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Dust emission is a key factor for reproducing dust’s physical process and its climate
impact in dust modeling. However, previous studies always employed static land cover
types to classify potential dust sources, ignoring dynamic variations in the surface
bareness, which may lead to large uncertainties in the simulated dust emission fluxes,
especially in regard to anthropogenic dust (AD) emission induced by wind erosion of
human-disturbed land surfaces. Combined with anthropogenic land use and land cover
change, dynamic dust source regions and the associated natural dust (ND) and AD
emissions at the global scale from 2001 to 2018 are estimated in this study. The results
show that the AD emissions exhibit a significant seasonal variability and dispersion at the
global scale in contrast to the generally concentrated spatial distributions of ND emissions.
The high-value ND areas are primarily located in the Sahara Desert, Arabian Peninsula,
Karakum Desert, East Asia, Australian Desert, and other large desert areas, and the ND
emission flux reaches a maximum of 50 μg m−2 s−1 or higher. High values of the annual
average AD emission fluxes are located in southern Russia (124.6 ± 26.6 μg m−2 s−1),
northern China (103.2 ± 21.9 μg m−2 s-1), the central and northern United States (56.0 ±
17.4 μg m−2 s−1), and the southern side of the Sahara Desert (74.1 ± 14.2 μg m−2 s−1).
Especially in southern Russia and northern Kazakhstan, the AD emission flux accounts for
the largest contribution to the total dust emission flux, at 98.2%. The ND emission flux
demonstrates an upward trend in the central Sahara Desert, southern Arabian Desert, and
Iranian regions and a significant downward trend in northwestern China. The AD emissions
exhibit a decreasing trend in northern China, western India, the southern side of the Sahara
Desert, and the central United States from 2001 to 2018 due to the implementation of
environmental protection policies and a decrease in the wind speed, with the highest rate
of decline reaching −74.9 μg m−2 s−1/decade. This study provided confidence for the
further investigation of dust mass balance and the climatic impacts of natural and
anthropogenic dust.
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INTRODUCTION

Dust aerosols, as one of major aerosols in the tropospheric
atmosphere, play a critical role in the energy balance and
hydrological cycle of the Earth system (Mao et al., 2011; Chen
et al., 2021). It not only directly affects radiative forcing by solar
radiation scattering and absorption (Liu et al., 2011; Chen et al.,
2018) but also indirectly affects cloud properties and lifetime as
cloud condensation nuclei and ice nuclei, thus further influencing
precipitation efficiency (Liu et al., 2019a; Liu et al., 2019b). Dust
particles are deposited in oceans and rainforests through long-
term transport, which replenishes key minerals and further
influences the ecosystem and carbon cycle (Jia et al., 2015; Qin
et al., 2016; Liu et al., 2019). Dust particles are also easily enriched
with acidic substances, bacteria, organic pollutants, and heavy
metals, which greatly harms human health (Chen et al., 2019b;
Xia et al., 2021).

As early as the 1990s, Penner et al. (1994) and Tegen and Fung
(1995) indicated that it would be inaccurate to classify dust
aerosols exclusively as natural aerosols. According to the
diversity in dust source areas and dust emission mechanisms,
dust aerosols can be divided into natural dust (ND) and
anthropogenic dust (AD) (Tegen et al., 2004; Huang et al.,
2015; Munkhtsetseg et al., 2017; Chen et al., 2018). ND is
emitted from wind erosion of deserts (Chen et al., 2013). The
divergences in anthropogenic land cover types (e.g., cropland,
pastureland, urban, etc.) are induced by the concept of being
“people managed” (Meiyappan et al., 2014). AD is indirectly
generated by wind erosion of human-disturbed land surfaces
(e.g., farmlands and grasslands). The Intergovernmental Panel on
Climate Change (IPCC) (2017) pointed out that AD
concentration accounts for approximately 30–70% of the total
dust concentration and that its contribution to global dust
concentration cannot be ignored. For example, dust loading in
the western United States in the early 20th century increased by
500% due to farmland expansion (Neff et al., 2008). Du et al.
(2019) found that grassland reduction exacerbated wind erosion
and observed that this greatly increased dust emission fluxes from
38.6 to 2,182.6 g m−2 d−1.

