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Abstract: In order to understand the mechanism of dust aerosol influence on regional climate
change, it is crucial to quantify the radiative forcing effect of dust aerosols. However, studies on
the direct radiative forcing of dust aerosols over long time series in China are still lacking. The
direct radiative forcing effect of dust aerosols in China over the past 20 years was simulated and
evaluated based on the WRF-Chem (Weather Research and Forecasting model coupled to Chemistry)
model in conjunction with remote sensing satellites and ground-based observations. The results
showed that dust aerosols exhibited an obvious inter-annual positive radiative forcing effect (about
0.38 W m−2) on net radiation at the top of the atmosphere, mainly in northwest China and the North
China Plain, while at the atmosphere dust aerosols presented negative radiative forcing effects on
shortwave radiation and positive effects on longwave radiation, with a value of 1.54 W m−2 of net
radiative forcing, showing a warming effect. Dust aerosols have a net radiative forcing value of
−1.16 W m−2 at the surface, indicating a cooling effect, with a positive forcing effect on longwave
radiation and a negative forcing effect on shortwave radiation, both of which coincide with the
geographical distribution of dust aerosol concentrations. In terms of inter-monthly variations, at both
the atmosphere and top of the atmosphere, the dust aerosols net radiative forcing values showed an
increasing trend, with March (−0.20 W m−2 and 0.68 W m−2) < April (0.48 W m−2 and 1.44 W m−2)
< May (0.94 W m−2 and 2.42 W m−2). Meanwhile, at the surface, the dust aerosols net radiative
forcing values displayed a decreasing trend, with March (−0.88 W m−2) > April (−0.96 W m−2) >
May (−1.48 W m−2).

Keywords: dust aerosol; WRF-chem model; temporal and spatial distribution; radiative forcing;
China

1. Introduction

Dust aerosol is an important component of tropospheric atmospheric aerosols, es-
pecially in arid and semi-arid regions, accounting for around half of the total mass of
tropospheric atmospheric aerosols [1–6]. By scattering and absorbing solar radiation, dust
aerosols can directly modify the radiative balance of the planet’s atmospheric system.
They can also have indirect impacts on the climate by changing the processes of cloud
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formation [6]. In order to understand how dust aerosols affect regional climate change, it is
crucial to quantitatively measure the radiative forcing effect of these particles.

The direct radiative forcing of dust aerosols has been well studied by scholars. Some
scholars have used ground-based observations and remote sensing satellites to obtain
dust aerosol data and to evaluate the influence of dust aerosols on the ground and on the
atmospheric radiation balance [7–12]. Although ground-based monitoring and remote
sensing satellites have also been more commonly used in dust monitoring, there is still a
certain degree of uncertainty in the research. Because the study of dust aerosols involves
meteorology, geology, physics, chemistry and other disciplines, and its impacts include
climate, ecology, socio-economics and other aspects, these observatories alone cannot meet
the needs of comprehensive research. Moreover, the sparse distribution of observation
data stations, low resolution of satellite remote sensing and high influence of weather also
restrict the research.

The application of numerical models to the simulation of dust aerosol processes can
make up for the lack of data on vertical structural properties and spatiotemporal patterns of
aerosols from ground-based observation networks and satellite inversions [13,14]. Francis
et al. [15] studied a major dust event in the Sahara Desert in June 2020 using the WRF-Chem
(weather research and forecasting model with chemistry) in combination with satellite
and ground-based observations. The results showed that dust led to a net warming of
up to 1.1 K at the tropical Atlantic ocean surface, a 1.8 K increase in air temperature, and
a +14 W m−2 increase in net surface radiative flux at night. Hu et al. [16] simulated the
dust transport characteristics and source contribution at various elevations of the Tibetan
Plateau using the WRF-Chem in combination with a tracer labeling technique. The results
showed that the direct radiative forcing value of dust aerosols were—1.68 W m−2 at the
surface, 0.41 W m−2 in the atmosphere and−1.28 W m−2 at the top of the atmosphere. Péré
et al. [17] modeled the radiative forcing effect of dust aerosols over West Africa in March–
May 2015 using the WRF-Chem. The results showed a cooling effect in the radiative forcing
of dust aerosols at the bottom of the atmosphere, with a reduction in net radiation of up to
44 W m−2. Alizadeh-Choobari et al. [18] modeled the global direct radiative forcing effects
of dust aerosols by setting up two control scenarios based on the WRF-Chem. The results
indicated that the global net direct radiative forcing reached its minimum under clear-sky
conditions in summer, with a radiative forcing value of −2.85 W m−2 and −1.63 W m−2

on the surface and the top of the atmosphere, respectively. The surface cooling was due to
the extinction of incident solar radiation by dust aerosols, while the top of the atmosphere
is cooled primarily by an increase in outward shortwave radiation.

