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Abstract: Wind erosion can cause high dust emissions from agricultural land and can lead to a sig-
nificant loss of carbon and nutrients from the soil. The carbon balance of farmland soil is an integral
part of the carbon cycle, especially under the current drive to develop carbon-neutral practices.
However, the amount of global carbon lost due to the wind erosion of farmland is unknown. In this
study, global farmland dust emissions were estimated from a dust emission inventory (0.1° x 0.1°,
daily) built using the improved Community Multiscale Air Quality Modeling System-FENGSHA
(CMAQ-FENGSHA), and global farmland organic carbon losses were estimated by combining this
with global soil organic carbon concentration data. The average global annual dust emissions from
agricultural land from 2017 to 2021 were 1.75 x 10° g/s. Global dust emissions from agricultural land
are concentrated in the UK, Ukraine, and Russia in Europe; in southern Canada and the central US
in North America; in the area around Buenos Aires, the capital of Argentina, in South America; and
in northeast China in Asia. The global average annual organic carbon loss from agricultural land
was 2970 Gg for 2017-2021. The spatial distribution of emissions is roughly consistent with that of
dust emissions, which are mainly concentrated in the world’s four major black soil regions. These
estimates of dust and organic carbon losses from agricultural land are essential references that can
inform the global responses to the carbon cycle, dust emissions, and black soil conservation.

Keywords: organic carbon; carbon cycle; dust; wind erosion; black soil conservation

1. Introduction

Wind-driven soil erosion is a meteorological event that occurs when soil or soil par-
ent material is lifted into the air by air currents, which transport it long distances before it
is deposited back to the surface [1,2]. Wind erosion produces a large amount of airborne
dust particles [3,4], forming around 1~3 billion tons of dust aerosol per year, which is
about 30-50% of the total global aerosol mass [5,6]. Dust aerosol has a significant impact
on human health, air quality, ecology, and the climate [7-10]. A series of soil transport
processes can destroy soil structure, and blow, transport, and deposition processes can
result in a significant loss of soil nutrients, which can pose a serious threat to the produc-
tivity and sustainability of global agriculture [11]. Large quantities of organic carbon are
lost from the soil through wind erosion. Soil organic carbon (SOC) plays a key role in
regulating the global carbon cycle and climate change [3,12,13]. Small changes in soil or-
ganic carbon stocks can lead to large changes in atmospheric carbon dioxide (COz2) con-
centrations [3,14]. As the most erodible organic carbon source that is subject to
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disturbance from human activities, estimating wind dust emissions and organic carbon
loss from agricultural land is extremely important to any analysis of human responses to
the greenhouse effect and land degradation [15].

Wind erosion is the wind-driven movement of soil particles and has three phases:
particle entrainment, transport, and deposition [2,16]. When the surface wind speed ex-
ceeds a threshold wind speed, wind erosion occurs, and a large number of fine particles
rise from the ground [17]. Soil nutrients are generally concentrated in fine particles, and
so the loss of fines directly drives a reduction in soil nutrients and soil effectiveness [18].
The long-distance transport of soil from wind erosion impoverishes agricultural soil and
intensifies desertification, which threatens agricultural productivity [19,20]. Previous
studies into soil organic carbon loss have mostly focused on arid and semi-arid areas or
on small regional scales [2,15,21]. Global scale losses in areas with active agricultural wind
erosion are unclear. To date, there are few global-scale studies into soil organic carbon
loss due to wind erosion [14,21]. To bridge this gap, we estimated SOC losses due to wind
erosion using a wind erosion model and global data on SOC proportions.

