concentration estimated by
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FLEXPART-B are shown together with FLEXPART-F to test the
consistency and robustness of the two approaches for estimating
dust concentration at a site. All the models underestimate the dust
PM,o peak as indicated by observation by an order of magnitude,
except Xi'an (1466A), where the model and observation match well
with each other. The dust PM;, simulated by FLEXPART-F and
FLEXPART-B agrees well with each other and is also consistent
with that from MERRA-2 and CAMS-F in terms of both timing
and magnitude. Over the Beijing (1010A) and Hohhot (1096A) sites,
CAMS-F exhibits a higher dust PM;, peak than MERRA-2 and
FLEXPART, likely owing to the higher emission strength of
CAMS-F over Mongolia and the eastern Inner Mongolia, which are
the major dust source for the two sites. In contrast, at the more western
and southern sites such as Xian (1466A), Yan’an (1926A) and
Yinchuan (1484A), dust PM,, simulated by MERRA-2 and
FLEXPART are generally higher than that in CAMS-F, especially
for the dust PM;, peak during 19-20.03.2021.

Figure 6 shows the temporal evolution of the vertical profile of dust
concentration over sites with lidar measurement of dust aerosols. At
the Mongolian site (Zamynuud) which is in the dust source region, the
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TABLE 2 Dust budget over the major dust source and deposition regions during the 2021 East Asia dust storm event (14/03/2021 00:00 - 18/03/2021 00:00, Beijing
time). TA: Taklimakan desert (77-89°E, 37-42°N), GB: Gobi desert (93-108°E, 40-47.5°N), NC: North China (105-120°E, 35-40°N), AD: Asian domain (50-140°E, 20-65°N).

Emission Dry deposition Wet deposition Total deposition Concentration change Net transport
(kg/s) (kg/s) (kg/s) (kg/s) (kg/s) (kg/s)
FLEXPART-F
TA 2,238 1,070 92 1,162 1,340 264
GB 2,231 990 49 1,039 -27 ~1,218
NC 85 121 52 173 145 233
AD 11,653 5,066 1,159 6,225 1,297 —41,31°
MERRA-2
TA 2,273 1,496 23 1,511 1,102 340
GB 2,056 945 24 965 -239 ~1,330
NC 133 163 41 203 -38 32
AD 16,104 12,752 3,483 15,533 4,937 4,366
Global® | 50,545 35,610 15,379 50,989
CAMS-F
TA 6,820 6,935 219 7,154 1,627 1,961
GB 7,774 5913 64 5,977 250 ~1,547
NC 331 584 117 700 230 600
AD 25,494 24,487 4,623 29,110 4,764 8,380
Global’ | 51,497 144,216 65,005 209,221

“The negative value arises because there is no dust transportation from the outside of the model domain in FLEXPART-F.

"Multiyear global average from Zhao et al. (2022).

starting of the dust storm (i.e., high local dust emission from the
surface) on 14.03.2021 is visible in both attenuated backscatter
coefficient and aerosol extinction coefficient at 532 nm (Figures 6A,
C). The dust event is followed by a reduced local dust emission, but a
salient high-level transport of dust from other source regions during
15-16.03.2021. The presence of high-level (as high as 10 km above
surface) dust plume at the location, is consistent with the results from
CALIPSO (Filonchyk, 2022). A second local dust emission occurred
on 18.03.2021, but this dust event is mostly restricted to the lower and
middle troposphere. FLEXPART-F captures these observed features
well (Figure 6E), and the temporal-vertical structure is quite similar to
that in CAMS-F, except that a strong local dust emission persists
during 15-16.03.2021 in CAMS-F. Compared to FLEXPART-F and
CAMS-F, MERRA-2 tends to overestimate dust concentration in the
middle and upper troposphere (Figures 6G,I).

At the Fukuoka site in Japan which is far from the dust source
regions, the influence of the dust storm event is clearly shown in both
FLEXPART-F and CAMS-F (Figures 6F,]), and is also present but less
obvious in the lidar observation and MERRA-2. The arrival of the dust
plume first appears in the upper troposphere on 16.03.2021, while
the majority of the dust transported through mid-troposphere
arrived on 17.03 and 18.03.2021. As the location is at the coast, the
constantly high extinction attenuated backscatter coefficient
(Figure 6D) likely arises from the influence of sea salt aerosols.
Both FLEXPART-F and the reanalysis data suggest low dust
concentration in the lower troposphere for the entire period except
the beginning of 17.03.2021.
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The ability of FLEXPART in simulating the size distribution of dust
aerosols at the surface is evaluated against the observation from the
SACOL site (Figure 7). The fluctuation in dust size distribution mainly
occurs on 14.03, 16.03, and 19.03.2021 with a sharp increase of coarse
particles (> 10 ym), but a decrease of medium size particles (1-10 ym).
The changes of the particle size distribution correspond well to the start of
the local dust storm events (i.e., high PM,, peak) (cf. Figures 5E, 7). It is
noticed that such changes in dust particle size distribution are hardly
captured by MERRA-2 and CAMS-F, both of which show little variation
throughout the dust storm event. Both FLEXPART-F and FLEXPART-B
exhibit larger variation in the dust particle size distribution than MERRA-
2 and CAMS-F, such as the decrease (increase) of 1-10 ym (0-1 gm) dust
size bin on 19.03.2021. The size distribution derived from FLEXPART-F
(0.1 x 0.1° box) appears to be more fluctuated than FLEXPART-B during
the dust storm event (Figure 7C). The spatial averaging (1 x 1° box) of the
results of FLEXPART-F significantly smoothes the variation and displays
a better agreement with the results from FLEXPART-B.

To further analyze the cause of the variations in the dust particle size
distribution at the SACOL site, the emission sensitivity and the source
contribution for different dust size bins during individual episodes with a
strong increase in coarse particles, i.e., 14.03, 16.03, 19.03.2021 are shown
in Figures 8, 9 and Supplementary Figure S5, respectively. The major dust
source regions on 14.03 and 19.03.2021 are quite different. On 14.03.2021,
the dust, including coarse particles, was mainly from the west along the
northern slope of the Tibetan Plateau, transported by energetic westerly
and north westerly wind (Figure 8). In contrast, on 19.03.2021, the dust
was mainly from the northern and northeastern source regions, and the
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transport of coarse dust particles to the SACOL site was much weaker
than that of the finer dust particles (Figure 9). The difference in the
dominant wind system and source regions may explain why the high
proportion of coarse dust particles on 14.03.2021 are well captured in
FLEXPART, but not on 19.03.2021. The coarse dust particles observed on
19.03.2021 were likely derived from the nearby regions northeast of the
SACOL site (Figure 9C), where there is little dust emission in FLEXDUST.