The dust emission scheme is the core and difficulty of
accurately describing the physical process of dust (Han et al.,
2004; Zhao et al., 2010; Han et al., 2016; Che et al., 2018). Since the
1990s, a large number of scholars have developed and improved
dust emission schemes based on different assumptions and
simplification of physical processes (Westphal et al., 1988;
Joussaume, 1990; Tegen and Fung, 1994; Shao et al., 1996;
Marticorena et al., 1997; Wang et al., 2000; Woodward, 2001;
Sugimoto et al., 2003; Zender et al., 2003; Han et al., 2004; Han,
2010; Huneeus et al., 2010). According to the complexity of the
scheme, it can be divided into three categories (Zender et al.,
2003; Shao and Dong, 2006):

1) Empirical dust emission scheme: This scheme mainly
considers the statistical relationship between vertical dust
emission flux and friction velocity or critical dust emission
velocity (Tegen and Fung, 1995; Mahowald et al., 1999;
Perlwitz et al., 2001). Gillette and Passi (1988) found that

the dust emission rate is between the third and fifth powers of
the critical friction velocity through field experiments. They
proposed an empirical formula for vertical release flux.
However, the model has fewer input parameters and
cannot completely reflects the micro-physical mechanism
of dust emission. Tegen and Fung (1994) constructed a
three-dimensional dust transport model based on the
observation of dust storms, which included soil texture,
surface roughness, and soil water content and other wind
erosion parameters, and found that the model is also suitable
for fine particles. Ginoux et al. (2001) adjusted the size
distribution of dust on the basis of Gillette and Passi
(1988) and constructed the GOCART empirical emission
parameterization scheme.

2) Dust emission scheme based on simplified physical process:
This scheme considers simplified wind erosion physics and
adds the dust climate data observed by satellites. It has been
applied to the global dust emission simulation (Woodward,
2001). Among them, the Marticorena and Bergametti (1995)
scheme (hereinafter referred to as the MB plan) believed that
the dust emission flux depended on the horizontal transition
intensity of surface particles and was related to the soil clay
content. Alfaro and Gomes (2001) determined the
relationship between the vertical flux of dust and friction
velocity through wind tunnel tests, and then established a
mesoscale atmospheric model (DPM), which includes soil
characteristics such as soil mass density and surface roughness
and wind erosion parameters such as friction velocity.
However, due to the inaccurate acquisition of particle
binding energy, the model results are still uncertain.
Zender et al. (2003) considered the influence of soil wind
erosion on the basis of the MB scheme and improved the
simulation accuracy of dust emission.

3) Dust emission scheme based on the detailed microphysical
process: This scheme considers the most detailed physical
process. It is believed that the dust is generated by
bombardment overcoming the adhesion between soil
particles (Shao et al., 1996; Shao, 2001; Shao, 2004). The
initial microphysical dust emission scheme only considered
the relationship between kinetic energy and bonding energy
during collision, such as Shao et al. (1996). On this basis,
factors such as the particle size distribution and the mass
fraction of dust and the release threshold were gradually
added to subsequent schemes. Shao (2001) proposed that
the release of dust is caused by the disintegration of
aggregates produced by jumping bombardment, and the
dust emission flux of all particle size distributions can be
calculated. The Shao (2004) scheme further considers that the
mass fraction of free dust in the soil should be much smaller
than those in the form of aggregated dust clusters. Shao et al.
(2011a, 2011b) found that the particle size distribution of soil
parent material determines the particle spectrum distribution
of dust particles in the atmosphere, thereby reducing the
uncertainty of Shao (2004). Kok et al. (2014) considered
the breaking mechanism of aggregate particles during the
release of dust and constructed a dust emission scheme based
on microphysical mechanisms. However, it is difficult to
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accurately obtain key surface parameters related to dust
emission, such as soil moisture, roughness, etc.

AD emission quantification is a great challenge. Compared toND,
AD concentrated in human-disturbed land surfaces with small
emission scales exhibits a large temporal and spatial variability, a
complex and diverse chemical composition, and various physical and
optical features (Chen et al., 2017a; Chen et al., 2017b; Wang et al.,
2018). Most current dust modeling only considers the physical
processes of wind erosion in deserts. AD emissions from human-
disturbed surfaces have been ignored or seriously underestimated,
resulting in uncertainties of dust emission fluxes up to 10 times higher
in numerical modeling (Munkhtsetseg et al., 2017; Du et al., 2019).
Farmland was considered a major AD source producing dust
pollution events in the 1930s (Orlove, 2005; Cook et al., 2009).
Neff et al. (2008) found that a 500% increase in AD emissions in the
westernUnited States was closely linked to pastureland and grassland
expansion. In addition, several studies have demonstrated that new
dust sources are created by human drinking water exploitation, such
as Owens Lake (Gillette et al., 1997) and Franklin Lake (Reynolds
et al., 2007). Despite the difficulty of ADmonitoring, Tegen and Fung
(1995) concluded thatAD emissions account for 30–50%of total dust
emissions. Xi and Sokolik (2016) developed an AD scheme for
farmlands in Central Asia based on the Weather Research and
Forecasting dust model with chemistry (WRF-Chem-DuMo) and
found that 18.3–56.5% of dust emissions could be considered AD
emissions in Central Asia when applying an optimal land use
intensity threshold of 90%.