Several models that emphasize wind erosion have been proposed to estimate dust
emissions. Owen [22] developed a wind speed profile for the leapfrog layer in 1964 and
obtained the mass flux of particles per unit width perpendicular to the fluid plane based
on two complementary assumptions about the interaction between turbulent winds and
uniform sand or soil particle motion. The wind erosion equation (WEQ) is the first model
that estimated annual wind erosion in the field in 1965 and includes 5 groups of 11 varia-
bles: climate factors, soil erodibility, soil surface roughness, field length, and crop residue
[23]. The main limitation of the WEQ model is its poor regional adaptability. It is mainly
based on empirical estimation and does not consider the complex and variable relation-
ships between various wind erosion factors for soil, which research into wind erosion
mechanisms has shown to be important. Gomes [24] combined models that represent two
processes for fine dust release in arid regions (leapfrogging and sandblasting) to form the
dust production model (DPM) in 2003. Shao [25] proposed a simple spectral dust emission
scheme in 2004, which can be used to calculate dust emissions for all particle sizes. These
models are all designed to be used for small areas. A new offline dust cycle model that
uses the Lund-Potsdam-Jena dynamic global vegetation model to calculate time-varying
dust sources was also proposed in 2011 [26,27]. In that model, adjustable thresholds are
used to determine vegetation cover, soil moisture, snow depth, and threshold friction ve-
locity for surface emissions, so as to improve the accuracy of the model [27]. It can be seen
that there has been a general improvement in dust models over time. Today, dust models
are gradually being combined with air quality models (e.g., WREF-Chem, CAMX,
CUACE/Haze, and CMAQ), which are widely used for the assessment of dust emissions
[15]. This study uses a new windblown dust emission module (FENGSHA) from the Com-
munity Multiscale Air Quality Modeling System (CMAQ) to estimate dust and organic
carbon losses from agricultural fields. The algorithm in the FENGSHA module is derived
from the formula proposed by Owen [22]. FENGSHA was built to simulate wind erosion
processes using inputs from other modules in CMAQv4.7 and has the strength of provid-
ing accurate estimates of dust emissions at a global scale. The module has been used for
detailed parameterization studies to investigate the key factors that determine the occur-
rence and variability of dust emissions.

The amount of organic carbon that is lost due to wind erosion is of global importance.
Several studies have estimated the loss of organic carbon from soils in different regions.
It has been estimated that some soils lose between 20 and 80 tons of carbon/ha, which is
mainly emitted into the atmosphere [28]. In China, the loss of SOC due to wind erosion
was estimated to be about 75Tg C yrin 1990 [11]. Organic carbon emissions in some areas
of Australia are estimated to be 1.59Tg SOC yr~! [21]. These studies highlight the severity
of SOC losses. Soil surfaces on agricultural land are subject to greater human interference
than other soil surfaces [15] and are thus an important source of dust emissions from wind
erosion. The loss of organic carbon from agricultural soils is a huge challenge for coping



Agriculture 2023, 13, 781

3 of 17

with the greenhouse effect and represents the loss of basic land materials [29]. Organic
carbon loss from wind erosion should therefore be considered so that we can further un-
derstand the global carbon cycle and land degradation.

Although many studies have looked at SOC loss in specific regions, the results are
not uniform. Despite the importance of dust in the global carbon cycle, carbon loss due to
wind erosion remains a poorly understood and unquantified component of the global car-
bon budget [3]. The main objective of this study was to estimate global emissions of dust
and organic carbon losses from agricultural land due to wind erosion. The results of this
study provide valuable information for understanding dust emissions, global carbon cy-
cling, and black soil conservation.

2. Material and Methods
2.1. Meteorological Data Improvement

Research on wind erosion in farmland typically depends on the relevant meteorolog-
ical data of the region. Weather research forecast (WRF) models are widely used for the
simulation of meteorological data due to their high resolution and detailed surface pro-
cesses [30]. However, WRF models are at a regional scale. Based on this, this study uses
global forecast system (GFS) weather data instead of WRF data. In this study, the wind
velocity (u) in the longitude direction and the wind velocity (v) in the latitude direction in
the GFS meteorological data were converted to the average wind velocity at 10 m, and
then the average wind velocity at 10 m was converted to the ground wind velocity. The
specific calculation formula is as follows [31]:

u(z) = Ju? + v? (1)
_u z
u(Z) = 7 lTl(Z) (2)

For Formulas (1) and (2), u(z) is the mean wind speed (m/s) at z (m) height; u* is
the critical wind speed; k is constant 0.4; Z, is pneumatic roughness.

2.2. Farmland Cultivation Area Adjustment

Only when the discharge flux is multiplied by the area of soil wind erosion in farm-
land can the total emissions of soil wind erosion dust in the farmland be obtained. There-
fore, the determination of the wind erosion area of farmland is the key to accurately esti-
mating dust emissions. This study determines the wind erosion area of farmland by
means of global crop almanac data and global crop area data. We process two kinds of
data into 0.1 ° x 0.1 ° grid data. The determination of the global area of wind erosion is
divided into two scenarios [30], the first of which is limited by the date of the end of cul-
tivation and the date of the end of harvest to determine the area of farmland soil where
wind erosion can occur globally; the second scenario is to determine the global area of
cropland soil that is likely to be subject to wind erosion by the date of the end of sowing
plus the date of one week later and the date of the end of harvest. By comparing the two
situations, the method and source distribution of soil wind erosion in farmland are se-
lected. The first case is to judge the area of each grid of crops where wind erosion can
occur; The second case is that in the first case, the date of the end of planting is extended
by 7 days as the date when the global farmland soil cannot be wind eroded, and the end
date of the global farmland soil wind erosion is still the date of the end of the harvest
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2.3. Adjustment of Wind Erosion Parameters in Farmland