3.3 Dust deposition of the 2021 East Asia dust
storm

The spatio-temporal pattern of dry deposition is quite similar to
that of the dust concentration (cf. Figures 4, 10). Both FLEXPART-F
and reanalysis data show high dry deposition in dust source regions
such as the Taklimakan and the Gobi deserts. On average, CAMS-F
has the strongest dry deposition, while FLEXPART-F has lower dry
deposition similar to MERRA-2.

The wet deposition in FLEXPART-F is also weaker than in CAMS-
F and the strength is closer to MERRA-2 (Figure 11). The spatial
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pattern of wet deposition is closely related to precipitation in the
model. The precipitation and cloud fields used in FLEXPART-F are
derived from ERAS5, which shares the same IFS modelling system as
CAMS-F, and thus exhibits good similarity to CAMS-F in their spatial
structures (see Supplementary Figures 56, S7). Accordingly,
FLEXPART-F and CAMS-F display quite similar spatio-temporal
pattern of wet deposition compared to that of MERRA-2. For
instance, the presence of wet deposition in northern China on
16.03.2021 (Figures 11G-TI), and the strong wet deposition over the
Tibetan Plateau and the Taklimakan desert on 18.03.2021 (Figures
11M-0), are observed in both FLEXPART-F and CAMS-F, but not
shown in MERRA-2 due to its different precipitation and cloud fields.

3.4 Dust budget of the 2021 East Asia dust
storm

The total dust budget for the major source and deposition regions
of the East Asia dust storm in FLEXPART-F is rather consistent with
that in CAMS-F and MERRA-2 (Table 2). All the models indicate that
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in Figure 1. How dust PMq was derived for FLEXPART, MERRA-2 and CAMS-

(i.e., Beijing time) is adopted in this figure.

the Gobi Desert (GB) is the major dust source region for the dust
storm, having a net outward transport of dust from the region. In
contrast, although the Taklimakan desert (TK) is a dust region, it has a
net dust transport into the region. North China (NC) is a major region
for dust deposition, and hence has a net dust transport into the region.
The net dust transport for the larger Asian domain (AD) is negative in
FLEXPART-F (Table 2), while it is positive in CAMS-F and MERRA-
2. This is because FLEXDUST and FLEXPART cover only the AD, and
do not account for the dust transport from outside of the AD, as
opposed to the global datasets of MERRA-2 and CAMS-F. Dusts from
the middle East and eastern Europe were likely to be transported to the
AD during the dust storm event. But they probably deposited in the
western part of the AD (Figure 10), and had minor influence on the
dust concentration over East Asia (see Figure 4). This explains why
there are much higher dust deposition rate and greater increase of dust
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F can be found in the Supplementary Material. Note that local time

concentration over the AD in MERRA-2 and CAMS-F than in
FLEXPART-F, while the dust budgets over TA, GB and NC in
MERRA-2 and CAMS-F are more consistent with that
FLEXPART-F (Table 2).

in

4 Discussion

4.1 Consistency between backward and
forward FLEXPART simulations

Numerous studies have shown that running FLEXPART in
forward and backward mode to simulate aerosol concentration or
deposition at a site yields consistent results, given the sources and
parameter settings are the same (Seibert and Frank, 2004; Eckhardt
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Modelled temporal-vertical profile of dust concentration (kg m=) and its comparision with lidar measurement over Zamynuud, Mongolia (A,C,E,G,l) and
Fukuoka, Japan (B,D,F,H,J). (A,B) Attenuated backscatter coefficient at 532 nm, (C,D) Dust extinction coefficient at 532 nm, (E,F) FLEXPART-F, (G,H) MERRA-
2, (1,J) CAMS-F. The locations of the two sites are shown in Figure 1. The red boxes denote the dust storm event at the locations.

etal., 2017). Direction of modelling is therefore chosen based on what
is numerically efficient and what analyses are desired. When the
number of sources exceed the number of receptors it is generally
more cost efficient to run backward simulations. Our results further
confirm that both FLEXPART-F and FLEXPART-B can consistently
depict dust concentration changes at a site during the 2021 East Asia
dust storm event (Figures 5, 7). However, the results from
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FLEXPART-F are in general noisier than FLEXPART-B. We find
that increasing backward tracing time and the number of particles
released at each time in FLEXPART-B do not significantly improve the
consistency between FLEXPART-F and FLEXPART-B. Instead, the
spatial averaging of the results of FLEXPART-F from .1 x .1°to 1 x 1°
can greatly reduce the discrepancies between forward and backward
simulations (Figure 7). This implies that the particles reaching at the
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The same as Figure 8 but for 00:00-12:00 19.03.2021 (Beijing time).

site (namely .1 x .1° box) in the forward simulation may not be
sufficient to achieve statistical robust results, even though the total
number of particles released in FLEXPART-F is already quite high.
The spatial resolution and representativeness of the forward
simulation at a site are strongly limited by the number of particles
reaching to the site, and therefore need to be tested for each individual
cases.

