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A B S T R A C T

Dust emissions due to wind erosion have significant impacts on air quality, climate, and biogeochemical pro-
cesses. Arid and semi-arid regions in Northern China are a major contributor to global dust emissions. However,
how dust emissions affect soil organic carbon (SOC) and nutrient losses in this region are poorly understood. In
this study, we estimated the spatial patterns and temporal dynamics of SOC and nutrient (total nitrogen (TN) and
total phosphorus (TP)) losses in spring using a process-based dust emission model in Northern China during
1982–2011. Spatial patterns of SOC and nutrient losses are consistent with dust emission rates across the re-
search region. Annual losses of SOC, TN, and TP resulted from wind erosion in spring were
0.985 ± 0.149 Tg yr−1, 0.094 ± 0.014 Tg yr−1, and 0.089 ± 0.013 Tg yr−1, respectively. Two distinct per-
iods with opposite trends were identified in dust emissions and SOC and nutrient losses, declining from 1982 to
1997 and then increasing. The opposite patterns in Northern China are largely attributed to the changes in
vegetation growth due to climate change and shifts of green-up date of vegetation. The findings could help to
reduce the uncertainties in simulating regional biogeochemical cycling in Northern China.
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1. Introduction

The dust emission, transport, and deposition can influence terres-
trial nutrients cycling (Reynolds et al., 2001), ocean productivity
(Jickells et al., 2005), air quality (Monks et al., 2009; Li et al., 2019),
human health (Griffin, 2007; Lelieveld et al., 2015), and regional to
global climate (Tegen et al., 1996; Evan et al., 2016; Song et al., 2017).
The annual global dust emission caused by wind erosion ranges from
500 to 4300Mt (Huneeus et al., 2011). The area affected by wind
erosion in China is approximately 1.91 million km2, accounting for 20%
of the national territory (Wang et al., 2006), which is a primary con-
tributor to atmospheric dust aerosols in East Asia (Song et al., 2016)
and frequently transported over long distances to North Pacific Ocean,
North America (Yu et al., 2012), and even Europe (Grousset et al.,
2003). Soil organic carbon (SOC) and nutrient losses associated with
wind erosion and dust emissions in this region can profoundly impact
plant growth and productivity as well as ecosystem carbon (C) cycling
and sequestration in China.

Dust emissions can remove considerable quantities of top soils en-
riched with SOC and nutrients from the source area (Harper et al.,
2010), which is a major process of soil degradation in arid and semi-
arid regions (Van Oost et al., 2007; Chappell et al., 2019). SOC and
nutrients associated with fine soil particles can be transported hundreds
and thousands of kilometers and influence ecosystems far away from
the source regions (Webb et al., 2012). Numerous studies have been
conducted to investigate the impacts of dust emissions on SOC and
nutrient losses over the past several decades, including field experi-
ments (Wang et al., 2006; Hoffmann et al., 2011), remote sensing (Yan

et al., 2005; Yu et al., 2015), model simulations (Chappell et al., 2013,
2019), and 137Cs analysis (Chappell et al., 2014). However, these stu-
dies mainly concentrated on the SOC losses and large uncertainties
remain. For example, the annual SOC emission in China can vary from
3 Tg yr−1 (Duan et al., 1996) to 75 Tg yr−1 (Yan et al., 2005). In a re-
view study, Wang et al. (2006) estimated the annual soil C and nitrogen
(N) losses due to wind erosion ranging from 59 to 4514 kg C ha−1 and
from 5.9 to 387 kg N ha−1, respectively.

The severity of wind erosion is generally controlled by the threshold
friction velocity (u*t) associated with the wind speed, precipitation, soil
composition, soil moisture, and vegetation (Liu et al., 2004; Cowie
et al., 2013; Kim and Choi, 2015). Surface friction wind velocities (u*)
can be inhibited or stimulated due to the changes of surface roughness
induced by increased or decreased vegetation cover (Cao et al., 2011).
The vegetation growth is sensitive to climatic change in boreal and
temperate regions over the past several decades (Piao et al., 2008).
Climate change in Northern China leads to substantial difference in
plant growth and vegetation cover, resulting in great variability in
spatial patterns and temporal trends of SOC and nutrient losses due to
wind erosion over the past several decades. In addition, land use may
play an important role in regulating dust emissions, particularly in the
Northeast and the Southern margin of the Loess Plateau (Ginoux and
Deroubaix, 2017).