The roughness of the surface can seriously affect the process of dust. Surface rough-
ness represents the ability of surface features to impede wind erosion, which can affect
critical friction velocities by covering parts of the soil surface. Early studies have devel-
oped formulas for the effect of surface roughness on critical friction velocity [32]:

-1
In (22
fa= {10 - —Fo— ©
b
In (a X =%)
ZOS

In Formula (3), zo = 0.0001, is aerodynamic roughness (m); zos = 0.0000333 is the local
roughness of the local soil surface (m); a and b are the empirical coefficients 0.35 and 0.8,
respectively; § =0.1 is the distance from the discontinuous point of roughness to the down-
stream (m).

In the wind erosion process of farmland, it is also necessary to determine the effect
of vegetation cover on the critical friction velocity. When the local surface covers vegeta-
tion, it has a very important protective effect on the soil at the surface, thereby reducing
the occurrence of wind erosion in farmland. Compared to perennially exposed land, 20
per cent of vegetation cover can halve the movement of soil particles in farmland. The
formula for the vegetation cover impact factor f,., is as follows [33]:

foeg = 1.0 — (min (LAI, 0.35)/0.35) 4)

In Formula (4), LAI is the leaf area index data. The formula indicates that when the
leaf area index exceeds 0.35, vegetation cover is almost 100%. Although the vegetation
cover is high, wind erosion is not possible, so this study set f to constant 0.1 when the leaf
area index exceeds 0.35.

Snow on exposed ground can not only directly inhibit dust emissions from soil sur-
faces, but also reduce them by melting to increase soil moisture. The formula for snow
cover in dust emissions is as follows [30]:

fse = 1.0 — snowcover /100 (5)

In Formula (5), snowcover is the global snow cover data for MOIDS.

Soil moisture can enhance the structure of soil agglomerates to reduce soil wind ero-
sion activity. Before determining the effect of soil moisture, it is necessary to determine
the limit value of soil particle adsorption water, which is the minimum value of soil mois-
ture and increases with the increase of soil viscose to limit the effect of soil moisture. The
critical friction velocity is affected only when soil moisture exceeds the limit of soil particle
adsorption water. On this basis, the effects of soil moisture and critical friction velocity
were determined. The specific formula is as follows [32,34]:

w; = 0-0014(%fclay)2 + 0.17(%fc1ay) (6)
_ { 1w<w 7
fo = [1+1.21(w — w)%8]%5 w > w, )

In Formula (6), f.qy is the clay data in soil texture data; Formula (7), w is the content
of gravity water in the soil.
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2.4. Estimating Global Dust Emissions and Organic Carbon Losses from Wind Erosion on
Agricultural Land

Dust emissions from agricultural fields were estimated using the Owen algorithm
from the CMAQ-FENGSHA model:

DUSTEMIS = k x A X g Xu*(u? —u?) xSEP xS (8)

DUSTEMIS in Equation (8) is total dust emissions from farmland; k is the ratio of
vertical and horizontal fluxes; A is a scale factor; p is the air density; g is gravitational
acceleration (9.8 m/s?); u* is the friction velocity; u; is the critical friction velocity; SEP
is the soil erodibility factor; and S is the wind-erodible area of farmland. More detailed
information about the formula can be found in our previous study [30].

The organic carbon loss is calculated using the following equation:

TOC = DUSTEMIS X P 9)

TOC is the amount of organic carbon lost (Gg); P is the percentage (by weight) of
organic carbon in the soil surface layer. Global organic carbon content data are derived
from a gridded soil dataset developed for the Earth System Model [35]. The dataset is
derived from the World Soil Map and the National Soil Database and the spatial distribu-
tion of soil properties is derived using area weighting. The dataset is available at resolu-
tions of approximately 1 km and 10 km, while the vertical variability of soil properties is
captured in eight layers, with the deepest layer extending to 2.3m in depth. We used soil
property data from the uppermost vertical layer (0—4.5 cm) of the 1 km resolution dataset.
The original data are calculated on a 43200x16800 grid, while DUSTEMIS uses a 3600x1800
grid, so we resampled the original data to a 3600x1800 grid.