4.2 Underestimation of dust emission and
concentration in FLEXDUST and FLEXPART

It has previously been found that FLEXDUST and FLEXPART
considerably underestimate monthly dust concentrations and
annual dust deposition over an East Asian site (Cheju) (Groot
Zwaaftink et al,, 2016). Consistent to this study, we found that
FLEXPART using the output of FLEXDUST-default underestimates
the strength of the 2021 Asian dust storm compared to observations
and reanalysis data (see Supplementary Figures 52, S3). This can be
largely attributed to the underestimation of dust emission in
FLEXDUST-default owing to the limited types of vegetation used
to infer the bare soil fraction in FLEXDUST, and the coarse
topographical scaling used to depict the erodibility of the surface
(Figures 2, 12A,B). In addition, the threshold friction velocity (TFV)
for dust emission is also overestimated, prohibiting dust emission
during the dust storm event (Figure 12C). This is in line with
previous studies showing that TFV parameterization is the main
source of the uncertainties for accurate dust-emission forecasts (Jin
etal, 2018). The parameters (e.g., A,) used in Eq. 3 to estimate TFV
were derived from wind tunnel experiments (Shao and Lu, 2000)
using loosely spread spherical particles on a dry and bare surface.
The finer the particles, the larger are the uncertainties of Eq. 3 in
predicting TFV. We found that lowering A,, is necessary to increase
the extent and strength of dust emission during this dust storm
event, while the modification of y in Eq. 3 has only a minor effect.
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According to Shao and Lu (2000), the deviation from default
parameters in the equation would implies that dust particles
emitted during the dust storm are likely to be finer or less
spherical than that originally assumed when deriving the equation.
We also note that the KOK14 scheme in general performs better
than the MB95 scheme in depicting the vertical dust flux from the
surface during the strong Asian dust storm event. In particular, the
KOK14 scheme simulates more (less) emission over Taklimakan
desert (northeastern China) than the MB95 scheme (Figure 12D;
Supplementary Figure S8), which is more consistent with MERRA-2
and CAMS-F. The better performance of the KOK14 scheme has been
demonstrated in Kok et al. (2014) and has been shown in previous
studies that the KOK14 scheme tends to predict more dust emission
than the MB95 scheme during the Asian dust storm event (Wu et al.,
2019; Zeng et al., 2020; Wang et al, 2022) and thus shows better
agreement with observation. This can be linked to the high sensitivity
of dust flux in the KOK14 scheme to the soil’s threshold friction
velocity, as it accounts for soil’s increased ability to produce dust under
continuous saltation bombardment, taking also into account an
increased scaling of the vertical dust flux with wind speed (Kok
et al., 2014). Moreover, soil texture (ie., the fraction of soil clay
content) exerts a linear influence on dust emission throughout its
range (0%-100%) in the KOK14 scheme (Kok et al., 2014), while it has
an exponential impact on dust emission, only within a limited range
(0%-20%), in the MB95 scheme (Marticorena and Bergametti, 1995).
The reduced sensitivity to the soil clay fraction in the KOK14 scheme
enhances the dust emissions from the sandy deserts where the soil clay
fraction is small, e.g the Taklimakan desert (Figure 12D).
FLEXPART using the output of FLEXDUST-update vyields
comparable results to MERRA-2 and CAMS-F, and similar to the
two dataset, it still underestimates the observed peak of surface PM;,
(by an order of magnitude at some sites) during the dust storm event
(Figure 5). It is also noticed that studies using the meso-scale model
WRF-CHEM and an offline chemical transport model CAMx also
exhibit a similar magnitude of underestimation of surface PM;, during
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the East Asian dust storm events using their default settings (Song
et al,, 2019; Wang et al., 2022).

The underestimation of the observed surface PM,, peak during
the dust storm event can be largely ascribed to the underestimation of
the dust emission in the models. The analysis of global dust emission
using inversion model constrained by available observation data
reveals that current dust models on average underestimate the
Asian dust emission (Kok et al., 2021). Consistently, a recent study
applying data assimilation to derive dust emission suggests
> 15 million tons of dust emitted from the Chinese and Mongolian
Gobi Desert during the 2021 East Asia dust storm event (Jin et al.,
2022). This is much higher than that in FLEXDUST-update, MERRA-
2 and CAMS-F, suggesting that the dust emission schemes used in
these models may miss important processes that can invigorate
extreme dust emission during the dust storm event. For instance,
the soil might have become extremely susceptible with a lot of loose
material at the surface when the storm started.

Moreover, the biases in surface wind speed, soil moisture and
vegetation cover, which are critical for dust emission may also
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contribute to the underestimation. These data were all derived
from ERA5. For surface wind speed and soil moisture, ERA5 has
been shown to exhibit the least biases against station observations
among the available reanalysis data (Li et al., 2020; Fan et al., 2021),
hence is unlikely to be the main reason for the underestimation of dust
emission in FLEXDUST. To further confirm this, we calculated the
mean surface wind speed for the available observation stations (Dunn,
2019) over the TA (2.8 m/s), GB (4.5 m/s) and NC (2.8 m/s) regions
during the 2021 East Asia dust storm event. ERA5 indeed exhibits
small biases in the mean wind speed in TA (+.3 m/s), GB (.2 m/s) and
NC (+.1 m/s). On the other hand, Wang et al. (2022) has shown that
the use of gusty wind to capture short-term variation in wind speed
can increase dust emission and concentration by more than 50% for
the 2021 dust storm. Using gusty wind instead of hourly-average wind
speed in FLEXDUST may help reducing the underestimation of dust
emission.

For vegetation cover, the data from ERA5 is low in the main desert
areas (such as Taklimakan Desert, Gobi Desert and Qaidam basin)
(Supplementary Figure S4). But other regions (e.g., North China),
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which can potentially be a seasonal dust source in spring, have quite
high static vegetation cover throughout the year. The lack of
seasonality in the vegetation cover data from ERA5 may explain
the underestimation of the dust emission, especially over northern
China, an important nearby local dust sources for the observation sites
of surface PM, in Figure 5. Further improvement, such as using leaf
area index (LAI) instead of total vegetation cover from ERAS5, to infer
the seasonal variation in vegetation and its potential impact on dust
emission, would be needed.

We also notice that with the strength and spatial distribution of
dust emission similar to FLEXDUST-update, Wang et al. (2022) show
that the use of the KOK14 scheme for dust emission in CAMx is
sufficient to reproduce the observed peak of surface PM,, during the
2021 East Asia dust storm. This indicates that the underestimation of
the observed surface PM;q in FLEXPART may result from the too
short lifetime of dust particles in the atmosphere. A modelling study of
the East Asian dust storm in 2017 (Song et al., 2019) also found that
increasing the proportion of the finer dust particles emitted from the
surface and thus longer lifetime in the atmosphere, can significantly
alleviate the underestimation of the surface PM;, during the dust
storm event. Following this study, we have tested different size
distributions of the emitted dust in FLEXPART-B, but found little
improvement in the predicted surface PM,, (Figure not shown). This
suggests that further tuning of the dust transport and deposition
parameters in FLEXPART seem to be necessary to fully resolve the
underestimation of the observed strength of the extreme Asian dust
storms.

4.3 Comparison with MERRA-2 and CAMS-F

Owing to the lack of observation data on dust emission and
deposition, we have employed the state-of-the-art reanalysis data,
such as MERRA-2 and CAMS-F to evaluate the performance of
FLEXDUST and FLEXPART. We note that MERRA-2 and CAMS-
F are still model results and may suffer from large potential biases
compared to observation (e.g., Figure 5) when simulating the dust
cycle, even though they have assimilated remote-sensed aerosol optical
depth (AOD). The comparison with MERRA-2 and CAMS-F can only
tell how much FLEXDUST and FLEXPART deviate from the
observation-constrained dust cycle as represented in MERRA-2 and
CAMS-F.

It is found that using FLEXDUST-update, FLEXPART-F can well
capture the strength and spatio-temporal evolution of the dust storm
consistent with that in MERRA-2 and CAMS-F. In general, the
strength of the dust emission, concentration and deposition in
FLEXPART-F resemble those in MERRA-2 (Table 2), likely due to
the similarity in their emission and deposition schemes (Table 1). In
contrast, the spatio-temporal pattern of the dust cycle in FLEXPART is
more consistent with that in CAMS-F than in MERRA-2 (Figures 3, 4,
10, 11). This can result from the similarity in their atmospheric forcing
fields, such as wind, temperature and precipitation, as FLEXPART-F
uses forcings from ERAS5, which is produced with the same IFS system
as CAMS-F (see Supplementary Figures S4, S6, S7).