Most of the previous studies mainly focus on wind erosion impacts
on the losses of SOC and/or N. Phosphorus (P) can also limit plant
productivity and C storage in terrestrial ecosystems (Katra et al., 2016).
However, little research efforts have been made to investigate losses of
soil P due to wind erosion. Thus, a comprehensive quantification of

Fig. 1. Spatial distributions of vegetation types, field sampling sites (blue circles), and meteorological stations (red circles) in Northern China. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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SOC, N, and P losses induced by wind erosion is critical to understand
the relationships of SOC and nutrient budgets with dust emissions and
the consequent impacts on plant growth and productivity.

This study evaluated the dust emission model using datasets from
field investigations that mimicked the wind erosion and simulated the
spatial patterns and temporal dynamics in losses of SOC, N, and P under
wind erosion over Northern China during the spring of 1982–2011.

2. Materials and methods

2.1. Research region and field samplings

The study area is the arid and semi-arid regions of Northern China
with temperate continental climate (Fig. 1). Deserts and temperate
steppes are the major vegetation types in this region. The total area
accounts for approximately 30% of the China territory with mean an-
nual precipitation less than 400mm and annual mean temperature
ranging from 0 °C to 13 °C.

To evaluate the performance of dust emission simulations and the
accuracy of SOC and nutrient datasets in Northern China, field in-
vestigations mimicking dust emission were conducted in the spring
(March–May) of 2014 and 2015. Three 1×1m plots were selected at
each sampling site (Fig. S1). We collected soil particles, which have
been uplifted by blowing winds generated by a pneumatic extinguisher
at a specific wind velocity for each plot (Fig. S1b). To reduce the tur-
bulences generated by the pneumatic extinguisher and make it similar
to natural wind, we redesigned it by increasing the length and the cross-
sectional area of the airflow outlet (Fig. S1b). The uplifted dust weight
was measured after removed plant litters in the collected samples for
each plot. Parameters required for the dust emission model and the
estimation of SOC and nutrient losses were measured in the top soils
(0–10 cm), including vegetation cover, soil moisture, bulk density,
particles diameter distribution, and contents of SOC and N. Field sam-
plings were conducted at 293 sites (Fig. 1) across the research region,
which were utilized to evaluate the performance of the dust emission
model and contents of SOC and nutrient datasets.

2.2. Dust emission model description

The dust emission simulation was the rudimentary procedure for the
estimation of SOC and nutrient losses. In this study, we adopted a wind

erosion scheme, which is a component of the Integrated Wind Erosion
Modeling System (IWEMS; Lu and Shao, 2001) to simulate the spatial-
temporal variations of spring dust emissions during 1982–2011 in
Northern China. IWEMS is a process-based model developed by Lu and
Shao (2001), and consists of an atmospheric model, a land surface
model, a wind erosion scheme, a dust transport and deposition scheme,
and a geographic information database. The atmospheric model pro-
vides wind velocity and eddy diffusivity data, which are used to drive
wind erosion and transport model. To simulate dust emission rate,
meteorological and land surface data are passed to the wind erosion
scheme at each physical time step. The geographic information data-
base provides spatial distributions of land surface data for the dust
emission model, such as soil properties, friction velocity, etc. Dust
emissions and atmospheric data are then passed to the dust transport
model to predict the dust motion (Shao et al., 2003). Numerous studies
have been adopted the IWEMS to simulate dust emissions over East Asia
(Shao et al., 2002; Mao et al., 2011, 2013; Du et al., 2014; Song et al.,
2016, 2017) and demonstrated that it had good performance in the
simulation for dust emissions over East Asia, especially in gobi desert
areas (Su and Fung, 2015).

In this study, we concentrated on the dust emission for the esti-
mation of SOC and nutrient losses rather than its transport and de-
position. Therefore, the component of the wind erosion scheme in
IWEMS was adopted to simulate dust emissions in Northern China. The
wind speed was used as the wind erosion scheme's input without in-
cluding the wind direction. Fig. 2 shows the structure of the wind
erosion scheme. Three mandatory parameters should be represented in
this wind erosion model, including the erosion threshold friction velo-
city u*t, the streamwise saltation flux Q, and the dust emission rate F for
each size classes of dust particles.

The threshold friction velocity for particle-size ds can be calculated
using a simple equation

= +u d a gd a
d

( )t s
p

a
s

a s
1

2

(1)

where ρa is the air density, ρp is the density of sand particles, g is the
acceleration of gravity, a1 is a dimensionless parameter (0.0123), a2 is a
dimensioning parameter (3×10−4 kg s−2), ds is the sand particle dia-
meter. The threshold friction velocity with roughness elements
(Raupach et al., 1993) can be calculated as

Fig. 2. The structure of the wind erosion scheme.
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where mγ is a tuning parameter with a value less than one which ac-
counts for non-uniformities in the surface stress distribution (mγ≈0.5),
σγ is the ratio of basal area to the frontal area (σγ≈1), βγ is the ratio of
the pressure-drag coefficient to the friction drag coefficient (βγ≈90), λ
is the frontal area index of the roughness element. The frontal area
index required for the calculation of threshold friction velocity is esti-
mated from NDVI (Lu and Shao, 2001).