As it is one of the major sand and dust source areas in East Asia [19–22], the climate
response to dust aerosols in China has attracted widespread attention in recent years,
and some scholars have studied the dust aerosols radiative forcing effects by combining
ground-based observations with models [10,23–25]. Chen et al. [26] used WRF-Chem to
model a strong dust storm that occurred over the Taklamakan Desert in July 2006 and was
transported to the Tibetan Plateau’s northern slope. The simulation results showed that
the Taklamakan Desert had a cooling influence on the surface and a warming influence
on the top of the atmosphere. On the top of the atmosphere, as well as in the atmosphere
and on the surface, the mean net radiative forcing by the Taklamakan Desert dust event
on the Tibetan Plateau was 3.97, 1.61 and −5.58 W m−2, respectively. Zhang et al. [27]
used the WRF-Chem to simulate the direct radiative forcing effects of light-absorbing
aerosols in various climatic zones of East Asia from 2007 to 2011. The results showed that
the values of annual all-day direct radiative forcing black carbon and dust aerosols were
2.61 W m−2 and 0.39 W m−2 in the atmosphere, 1.06 W m−2 and −0.84 W m−2 at the top
of the atmosphere, and −1.55 W m−2 and −1.23 W m−2 at the surface, respectively. Han
et al. [28] simulated an intense dust event in the Gobi Desert along the Mongolia–China
boundary in March 2010 based on a regional coupled climate–chemistry–aerosol model,
and found that dust aerosols direct radiative forcing led to a significant drop in the surface
wind speed and temperature in the dust source area, with the highest values of −7 ◦C
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and −4.0 m s−1, respectively. At night, the warming effect of longwave radiative forcing
dominated, increasing air temperature and wind speed in the dust abatement area by 1 ◦C
and 1 m s−1, while shortwave radiative forcing dominated during the daytime, reducing
surface wind speed and temperature, respectively. Li et al. [29] used WRF-Chem to model
a strong dust event at the Taklamakan Desert in June 2020 by setting up two controlled
experiments. The results showed that dust aerosols shortwave radiative forcing had a
cooling effect on the surface (−62.6 W m−2) and a net warming effect on the atmosphere
(47.8 W m−2).

In summary, the current studies have certain limitations. Firstly, due to the different
model parameterization schemes, there is uncertainty in simulating the radiative forcing
effect of dust aerosols, and it is necessary to combine the characteristics of dust aerosols in
China with the parameter localization settings of the model. Secondly, previous studies
have mostly focused on the radiative forcing effect of individual dust events, mostly in
northwest China, while the direct radiative forcing of dust aerosols over a long time series
in China still needs further attention. Based on this, we used the WRF-Chem to model
the spatiotemporal processes of spring dust aerosols in China over nearly 20 years and
quantified dust aerosols radiative forcing effects based on parameter localization of the
model. The purposes of this study are as follows: (1) To combine a local parameterization
scheme for the model to realize the accurate simulation of the spatiotemporal evolution of
spring dust aerosols in China from 2000 to 2020. (2) To realize the long-term simulation of
the spatiotemporal change process of spring dust aerosol radiative forcing in China, and to
elucidate spring dust aerosols radiative forcing effects on the surface, in the atmosphere
and at the top of the atmosphere in China.

2. Materials and Methods
2.1. WRF-Chem Model

The simulation in this study was carried out using WRF-Chem v3.8.1, which intro-
duced the chemical module on the basis of the WRF model. WRF is a next-generation
numerical weather research and forecasting system created by the National Oceanic and
Atmospheric Administration, the Pacific Northwest National Laboratory, and the Center
for Atmospheric Research. The model can be applied to global- or regional-scale numer-
ical simulation, physical parameterization scheme research, real-time weather forecast
operation, regional climate simulation and coupled air quality models.

The advantage of the WRF-Chem model is that the chemical module is coupled with
the meteorological module online in comparison with other models. In WRF-chem, the
chemical and meteorological processes employ the same physical parameterization scheme,
the same vertical and horizontal coordinate system, complete temporal synchronization,
and take into consideration the feedback of chemical processes on meteorological opera-
tions. Specifically, WRF-Chem can model the diffusion and transport of aerosols and trace
gases, dry and wet sedimentation, meteorological chemical reaction, etc., and reproduce
a more real atmospheric environment, which has unique advantages for simulating the
dust process.

2.2. Model Setup

The direct radiative forcing is calculated based on the variations in the radiative
forcing in scenario experiments with or without dust emission [30]. For this reason, two
experiments were carried out. In the first experiment (Exp. 1), the dust option was turned
off, and the WRF-Chem model was used to calculate the net radiation forcing at the surface
and the top of the atmosphere when there was no dust. In the second experiment (Exp. 2),
the dust option was turned on, and the WRF-Chem model was used to calculate the net
radiation forcing at the surface and the top of the atmosphere when there was dust. Notably,
we only considered the climate impacts of dust aerosols in the second experiment, while
the climate impacts of other aerosols, such as sea salt, sulfate, organic carbon and black
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carbon, were not accounted for at this time. Moreover, the simulations of the dust radiative
forcing effect were performed under clear-sky conditions.