The stronger dust emission, and dry and wet deposition in
CAMS-F during the dust storm event than that in MERRA-2 and
FLEXPAR-F are consistent with the finding by Zhao et al. (2022) on
global scale (Table 2). Due to the lack of observation data, it remains
uncertain whether CAMS-F is better in capturing the full dust cycle
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during the dust storm event. Given that CAMS-F is better in
capturing the magnitude and temporal changes of the observed
surface PM;, (Figure 5), the high dust emission in CAMS-F
might be more realistic than MERRA-2 and FLEXPART-F.
However, the analyses on AEROVAL (https://aeroval.met.no/)
reveal that CAMS generally overestimates PM;, in North China
on seasonal and yearly scale. The higher dust emission in CAMS-F
can be related to its use of a more recent observation-based approach
to quantify erodibility, instead of the topographic scaling adopted in
both MERRA-2 and FLEXDUST (Table 1). In addition, soil map (e.g.
, soil texture) used in CAMS-F is different from MERRA-2 and
FLEXDUST, which may also explain the differences in emission
(Rémy et al., 2022).

We note that FLEXPART-F shows a noticeable weak wet
deposition compared to CAMS-F and even MERRA-2 in some
regions (Figure 11). This can be ascribed to the parameterization of
wet deposition scheme in FLEXPART-F where dust particles are set up
as very poor cloud condensation nuclei and thus are inefficiently
removed by in-cloud scavenging (Grythe et al., 2017). Furthermore,
there is initially very little precipitation close to the source, which gives
time for dry deposition of the larger particles leaving mainly smaller
particles that are less efficiently removed by below-cloud scavenging.
Also the wet deposition in FLEXPLART-F displays a more “patchy”
pattern compared to that in CAMS-F and MERRA-2. This can be
related to the number of particles used in the simulation, but also to
the issue of precipitation disaggregation using Flex_extract and the
spatial interpolation of the variables (e.g., cloud water content and
total cloud cover) required by the wet scavenging scheme, as pointed
out by Hittmeir et al. (2018) and Tipka et al. (2020).

Our results reveal a high capability of FLEXDUST and
FLEXPART in simulating the particle size distribution and its
variation (Figure 7). Although a fixed size distribution of emitted
dust (i.e., 10 dust size bins) has been assumed in FLEXDUST (see
Supplementary Figure S1), FLEXPART is still able to reproduce the
variation of the particle size distribution well during the dust storm
event, owing to the particle-size dependent parameterization
employed in both dry (e.g. gravitational settling) and wet
(e.g., below-cloud scavenging) in FLEXPART.
to FLEXDUST and FLEXPART, CAMS-F and
MERRA-2 use less size-dependent parameterizations for dry and

deposition
Compared

wet deposition (Table 1), and less dust size bins, namely 3 and 5 size
bins for CAMS-F and MERRA-2, respectively. This can explains the
lower performance of CAMS-F and MERRA-2 in simulating the
particle size distribution and its changes during the dust storm event
at the SACOL site. Further improvement of the dust emission, and
dry and wet deposition in FLEXDUST and FLEXPART and other
dust models with size-segregated/size-resolved schemes (e.g.,
Holopainen et al., 2020; Zeng et al., 2020), will likely help to
better simulate the size distribution of the Asian dust aerosol and
its climatic impact.

5 Conclusion

In this study, the performance of the Lagrangian trajectory
model system FLEXDUST and FLEXPART in simulating the
2021 East Asia dust storm was evaluated against available
observation data and observation-constrained reanalysis/forecast
data of the atmospheric compositions (i.e., MERRA-2 and
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CAMS-F). It is found that the default FLEXDUST underestimates
dust emission during the event compared to MERRA-2 and CAMS-
F. Modification of the parameterization of the topographic scaling,
bare soil fraction as well as threshold friction velocity in FLEXDUST
can reproduce the strength and spatial extent of the dust emission,
and the resultant concentration, and dry and wet deposition
comparable to MERRA-2 and CAMS-F. Both FLEXPART and
the reanalysis data, however, underestimate the peak of surface
dust PM;, over North China during the dust storm event, even
though the timing of the peak is well reproduced. This can be
attributed to various reasons, such as the lack of nearby natural
or anthropogenic dust sources and positive feedback between
soil erodibility and dust emission in the models, the biases in
surface wind speed, and the size distribution of emitted dust, and
other factors leading to the too-short lifetime of dust in the model.
More studies are needed to improve the dust models to
better represent the dust cycle during the extreme Asian dust
storms without deteriorating the performance during normal
conditions. FLEXDUST and FLEXPART can better represent the
observed size distribution of dust aerosol than MERRA-2 and
CAMS-F, highlighting the importance of using a high number of
dust size bins (e.g., more than 10) and size-dependent dust emission
and deposition schemes in depicting the Asian dust storms and its
climatic, ecological and socio-economic impacts. This evaluation
study provides not only a direction for futher improvements of
FLEXDUST and FLEXPART in representing Asian dust cycle, but
also a basis for employing FLEXDUST and FLEXPART in studying
the spatio-temporal dynamics of Asian dust in the past, present and
future conditions.
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Compared with the urban boundary layer, air pollution—surface energy budget
interactions in farmland areas are relatively sparse. To investigate the roles of
local aerosol and transported dust pollution on the surface energy balance over
farmland, a field experiment was conducted during spring 2016 in eastern
China. The heavy pollution episodes during the measurement period were
typically accompanied by easterly winds, low wind speeds, and high relative
humidity. On polluted days, relative to clean days, both downward and upward
shortwave radiation decreased by 46%, while downward and upward longwave
radiation increased by 4% and 1%. The combined effects of the four radiation
components resulted in a 33% reduction in net radiation on polluted days, and
thus, the surface energy budget changed. Polluted days had 15% (58%) less
sensible (latent) heat flux than clean days. This resulted in a higher daytime
Bowen ratio on polluted days (0.83) compared to clean days (0.44). In a case
analysis of dust pollution, high wind speeds and continuous high pressure
induced the outbreak of the dust pollution episodes. Compared to local
pollution events, the latent (sensible) heat flux was reduced more (less) than
that in transported dust pollution events. Generally, this work has important
implications for understanding the surface energy balance across
land—atmosphere interactions over farmland regions, which are experiencing
frequent aerosol pollution from local emissions and transboundary dust events.
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1 Introduction