The horizontal saltation flux, Q, is calculated by the theoretical
equation proposed by Owen (1964). For uniform sand particle soil, the
horizontal sediment flux is calculated as
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where c is Owen's coefficient, u* is the friction velocity, and u*t (d) is
threshold friction velocity for particles with the diameter of d. For the
calculation method of u*t (d), please refer to Lu and Shao (2001). The
total horizontal dust flux can be estimated by a weighted integral of
Q d˜ ( ) over each size class defined by the particle size distribution p(d):

=Q Q d p d d˜ ( ) ( ) (4)

Four dust particle size groups, including d≤2 μm (clay),
2 < d≤11 μm (fine silt), 11 < d≤22 μm (medium silt), and
22 < d≤52 μm (large silt), are considered in this study (Lu and Shao,
2001). The dust emission rate (vertical dust flux), F, is calculated by the
wind erosion scheme in the IWEMS developed by Lu and Shao (1999):

= +F
C gf

p
C u

p
Q
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0.24b p

(5)

where Q is the horizontal saltation flux, f is the total volumetric fraction
of dust in the sediment, ρb is the bulk soil density, ρp is the particle
density, p is the soil plastic pressure exerted by soil on a particle moving
through it, Cα and Cβ are coefficients of order 1. An integration of Eq.
(5) over the particle size range gives the total vertical dust flux from the
soil surface for a given u*. The plastic pressure, p, is > 105 Nm−2 (Lu
and Shao, 1999) for most natural soils. This allows a further simplifi-
cation of Eq. (5) to

=F
C gf
p

Q
0.12 b

(6)

which is used in this study. For details of the vertical dust flux calcu-
lation, please refer to the literature of Lu and Shao (2001).

2.3. Datasets

Land surface variables required by the dust emission model are soil
properties, vegetation cover, and land use. Soil variables were obtained
from the Harmonized World Soil Database (HWSD). The soil map of
China in HWSD with a map scale of 1:1,000,000 was based on data of
the office for the Second National Soil Survey of China (1995) and
distributed by the Institute of Soil Science in Nanjing (Shi et al., 2004),
which was utilized to create map layers of soil types, bulk density, clay
fraction, etc. The vegetation cover was derived based on the third
generation of Normalized Deviation Vegetation Index (NDVI3g) from
Global Inventory Modeling and Mapping Studies (GIMMS) during
1982–2011 (Tucker et al., 2005). The spatial resolution of this dataset is
1/12-degree and the temporal resolution is half month. Land use map
layers with a map scale of 1:100,000 in 1980s, 1995, and 2000 had 25
categories were obtained from Data Sharing Infrastructure of Earth
System Science and were integrated with soil data to extract the
erodible fraction based on the methods proposed by Lu and Shao
(2001).

Three types of wind field datasets, including National Centers for

Environmental Prediction and National Center for Atmospheric
Research (NCEP) reanalysis datasets, European Center for Medium-
Range Weather Forecasts (ECMWF), and China Meteorological Forcing
Dataset (CMFD) were adopted to force the wind erosion model from
1982 to 2011. Datasets of NCEP reanalysis and ECMWF were updated
every 6 h, and the spatial resolutions of them were 2.5°× 2.5° and
0.25°× 0.25°, respectively. The CMFD, however, was updated every 3 h
with a spatial resolution of 0.1°× 0.1°, which was developed by Data
Assimilation and Modeling Center for Tibetan Multi-spheres, Institute
of Tibetan Plateau Research, Chinese Academy of Sciences (He and
Yang, 2011). Observed wind speed, temperature, and precipitation at
91 sites across the research region (Fig. 1) were obtained from NOAA-
National Climatic Data Center Surface (NCDC), which were used to
evaluate the accuracy of the three wind speed datasets and analyze the
climate during the research period.

To estimate SOC and nutrient losses, spatial distributions of SOC, N,
and P contents obtained from Soil Database of China for Land Surface
Modeling (SDCLSM) were used to quantify SOC and nutrient losses due
to wind erosion. SDCLSM has a spatial resolution of 30×30 arc-sec-
onds which was derived from 8979 soil profiles and the Soil Map of
China (1:1,000,000) (Shangguan et al., 2013). The soil organic matter
(SOM) content of SDCLSM were converted to organic carbon contents
using the factor 0.58 (guidelines in the National Soil Survey Handbook,
http://soils.usda.gov/technical/handbook).