However, the previous modeling always refers to the static
land cover, ignoring the dynamic variations in the surface
bareness during dust modeling, which may lead to large
uncertainties in the simulated dust emission fluxes, especially
in regard to AD. What is the seasonal and interannual variations
of dust source at the global scale based on the improved dynamic
surface? What are the differences in surface bareness and dust
emissions between ND and AD?What is the trend of the ND and
AD emission flux from 2001 to 2018 at the global scale?
According to these urgent scientific problems, we estimated
and compared the differences in the temporal and spatial
distribution characteristics of ND and AD emissions between
various land cover types from 2001 to 2018. This paper is
organized as follows. Section 2 contains a summary of our
methodology and datasets used to calculate the dust emissions,
and the results are provided in Section 3. Section 4 presents the
conclusions.

DATASETS AND METHODS

Datasets
Normalized Difference Vegetation Index
The Moderate Resolution Imaging Spectroradiometer (MODIS)
offers NDVI grid product data from January 1, 2001, to the latest
time. The global MODIS NDVI product is designed to provide
the consistent spatial and temporal comparisons of vegetation
conditions. This dataset is available at https://ladsweb.modaps.
eosdis.nasa.gov/. This study selects NDVI data with a spatial

resolution of 0.05° × 0.05° and a temporal resolution of 1 month
during 2001–2018, which are further analyzed to calculate the
dynamic bareness at the global scale.

Land Cover
The land cover is provided by MODIS annual product MCD12C1,
which exhibits a spatial resolution of 0.05° × 0.05° in the Climate
Modeling Grid (CMG). The main land cover plan contains 17 land
cover classes identified by the International Geosphere-Biosphere
Program (IGBP), including 11 natural vegetation classes, 3
developed and mosaic land classes, and 3 non-vegetated land
classes. These datasets are available at https://ladsweb.modaps.
eosdis.nasa.gov/. Open sagebrush, savanna, and barren or
sparsely vegetated areas are selected as ND sources. Grassland,
farmland, and farmland/natural vegetation mosaic areas are
selected as AD sources in the study. It is noted that farmland/
natural vegetationmosaic areas are areas with less than 60% of area
covered by this cover type.

ERA-Interim
ERA-Interim is the global atmospheric reanalysis dataset
provided by the European Centre for Medium-Range Weather
Forecasts (ECMWF) available from January 1, 1979, to August
31, 2019. The ERA-Interim daily data with a maximum spatial
resolution of 0.125° × 0.125° and a minimum spatial resolution of
3° × 3° contain a wealth of meteorological parameters, with the
data provided four times a day (at 00:00, 06:00, 12:00, and 18:00
UTC). These datasets are available at https://apps.ecmwf.int/
datasets/data/interim-full-daily/levtype=sfc/. The ERA-Interim
reanalysis products are compared to those of the National
Oceanic and Atmospheric Administration (NOAA) National
Centers for Environmental Prediction Climate Forecast System
Reanalysis (NCEP-CFSR) and National Aeronautics and Space
Administration (NASA) Modern-Era Retrospective analysis for
Research and Applications (MERRA) to assess their ability in
capturing observed surface wind events critical to wind erosion
(Largeron et al., 2015; Chen et al., 2018). It was found that the
former products perform the best in terms of the weather and
seasonal fluctuations in annual and daily cycles and surface wind
speed. Therefore, the wind speed at 10 m with an ERA-Interim
spatial resolution of 0.4° × 0.4° is selected as an input parameter to
calculate the ND and AD emission fluxes.

PM2.5 Concentration
This dataset is provided by the Institute of Atmospheric Physics,
Chinese Academy of Sciences and summarizes the fine particulate
matter (PM2.5) data of 10,000 sites worldwide fromNovember 26,
2013, to the present. The dataset contains meteorological
elements such as black carbon, CO, NO2, O3, particulate
matter with particle size below 10 μm (PM10), PM2.5, and SO2.
PM2.5 and PM10 observations are compared to our simulation
results to verify their credibility in the study.

Methods
Dynamic Dust Source Regions
Static land cover types to classify potential dust sources do not
reflect dynamic changes, which lead to great uncertainties in
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estimating dust emissions in different seasons especially (Xi and
Sokolik, 2016). Therefore, the dynamic dust sources at the global
scale with a temporal resolution of 15 days are constructed by
employing the 0.05° × 0.05° resolution of NDVI from 2001 to
2018 in the study (Kim et al., 2013; Kim et al., 2017). The
corresponding equation is as follows:

B � N< 0.15/Ntotal (1)
where Ntotal and N<0.15 are the total number of NDVI pixels
(Brown et al., 2006) and the number of pixels with an NDVI value
below 0.15 (Bradley and Mustard, 2005) in a 1° × 1° grid cell,
respectively. Moreover, bareness with high soil moisture and
snow cover fractions are excluded in the calculations.