In this study, the simulation region covers the whole of China (Figure 1). Lambert
projection is adopted in the model. The simulation region’s center is located at 105◦E and
37.5◦N latitude, with 193 grid points from east to west and 163 from north to south. The
longitude and latitude of the central point of the simulation region are 105◦E, 37.5◦N, the
number of grid points from east to west is 193, the number of grid points from north to
south is 163, the horizontal resolution is 27 km, the time integration step is 60 s, the model
is vertically stratified at 28, and the atmospheric top pressure is 100 hPa.
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Figure 1. Mode region setting and distribution of meteorological stations.

We applied a New Goddard long and shortwave radiation scheme [31], the Noah
land surface process model [32] and the Lin microphysical scheme [33]. A MYJ boundary
layer scheme with small calculation amount and high accuracy [34] was used. The BMJ
cumulus parameterization scheme is one of the most suitable schemes for this study [35]. To
simulate the emission, transmission and deposition of chemical aerosol component parts, as
well as the specifics of interactions between aerosol radiation, we employed the GOCART
(Goddard Chemistry Aerosol Radiation and Transport) aerosol scheme [36]. The particle
size classification intervals of this scheme are 0.2~2, 2~3.6, 3.6~6, 6~12, and 12~20 µm. It is
one of the most frequently utilized aerosol modules in WRF-Chem and only needs a small
amount of supplementary data.

2.3. Methods

The direct radiation forcing brought on by dust aerosols is what distinguishes Exp. 2
from Exp. 1 at the surface and at the top of the atmosphere. By subtracting the radiative
force at the surface from that at the top of the atmosphere, we can compute the radiative
forcing of the atmosphere. See below for the calculation formula of dust aerosols direct
radiative forcing:

RSUR = ∆FSUR(dust) − ∆FSUR(nodust) (1)

RTOA = ∆FTOA(dust) − ∆FTOA(nodust) (2)
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RATM = ∆RTOA − ∆RSUR (3)

where SUR (surface), TOA (top of the atmosphere) and ATM (atmosphere) denote the top
of the atmosphere, the surface and the atmosphere, respectively; R is the dust aerosols
radiative forcing. Note that “dust” denotes that dust aerosols are added to the model, while
“nodust” means that dust aerosols are not considered. ∆F is the net flux in shortwave or
longwave radiation. The longwave (LW) and shortwave (SW) radiative forcing are obtained
according to the formulas above. The total of the longwave and shortwave radiative force
is the net radiative forcing.

2.4. Datasets

This paper used MODIS-based land use data as the subsurface data; these data were
provided by WRF official website. The data include land use type, vegetation type, leaf
area index, water cover, surface albedo and other elements, with a resolution of 2 km.

The FNL (Final Run Global Analysis) global reanalysis data were provided by the
United States National Centers for Environmental Prediction (NCEP) with a temporal
resolution of 6 h and a spatial resolution of 1◦ × 1◦. They include a 500 hPa height field,
temperature field and wind field. This dataset is mainly used to assimilate and reanalyze
various observational data using the global assimilation system, supplying the preliminary
climatic field conditions and boundary conditions desired for WRF-Chem.

The United States Oceanic and Atmospheric Administration (NOAA, https://www.
noaa.gov/, accessed on 10 September 2022) provide hourly meteorological station detection
data. There are 416 meteorological stations distributed in the simulation study area. The
station monitoring elements mainly include hourly observation values of wind direction
(◦), wind speed (m s−1), air temperature (◦C) and air pressure (hPa).

The air quality data come from the Ministry of Ecology and Environment in China
and include more than 300 cities with over 1400 national pollutant monitoring stations
(http://106.37.208.233:20035/, accessed on 10 September 2022). Pollutant types include
NO2, PM10, PM2.5, SO2, CO and O3. The time resolution is 1 h. This paper mainly selects
the coarse particle pollutant PM10 from 206 stations in the north to verify the dust aerosol
concentration.

The spatial distribution of the model-simulated AOD is validated in this paper us-
ing MODIS data (Modern Resolution Imaging Spectroradiometer), which has a spatial
resolution of 1◦ × 1◦ and a monthly temporal resolution, and MERRA2 data (Modern
era Retrospective Analysis for Research and Applications), which is supplied by NASA’s
Goddard Center for Earth Science Data and Information Services (GCESDIS). The selected
data time periods are spring 2015 and spring 2019.

3. Results
3.1. Model Performance Evaluation

In this paper, data from 413 meteorological stations nationwide in spring 2000–2020
and 219 pollution monitoring stations in the northern region in spring 2015–2020 were
used. The simulation of AOD was evaluated in a previous study [37]. The accuracy of
the WRF-Chem model for each climatic conditions simulation was evaluated based on the
root mean square error (RMSE), normalized mean deviation (NMB), mean deviation (MB),
correlation coefficient (R) and normalized mean error (NME) [38]. The calculation method
is presented below:

RMSE =

√
1
n∑n

i=1(Ci −Co)
2 (4)

NMB =
1
n∑n

i=1
(Cm −Co)

(Co + Cm/2)
(5)

MB =
1
n∑n

i=1(Cm −Co) (6)

https://www.noaa.gov/
https://www.noaa.gov/
http://106.37.208.233:20035/
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R =
∑n

i=1
(
Cm −Cm

)(
Co −C0

)√
∑n

i=1
(
Cm −Cm

)2 ×
(
Co −Co

)2
(7)

NME =
1
n∑n

i=1
|Cm −Co|

(Co + Cm/2)
(8)

in which Co is the observed value, Cm is the simulated value and n is the number of valid
samples involved in the calculation.