2.4. Model evaluation and simulation

It is challenging to conduct a comprehensive evaluation of the
performance for the dust emission model because of limited field ob-
servations on dust emissions in China. With the assumption that dust
emissions are closely associated with the dust storm frequency, we have
evaluated this wind erosion model using dust storm frequency datasets
from the meteorological network of China Meteorological Data Center
in Fig. 7 by Song et al. (2016). The simulated dust emissions during that
study period were well correlated with observed dust storm frequencies
(Song et al., 2016).

The accuracy of wind speeds is crucial to the dust emission simu-
lation due to it is the main driver of wind erosion. Large variances exist
in the three wind speed datasets adopted in this study (Fig. 3a, b, and
c), although the correlations between NCEP (R=0.327, P < 0.001),
CMFD (R=0.809, P < 0.001), and ECMWF (R=0.511, P < 0.001)
and observed wind speeds were significant over the research region.
This could result in different dust emissions between simulations by the
three wind speed datasets. In this study, the wind erosion model was
driven by the measured data from the mimicking wind erosion at 293
sites (blue circles in Fig. 1), and then the simulations were compared
with the measured dust emissions (Fig. 3d). Results showed that model
simulations fitted well (R=0.80, P < 0.001) with the field sampling
(Figs. 3d and S2).

To evaluate the SOM and nutrient contents in soil inventories,
comparisons were made between their contents in soil datasets and the
measured SOC and TN contents. However, TP contents were not mea-
sured for the soil samples in the field investigations. The SOM in
SDCLSM was well correlated with measured SOC contents (R=0.642,
P < 0.001) (Fig. 3e), and the spatial pattern of measured SOC was
consistent with the spatial distribution of SOC in the soil datasets (Fig.
S3a). The TN contents in soil datasets were positively correlated with
the measured contents (R= 0.472, P < 0.001) (Fig. 3f). The TN con-
tents in SDCLSM may be underestimated to some extent. In addition,
the spatial pattern of the measured TN contents in the research region
was well consistent with the spatial distributions of TN contents in
SDCLSM (Fig. S3b). The mimicked dust emissions demonstrated that
dust emissions mainly occurred in regions of low vegetation cover
(Fig. 4).

Dust emissions in Northern China were simulated over 3 months
(March 1 to May 31) in each year from 1982 to 2011 forced by
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Fig. 3. Relationships of the simulated wind speeds (a, NCEP; b, CMFD; c, ECMWF) with observed wind speeds, of the simulated dust emission rates with the measured
dust emission rates (d), and of SOC (e) and TN (f) contents in soil datasets of SDCLSM with SOC and TN contents measured in field investigations.

Fig. 4. The map of mimicked dust emissions (blue circles) and vegetation cover. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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meteorological fields and land surface inventories. All datasets were
projected to the same spatial coordinate system through the Albers map
projection and re-gridded to the horizontal resolution of 8 km×8 km
before simulations. The dust parameterization is driven by three to six-
hourly meteorological fields, annual vegetation cover, decadal (e.g.
land use) or fixed (e.g. soil) surface properties. Losses of SOC, N, and P,
in this study, were estimated through multiplying the dust emission
amount by the contents of SOC, N, and P in Northern China using the
method proposed by Yan et al. (2005).

3. Results

3.1. Spatial and temporal variations of dust emissions

The average of simulated spring dust emissions (Fig. 5a) showed
that the wind erosion mainly occurred in the deserts of arid and semi-
arid areas (Fig. 1) in Northern China. The vegetation cover was lower
than 0.2 (Fig. 4) and the annual spring dust emission rates were greater
than 50 gm−2 yr−1 (Fig. 5a) across the intensified wind erosion re-
gions. The largest standard deviations (> ±60 gm−2 yr−1) of aver-
aged dust emissions simulated by the three wind datasets distributed in
regions of Southern Taklimakan Desert, Eastern Xinjiang, Northern

Fig. 5. Spatial distributions of annual averages of spring (March–May) dust emission rates (a) and the standard deviations of averaged simulations parameterized by
NCEP, ECMWF, and CMFD (b).
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Qinghai, and parts of Inner Mongolia (Fig. 5b).
The average of spring dust emissions was 154.45 ± 21.28 Tg yr−1