2.5. Dataset

FENGSHA, as implemented in the CMAQ model, is a module to simulate wind ero-
sion based on inputs from CMAQ. The Owen dust formula is revised in FENGSHA, based
on wind speed, soil moisture, soil texture, and erodible land-use type. The improved
FENGSHA model requires the following datasets: meteorological data, snow cover, land
use, soil texture, vegetation data, and farmland data. The 10 m wind speed and soil mois-
ture data used in this study were obtained from the GFS reanalysis data, jointly produced
by the National Centers for Environmental Prediction (NCEP) and the National Center
for Atmospheric Research (NCAR). Snow cover information was obtained from
MODIS/Terra daily snow data from the National Snow and Ice Data Center (NASA). The
MODIS/Terra Snow Cover Daily L3 Global 0.05Deg CMG (MOD10C1) data, processed by
the Integrated Climate Data Center (ICDC) of the University of Hamburg with a resolu-
tion of 0.05° x 0.05°, were selected for this study for ease of use [36]. Global land cover
data were obtained from the University of Maryland, having been derived from data from
the National Oceanic and Atmospheric Administration (NOAA) Advanced Very High-
Resolution Radiometer (AVHRR) satellite sensor using the method in Hansen and Reed
[37] to distinguish between 14 land cover classifications at a resolution of 1 km x 1 km.
Soil texture data were obtained from the Food and Agriculture Organization of the United
Nations (FAO) and from the International Institute for Applied Systems Analysis (IIASA).
From these sources, we collected a large amount of regionally and nationally updated soil
information and combined it with the FAO Global Digital Soil Information Map, provided
at a scale of 1:5,000,000, to form a new integrated and coordinated World Soil Database
Harmonized World Soil Database (HWSD) with a resolution of 0.1° x 0.1°. The Normal-
ized Difference Vegetation Index (NDVI) data for 2005 and 2010 were used to identify
areas of farmland subjected to wind erosion, for comparison with the global farmland area
that is subject to wind- erosion based on the Global Crop Almanac (GCA) method. Leaf
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area index data were obtained from the reanalysis data integrated by Klingmuller et al.
[38] with a spatial resolution of 0.1° x 0.1° and a temporal resolution of one month. We
used annual global farmland crop area data collected by Sacks et al. [39], which comprise
6 different datasets of planting and harvesting dates for 19 major crops, typical crop plant-
ing and harvesting date ranges, crop, and region classifications. The global farmland crop
area data used in this paper were derived from a spatial production allocation model us-
ing a cross-entropy method to make reasonable estimates of crop distribution across 42
crops and 2 production systems based on specific input data.

3. Results
3.1. Characteristics of Global Wind Erosion Dust Emissions from Agricultural Land

The global distribution of emissions shows that the wind erosion of farmland is par-
ticularly severe in the European region along the Ukrainian and Russian borders and near
the border to the Urals (Figure 1). The Aberdeenshire region of the UK also has a large
area of farmland that is subject to wind erosion. In Asia, dust emissions are concentrated
in the Bangalore, Mumbai, and Rajkot regions of India and in the northeast of China,
where there are areas of farmland. In North America, high levels of wind erosion of agri-
cultural soils occur in the midwestern region of the United States, and high dust levels
also occur in the more agriculturally developed regions of North Dakota, South Dakota,
and Nebraska. High dust emissions from agricultural lands also occur in Saskatchewan
in southern Canada, which is an area of active agricultural activity. In South America,
wind erosion mainly occurs near Buenos Aires, the capital of Argentina, which is an im-
portant agricultural and pastoral area in Argentina where the Pampas is rich in wheat,
corn, and other crops. The main area of wind erosion in Oceana is in Western Australia.
The changes caused by wind erosion of farmland each year are not immediately obvious,
but changes in the degree of wind erosion that farmland is subjected to are clearer.
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Figure 1. Spatial distribution of global dust emissions from agricultural lands in 2017-2021.