As shown in Table 1, the correlation ratio between the observed value and simulated
value of spring temperatures is 0.96, which is the best simulation, and both MB and MFB
show negative deviation, which is consistent with the previous results. The correlation
coefficient of spring wind speed is 0.36, and MB, NMB and NME are smaller. The simulation
results of wind direction have large deviations. The correlation coefficient, MB, NMB and
NME of the simulated and observed values are 0.24, −23.45, −0.11 and 0.19, respectively.
There are also some deviations in the simulations for precipitation, with MB, NMB and NME
of 5.84 mm, 26.78% and 27.41%, respectively, between the simulated and observed values.
The simulated values of PM10 are close to the observed values, with a mean deviation of
5.68, NMB and NME of 0.05 and 0.76, respectively, and the model can be used to replicate
the variation in the dust concentration to some extent. Therefore, the “reasonable” range
of model forecasts for NME ≤ 0.75 and −0.6 ≤ NMB ≤ 0.6, and the “ideal” range is
NME ≤ 0.5 and −0.3 ≤ NMB ≤ 0.3. The simulation values of meteorological conditions
are suitable for further study of the occurrence and transport processes of dust days.

Table 1. Evaluation of wind speed, wind direction, temperature, precipitation and PM10 (meteorolog-
ical stations: 2000–2020, China; pollution monitoring stations: 2015–2020, northern region).

Elements Observation Simulation MB NMB NME RMSE R p

WD (◦) 204.07 180.62 −23.45 −0.11 0.19 77.17 0.24 <0.05
WS (m s−1) 4.04 3.83 −0.21 −0.05 0.22 1.11 0.36 <0.01
TEM (◦C) 13.53 12.78 −0.76 −0.06 0.12 2.67 0.96 <0.001
PRE (mm) 0.07 5.91 5.84 26.78 27.41 40.72 0.27 <0.05

PM10 (ug m−3) 109.69 115.37 5.68 0.05 0.76 121.07 0.35 <0.01

To evaluate the performance of the WRF-Chem model with regard to simulating dust
aerosol particle size variations, we compared the remotely sensed AOD and the WRF-Chem
model-simulated AOD in 2015, 2018 and 2019 (Figure 2). It can be seen that the WRF-Chem
model-simulated AOD has similar spatial patterns to MODIS and MERRA2 in the dust
source region of northwest China. The AOD of MODIS is higher than that of MERRA2 and
WRF-Chem model simulations, especially in east China, which is mainly due to the fact
that MODIS extracts all types of aerosols, such as black carbon, sulfate, and anthropogenic
organic carbon, which are not included in the current WRF-Chem model or MERRA2.
Comparison of the WRF-Chem simulated AOD with the AOD from MERRA2 shows that
both have similar distribution patterns, indicating that the WRF-Chem model is able to
capture the spatial variability of dust AOD.
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Figure 2. AOD maps of MODIS (a) 2015, MERRA2 (b), and WRF-Chem simulation (c) in 2015 [37], and
of MODIS (d), MERRA2 (e), and WRF-Chem (f) simulation in 2018, and of MODIS (g), MERRA2 (h),
and WRF-Chem (i) simulation in 2019 [37].

3.2. Temporal Trends in the Radiative Forcing of Dust Aerosols
3.2.1. Temporal Trends in Longwave Radiative Forcing Effect

Due to the significant variations in the results of the simulation of aerosol radiative
forcing in 2018, in order to ensure the objectivity of the analysis, the data from 2018 were
not taken into account in the analysis of the average trend from 2000 to 2020. Figure 3
shows the inter-season and inter-month variation of the longwave radiative forcing effect
of spring dust aerosols at TOA, surface and in the atmosphere in China during the past
20 years. Figure 3a indicates that the overall trend of the radiative forcing effect is almost
zero at the top of the atmosphere in March over the last 20 years. The radiative forcing value
basically remained unchanged at 0.05 W m−2 during 2000–2016, while a large fluctuation
was observed during 2016–2019, showing a decreasing and then increasing trend, with the
maximum value occurring in 2018 (0.36 W m−2). Inter-month variation in atmospheric
longwave radiative forcing (Figure 3c) in the atmosphere showed an increasing trend of
about 0.0012 W m−2 yr−1 (R2 = 0.002, p = 0.843) and reached the extreme value (3.3 W m−2)
in March 2018. From 2017 to 2019, this variation was characterized by a significant increase
and a significant decrease. The surface longwave radiative forcing effect (Figure 3e) shows
an overall downward trend of 0.005 W m−2 (R2 = 0.069, p = 0.261) in March. A strong trend
of decreasing and then increasing was observed during 2017–2019, reaching a minimum
value (−3.2 W m−2) in 2018.
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Figure 3. Inter−season and inter-month variation of long− (left)/short− (right) wave radiative
forcing effect in spring and March, April and May at TOA, surface and in the atmosphere from 2000
to 2020 ((a): TOA; (b): TOA; (c): ATM; (d): ATM; (e): SUR; (f): SUR).