(Fig. 6a) and the annual spring dust emissions simulated by NCEP,
ECMWF, and CMFD were 220.11 ± 20.3 Tg yr−1, 110.24
± 14.8 Tg yr−1, and 132.98 ± 38.3 Tg yr−1, respectively (Fig. S4).
The difference between the two simulations by NCEP and ECMWF can
reach a factor of 2 and the simulation of CMFD had the largest fluc-
tuations (Fig. S4). This may be due to the overall simulated NCEP was
higher than the simulated ECMWF (Fig. 2a and c). The maximum and
minimum annual spring dust emissions for 1982–2011 were
197.47 ± 59.79 Tg yr−1 in 2010 and 105.20 ± 63.22 Tg yr−1 in 1997
(Fig. 6a). Although a general declining trend of dust emissions is si-
mulated over the entire study period, there were two clearly distinct
periods with opposite trends before and after 1997 (Fig. 6a). The annual
spring dust emissions generally decreased by −3.227 Tg yr−1

(P < 0.001) between 1982 and 1997, but slightly increased by
0.933 Tg yr−1 (P= 0.571) since 1997 (Fig. 6a).

3.2. Temporal changes in losses of SOC and nutrient

At the regional scale, the annual losses of SOC (Fig. 6b), TN
(Fig. 6c), and TP (Fig. 6d) during spring due to wind erosion were
0.985 ± 0.149 Tg yr−1, 0.094 ± 0.014 Tg yr−1, and 0.089 ±
0.013 Tg yr−1, respectively. The maximum losses of SOC
(1.266 ± 0.449 Tg yr−1), TN (0.119 ± 0.042 Tg yr−1), and TP
(0.114 ± 0.037 Tg yr−1) appeared in 2010 and the minimum losses of
SOC (0.644 ± 0.393 Tg yr−1), TN (0.061 ± 0.035 Tg yr−1), and TP
(0.059 ± 0.036 Tg yr−1) occurred in 1997 (Fig. 6b, c, and d). There
were substantial discrepancies in the losses of SOC and nutrient simu-
lated by ECMWF (SOC, 0.645 ± 0.101 Tg yr−1; TN, 0.063
± 0.010 Tg yr−1; TP, 0.062 ± 0.009 Tg yr−1), NCEP (SOC,
1.471 ± 0.164 Tg yr−1; TN, 0.139 ± 0.016 Tg yr−1; TP, 0.128
± 0.013 Tg yr−1), and CMFD (SOC, 0.838 ± 0.248 Tg yr−1; TN,
0.080 ± 0.023 Tg yr−1; TP, 0.077 ± 0.023 Tg yr−1) (Fig. S5).

Temporal trends in SOC (Fig. 6b), TN (Fig. 6c), and TP (Fig. 6d)
losses were well consistent with the trends of dust emissions from 1982
to 2011 (Fig. 6a). Similar to the trends of dust emissions during the
entire study period, two distinct opposite trends of SOC and nutrient
losses before and after 1997 were identified. Averaged SOC losses in
spring across Northern China decreased by −0.024 Tg yr−1

(P < 0.001) and then slightly increased by 0.005 Tg yr−1 (P= 0.667)
before and after 1997, respectively (Fig. 6b). SOC losses declined by
−0.016 Tg yr−1 (P=0.069), −0.050 Tg yr−1 (P < 0.001), and
−0.006 Tg yr−1 (P= 0.193) from 1982 to 1997 estimated by wind
datasets of NCEP, CMFD, and ECMWF (Fig. S5a), respectively.

The averaged TN (Fig. 6c) and TP (Fig. 6d) losses in spring declined
by −0.0024 Tg yr−1 (P < 0.001) and −0.002 Tg yr-1 (P < 0.001)
before 1997 and then slightly elevated by 0.0004 Tg yr−1 (P= 0.733)
and 0.001 Tg yr−1 (P= 0.617). The TN losses simulated by the three
wind datasets (Fig. S5b) decreased by −0.0017 Tg yr−1 (NCEP,
P= 0.041), −0.0049 Tg yr−1 (CMFD, P < 0.001), and
−0.0006 Tg yr−1 (ECMWF, P= 0.165) from 1982 to 1997, but mar-
ginally raised at rates of 0.0011 Tg yr−1 (NCEP, P=0.349) and
0.0004 Tg yr−1 (ECMWF, P= 0.559) from 1997 to 2011. During the
period 1982–1997, TP losses decreased by −0.0013 Tg yr−1 (NCEP,
P= 0.057), −0.0042 Tg yr−1 (CMFD, P < 0.001), and
−0.0005 Tg yr−1 (ECMWF, P=0.203) (Fig. S5c).