320,000
280,000
240,000 45°N]|
200,000
160.000 v

120,000

45°8

80,000

40.000

320,000

280.000

240,000 45°N

200,000

160,000

120,000

45°§|

80.000

40,000

0

320,000

280,000

240,000

200,000

160,000

120,000

80.000

40.000

0

2018 Dust emissions (g/s)

0° 90°E

|
us°N
oo
s°s

90°W [ 90°E

2020 Dust emissions (g/s)
90°W o 90°E
S N

!
l4soN
e
las°s

90°W 0 90°E

320,000

280,000

240,000

200.000

160,000

120,000

80,000

40.000

0

320,000

280.000

240,000

200.000

160,000

120,000

80,000

40,000

0

The annual global dust emissions from agricultural land for each year from 2017 to
2021 are 1.65 x 10°g/s, 1.69 x 10°g/s, 1.71 x 10°g/s, 1.83 x 10°g/s, and 1.89 x 10°g/s, respec-
tively, with an average annual emission rate of 1.75 x 10° g/s. The wind erosion intensity
of global agricultural land is increasing year by year, with an annual growth rate of 14%.
Figure 2 shows global monthly emissions of dust over recent years and shows that dust
emissions peak in February, March and April, and drop to a minimum in August. The
overall monthly dust emissions are divided into three phases: a sharp increase from Jan-
uary to April, a sharp decrease from April to August, and a slow increase from August to

December.
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Figure 2. Global monthly dust emissions from agricultural land, 2017-2021.
The emission of dust from agricultural fields is influenced by many factors, such as
wind speed, soil moisture, and crop height, and levels of wind erosion, therefore, differ
day to day, as shown in Figure 3.
There are large peaks in daily dust emissions in February, March, and April, with
approximately 5 to 6 high-dust-emission days per month, while daily emissions in July,
August, and September fluctuate slightly, and then, in October, November, and Decem-
ber, similar peaks occur to those seen at the beginning of the year, with approximately 2
to 3 high-dust-emission days per month.
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Figure 3. Global daily dust emissions from agricultural land, 2017-2021. Note: 1-365 or 366 for Jan-
uary 1st to December 31st of each year.

3.2. Characteristics of Global Organic Carbon Loss from Agricultural Land Due to Wind Erosion

The global spatial distribution of organic carbon loss from farmland due to wind ero-
sion is consistent with the global distribution of dust (Figure 4a). The amount of organic
carbon loss is influenced by the amount of dust and by the amount of organic carbon in
the eroded farmland soils. Figure 4b shows the global distribution of SOC concentration
(presented as the percentage weight of the soil). Looking at the loss of organic carbon from
all continents, the average annual loss of organic carbon in North America is the highest
at 1030 Gg, followed by Europe at 983 Gg, then Asia at 541 Gg, and finally South America,
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at 371 Gg. The other continents lose less: Africa loses 44 Gg, Oceania loses 0.01 Gg, and
Antarctica loses none (Table 1). The central part of Canada, the Central Great Plains of the
United States, the Great Plains of Ukraine in southwestern Russia, the Pampas Plain of
Argentina, and the northeastern part of China all have high organic carbon content and
are all subject to SOC loss through wind erosion. Therefore, the global spatial distribution
of organic carbon loss from wind erosion is highest in these areas. There is a narrow band
of organic carbon losses from Alberta and Saskatchewan in Canada to Colorado, Kansas,
Montana, Nebraska, North Dakota, Oklahoma, South Dakota, Texas, and Wyoming in the
United States. Europe forms a belt of organic carbon loss from Manchester, UK, and Se-
ville, Spain, eastward to the plains of Ukraine in southwestern Russia. Asia forms a curved
belt of organic carbon loss from Mumbai, India, Mandalay, Myanmar, and Bangkok, Thai-
land, to northeast China. In South America, a circular loss zone is formed, centered in
Buenos Aires, Argentina. These areas are the key areas of organic carbon loss, which we
refer to as the three ‘belts’” and the one “zone’. A loss zone is also formed in Africa from
Mauritania, Mali, Niger, and Chad to Sudan, but the overall loss of organic carbon in this
zone is not high. There is also a discontinuous curved loss zone in Oceania from Perth,
Western Australia, to Melbourne, Victoria, but the loss of organic carbon from this zone

is not high either.
(a) Organic carbon loss (Gg) (b) Organic carbon (% of weight)
90°W 0 90°E 90°W 0 90°E 5400
] 16
2355 s & 4800
[ 3 14 . = s 2 {
45N b >, ¢eaile laseN 45N Y Mok - : uson [l 4200

3600
07 5 0 0° ! 0° 3000
2400
45°8) us°s Y ases 458 1800
04 - 1200

3 v .. 0.2 n
W [ 90°F W [ 90°E L

0.0 \ /0

Figure 4. The spatial distribution of organic carbon loss from farmland and soil SOC concentration.
(a) Global average loss of farmland organic carbon, 2017-2021; (b) percentage weight of organic
carbon in the soil. These data are the percentage of organic carbon by weight in the soil surface layer
(0-4.5 cm) multiplied by a correlation coefficient to obtain the final percentage value.