Dust Emission Schemes
The current dust emission schemes can be divided into three
categories: (1) empirical dust emission scheme, such as Tegen and
Fung (1995), Mahowald et al. (1999), and Perlwitz et al. (2001);
(2) dust emission scheme based on simplified physical process,
such as Ginoux et al. (2001) and Woodward (2001); (3) dust
emission scheme based on the detailed microphysical process,
such as Shao et al. (1996), Shao (2001), Shao (2004), Shao et al.
(2011a), and Shao et al. (2011b). Through research and
comparison of three emission schemes, Shao and Dong (2006)
found that although the empirical dust emission scheme is simple
in form, the relationship (Gillette and Passi, 1988) between the
applied dust emission rate and the critical friction velocity of
different particle size is not reasonable (Nickling et al., 1999).
There are empirical coefficients in the empirical dust emission
scheme, and its specifications have no guidelines, which will
inevitably cause errors in the simulation results. And the
empirical dust emission scheme is not a spectral model. It is
very difficult to truly estimate the coefficients, critical friction
velocity, and dust mass fraction in actual simulation. Due to the
lack of the ability to specify the temporal and spatial changes of
model parameters and the difficulty in obtaining large-scale soil
and surface data, especially soil plastic pressure and parent soil
particle size distributions, the accuracy and application of this
scheme are severely restricted. In addition, a major and critical
problem faced by the empirical dust emission and the detailed
microphysical dust emission scheme is the lack of direct dust flux
data for model verification.

With the development of dust observation technology,
especially the application of satellites, large-area continuous
dust emission monitoring has become possible. And the
developments of inverse data calculation methods are
producing quantitative estimates of dust load. This makes it
possible to apply satellite data to correct and constrain the
dust emission scheme of simple physical processes to show
great advantages compared to the empirical and detailed
microphysical dust emission scheme (Cakmur et al., 2004).
The dust emission scheme of simplified physical process with
complexity between the two extremes is more applicable to the
world modeling of dust emissions (Ginoux et al., 2001;
Woodward, 2001; Zender et al., 2003). Emission schemes that
consider simple physical processes have been widely used.

Simulation of dust emission requires careful attention to the
process of dust movement (Schulz et al., 1998). Many factors
determine soil erodibility and dust emissions, many of which are
poorly understood on a global scale. The most important factors
include wind friction speed, vegetation cover, and surface soil
moisture content. On this basis, Marticorena and Bergametti
(1995) designed a soil-based dust emission scheme, the MB
scheme, to provide an explicit representation of the dust
emissions over deserts coupled with atmospheric transport
models. The calculation equation for dust emission flux is
expressed as follows:

G � (ρa
g
) × Up3 × (1 + Up

t

Up
) × (1 − Up2

t

Up2
) (2)

where ρa is the density of air, g is the acceleration of gravity, U* is
the frictional velocity, i.e., the reference velocity of the surface
shear stress, and U*t is the threshold of the wind frictional
velocity, which depends on surface characteristics (Yang et al.,
2010) and is related to size distribution of soil erosive loose
particles and surface roughness. Horizontal emission flux and
vertical emission flux satisfy the following relationship:

log(F/G) � 0.134(%clay) − 6 (3)
where F and G are the vertical and horizontal emission flux,
respectively; %clay is the clay content. However, due to the lack of
physical description of the dust produced by wind erosion, the
relationship between the horizontal and vertical flux in the MB
scheme is not yet accurate. In this study, we focus on analyzing
the horizontal dust emission flux (the dust emission fluxes below
are all horizontal dust emission fluxes).

Compared with the scheme during the same period that
only focused on the area of dust source and wind speed
(Joussaume, 1990; Genthon, 1992; Joussaume and Jouzel,
1993), the MB scheme considered the dependence of dust
emission on soil characteristics in the source parameterization.
At the same time, through comparison with relevant
experimental data, the credibility of each step of the
program was independently verified, and the scheme greatly
reduced the uncertainty of inversion of dust emission flux
(Marticorena et al., 1997). The validations of this dust
production model have established the physical consistency
and the ability of the model to reproduce measurements of
erosion thresholds and the dust fluxes for various conditions of
the surface features.