3.3. Spatial distributions of SOC and nutrient losses

The SOC contents in surface soils generally increased with in-
creasing latitude in the east part and decreased from east to west in
most areas of Northern China (Fig. S3a). Dust emissions mainly oc-
curred in areas with low SOC content in the top soils (Figs. 5a and 7a).
The annual SOC loss rate in spring was less than 3 gm−2 yr−1 across
most regions (Fig. 7a). Areas with severe SOC losses were Western Inner
Mongolia, Western Gansu, Northwestern Qinghai, and Eastern Xinjiang
(Fig. 7a).

Fig. 6. Inter-annual variations of dust emissions (a) and annual losses of SOC (b), TN (c), and TP (d) during periods of 1982–1997 and 1997–2011 at the regional
scale and shaded areas denoted standard deviations of averaged dust emission (a) and losses of SOC (b), TN (c), and TP (d) losses simulated by three wind field
datasets (CMFD, ECMWF, and NCEP).
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Both TN and TP contents in the top soils was less than 0.1% across
most wind erosion areas in Northern China (Figs. S3b and c). Spring TN
and TP losses in most areas of Northern China were less than 0.1 gm−2

yr−1 (Fig. 7c and e) over the past three decades. Areas with severe TN and
TP losses (>0.1 gm−2 yr−1) were in Eastern Xinjiang, Northwestern
Gansu, Western Inner Mongolia, and parts of Northern Qinghai (Fig. 7c
and e). Spatial patterns of SOC, TN and TP losses were heterogeneous in
Northern China (Fig. 7a, c, and e). The largest standard deviations of
averaged SOC (> ±0.5 gm−2 yr−1) and nutrient (> ±0.1 gm−2 yr−1)
losses simulated by the three wind fields occurred in parts of Eastern
Xinjiang and Northern Gansu (Fig. 7b, d, and f).

4. Discussion

4.1. Spatial distributions of SOC and nutrient losses

The vegetation and climate have significant impacts on dust emis-
sions (Musick and Gillette, 1990; Hupy, 2004; Peng et al., 2010; Song
et al., 2016). The spring NDVI (a vegetation growth indicator) in
Northern China significantly increased from 1982 to 1997, but then
slightly decreased from 1997 to 2006 (Zhou et al., 2001; Piao et al.,
2011). Across the research region, the prescribed NDVI in growing
season (April–October), spring, summer, and autumn increased during

Fig. 7. Spatial distributions of annual averages of SOC (a), TN (c), and TP (e) losses and the standard deviations of averaged SOC (b), TN (d), and TP (f) losses
simulated by the three wind field datasets (ECMWF, NCEP, and CMFD).
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1982–1997, whereas decreased from 1997 to 2010 (Fig. S6). Dust
emissions and SOC and nutrient losses (Fig. 6) showed negative cor-
relations with NDVI during both the time periods.

The climate change is one of the main drivers of vegetation dy-
namics (Zhou et al., 2001; Piao et al., 2006b, 2011). Vegetation growth
is highly sensitive to temperature changes in boreal and temperate re-
gions at the beginning and end of growing season (Tanja et al., 2003;
Piao et al., 2008). Growing season temperatures increased across most
intensive wind erosion areas in Northern China from 1982 to 1997, but
slightly decreased from 1997 to 2006, which could result in the ele-
vated and declined NDVI during the two periods (Piao et al., 2011),
respectively. Moreover, summer precipitation across Inner Mongolia
increased during the period 1982–1997 and declined from 1997 to
2006 (Piao et al., 2011), which resulted in the increase and decrease
vegetation growth in summer. Vegetation activities in summer con-
tribute primarily to the annual plant growth (Piao et al., 2003; Lee and
Sohn, 2011) and could directly influence spring dust emissions in
Northern China. Li et al. (2015) reported that the earlier vegetation
green-up date has dampening effects on regional spring dust storm
frequencies. During the period of 1982–1997, the green-up date of
vegetation has advanced in spring by 0.79 days yr−1 (Piao et al.,
2006a) or 1.3 days per decade (Cong et al., 2013) and the dormancy
delayed in autumn by 0.37 days yr−1 (Piao et al., 2006a) in Northern
China. However, we can capture the delayed green-up date of vegeta-
tion after 1997 in Fig. 1 of the multimethod analysis by Cong et al.
(2013). The shifts of phenology, therefore, could be another influencing
factor that results in the decreased and increased trends of dust emis-
sions before and after 1997.