The annual loss of soil organic carbon due to wind erosion each year from 2017 to
2021 was 2877 Gg, 2781 Gg, 2867 Gg, 3175 Gg, and 3149 Gg, respectively (Table 1). The
annual average value of farmland organic carbon loss is 2970 Gg and the annual growth
rate is 9%. There is an overall rising trend in annual organic carbon loss, with the highest
loss in 2020 and only a slight decrease in 2021. Losses from North America and Europe,
the two regions with the highest organic carbon losses, both increased in 2020. In terms of
monthly organic carbon loss (Figure 5), the maximum peak of organic carbon loss occurs
in March and decreases to a minimum in July. The peak and minimum values do not occur
at the same time as the dust emissions. Similarly, the loss of organic carbon is divided into
three phases, with a rapid increase in organic carbon loss from January to March, a sharp
decrease from March to July, and a slow increase from July to December.
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Table 1. Annual loss of farmland organic carbon through wind erosion on different continents,
2017-2021.

Region 2017 2018 2019 2020 2021 Average
Unit: Gg

Asia 469 553 536 529 618 541
Europe 920 894 930 1142 1030 983
Africa 33 45 46 47 47 44

Oceania 0.01 0.01 0.01 0.01 0.01 0.01

North America 1051 928 991 1071 1111 1030
South America 404 361 364 387 342 371
Antarctica 0 0 0 0 0 0

Global 2877 2781 2867 3175 3149 2970
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Figure 5. Global monthly organic carbon losses from farmland, 2017-2021.

In contrast to dust emissions, organic carbon losses are influenced by both dust emis-
sions and the regional weight percentage of organic carbon in farmland soil. This makes
variations in organic carbon losses from day to day relatively smooth at a global scale
(Figure 6), although regional differences in the weight percentage of organic carbon in
farmland soil are not particularly large. Global organic carbon loss, like the dust emissions
that influence it, has multiple peaks from January to April, when there are generally one
to four days a month with spikes, and from October to December, when there are spikes
around two to three days each month. In the crop-growing months in the middle of the
year, day-to-day organic carbon loss does not fluctuate much and is less variable than dust
emissions.
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Figure 6. Global daily loss of organic carbon from farmland, 2017-2021. Note: 1-365 or 366 for Jan-
uary 1st to December 31st of each year.

4. Discussion

4.1. Emission Characteristics and Influencing Factors for Dust Emissions from Agricultural
Land

In this study, we estimated global emissions of agricultural dust due to wind erosion
using the CMAQ-FENGSHA module. The primary influence of wind erosion is wind
speed [10] since wind erosion becomes active when the wind speed reaches the energy
required to erode the erodible surface, that is when the wind speed is such that the energy
transferred to the surface exceeds the energy required to move particles in the topsoil
[40,41]. The intensity of sand erosion is closely related to the weather. In recent years, the
frequency of extreme weather events has increased [42], which is reflected in the annual
increase in dust emissions. For example, dust emissions during extremely high winds can
be 10 to 25 times higher than the annual average [43]. Figure 2 shows that dust emissions
increase sharply from February to April and that daily dust events are more frequent dur-
ing this period. This is late winter and spring in the northern hemisphere, when the aver-
age wind speed reaches its maximum, leading to an increase in dust emissions. Agricul-
tural land provides the soil surface that is most affected by human activities [44], and ag-
ricultural activities that disturb the soil surface, such as straw burning, tillage, and har-
vesting, can greatly increase the frequency and intensity of wind erosion [15,45]. The vul-
nerability of agricultural land to erosion is highly dependent on agricultural management
practices, such as planting and grazing schedules and soil conservation practices
[14,15,46]. High wind speeds and the management of human activities together drive dust
emissions from agricultural land. For example, areas with high emissions of agricultural
dust are concentrated in the plains from Ukraine to the Russian border in Europe, south-
ern Canada and the central United States in North America, eastern Argentina in South
America, and southern India and northeastern China in Asia. These regions have vast
agricultural lands, developed agricultural economies, and high levels of agricultural ac-
tivity. A large amount of agricultural machine activity (harvesting and planting), com-
bined with windy weather, inevitably leads to high dust emissions [47].