However, the MB scheme contains multiple affecting factors
that are hard to obtain precisely, resulting in difficulties of
simulations utilized in this scheme. To isolate land surface
features and their meteorological impacts, Marsham et al.
(2011) further constructed an improved simplified MB scheme
(hereafter referred to as the simplified MB scheme), which
ignores the second-order effects of stability and roughness on
the bulk behavior and replaces the frictional velocity U* with the
wind speed U at 10 m. Cakmur et al. (2004), Evan et al. (2016),
Chen et al. (2019a), and Chen et al. (2019b) employed the
simplified MB scheme to simulate dust emission and
reproduced dust emissions at the regional (e.g., North Africa
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and East Asia) and even global scales. The equation for the
calculation of the dust emission fluxes is expressed as follows:

G � C × B × u3 × (1 + ut

u
) × (1 − u2

t

u2
), if.u> ut (4)

where C is an empirical constant with a value of 1 μg s2 m−5 in this
study, B is the dynamic bareness with seasonal variations (as
described in Section 2.2.1), u is the wind speed at 10 m, and ut
(threshold wind speed) is a key parameter in the quantitative
estimation of dust emission fluxes, which depends on the surface
characteristics. The fixed ut has great uncertainty to dust emission
in different dust sources. We choose different ut for different
underlying surfaces (ND or AD sources) to simulate dust
emission fluxes. The ND emission threshold, ut = 7 m s−1, is
applied in this study (Chomette et al., 1999; Marsham et al., 2011;
Chen et al., 2014). The valid range of ut in regard to AD emissions
ranges from 6.5 to 13 m s−1 (Helgren and Prospero, 1987), and
the smallest value 6.5 m s−1 is used in AD sources, consistent with
Xi and Sokolik (2016), Chen et al. (2019a), and Chen et al.
(2019b).

RESULTS

Dynamic Dust Source Regions
High values of the global NDVI are mainly distributed in eastern
North America, South America, central Africa, eastern and
southeastern China, and Indonesia, with values ranging from
0.6 to 0.9 during 2001–2018 (Supplementary Figure S1), where
the surface bareness is low (Figure 1). The NDVI low values
range from 0 to 0.15, mostly in desert, such as the Sahara Desert,
the Arabian Desert, the Neft Desert, the Karakum Desert, the
Taklamakan Desert, and the Australian Desert, where surface
bareness values are extremely high and even reach above 0.9. The

ND emissions originate from areas where the cover type includes
open shrublands, savannas, and barren or sparsely vegetated
areas. In the permanent desert region, NDVI has little
seasonal variation (Supplementary Figure S1). The AD
sources mainly comprise areas containing grasslands,

FIGURE 1 |Seasonal variations in total surface bareness at the global scale during 2001–2018. (A)MAM:March, April andMay; (B) JJA: June, July and August; (C)
SON: September, October and November; (D) DJF: December, January and February (same below).

FIGURE 2 | Seasonal comparison of the AD and ND surface bareness in
typical regions during 2001–2018. The bars represent spring, summer,
autumn, and winter from left to right. SR and NK represent southern Russia
and northern Kazakhstan (45–54°N, 70–80°E); EBS represents eastern
Black Sea (36–40°N, 39–48°E); CUS represents central United States
(39–48°N, 100–120°W); SQTP represents the southern Tibet Plateau
(30–32°N, 85–90°E).
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croplands, and cropland/natural vegetation mosaic areas. There
are obvious seasonal variations especially in southern Russia,
eastern North America, Europe, and central China
(Supplementary Figure S2). Compared to ND
(Supplementary Figure S3), the AD source areas are complex
due to the small scale of the AD sources, diverse subsurface types,
and high spatio-temporal dynamic variability.

The global average surface bareness of the AD sources is
commonly lower by approximately 20% than that of the ND
sources. And the area of the AD sources is smaller by 8.1% than
that of the ND sources. Nevertheless, the contributions of AD
surface bareness to total surface bareness cannot be ignored.
Especially, surface bareness of the AD sources in the south of the
Tibet Plateau accounts for the largest contribution at 48.2 ± 1.9%
to total surface bareness. The ratio of surface bareness of the AD
sources to total bareness in southern Russia and northern
Kazakhstan reaches 33.4% (MAM), 25.5% (JJA), 33.6% (SON),
and 49.6% (DJF), respectively (Figure 2).

Overall, a decreasing trend of ND source bareness is found
in most areas, especially in the desert areas of the northwestern
China, with a decrease rate of up to -0.01/decade. Additionally,
a decreasing trend at a lower rate is found along the edge of the
Sahara Desert, the Australian Desert, the Arabian Desert, the
Lute Desert, and the Karakum Desert (Figure 3). Compared
with ND surface bareness, the AD surface bareness exhibits an
increasing trend in southern Russia and Kazakhstan, northern
US, and southern Canada at a rate of up to 0.2/decade and a
decreasing trend in northern and northwestern China, western
and northwestern India, the southern side of the Sahara
Desert, and the central United States at a rate of up to -0.3/
decade. In particular, a decreasing trend of the surface bareness

is found in northern and northwestern China (25–40°N,
88–136°E), with the rate of decrease reaching its maximum
in winter, up to -0.04/decade. The maximum value in winter
and spring is much higher than that in summer and autumn,
with the regional average bareness extreme value reaching 0.4
and the maximum increase occurring in autumn, at 0.05/
decade, in southern Russia and northern Kazakhstan
(Figure 4). These results were also supported by Chen et al.
(2019) who proved that the earth is greening especially in
China and India. Human land use is the main driving force for
greening the earth, and farmland greening has the greatest
contribution to reducing the areas of bare soil and increasing
the global leaf areas.

