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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dust processes, they are mainly based on outdated data or case studies of major sand-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 60 years 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.
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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.,

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;
Kang et al., 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.e., 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 1 day, 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

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.

D � R × cos−1(sin(LatA) × sin(LatB) + cos(LatA) × cos(LatB) × cos(LonA − LonB)) × π
180

(1)
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where R denotes the average radius of the earth, taken as
6,371 km π � 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).

FIGURE 1 | Study area and station distribution.
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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

FIGURE 2 | (A) Annual total frequency (blue histogram) and total days (red solid line; unit: day) of sand-dust processes. Test results of (B,C) annual total frequency
and (D,E) annual total days of sand-dust processes during 1961–2020 by the MK. The blue line represents UF in the MK method, the red line represents UB, and the
black line is ±1.96 (0.05 significance). (B) and (D) are the detection of the 1961–2020 sequence, and (C) and (E) are the detection of the 1991–2020 sequence.
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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

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

FIGURE 3 | Time evolution of (A) annual longest duration and (B) annual
average duration of sand-dust processes from 1961 to 2020. The red dotted
line denotes the linear trend.

FIGURE 4 | The annual (A) maximum and (B) average number of
stations (solid line) for different categories of sand-dust processes, and their
linear trends (dotted line).
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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

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

FIGURE 5 | Start time of the first (solid blue line) and last sand-dust (solid
red line) processes each year.

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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February, with instances only happening once in January,
March, and December. The top 10 years with the maximum
number of sand-dust storm stations appeared all before the
1990s, with 3 times in the 1960s, 4 times in the 1970s, and
3 times in the 1980s. In addition, for the month with the

maximum number of sand-dust storm stations, April is the
most frequent (7 times), followed by March (2 times) and
February (1 time).

Therefore, the top 10 years with the maximum number of
sand-dust stations for different sand-dust categories are mainly

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
of suspended-dust

stations and
month of

occurrence

Maximum number
of blowing

sand stations
and month

of occurrence
and month

of occurrence

Maximum number
of sand-dust
storm stations
and month

of occurrence
and month

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)

FIGURE 6 | Probability distributions of (A) annual total frequency, (B) maximum number of affected stations, (C) annual total days, (D) average days, and (E)
maximum duration for different categories of sand-dust processes.
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before the 1990s, and the sand-dust processes mainly occur in
April.

Table 2 lists 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 from 1961 to 2020. The top 10 years with the
most suspended dust processes are mainly before the 1980s,

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 10 years, and the
monthly distribution of the maximum number of blowing
sand stations is relatively scattered, i.e., 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

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.
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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 10–12 days (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, i.e., 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

FIGURE 8 | (A) Percentile box-type diagrams of the maximum, the average number of affected stations, the maximum number of stations in a single day for all
sand-dust processes, and the number of affected stations for different categories of sand-dust processes during 1961–2020. (B) Percentile box-type diagrams of the
maximum number of affected stations for different categories of sand-dust processes during 1961–2020. Black dots in boxes are average values, and white lines from
the bottom to the top in boxes are the first, second, and third quartiles, respectively.
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blowing-sand stations also mainly occurs in spring
(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% inMarch, and 1.6% inMay. 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

60, respectively. The annual maximum numbers of affected
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

FIGURE 9 | Monthly probability of the maximum number of affected stations for (A) suspended-dust, (B) blowing sand, and (C) sand-dust storm processes.

FIGURE 10 | The anomalies evolution and the EEMD results of the
annual total number of sand-dust processes.

FIGURE 11 | Same as Figure 10, but for the annual total days of sand-
dust processes.
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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 IMF1, 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

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
storm processes.
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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 variations 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

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.

FIGURE 13 | Scatter plots of all the sand-dust processes in 1961–2020.
(A) Annual frequency and annual total duration. (B) Annual total duration and
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.
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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

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.
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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

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 in 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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