There are many other factors that also influence the amount of dust emitted from
agricultural lands, such as the annual crop calendar [48,49]. It is clear from the figures that
dust emissions are significantly lower from April to August, mainly because the planting
of crops during this period inhibits some dust from entering the atmosphere. As crops
grow and a crop canopy forms, this inhibition is strengthened and the amount of dust
entering the atmosphere reduces further. The rainy summer means that soil moisture is
generally high in summer in farmland areas, making it relatively difficult for wind erosion
mechanisms to kick in, Zhao et al. [48]. Emissions of dust from farmland are minimized
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during this period, and there are fewer extreme dust events and more moderate fluctua-
tions in daily dust emissions.

Global temperatures are rising under the influence of the greenhouse effect, which is
indirectly decreasing soil moisture levels [50], which is another reason why dust emissions
are increasing year by year.

Snow cover is also related to the slow increase in dust emissions from August to De-
cember. The increase mainly occurs in areas of exposed bare ground, but snow cover can
also directly affect dust emissions [51]. During this period, dust emissions increase grad-
ually due to windy winter weather, but do not exceed those of late winter and spring,
despite the frequency of dusty weather being slightly higher than in summer.

4.2. Loss Characteristics and Influencing Factors for Organic Carbon Loss from Farmland

Emissions of organic carbon from farmland are mainly influenced by the amount of
dust that is eroded and the weight percentage of organic carbon in the soil. The driving
mechanisms for on-farm dust emissions have been described in 4.1. The trends of monthly
and day-by-day organic carbon losses are roughly consistent with the trends for dust
emissions, but there are some differences in the peak monthly losses. These differences
are mainly related to the SOC content at the location of the erosion [35]. Wind erosion
activity occurs in March in areas with higher SOC content, and in August in areas with
lower SOC content. Therefore, the concentration of organic carbon in the soil (the weight
percentage) directly affects the amount of organic carbon loss [35]. The formation of the
three ‘belts’ and one ‘zone’ follows from the fact that these four regions happen to be the
four major black soil zones in the world, and black soils have a higher organic carbon
content than other soils [52]. The four black soil areas are fertile and create the breadbasket
of the world. This is consistent with the higher organic carbon losses in North America,
Europe, Asia, and Europe that are seen in the results. The frequency and extent of farm-
land activity have risen in recent years, driven by a surge in food demand as the popula-
tion continues to increase [47]. This has further intensified wind erosion activity, resulting
in a gradual increase in organic carbon loss. However, the difficulties in transporting basic
agricultural materials and the lack of labor due to COVID-19 in 2021 led the global agri-
cultural activity level to generally decrease [53], so organic carbon losses also decreased
slightly in 2021. The loss of carbon further intensifies the greenhouse effect by increasing
the temperature, resulting in lower soil moisture and so promoting further carbon losses
[54]. Changes in SOC are an essential indicator for the loss of nutrients from black soils
and for soil response to the greenhouse effect [55,56].

The loss of organic carbon from farmland is influenced by other factors, which di-
rectly or indirectly affect the organic carbon content of farmland soil. Firstly, soil proper-
ties are important [55]. The three ‘belts’ and a ‘zone’ of black soil are areas of high soil
quality, while the emission belt in Africa and the curved emission belt region in Oceania
represent poor soil quality, with a lower organic carbon content [44]. The arid climate in
the emission belt region of Africa is not conducive to the accumulation of organic matter,
and the curved emission belt region of Oceania has serious soil sanding and easily loses
organic matter. Secondly, the extensive mechanization of farming and overuse of chemical
fertilizers in long-term agricultural activities have led to a significant loss of organic car-
bon and other nutrients [44,57]. Thirdly, the protection of farmland is important. Reason-
able protection of farmland increases the organic content of the soil and increases food
yields.

4.3. Impact of Wind-Driven Organic Carbon Loss from Farmland on Conservation Strategies

SOC is an important nutrient in soils and losses will certainly cause reductions in
food yields and encourage a food crisis, while also aggravating the greenhouse effect and
so affecting the further sequestration of SOC. High losses of organic carbon will lead to a
vicious circle between food shortages and the greenhouse effect. The four black soil zones
therefore pose a significant challenge, since they are the breadbasket of the world and
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have high organic carbon emissions. For countries in the three ‘belts” and one ‘zone’, a soil
conservation strategy has become imperative.