At the top of the atmosphere, inter-month trends of the longwave radiative forcing
effect of dust aerosols in April during 2000–2016 are all more similar to those in March,
but in April, the radiative forcing value increase compared to March and is all positive.
In contrast, during 2016–2019, there is almost no change in April relative to March, when
drastic changes occur. The atmospheric radiative forcing effect showed a statistically
significant increase trend of 0.0081 W m−2 yr−1 (R2 = 0.283, p = 0.016) in April, a decrease
compared to March. During 2017–2019, April showed a downward and then upward trend
compared to March, which showed an upward and then downward trend. The decreasing
trend of the inter-annual variation of the ground-level radiative forcing effect in April
was slower than that in March, showing a statistically significant downward trend: about
0.010 W m−2 (R2 = 0.286, p = 0.015) per year. It is worth noting that the March minimum
(−3.2 W m−2) of the terrestrial radiation forcing effect occurred in 2018, while the April
maximum (1.3 W m−2) occurred in 2018.

Inter-month fluctuations in longwave radiative forcing on the top of atmosphere
increased in May compared to March and April, but the overall inter-month trend remained
at zero. In terms of radiative forcing values, there was another increase in May compared to
April. The inter-month trend of the radiative forcing effect of the atmosphere and surface
in May was more consistent compared to April, but the inter-month trend of the radiative
forcing effect of the atmosphere in May was −0.008 W m−2 yr−1 (R2 = 0.159, p = 0.081),
while the ground showed a fluctuating upward pattern of 0.0076 W m−2 yr−1 (R2 = 0.091,
p = 0.195). Numerically, the radiative forcing of the atmosphere fluctuated roughly around
−1.0 W m−2, while the radiative forcing of the ground was just the opposite, basically
fluctuating around 1.0 W m−2.

In general, although at the top of the atmosphere the longwave radiative forcing of
spring dust aerosols fluctuated in China over the past 20 years, the overall trend was stable,
with the value of radiative forcing fluctuating around 0.2 W m−2. In the atmosphere, the ra-
diative forcing effect of spring dust aerosols tended to increase by about 0.0001 W m−2 yr−1

(R2 = 0.0001, p = 0.954). Between 2017 and 2019, there was a sharp rise followed by a sig-
nificant decline. In contrast to the atmosphere, the surface radiative forcing effect showed
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an overall decreasing trend with a slope of 0.002 (R2 = 0.032, p = 0.446). It showed a strong
fluctuation of increasing and then decreasing during 2017–2019.

3.2.2. Temporal Trends in Shortwave Radiative Forcing Effect

The shortwave radiation forcing effect at the top of the atmosphere in March remained
largely unchanged at 0.03 W m−2 between 2003 and 2017, but there was a significant decline
and rise between 2017 and 2019, with the lowest value in 2018 (−3.9 W m−2) (Figure 3b).
The overall trend of dust aerosols radiative forcing effect in April was basically zero, with
only slight fluctuations, and the radiative forcing value was stable at about 0.2 W m−2. The
radiation forcing effect in May varied in the same way as in April, but the variation of the
inter-month fluctuation of the radiative forcing effect in May intensified compared with that
in April. The shortwave radiation forcing at the top of the atmosphere in spring remained
largely unchanged between 2000 and 2017, with values fluctuating around 0.2 W m−2, but
showing a downward trend followed by an upward trend between 2017 and 2019, with the
lowest value occurring in 2018 (−1.2 W m−2).

In March, the shortwave radiative forcing effect in the atmosphere typically exhibited
a fluctuating downward trend of roughly −0.014 W m−2 yr−1 (R2 = 0.155, p = 0.086), with
maximum values in 2004 (1.5 W m−2) and lowest values in 2018 (0.3 W m−2) (Figure 3d).
In the atmosphere, the dust aerosols’ radiative forcing effect in April showed a fluctuating
decreasing trend of about 0.013 W m−2 (R2 = 0.070, p = 0.26) per year, with the minimum
(1.0 W m−2) and maximum (2.3 W m−2) values occurring in 2001 and 2003, respectively.
The atmospheric radiative forcing effect fluctuated incrementally with a trend of about
0.0179 W m−2 (R2 = 0.086, p = 0.208) per year in May, with the minimum (1.5 W m−2)
and maximum (3.1 W m−2) values occurring in 2002 and 2019, respectively. Although the
spring atmospheric radiative forcing effect fluctuated widely from year to year, the overall
interannual trend was basically zero, reaching the minimum (1.3 W m−2) value in 2001 and
the maximum (2.3 W m−2) value in 2003.