Particulate matter (PM) air pollution poses a great threat to
the environment, global climate change, and human health (Gu
et al., 2018; Hamanaka and Mutlu, 2018; Yang et al., 2019; Wang
et al, 2020a). Meanwhile, the process of heat exchange is one of
the most important factors in the surface energy budget for
understanding the formation, maintenance, and dissipation of
PM pollutants (Guo et al., 2016; Wang et al., 2020b). Radiative
transfer processes can be modulated by aerosols through the
scattering, reflection, and absorption of shortwave radiation and
through the reflection, absorption, and emission of longwave
radiation, which further alter the surface energy balance
(Jacobson et al., 2007; Brown et al., 2018). For example, Ding
et al. (2013) pointed out that mixed agricultural burning plumes
with fossil fuel combustion pollution in eastern China could
result in the solar radiation intensity reducing by more than 70%.
In a winter wheat field on the North China Plain, the daily mean
shortwave (longwave) radiation on polluted days reduced
(increased) by about 50% (20%) when compared to clean
days, due to the radiative forcing of aerosols. Although the
radiative forcing of aerosols has been intensively investigated,
a thorough understanding of the surface energy budget under
different pollution levels has yet to be realized, especially in the
Huaihe River Basin (HRB) of eastern China. In addition, most
observation stations are located in urban or suburban areas, with
relatively little observational data available for the pure farmland
background area, meaning there is a lack of knowledge on the
effects of aerosols on surface energy budgets over farmland. In
China, there is a large amount of farmland (accounting for
12.5%), which plays a key role in weather forecasting across
the range of land-atmosphere interaction. At present, weather
forecasting models rarely account adequately for the energy
balance in cases of aerosol pollution, and thus studying the
effects of aerosols on surface energy budgets over farmland
can help to improve weather forecasting models. Also, more
such  work has for
the the
land-atmosphere interactions that take place over farmland

broadly, important  implications

understanding surface energy balance across
regions, which themselves are experiencing frequent aerosol
episodes,
transboundary dust events.

The HRB (30°-36°N, 112°~122°E), a transitional belt between

the subtropical and temperate climate regions in eastern China, is

pollution owing to local emissions and

an area known to be sensitive to climate change (Jin et al., 2022).
It belongs to the warm temperate semi-humid monsoon climate
zone, with the mean annual precipitation varying between
600 and 1400 mm, and the average air temperature (T,)
ranging from 11°C to 16°C (Xu et al, 2021). Owing to the
sufficient precipitation and suitable temperature, the HRB has
become one of China’s major grain-producing areas (Yang et al.,
2020a). Recently, PM pollution episodes have started to occur
frequently and intensively over the farmland area of the HRB.
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The aerosol composition and sources in the HRB are complex,
including not only local anthropogenic pollutants (e.g., from crop
straw burning, transportation, and industrial emissions) but also
natural aerosols from regional dust storms in spring (Jin and
Shepherd, 2008; Fan et al., 2010). In addition to the issue of air
pollutant emissions, the formulation of PM pollution episodes is
also closely related to the prevailing meteorological conditions
[e.g., winds, temperature inversion, relative humidity (RH), and
boundary layer height], and synoptic-scale circulation (Zhang
etal., 2014; Li et al., 2018; Fan et al., 2019; Wang et al., 2019; Yin
et al, 2019). To explore the air pollution-boundary layer
dynamics, many atmospheric field experiments have been
conducted in the HRB over the past few years (Gao et al,
2003; Tanaka et al., 2007; Chen et al., 2015; Duan et al,
2021). For example, Kang et al. (2013) analyzed a long-lasting
haze episode in Nanjing and found that the formation of haze
pollution was often accompanied by lower wind speeds, a stably
stratified atmosphere and a lower planetary boundary layer
depth. Moreover, dust pollution in Asia generally originates
from remote areas, such as northern China or Inner Mongolia
(Liu et al, 2009; Liu et al, 2011). Also, for eastern China
specifically, Han et al. (2022) reported that the storms in
spring transporting dust to the region mainly derive from the
deserts of Northwest China, Central Asia, South Asia, and East
Asia, based on spaceborne lidar measurements.

Previous studies have shown that aerosols can discernably
decrease the surface net shortwave radiation in the HRB (Xiong
etal., 2022), and this in turn can result in rice yields in East China
reducing by around 6.74% on average (Wang et al., 2020c). In
addition, air pollution caused by the combination of local sources
and long-distance transport is prominent in the HRB (Hu et al,,
2018; Shao et al., 2006; Zhu et al., 2011; Shen et al., 2015), where
PM concentrations from regional transport are higher than the
average typically observed for concentrations from local sources
(Ding et al., 2017; Hu et al,, 2018). However, few studies have
focused on the effects of local aerosol and transported dust
pollution on the surface energy balance over farmland in the
HRB. Thus, this study seeks to quantify the differences in the
meteorological conditions, radiation, and turbulent flux on days
categorized according to three different pollution levels
(background, clean, and polluted) at a farmland site in spring
in eastern China. Following this introduction, Section 2
introduces the site, instruments, and data processing methods;
Section 3 reports and discusses the results; and Section 4 provides
conclusions.

2 Data and methods
2.1 Data

The data used in this study were obtained from the National
Climatology Observatory (32.44°N, 116.79°E; 26.8 m above sea
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Sensor type Measurement range Accuracy Sampling Installation height (m)
frequency (Hz)
CNR4 DSR and USR: 0.3-2.8 um DSR and USR: 10-20 pv W' m™ 0.1 Hz 1.5
DLR and ULR: 5-50 pm DLR and ULR: 5-15 uv W' m™*
CSAT3A u, v, w: #65.6 ms! +2% (wind vector within +5° of 10 Hz 2.5
horizontal)
T, =50 to 60°C +39% (wind vector within +5° of
horizontal)
EC150 CO,: 0-1,000 pmol mol™* +1% 10 Hz 25
+2%
GRIMM180 PM, 5 and PM;4: 0-1,500 pug m™ | +5% 0.1 Hz At the top of a 3 m-high
building

DSR, USR, DLR, and ULR, are the downward shortwave radiation, upward shortwave radiation, downward longwave radiation, and the upward longwave radiation. u and v are the

horizontal wind velocity along the x and y axis. w is the vertical wind velocity. T, is the air temperature.

level) in Shouxian County, Anhui Province, China. The site is
located on the south bank of the Huaihe River and is influenced
by the subtropical monsoon climate (Figure 1). The annual mean
T, in 2015-2018 was 16.4°C and the annual precipitation was
1116 mm (Duan et al,, 2021). During the measurement period
(March-May 2016), winter wheat was grown around the site. A
2.5m eddy covariance flux tower, equipped with a three-
dimensional sonic anemometer (CSAT3A, Campbell Scientific
Incorporation, United States) and a CO,/H,O open-path gas
analyzer ~ (EC150, Campbell Incorporation,
United States), was installed at the center of the wheat field to
continuously monitor the surface turbulent flux. In addition, a