Natural and Anthropogenic Dust Emissions
The high-value ND areas are primarily located in the Sahara
Desert (15–35°N, 20°W~40°E), the Arabian Peninsula (13–20°N,
35–60°E), the Karakum Desert (20–55°N, 55–73°E), East Asia
(32–54°N, 73–133°E), the Australian Desert (12–46°S,
113–153°E), and other large desert areas, and the ND emission
flux reaches a maximum of 50 μg m−2 s−1 or higher (Figure 5).
AD emissions are widely scattered at the global scale (Figure 6) in
contrast to the generally concentrated spatial distributions of ND
emissions. AD source areas are complex due to the small scale of
the AD sources, diverse subsurface types, and high
spatiotemporal dynamic variability. The AD emission fluxes in
southern Russia, northern China, and central United States are
higher with the maximum value exceeding 50 μg m−2 s−1. There
are obvious seasonal changes in AD emission flux. AD emissions
are generally greater in winter and spring than in summer and
autumn. For example, the regional average AD emission flux in

FIGURE 3 | Trend of the seasonal ND surface bareness during 2001–2018. The dotted regions with statistically significant above the 90% confidence level are
indicated.
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Russia (46–56°N, 5–50°E) is 0.18 μg m−2 s−1 in summer, but
401.6 μg m−2 s−1 in winter.

The AD emission fluxes accounted for 28.8% of the global dust
emission flux (Figure 7A), which is similar to that of Huang et al.
(2015), who concluded that the proportion of AD emissions is
25%. The proportion of AD in total dust emissions on a global

scale showed a trend of first increasing and then decreasing. The
contribution of AD was the largest in 2011, reaching 31.6%. The
proportion of AD showed a fluctuating trend on five continents
(Figure 7B), and the trend in South America was the slowest. The
AD contribution ratios of Asia, Europe, Africa, North America,
and South America reached the largest in 2012, 2017, 2010, 2015

FIGURE 4 | Same as Figure 3 of AD surface bareness.

FIGURE 5 | Seasonal variations of the ND emission flux at the global scale during 2001–2018. The black boxes correspond to the four major areas in Figure 7SR
and NK: southern Russia and northern Kazakhstan (45°N~55°N, 65°E~80°E); NEC: Northeast China (40°N~50°N, 110°E~125°E); SSD: southern side of the Sahara
Desert (12°N~15°N, 15°W~0°–40°E); RE: Russia in Europe (46°N~56°N, 5°E~50°E).
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FIGURE 6 | Same as Figure 5 of AD emission fluxes.

FIGURE 7 | The evolution of the AD contribution ratio at the global scale (A) and typical regions (B) from 2001 to 2018. Global (60°S~60°N, 180°W~180°E); Asia
(1–60°N, 26–178°E); Europe (37–60°N, 9°W~0°–5°E); Africa (35°S~37°N, 17°W~0°–9°E); North America (7–60°N, 170°W~55°W); South America (53°S~7°N,
80°W~35°W).
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and 2012, respectively, 33.6, 42.5, 12.2, 45.8, and 26.6%. In North
America, AD accounts for a much larger proportion of total dust
emissions than other continents, accounting for 40.9%, followed
by Europe, while AD accounts for the smallest proportion in
Africa, accounting for only 10.4% of total dust emissions. The AD
emission flux accounts for the largest contribution to the total
dust emission flux in southern Russia and northern Kazakhstan,
at 97.6% (MAM), 98.2% (JJA), 97.6% (SON), and 99.2% (DJF)
(Figure 8), consistent with Xi and Sokolik (2016) who indicated
that the contribution of AD to the total dust emission flux is as
high as 90% in the Central Asia.

Overall, the simulated dust emission is well captured. As the
AD is hard to lift up to the planet boundary layer for a long-range
transport, the AD column is primarily influenced by the emission
process in dust source regions, with relatively little influence from
long-term transport (Huang et al., 2015). Therefore, dust weather
observations at ground stations are adopted to evaluate AD
schemes performance in simulating AD emissions in this
study. Figure 9 shows a comparison of the normalized PM2.5

observation data to the normalized dust emission flux (the sum of
FIGURE 8 | Same as Figure 5 of the AD and ND emission fluxes.