The surface radiative forcing effect in March (Figure 3f) showed a similar trend com-
pared to the top of the atmosphere, and it also reached its minimum value (−4.2 W m−2)
in 2018. The intermonth fluctuations during 2000–2017 slowed down compared to the
top of the atmosphere, but the minimum value of the surface radiative forcing effect
(−4.2 W m−2) increased compared to the top of the atmosphere (−3.9 W m−2). In April,
the surface radiation forcing showed a trend of change contrary to the atmosphere, with a
maximum (−0.8 W m−2) in 2001 and a minimum (−2.5 W m−2) in 2003, but the increase
in annual fluctuations of the radiation forcing was slower than in the atmosphere, with
a value of 0.0104 W m−2 yr−1 (R2 = 0.045, p = 0.369). The surface radiative forcing effect
in May showed an opposite trend to that of the atmosphere, with a maximum value in
2002 (−1.8 W m−2) and a minimum value in 2019 (−2.8 W m−2). The surface shortwave
radiative forcing in spring showed fluctuating changes in contrast to the atmosphere,
with the maximum value occurring in 2001 (−1.2 W m−2) and the minimum value in
2018 (−3 W m−2). Compared to the atmosphere, the variation of the terrestrial shortwave
radiative forcing effect fluctuated more sharply during 2017–2019.

3.2.3. Temporal Trends in Net Radiative Forcing Effect

Figure 4 shows the inter-season and inter-month variation of the net radiative forcing
effect of dust aerosols in spring and March, April and May at different altitude layers
in China over the past 20 years. At the top of the atmosphere, the radiative forcing
effect in March (Figure 4a) basically fluctuated around 0.1 W m−2 up and down during
2000–2017, but showed a sharp decrease and increase during 2017–2019, with the minimum
value occurring in 2018 (−3.5 W m−2), and the overall inter-month variation trend was
−0.001 W m−2 yr−1 (R2 = 0.008, p = 0.694). The inter-annual variation of the net radiative
forcing effect in the atmosphere (Figure 4b) and surface (Figure 4c) had a more similar
trend to the top of the atmosphere in March during 2000–2017, with the surface radiative
forcing values fluctuating around −0.5 W m−2. Between 2017 and 2019, net radiative
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forcing showed a similar trend of decreasing first and then increasing at the surface and the
top of the atmosphere, with the minimum occurring in March 2018 (−7.5 W m−2), while
net radiative forcing at the atmosphere showed the opposite trend of first increasing and
then decreasing, reaching its maximum in 2018 (4.1 W m−2).
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Figure 4. Inter−season and inter−month variation in net radiative forcing effect in spring and
March, April and May at TOA, surface and in the atmosphere from 2000 to 2020 ((a): TOA; (b): ATM;
(c): SUR).

The inter-month trends of net radiative forcing in April were basically 0 W m−2 yr−1 at
the top of the atmosphere, in the atmosphere and at the surface. In terms of radiative forcing
values, the top atmosphere basically stayed around 0.4 W m−2, the atmosphere basically
stayed around 1.1 W m−2, and surface radiative forcing fluctuated around −0.7 W m−2.
Although the overall inter-month trends were almost the same for the last two decades, the
inter-month fluctuations of the net radiative forcing effect in April varied among the three
altitude layers, with the most drastic inter-month fluctuations in the atmosphere, followed
by the ground, and the most moderate fluctuations at the top of the atmosphere.

The overall net radiative forcing effect in May at the top of the atmosphere showed
a fluctuating increasing trend of about 0.0003 W m−2 yr−1 (R2 = 0.0002, p = 0.949), and
the radiative forcing value fluctuated up and down around 0.6 W m−2. The inter-month
variation in atmospheric radiative forcing in May showed a fluctuating increasing trend
of about 0.0089 W m−2 yr−1 (R2 = 0.034, p = 0.436), with the maximum value occurring in



Remote Sens. 2023, 15, 4564 11 of 21

2003 (2.3 W m−2) and the minimum value in 2002 (1.3 W m−2). The net radiative forcing
effect on the ground showed a downward trend of−0.008 W m−2 yr−1 (R2 = 0.098, p = 0.18)
fluctuations, with the maximum radiative forcing occurring in 2008 (−0.8 W m−2) and the
minimum in 2019 (−1.4 W m−2).

Generally speaking, the trends of net radiative forcing of atmospheric top, atmosphere,
and surface dust aerosols in spring in China over the past 20 years were more consistent
with the trends of shortwave radiative forcing corresponding to the height layer. The atmo-
sphere remained largely unchanged between 2000 and 2017, with radiation forcing values
fluctuating around 0.4 W m−2, but showed a downward trend followed by an upward trend
between 2017 and 2019, with the lowest values occurring in 2018 (−0.8 W m−2). While the
atmospheric radiation forcing effect in the spring was highly variable from year to year, the
overall annual variation tended to be about −0.003 W m−2 (R2 = 0.013, p = 0.634) per year,
reaching its maximum in 2018 (2.3 W m−2). The terrestrial net radiative forcing showed
a trend very similar to that of the shortwave radiative forcing, with slight inter-annual
fluctuations between 2000 and 2017, while it showed a dramatic change, decreasing and
then increasing, between 2017 and 2019. The difference is that the surface net radiation
forcing was higher than the surface shortwave radiation.