The spring wind speed across most research areas decreased during
the periods of 1982–2011, 1982–1997, and 1997–2011 (Fig. S7). Al-
though wind speed decreased at some meteorological sites (Fig. S7c),
the surface friction wind speed would increase due to the reduced
surface roughness induced by vegetation cover decreases and result in
dust storm breaks. Changes in dust emissions were negatively corre-
lated with changes in the temperature in dust source regions during
1996–1997 and 1997–1998 (Fig. S8a). This may be due to the higher
temperatures over all the research region (not shown) in 1997 than that
in 1996 and 1998, which could lead to lower wind speeds and result in
lower dust emissions in 1997. Although there were no significant cor-
relations between changes in dust emissions and changes in precipita-
tions (Fig. S8b), the precipitations observed in most meteorological
sites over dust source regions in 1997 were higher than in 1996 and
1998 (not shown). Moreover, the association of higher temperatures
and precipitations in spring could stimulate the vegetation growth and
then lead to the lower dust emissions.

4.2. Uncertainties of SOC and nutrient losses

The SOC loss rates by wind erosion for the Earth, United States, and
China have been estimated to be as high as 1.4 Pg yr−1, 34 Tg yr−1, and
75 Tg yr−1, respectively (Yan et al., 2005). However, other estimations on
the SOC losses in China were 15.9 Tg yr−1 (Wen, 1993) and 3 Tg yr−1

(Duan et al., 1996), which is 1/5 and 1/25 of the estimation by Yan et al.
(2005), respectively. These assessments simply calculated SOC losses by
multiplying the wind erosion intensity obtained from remote sensing
images and SOC contents in surface soils, which might have large un-
certainties in the estimation of the SOC erosion as the assumption of dust
emissions are equal from year to year and the selective removal and en-
richment of SOC are not accounted for (Webb et al., 2012). In our simu-
lations with the process-based dust emission model using meteorological
datasets with high spatial and temporal resolutions, the annual SOC losses
in spring was 0.985 ± 0.149 Tg yr−1 during 1982–2011 and was similar
to the simulation results by Du et al. (2019) (0.808 Tg yr−1, 2001–2014)
and Lei et al. (2019) (0.894 Tg yr−1, 1980–2013) in Northern China.
Moreover, the SOC emission rate caused by spring wind erosion in this
study (0.5 gm−2 yr−1) is similar to the 16-year simulation by Chappell

et al. (2019) (0.01 t C ha−1 yr−1) in Northern China. Dust emissions have
large spatial and temporal variations over the past several decades.
However, most current estimations of SOC losses were generated by the
constant of annual wind erosion intensity directly multiplied the spatial
distributions of SOC contents (Yan et al., 2005), which may overestimate
the SOC losses due to the large spatial and temporal variations of dust
emissions are not considered. Moreover, the SOC and nutrient losses in this
study were limited to springtime dust emissions. The SOC losses under
spring dust emissions in this study accounted for around 12%–16.2% of
the total carbon sequestration of grassland (7 Tg yr−1) (Fang et al., 2007)
in Northern China. The omission of SOC losses due to wind erosion from C
cycling and C accounting, therefore, is a significant source of uncertainty
in C cycle.

The dust emission trend was consistent with the trend of dust storm
frequencies in China (Zhang et al., 2003; Wang et al., 2005; Li et al.,
2015). In addition, the performance of the dust emission model was
evaluated using data from the field investigations and the results re-
vealed that the dust emission model can well simulate dust emission
rates in Northern China. The accuracy of the meteorological datasets,
which were used in the model, can directly lead to potential errors for
the simulations of dust emissions and SOC and nutrient losses. Although
the correlation coefficient between the CMFD wind field and observed
wind velocity is higher than wind fields of NCEP and ECMWF, the si-
mulations by CMFD could have greater potential errors than other es-
timations because the CMFD may be generated by interpolation
methods, which leads to approximately equal wind speeds between the
observed and CMFD at meteorological stations. Changes of climate,
land use, and vegetation growth could have significant impacts on soil
nutrient dynamics (Cao and Woodward, 1998; McGrath et al., 2001;
Ehrenfeld, 2003). However, the SOC and nutrient datasets used in the
wind erosion model were held constant in this study. All the SOC and
nutrient datasets were generated based on the soil profile data during
1980s. To improve the accuracy of SOC and nutrient losses by wind
erosion, it is critical to develop soil nutrient datasets with high spatial
and temporal resolutions after 1990s.

Few studies have been conducted to assess the TN and TP losses
under wind erosion in China. The magnitudes of spring TN losses by
wind erosion in Northern China estimated in this study (Fig. 6c) are
consistent with those in a previous study (0.5–9 g N m−2 yr−1) (Wang
et al., 2006) and 0.184 Tg yr−1 (Du et al., 2019). Although we did not
evaluate the accuracy of TP dataset adopted in this study, the TP losses
(0.089 ± 0.013 Tg yr−1) by spring wind erosion was similar to the
simulation results by Du et al. (2019) (0.123 Tg yr−1) and might be, to
the best of our knowledge, one of the few assessments in China.