Scientific

net all-wave radiometer (CNR4, Kipp & Zonen Inc,
Netherlands) was installed at 1.5m a.gl (meters above
ground level). The raw 10-Hz EC eddy covariance data were
averaged over 60-min periods following the methods described in
Duan et al. (2022). Additional sensors measuring coarse PM
(PM;) and fine PM (PM, 5) (GRIMM180) were installed on top
of a 3 m-high building, 100 m northwest of the flux tower. The
PM concentration, radiation, and meteorological data were
excluded according to the criterion of X(t)< (X -40) or
X(t)> (X +40), where X(t) is the observation value, X
denotes the means over the interval, and ¢ is the standard
deviation. Eddy fluxes of sensible heat and latent heat were

calculated as: Hs = pC,'T’, LE = Lpw'q’, where p,C, and L
are the density of air (kg m™), the specific heat of air (J kg™ K™),
and the latent heat of vaporization (J kg™), respectively. ', T’ and
q' are the fluctuations in the vertical wind component (m s7), air
temperature (K) and specific humidity, respectively (Gao et al,
2009). In addition, data collected on rainy days were discarded to
minimize the effects of clouds and precipitation. More detailed
information about the instruments can be found in Table 1.

Frontiers in Environmental Science

2.2 Materials and methods

Based on the environmental air quality criteria proposed by the
Ministry of Environmental Protection of China, the days on which
pollution events occurred during the measurement period were
categorized into three levels: 1) background days, 2) clean days,
and 3) polluted days. The selected period covered 1 March-31 May,
during which, as illustrated in Figure 2, pollution episodes occurred
frequently, with some episodes (e.g, on 2 March) having daily
maximum values of PM;, and PM,5 that reached as much as
414 and 320 pg m™. Background days represented the arithmetic
means of variables during the measurement period apart from on
days when precipitation events occurred and the 2 days for either
side of those events. Daily mean PM,, concentrations higher
than 150 ug m™ for more than 48 consecutive hours and hourly
PM, 5 concentrations higher than 100 pug m™ were regarded as
polluted episodes. To reduce the impacts of solar altitude and
seasonal changes, four polluted cases (ie., 2-8 March,
13-15 March, 17-20 March, and 26-27 March) in the same
month were selected. In addition, clean days were defined as
when the daily mean PM;, was lower than 150 ug m~ within
5days before and after each polluted episode. Ultimately,
20 background days (background episodes, BEs), 6 clean days
(clean episodes, CEs), and 6 polluted days (polluted episodes,
PEs) were obtained during 3 months (Table 2). The daily mean
PM,, (PM,5) concentrations for CEs, BEs, and PEs were 104,
124, and 234 ugm™> (68, 91. and 184 ugm™), respectively.
Moreover, four dust cases (i.e., 8-14 March, 18-23 March,
5-11 May, and 10-15 May) were identified in the study
period from the dust records of weather phenomena at the
weather station, in which the ratios of PM,, and PM, 5 are
combined and precipitation events are excluded.
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FIGURE 1

MODIS land use/land cover (resolution: 500 m) in eastern China in 2016.

3 Results and discussion
3.1 Meteorological conditions

As shown in Figure 3A, the wind speed and variance of
vertical wind speed (o,”) had consistent diurnal variations
under different pollution conditions. The wind speed
fluctuated between 1.5 ms™" during 00:00-08:00 LST (local
standard time), and then increased sharply to a relatively high
value (about 2.5-3.5ms') at noon. After that, the wind
speed began to decrease and kept at a stable value of about
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1.5ms™" during 18:00-24:00 LST. The wind speed and o,
were markedly different on background, clean, and polluted
days. For example, the wind speed on clean days was broadly
higher than that on polluted days, especially in the middle
part of the day (13:00 LST; difference could be up to 1 ms™),
which was favorable for atmospheric diffusion. High-PM
concentrations were mostly found under low wind speeds
(about 1.7 ms™!) from the east or southeast—around 20%
lower than during CEs—indicating that local sources
contribute to elevated loadings of PM;, at the observatory
(Figures 3B, C).
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TABLE 2 Typical pollution and clean days.

Type Date PMio (Mg m™)  PMas (ug m™)

Pollution days = 2 March 2016 245 187
4 March 2016 223 173

5 March 2016 278 214

6 March 2016 213 175

7 March 2016 231 197

14 March 2016 216 159

Clean days 11 March 2016 136 91
21 March 2016 69 54

23 March 2016 110 78

24 March 2016 87 38

28 March 2016 107 70

29 March 2016 116 79

The PM concentration increased with increasing of T,
(Figure 4). High T, was induced by southeasterly winds
during PEs, which would bring warm and moist air to
Shouxian. In addition, the radiative warming effect due to the
absorption/reflection of longwave radiation by air pollutants can
lead to a high T, (Cao et al,, 2016). The daily mean RH during
PEs (40%) and BEs (23%) was much higher than during CEs,
indicating that high RH was conducive to the growth of aerosol
hygrosorption (Peter, 1988; Hara et al., 2018).

3.2 Surface energy budget

Aerosols modulate the climate by absorbing and scattering
the of the
earth-atmosphere system (Wang et al., 2019). Figure 5 shows

solar radiation to alter energy budget
the diurnal variations in surface radiation (Rn), sensible heat flux
(Hs), and latent heat flux (LE) under the PEs, CEs, and BEs in
Shouxian from March to May 2016. The downward shortwave
radiation (DSR) and upward shortwave radiation (USR) during
PEs were much lower than during CEs (Figure 5A). The DSR on
PEs decreased by 15-287 W m™ during the daytime (07:00-18:
00 LST); the attenuation rate was 28%-84% and the daily average
value was 123 W m™. Meanwhile, the USR during PEs decreased
by 4-52 W m™?, with an attenuation rate of 27%-80% during the
daytime. In order to eliminate the interference of cloud cover,
some typical polluted days with few or no clouds were selected
(Tables 3, 4). The DSR and USR during PEs with few or no clouds
were also lower than those during CEs; the DSR decreased by
6-75W m™> during the daytime (07:00-18:00 LST), with an
attenuation rate of 1%-11% (Figure 6A). The downward

longwave radiation (DLR) and upward longwave radiation
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(ULR) showed unimodal diurnal variation. The peak of ULR
was delayed by 30 min-1h compared with the peak of DLR,
reflecting the response time of the underlying surface of farmland
in Shouxian County to solar radiation heating during the diurnal
cycle (Figures 5B, 6B). The DLR and ULR during PEs were higher
than those during CEs, with daily average differences of 13 and
4 W m™ between PEs and CEs, respectively (Figure 5B).