3.3. Spatial Variations in Effects of Dust Aerosol on Radiative Forcing
3.3.1. Inter-Season Average Longwave Radiative Forcing Effect

The simulated spatial distribution of the annual longwave, shortwave and net radiative
forcing of spring dust aerosols in atmosphere, surface and at the top of the atmosphere
of China from 2000 to 2020 is shown in Figure 4. Due to the different concentrations of
dust aerosols at different vertical heights, the radiative forcing on various height layers is
different, and there are obvious differences between longwave and shortwave radiation.

The dust aerosols radiative forcing at the top of the atmosphere (Figure 5a) is almost
always a positive radiative forcing effect leading to a temperature rise, and has a rela-
tively obvious spatial distribution pattern, showing a double-peaked structure with the
Taklamakan Desert region and North China as the core, and the radiative forcing values
gradually decrease around the peak. The high values are concentrated in central Xinjiang,
northern China and the southern Liaoning province, where the longwave radiative forc-
ing at the top of the atmosphere is above 0.55 W m−2, with a maximum value close to
1.6 W m−2.

The dust aerosols longwave radiative forcing at the atmosphere (Figure 5d) is almost
always negative and shows a weak spatially based circle pattern. The spatial distribution
of atmospheric radiative forcing is in good agreement with the spatial pattern of dust
concentration. The high values of positive radiative forcing are located in areas such as the
southeastern coast of China and the northeastern Heilongjiang Province. Longwave radia-
tive forcing values in western Inner Mongolia and central Xinjiang are around −4 W m−2

with a minimum of −12.57 W m−2. The dust aerosols longwave radiative forcing in a small
part of the southern coastal areas, such as Hainan Province, are close to zero.

The dust aerosols longwave radiative forcing at the surface (Figure 5g) is almost all
positive in the whole of China, and the comparison reveals a good correspondence between
the radiative forcing caused by dust aerosols at ground level and the spatial distribution
of dust aerosol concentrations. On the whole, only a few areas such as the Guangdong
Province and southeastern Guangxi Province are cooled by negative radiative forcing. The
high radiative forcing in spring in China is situated in southwestern Inner Mongolia and
central Xinjiang, with a maximum value of 13 W m−2, and the dust aerosols radiative
forcing shows a circular structure with positive radiative forcing centers in Xinjiang and
Inner Mongolia that decrease outwards until they are close to zero.
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3.3.2. Inter-Season Average Short Wave Radiative Forcing Effect

Based on the distribution of radiative forcing effects estimated from data simulations,
the dust aerosols radiative forcing at the top of the atmosphere (Figure 5b) is a warming
radiative forcing effect in some areas and a cooling radiative forcing effect in other areas.
The radiative forcing west of the line from Hotan, Xinjiang to Markang County, Sichuan
Province to Wenshan County, Yunnan Province is negative for temperature decline, and
east of the line is positive for temperature increase. In Hami, Hotan, Korla, Aksu, and
Turpan in the Chinese provinces of Xinjiang, Hebei, Shandong, and northern Henan, the
radiative forcing effect is positive and typically exceeds 0.5 W m−2, while the radiative
forcing is negative with a minimum value of −0.4 W m−2 in the southwest regions of Tibet,
Sichuan, and Yunnan provinces.

The shortwave radiative forcing at the atmosphere (Figure 5e) in spring is almost
always positive in the Chinese region, leading to an increase in temperature, and the spatial
distribution of the radiative forcing shows a decreasing trend with the Taklamakan and
Tengger Deserts as the core of high values. A few areas in western Hulunbeier City in
Inner Mongolia, southwestern Rikaze in Tibet and southwestern Kashgar in Xinjiang show
negative radiative forcing, leading to a decrease in temperature. Shortwave radiative
forcing is above 7 W m−2 in eastern Kashgar, northern Hotan, Aksu, central Bayingoleng
Mongol Autonomous Prefecture in Xinjiang and southwestern Alashan and Tengger Desert
in Inner Mongolia, with a maximum value of 17 W m−2 in the western Taklamakan Desert.

On the whole, it is observed that the ground-level shortwave radiative forcing (Figure 5h)
is a negative radiative forcing effect leading to a decrease in temperature, except for the
western part of the Ali region in Tibet, the southern part of the Shigatse region, the western
part of the Hohhot city in Inner Mongolia and a few areas in the Hainan Province. The
high absolute values of dust aerosol shortwave radiative forcing are found in the ring
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formed by the cities of Hami, Hotan, Korla, Aksu, Turpan and Atushi in Xinjiang, as well
as in the western part of Jiuquan, the northern part of Wuwei, central and western part of
Baiyin, Lanzhou and the southwestern part of Alashan League in Inner Mongolia, with a
maximum value of 15 W m−2.