FIGURE 9 | Scatter plot of the linear correlation between PM2.5 observations (standardized) and simulated dust emission fluxes (standardized). RE represents
Russia (46–56°N, 5–50°E); WI and NWI represent western and northwestern India (15–37°N and 68–79°E); NEC represents northeastern China (40–50°N, 110–125°E);
CUS represents central United States (35–48°N, 100–122°W).
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the ND and AD emission fluxes) obtained in our simulations. The
scattered points are concentrated in the region of 0.87 < R < 1.21
(R is the slope of the line from the origin), which confirms the
credibility of our simulation results in Russia in Europe, western
and northwestern India, northeastern China, and the central
United States. The spatial distribution of the high-value AD
emission centers agrees well with the results provided by Xi

and Sokolik (2016) for Central Asia and the simulations reported
by Chen et al. (2019a) and Chen et al. (2019b) at the global scale.
The AD emission fluxes accounted for 28.8% of the global dust
emission flux, which is similar to that of Huang et al. (2015), who
concluded that the proportion of AD emissions is 25%. In
previous studies, Tegen and Fung (1995) proposed that AD
emissions account for 30–50% of the total global dust

FIGURE 10 | Same as Figure 5 of trend of the ND emission flux (units: μg m−2 s−1/decade).

FIGURE 11 | Same as Figure 5 of trend of the AD emission flux (units: μg m−2 s−1/decade).
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emissions. This difference can be attributed to our results
considering the dynamic changes in dust source areas and not
considering the dust directly stemming from human activities.
Moreover, the simulated ND emissions in this study are mainly
concentrated in desert areas, such as the Sahara Desert, the
Taklimakan Desert, the Australian Desert, and the Arabian
Desert, which are consistent with the results of Kim et al.
(2013) at the global scale and the results Zhao et al. (2013)
obtained with the chemical Weather Research and Forecasting
model (WRF-Chem).

In addition, the ND emission flux demonstrates an upward
trend in the central Sahara Desert, southern Arabian Desert, and
Iranian regions (Figure 10). The ND emission fluxes significantly
vary from year to year in the desert areas of northwestern China
(38–43°N, 78–91°E) from 2001 to 2018, with the maximum value
exceeding 500 μg m−2 s−1 and the minimum value reaching
approximately 100 μg m−2 s−1. And the ND emission fluxes in
this region reveal a significant downward trend except in winter,
at a rate of decline up to -45.8 μg m−2 s−1/decade in spring, and an
upward trend in winter, at an increase rate of 15.8 μg m−2 s−1/
decade. From 2004 to 2015, the Kubuqi Desert, China’s seventh
largest desert, has entered the stage of regularization, scientific,
and large-scale sand control and afforestation (Wang and Yang,
2018). During this stage, afforestation technology has been greatly
improved and the effect of sand control has been significant, and
the vegetation cover has increased from 3–5% in 1988 to 53%
in 2016.

The AD emission fluxes exhibit a decreasing trend in northern
and northwestern China, central and northern United States, and
western and northwestern India and an increasing trend in
southern Russia and northern Kazakhstan (Figure 11). The
AD emission flux shows a decreasing trend in northern and
northwestern China, with the highest rate of decline in winter,
reaching -74.9 μg m−2 s−1/decade. The AD emission flux in
southern Russia and northern Kazakhstan during 2001–2018
demonstrates an upward trend in the rest of the seasons, at a
rate of 26.0 ± 2.0 μg m−2 s−1/decade, except in summer when it
remains basically unchanged.

DISCUSSION AND CONCLUSION

The static dust source function ignores the seasonal and
interannual variations in the surface bareness during dust
modeling, which leads to large uncertainties in the simulated
dust emission fluxes. To quantitatively assess the temporal and
spatial evolution features of the ND and AD sources surface
bareness and emission flux, this study constructs ND and AD
emission schemes based on the global dynamic surface bareness
obtained from the NDVI dataset and the wind speed at 10 m
obtained from ERA-Interim to simulate the ND and AD sources
bareness and emission distribution characteristics and evolution
trends at the global scale during 2001–2018.

By constructing a dynamic dust source function in this study,
we found that the surface bareness of ND sources and AD sources
showed different characteristics with space and time changes. The
ND emissions originate from areas where the cover type includes

open shrublands, savannas, and barren or sparsely vegetated
areas, largely in northern Africa, the Arabian Islands, Iran,
Northwest China, Turkmenistan, Uzbekistan, southern
Kazakhstan, northeast Canada, etc. The ND sources are
densely distributed, and the seasonal variations are not
obvious. The AD sources mainly comprise areas containing
grasslands, croplands, and cropland/natural vegetation mosaic
areas, mostly in southern Russia, northern and northwestern
China, central United States, and a narrow area in the south of the
Sahara Desert. The AD source surface bareness is scattered and
exhibits an obvious seasonal variability, which decreases during
warm seasons.