Under the three types of weather conditions, the trend of Rn
was consistent with that of shortwave radiation (both DSR and
USR), indicating that shortwave radiation was the main factor
affecting Rn (Figures 5C, 6C). The Rn during the day was
significantly lower during PEs than CEs with clouds (few
clouds or clear days), with a peak difference of more than
100 W m™* (61 W m™), approaching 32% (12.5%) and a mean
daily difference of 115 W m™ (20 W m™) (Figures 5C, 6C). In
contrast, the difference in Rn between different weather
conditions at night was very small, and the Rn during PEs
was slightly higher than during CEs (Figures 5C, 6C). In the
daytime, aerosols weakened the solar radiation reaching the
ground and reduced the effective radiation at the surface.
Under the combined effect of the two, the Rn was reduced,
thus weakening the energy of the earth-atmosphere system and
causing the ground to cool. Longwave radiation played a
dominant role at night, and the existence of aerosols reflected
the longwave radiation emitted by the ground and the lower
atmosphere back to the surface, increasing the DLR and playing a
role in thermal insulation (Figures 5B, 6B).

The diurnal variations of Hs and LE were similar to that of
Rn, showing a consistent unimodal pattern (Figures 5D, 6D). The
diurnal variation of Hs was comparable during BEs, PEs, and CEs
with clouds (few clouds or clear days), with daytime mean values
of 36, 33, and 39 W m™ (36, 36, and 39 W m?), respectively. LE
dominated the Rn during all three types of weather conditions
with clouds (few clouds or clear days), with the daytime mean LE/
Rn being 32%, 21%, and 28% (32%, 24%, and 28%) for BEs, PEs,
and CEs, respectively. The LE during PEs with few clouds also
increased by 13 W m™ (Figures 5D, 6D). In the daytime, the
mean Bowen ratio (p = Hs/LE) was about 0.36, 0.83, and 0.44
(0.36, 0.55, and 0.44) for BEs, PEs, and CEs with much cloud (few
clouds or clear days) (Figures 5D, 6D). Therefore, through
comparative analysis, the reduction in aerosols changed the
distribution of Rn in Hs and LE, and the effect of aerosols on
LE was greater than that of Hs. However, in the urban areas of the
Yangtze River Delta, the situation is on the contrary. Hs
dominates Rn and aerosols had deeper influence on Hs than
that on LE (Ling and Han, 2019).

The diurnal variation of LE was more obvious than that of
Hs (Figures 5D, 6D). Since the underlying surface of this area
is farmland, crops transpire and vegetation interacts with the
atmosphere, so there is a high rate of water vapor exchange.
The LE was obviously larger than the Hs (Figures 5D, 6D),
which indicated that the heat exchange in this area was mainly
in the form of LE, and the heat exchange by moisture was
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FIGURE 3
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stronger than the heat exchange caused by the change in
surface temperature between land and atmosphere. This
was because aerosols during PEs in Shouxian reduced the
transpiration rate of crops, so the LE during PEs was much less
than that during CEs (Wang et al., 2021). Meanwhile, the
Hs had a similar range of variation and the same trend under
the three types of weather conditions, so the influence
of aerosols on LE during PEs was greater than on Hs
(Figures 5D, 6D).
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3.3 Case analysis

In order to deepen the level of understanding regarding the
impact of transported dust pollution on the surface energy
balance over farmland in eastern China, four cases
(i.e., 7-8 May, 10-11 March, 20-21 March, and 12-13 March)
were selected. Here, we focus on the evolution of the atmospheric
boundary layer structure during a dust pollution period
(7-8 May 2016).
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Diurnal variations of air temperature (T, solid lines) and relative humidity (RH, dashed lines) on heavily polluted days (black), clean days (blue),

and background days (yellow).

3.3.1 Meteorological conditions

On 5 May, the surface PM;, concentration began to increase
steadily. Starting from 13:00 LST 7 May, the PM;, concentration
increased dramatically and reached up to 307 pgm™ by 19:
00 LST 7 May. The site was controlled by low pressure
(~1,001 hPa) before the occurrence of the dusty pollution
(5-6 May). However, the surface air pressure increased
rapidly from 12:00 LST 6 May, and then remained at a high
level of 1010 hPa during 7-8 May. Thereafter, the pressure
oscillated and dropped, and the concentration also gradually
fell back (Figure 7A1). Similar phenomena also occurred in other
dusty pollution events (Figures 7A2-A4). In addition, high
wind speeds transported a lot of regional aerosol, which caused
the outbreak of the dust pollution (Figures 7B1-B4). The T,
was relatively low between 16:00 LST 7 May and 02:00 LST
8 May, when PM;,
(Figure 7C1). After that, the PM,, concentration gradually

concentrations remained high
decreased as the T, increased. High temperatures accelerate
evaporation from rivers, resulting in high RH, which inhibits
the occurrence of dust pollution. High RH can increase the
viscosity of the near-surface air and sand, which further
inhibits the occurrence of dust pollution (Chang et al,
2012). As shown in Figures 7D1-D4, RH at about 50% was
able to inhibit the occurrence of dust pollution. Meanwhile,
the RH was relatively low (daily mean: 69%) during the dust
events (Figure 7C1). Therefore, high air pressure, low T,, and
and

low RH co-induced the formation, maintenance,

dissipation of dust pollutants.
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3.3.2 Radiation and turbulent flux

As can be seen in Figure 8A1-A4, the shortwave radiation during
the dust pollution periods was significantly lower than on clean days.
For example, the downward radiation at noon on 7 May was
approximately 481 W m™>, lower than the value of 657 W m™ on
6 May. During the process of dust pollution, the surface effective
radiation decreased obviously under the effect of aerosol. The Rn at
noon on 7 May had decreased by 385 W m™ compared with the
previous day. As can be seen from Figures 8B1-B4,C1-C4, the Hs
and LE also weakened as the Rn decreased. Compared to the clean
days beforehand, the Hs and LE decreased by 3 and 35 W m™,
respectively, during dust pollution days. In addition, the proportion of
Hs and LE in Rn also reduced, by 43% and 49%, respectively. Hence,
an outbreak of dust pollution has a greater impact on LE. Dust
pollution weakens crop photosynthesis and transpiration, which
further reduces the surface-atmosphere exchanges of water,
energy, and carbon dioxide.

3.3.3 Dynamic factors

Previous studies have reported that PM concentrations are
closely related to dynamic factors in the near-surface layer
(Zhang et al,, 2015; Miao et al, 2018). Figure 9 shows the
response of surface dynamic factors (vertical velocity and
covariance of wvertical velocity and horizontal wind
components) during the dust pollution episodes. The variance
of vertical velocity (o,,”) showed an obvious unimodal pattern of
diurnal variation, and the diurnal maximum appeared at noon.