Most eroded soil nutrients were redeposited on the land, rather than
in the ocean (Yan and Shi, 2004; Yan et al., 2005). However, this study
examined the gross losses of SOC and nutrients from dust emissions, but
excluded dust deposition processes and hence neglected the balance of
soil nutrient inputs and outputs (net SOC and nutrient redistribution).
Our estimations of SOC and nutrient losses by wind erosion were based
on the assumption that the SOC and nutrient contents of eroded ma-
terial were the same as those of the surface soils. However, Webb et al.
(2012) reported that the measured SOC content of Australian dusts can
be up to seven times higher than that of parent soils, with enrichment
factors ranged from 1.67 to 7.09. All the mentioned impacting factors
can result in potential uncertainties in the estimates of SOC and nutrient
losses by wind erosion. To reduce the uncertainty in SOC and nutrient
losses under wind erosion, it is critical to improve the accuracy of dust
budgets simulations, to develop soil nutrient datasets with high spatial
and temporal resolutions, and to compare SOC, TN, and TP contents in
emission dusts with those in parent soils in China.

4.3. Implications for SOC and nutrient losses

Across the whole earth, 65% of the annual global dust emissions
(Miller et al., 2004) are from North Africa and 25% from Asia (Ginoux
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et al., 2004) and 75% of which are deposited on the land and 25% in
the ocean (Shao et al., 2011). Wind erosion is one of the major pro-
cesses in influencing SOC and nutrient budgets in Northern China. In
China, approximately 800 Tg of desert dusts are injected into the at-
mosphere annually and 30% of it are redeposited to the deserts, 20%
are deposited to the downwind terrestrial ecosystems and fresh water of
China, and the remaining 50% of the dusts are subject to long-range
transport to the Pacific Ocean and beyond (Zhang et al., 1997). Strong
dust emissions resulted from wind erosion can cause severe soil de-
gradation and inhibit primary productivity in the source region due to
the losses of SOC and nutrients (Bielders et al., 2002; Hoffmann et al.,
2011; Labiadh et al., 2013). Dust supply associated with SOC and nu-
trients can directly affect primary production, species composition, C
cycle, and N fixation in terrestrial and aquatic (fresh water and ocean)
ecosystems and will affect local and global biogeochemistry (Jickells
et al., 2005; Mahowald et al., 2005; Maher et al., 2010). Research is
required to explore the impacts of dust transport and deposition pro-
cesses on productivity and biogeochemical cycles from dust resource
regions to local, regional, and global scales.

5. Conclusions

This study simulated the spatial and temporal dynamics of SOC, TN,
and TP losses under spring wind erosion in Northern China forced by
three types of wind field datasets of NCEP, ECMWF, and CMFD during
the period 1982–2011. Comprehensive assessments on the losses of
SOC, TN, and TP caused by spring wind erosion in arid and semi-arid
regions of Northern China are conducted based on the data from the
field investigations that directly mimiking wind erosion.

At the regional scale, temporal trends in losses of SOC, TN, and TP
are consistent with dust emissions from 1982 to 2011. The average of
spring dust emissions is 154.45 ± 21.28 Tg yr−1 and the annual losses
of SOC, TN, and TP during spring are 0.985 ± 0.149 Tg yr−1,
0.094 ± 0.014 Tg yr−1, and 0.089 ± 0.013 Tg yr−1, respectively.
Two distinct periods with opposite trends before and after 1997 are
identified in SOC and nutrient losses in Northern China. Dust emissions
mainly occur in areas with low SOC contents in the top soils. Areas of
severe losses of SOC, TN, and TP mainly distribute in Western Inner
Mongolia, Western Gansu, Northern Qinghai, and Eastern Xinjiang.
Elevated and declined NDVI resulted from increased and decreased
temperatures and summer precipitation in growing seasons could lead
to the two periods with opposite trends in SOC and nutrient losses.

Although numerous impacting factors can cause potential un-
certainty in estimating SOC and nutrient losses by wind erosion, very
little is known concerning the linkages between dust processes and the
productivity and biogeochemical cycles of terrestrial ecosystems. Losses
of SOC and nutrients by wind erosion in Northern China should be
included in projecting plant growth and ecosystem productivity, espe-
cially in dust storm-prone areas. It is critical to reduce the uncertainties
in simulating regional biogeochemical cycling.
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