The trend of the ND sources is not obvious at the global scale.
The bareness reveals a decreasing trend in the desert areas of
northwestern China with a decrease rate of up to −0.01/decade.
Additionally, a decreasing trend is found along the edge of the
Sahara Desert, the Australian Desert, the Arabian Desert, the Lute
Desert, and the Karakum Desert. It is noted that the AD sources
exhibit an increasing trend in southern Russia and Kazakhstan,
northern United States, and southern Canada and a decreasing
trend in northern and northwestern China, western and
northwestern India, the southern side of the Sahara Desert,
and the central United States. In particular, a decreasing trend
of the AD surface bareness is shown in northern and
northwestern China, at the rate of −0.04/decade.

Dust aerosols play an important role in the radiation budget
and hydrological cycle. The current dust emission schemes can be
divided into empirical dust emission scheme, dust emission
scheme based on simplified physical process, or the detailed
microphysical process. Although the empirical dust emission
scheme is simple in form, the relationship between the applied
dust emission rate and the critical friction velocity is not
reasonable. And it is very difficult to truly estimate the
coefficients, critical friction velocity, and dust mass fraction in
actual simulation. In addition, due to the current difficulties in
obtaining large-scale soil and surface data, especially soil plastic
pressure and parent soil particle size distributions, the application
of detailed microphysical dust emission schemes is also limited.
In addition, a major and critical problem faced by the empirical
dust emission and the detailed microphysical dust emission
scheme is the lack of direct dust flux data for model
verification. With the development of dust observation
technology, especially the application of satellites, large-area
continuous dust emission monitoring has become possible.
This makes it possible to apply satellite data to correct and
constrain the dust emission scheme of simple physical
processes to show great advantages compared to the empirical
and detailed microphysical dust emission scheme. The simplified
MB scheme of simplified physical process with complexity
between the two extremes focuses on the movement of dust,
considers the dependence of dust emission on soil characteristics
in the source parameterization, and greatly reduces the
uncertainty of inversion of dust emission flux. In addition, the
input parameter data of the simplified MB scheme is easier to
obtain and is more suitable for global dust emission simulations.

The high-value ND areas are primarily located in the Sahara
Desert, the deserts of the Arabian Peninsula, the KarakumDesert,
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desert in northern China, the Australian Desert, and other large
desert areas, and the ND emission flux reaches a maximum of
50 μg m−2 s−1. Due to the small size of the AD sources, the
diversity of subsurface types, the high spatiotemporal dynamic
variability, and the need for extensive sampling and basic
research, a high uncertainty exists in the study of AD.
Compared to the ND sources, the distribution of the AD
sources is more scattered and exhibits obvious seasonal
variations, especially in winter and spring, and the surface
bareness is much higher than that in summer and autumn.
The AD emission fluxes exhibit a significant seasonal
variation, and the distribution area is larger in winter and
spring than that in summer and autumn. The AD sources
occur due to wind-driven erosion caused by human
disturbances. This kind of human disturbance mostly occurs
in grassland, farmland, and other areas with a large bare
surface area, while plant crop growth experiences a certain
seasonality with the regional climate, resulting in the
distribution of the AD emissions being relatively scattered and
exhibiting certain seasonal variation characteristics.

The study of dust emission flux is a challenging job. There is an
urgent need to advance our understanding of the physical process of
dust emission using a variety of new observational techniques, new
model schemes, and new theories. There are several uncertainties in
this case study. (1) In the calculation of the AD emission fluxes, we
apply a simplified MB model. Although the key variables required
are easily accessible during the simulation, certain factors remain
that influence the accuracy of the simulation results. (2) AD refers to
the dust originating from the wind erosion of surfaces exposed
through human disturbance (e.g., deforestation, farmland
cultivation, and grassland grazing) without considering the direct
dust generated by human activities (such as traffic activity and
urban construction). The term human disturbance is not yet fully
defined, and certain human disturbances cannot be fully considered
in the dust emission calculations in this study. (3) The process of
wind erosion is influenced not only by the wind field and surface
bareness of the discharge source area but also by many other
climatic fields, such as ground moisture, which are closely
related to meteorological conditions such as precipitation. (4)
The impact of surface roughness on the critical wind friction
velocity of dust emissions is not considered, which may cause
the surface of vegetation and the ground with similar NDVI to have
the same effect on the critical wind friction velocity. In addition, the
impact of snow accumulation needs to be eliminated.

The process of dust emission is controlled by global climate
change, and in turn, AD greatly warms the atmosphere through
accumulation, strengthens atmospheric circulation, and alters the
regional precipitation efficiency, thereby affecting climate change.
Therefore, the complex effects of AD on the regional climate
should be further studied in the future. Additionally, studies

should be conducted to construct more comprehensive AD
deposition schemes, assimilate ground station observations
with satellite observations, and combine these with WRF-
Chem to more accurately simulate AD emissions. Moreover,
the interaction between AD and climate change should be
examined to better protect ecosystem functioning and human
health.
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