The highest 0,,> (0.27 m* s %) occurred at 18:00 LST 6 May. Then,
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FIGURE 5

Diurnal variations in the four components of the surface energy balance under three pollution levels (background days: yellow, clean days: blue,
and polluted days: black): (A) downward shortwave radiation (DSR) and upward shortwave radiation (USR), (B) downward longwave radiation (DLR)
and upward longwave radiation (ULR), (C) net radiation (Rn), and (D) sensible heat flux (Hs) and latent heat flux (LE).

TABLE 3 Typical polluted days with clouds.

Mean daily PM;, Mean daily PM, s Mean daily cloud Mean daily low cloud Weather
(ug m~3) (ug m3) cover cover
2 March 2016 245 187 8 0 Cloudy
4 March 2016 223 173 10 0 Cloudy
5 March 2016 278 214 8.6 0 Cloudy
6 March 2016 213 175 6 0 Partly
cloudy
7 March 2016 231 197 10 0 Cloudy
14 March 2016 216 159 2.8 0 Partly
cloudy
o, declined slowly until 8 May, with the maximum daytime Figure 9B shows the covariance of the vertical velocity and
value of 0.16 m*s™ occurring at 19:00 LST (PM,, larger than the horizontal wind component. There was a clear positive
300 ug m > during this period). This turbulence transported the correlation between the southeasterly wind component and
PM accumulated in the residual layer downwards to the lower the vertical velocity before the outbreak of the pollution
levels, resulting in the later cumulative stage of PM (Halios and process. Southeasterly winds promoted the transport of
Barlow, 2018). pollutants to Shouxian. The enhanced downdraft and the
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TABLE 4 Typical polluted days with few clouds or clear sky.

Mean daily PM;, Mean daily PM, 5 Mean daily cloud Mean daily low cloud Weather
(Mg m~3) (ug m3) cover cover
1 March 2016 130 106 0.6 0 Clear day
6 March 2016 213 175 6 0 Partly
cloudy
14 March 2016 216 159 2.8 0 Partly
cloudy
16 March 2016 140 108 4.8 0 Partly
cloudy
19 March 2016 155 130 0 0 Clear day
22 March 2016 148 120 5.6 0 Partly
cloudy
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FIGURE 6

Diurnal variations in the four components of the surface energy balance under three weather conditions with less cloud or clear days
(background weather—yellow, clean sky—blue, and polluted sky—black): (A) downward shortwave radiation (DSR) and upward shortwave radiation
(USR), (B) downward longwave radiation (DLR) and upward longwave radiation (ULR), (C) net radiation (Rn), and (D) sensible heat flux (Hs) and latent

heat flux (LE).
increased vertical momentum flux caused the downward changed the aerosol concentration. From 7 to 8 May, the
transport of pollutants over Shouxian, leading to rapid covariance of the vertical velocity and the horizontal wind
accumulation and mixing of pollutants in the area component was negative (around —-0.05 m” s *), indicating that
(Figure 9B). The horizontal winds and vertical velocity jointly the vertical velocity and horizontal wind component changed in
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Daily variation in the surface energy budget during dust pollution periods: (A1—A4) the four radiation components (DSR, downward shortwave
radiation; USR, upward shortwave radiation; DLR, downward longwave radiation; and ULR, upward longwave radiation), (B1—B4) net radiation flux
(Rn), and (C1-C4) sensible heat flux (Hs) and latent heat flux (LE). The gray-shaded region in each panel is the PM;q concentration.
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the opposite direction. The horizontal wind component became
larger and the vertical velocity became smaller. Eventually, these
factors led to the occurrence of dust pollution in this area. The
decrease in air pressure and wind speed led to a rapid decrease in
the PM;, concentration on 8 May, which also resulted in a
continuous decrease in the covariance between the horizontal
wind component and the vertical velocity. At this moment, the
degree of reversal in the vertical velocity and horizontal wind
component became more pronounced. The rapid increase in
vertical velocity and decrease in the horizontal component
prompted dust floating in the air to be deposited downwards,
and thus, the pollution process was weakened.

3.4 Limitations

There are differences in composition and size among different
aerosol types. In terms of composition, absorptive and scattering
aerosols differ in their effects on radiation and energy balance. For
example, absorbing aerosol dominated by black carbon has strong
absorbing properties, which induce both prominent surface cooling
and near-surface warming. Scattering aerosols are dominated by
sulfate, which has a strong scattering capacity and cools the surface
to result in a weaker near-surface warming (Gu et al,, 2006; Ding
et al., 2016; Huang et al., 2018; Zhu et al.,, 2018; Yang et al., 2020b).

In addition, the size of aerosol particles also affects the radiation
budget (Tegen and Lacis, 1996; Murphy et al., 2021), but there is no
way to quantitatively distinguish the corresponding relationship
between radiation and particle size when measuring radiation.
Therefore, mainly, the differences in radiation and energy
balance are compared by taking the PM, s as the primary
pollutant under the eastern region’s background and the PM;,
transported from a distance. However, the meteorological
factors under the two different backgrounds also bear some
differences, so they too will bring some errors to the
contributions of different aerosol species to the effect on
the surface energy balance over farmland. Sensitivity tests
with more precise observations and numerical simulations
will be conducted in the future.

4 Conclusion

Based on the meteorological observations, and measurements of
radiation and turbulent flux in Shouxian between 1 March and
31 May 2016, meteorological factors and the surface energy balance
were analyzed under different air pollution levels. The main

conclusions can be summarized as follows:

1) Compared to clean days, polluted days had high RH, low
wind speeds, and low air pressure. Weak wind speed had an
inhibitory effect on the diffusion of pollutants. The high RH
was conducive to the growth of aerosol hygroscopicity.
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2) Compared with the DSR, USR, DLR, and ULR in the daytime
during CEs, the attenuation ratios during PEs were about
46%, 46%, 4%, and 1%, respectively, which mainly caused a
33% reduction in Rn.

3

~

During the whole observation period, the range of diurnal
variation of Hs and LE was diminished on highly polluted
days. PEs had 15% (58%) less sensible (latent) heat flux than
CEs. This resulted in a higher daytime Bowen ratio during
PEs (0.83) than CEs (0.44).

In Shouxian, sandstorms occur frequently in spring. A sharp
increase from low pressure to high pressure (1005-1010 hPa)
and the continuation of high pressure cause outbreaks of dust
pollution. On dust polluted days, Hs was reduced by 43% and
LE by 49%. The influence of aerosol on LE was greater than
that on Hs during both typical PEs and dust PEs.

The present study demonstrates that the aerodynamic and
thermodynamic conditions in the atmospheric boundary layer
are mainly modulated by local aerosol and transported dust
pollution. This has important implications for the surface energy
balance across the land-atmosphere interactions over farmland
regions, which are experiencing frequent aerosol pollution from
local emissions and transboundary dust events.
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