The United States currently operates the Environmental Quality Incentives Program
(EQIP) and Conservation Stewardship Program (CSP) [58,59]. EQIP provides financial
and technical assistance to agricultural producers and non-industrial forest operators to
address natural resource issues and to deliver environmental benefits, such as improving
water and air quality, protecting groundwater and surface water, increasing soil health,
reducing soil erosion and sedimentation, improving or creating wildlife habitats, and mit-
igating drought and increasing weather fluctuations. CSP aims to reduce the contribution
of agricultural operations to dust and greenhouse gas emissions, among other things. Im-
proving the quality of cropland soils is one of the priorities of EQIP and CSP. As a signif-
icant emitter of organic carbon in North America, the Canadian government has invested
more than $1.6 million in new technologies for efficient fertilizers [60]. Since the release of
Canada’s Enhanced Climate Plan, the Canadian government has been working to im-
prove the environmental sustainability of fertilizers and announced a national target to
reduce greenhouse gas emissions from fertilizers by 30% by 2030, compared to 2020 levels,
in December 2020. Sustainable types of fertilizer will be more conducive to soil quality
conservation and will promote increased food production. The development of new tech-
nologies for efficient fertilizers has been identified as a way to achieve carbon reduction
in fertilizer emissions.

In Europe, the UK has relatively high emissions at the national level and currently
operates the Sustainable Farming Incentive Scheme, the first of three new environmental
land management schemes introduced under the Agricultural Transformation Program
[61]. These programs will invest in the foundations of food production: healthy soils, wa-
ter, and biodiversity ecosystems to ensure long-term food security.

In Asia, the regions with high organic carbon losses are northeast China and south-
central India. Northeast China is one of the four largest black soil areas in the world and
has included the protection of black soil in legislation that is dedicated to the protection
of black soil, construction of agricultural infrastructure, improvement of black land qual-
ity, restoration and improvement of the black land, and prohibition of poaching and in-
discriminate excavation [62]. Heilongjiang and Jilin provinces in northeast China have is-
sued several policy initiatives related to black soil conservation and black soil protection
master plans in response to national and global soil conservation programs [62,63].

4.4. Uncertainty in Estimating Dust Emission and SOC Loss by Wind Erosion

The optimized CMAQ-FENGSHA module is used to estimate global farmland dust
emissions. The algorithm has been well-verified in previous studies. Zhang et al. [17] es-
timated the results in the simulation study of black soil erosion in Northeast China to be
almost consistent with the actual observations. In Cao’s study, the results of farmland dust
simulation were compared with the local monitoring data in the United States [31]. In
addition, the results were compared with other dust mechanisms (e.g., SH2004, AG2001,
MB1995, GP1988, OW1964, etc.). Overall, the method is more accurate in estimating dust
emissions from farmland. However, because of the accuracy of the data (e.g., GFS mete-
orological data, global soil data, etc.), there is still some uncertainty about the estimated
results.

The global organic carbon loss from farmland was estimated based on the global dust
emissions from farmland combined with the global soil organic matter weight percentage
data. However, this study did not consider that the dry and wet deposition process of
dust may lead to a high amount of organic carbon loss. In addition to this, the interpola-
tion calculation method and resolution of global soil organic carbon weight percent data
may also lead to some uncertainty in the organic carbon loss results.

5. Conclusions
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This study estimated the global emissions of dust and organic carbon from agricul-
tural land due to wind erosion from 2017-2021. The results show that the spatial charac-
teristics of dust and organic carbon emissions are largely consistent, but emissions vary
considerably. The regions with high emissions of dust and sand from farmland are con-
centrated in the UK, the border area from Ukraine to Russia, Canada and the USA, Ar-
gentina, northeast China, and south-central India, showing a spatial distribution of three
“belts” and one “zone”. The spatial distribution of organic carbon loss from farmland is
basically consistent with that of dust. The global annual emissions of dust from farmland
are 1.65 x 109 g/s, 1.69 x 10° g/s, 1.71 x 10° g/s, 1.83 x 10° g/s, and 1.89 x 10° g/s from 2017-
2021, with an annual growth rate of 14%, respectively. In addition, from 2017-2021, the
annual global organic carbon loss from farmland was 2877 Gg, 2781 Gg, 2867 Gg, 3175 Gg,
and 3149 Gg, respectively, with an annual growth rate of 9%. It can be seen that both dust
emissions and organic carbon losses are increasing. These results are important for the
study of the global carbon cycle, dust emissions, and black soil conservation.
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