3.3.3. Inter-Season Average Net Radiative Forcing Effect

As observed in Figure 5c, the net radiative forcing effect of dust aerosols on the
top of the atmosphere shows positive radiative forcing to enhance climate warming east
of the Kashgar region in Xinjiang, west of Hotan region, west of Bayingoleng Mongol
Autonomous Prefecture, west of Hami region and Turpan region, and in the south-central
Hebei province, northern Henan province, western Liaoning province and Shandong
province. The extreme value is nearly 3 W m−2. As a whole, the net radiation intensity
at the top of the atmosphere is bounded by Xinjiang Hotan City, Markang County, in the
Sichuan Province, and Luxi City in the Yunnan Province, with a cooling effect in the west
and a positive radiation forcing effect in the east.

As shown in Figure 5f, the dust aerosols net radiative forcing at the atmosphere in the
Chinese region is almost always positive in spring. The radiative forcing values exceeded
3 W m−2 in the oval area surrounded by Hotan, Atushi, Aksu and Kullu in Xinjiang and
the rectangular region composed of Weifang in Shandong, Chengdu in Sichuan, Linxia in
Gansu, and Tianjin, with the maximum value occurring in Aksu in Xinjiang (9 W m−2).
The negative radiative forcing effect of cooling was observed in a few areas such as Aketao
County, the southwestern Kashgar region, the western Hotan region in Xinjiang, the
southwestern Shigatse region in Tibet, and the western Hohhot city in Inner Mongolia.
The dust aerosols net radiative forcing at the atmosphere has obvious spatial distribution
characteristics, which manifest as a double-core structure centered in the high-value areas
of southwestern Xinjiang, Shaanxi Province, and in the Gansu Province, and gradually
decreases in all directions with the double core as the center.

The dust aerosols net radiative forcing effect at the surface in spring in China is
below 0 W m−2 in almost the entire area (Figure 5i). A few areas in the western Hotan
region of Xinjiang, southwestern Shigatse region of Tibet, western Hulunbeier city of
Inner Mongolia and southern Hainan province show positive radiative forcing effects of
warming. The eastern part of Kashgar region in Xinjiang, the northern part of the Hotan
region, the western part of the Bayingoleng Mongol Autonomous Prefecture, Aksu region,
southern Gansu province, eastern Sichuan province, southern Hebei province, western
Henan province, and the Shaanxi province are the low-value areas of dust aerosol radiative
forcing, with the lowest value reaching −5.5 W m−2. The dust aerosols’ net radiative
forcing shows a double-peak structure in spatial distribution. It is centered in low-value
areas such as Taklamakan Desert and the Loess Plateau, and it increases in all directions.

3.3.4. Inter-Month Average Net Radiation Forcing Effect

The spatial patterns of inter-month average direct radiative forcing of dust aerosols
at the atmosphere, the top of the atmosphere and the surface was calculated (Figure 6).
The net radiative forcing shows the upward patterns at the top of the atmosphere, with
March (−0.20 W m−2) < April (0.48 W m−2) < May (0.94 W m−2) (Figure 6a–c). The
net radiative forcing in March shows a rough distribution pattern with negative values
in the west and positive values in the east side, with the line from Tahe County in the
Heilongjiang Province to Wenshan City in the Yunnan Province as the boundary. The
positive radiative forcing in the east shows a decreasing trend from east to west, while the
high value of negative radiative forcing is mainly distributed in the central Taklamakan
Desert in Xinjiang, the Badain Jaran and Tengger Deserts in western Inner Mongolia, and
most areas in Gansu and Qinghai. The spatial distribution of net radiative forcing in April
and May is relatively similar, with the Taklamakan Desert and northern China as the core
of high values, but the coverage of positive radiative forcing of dust aerosols in May is
expanded in the northeastern part of China. The net radiative forcing at the top of the dust
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aerosol atmosphere was almost positive throughout the country, with the maximum value
of positive radiative forcing occurring in the Taklamakan Desert in Xinjiang, but negative
radiative forcing occurred in a small part of the northern Qinghai–Tibet Plateau bordering
the Taklamakan Desert region.
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atmosphere for March, April and May 2000–2020 ((a): TOA−March; (b): TOA−April; (c): TOA−May;
(d): ATM−March; (e): ATM−April; (f): ATM−May; (g): SUR−March; (h): SUR−April;
(i): SUR−May).

The inter-month mean net surface radiative forcing values of dust aerosols (Figure 6g–i)
show a downward variation of March (−0.88 W m−2) > April (−0.96 W m−2) > May
(−1.48 W m−2). The dust aerosols’ negative radiative forcing decreases from east to west in
March, and shows positive radiative forcing in the Gurbantunggut Desert region of northern
Xinjiang and the northern part of the Qinghai–Tibet Plateau. The spatial distribution of
negative radiative forcing from dust aerosols in both April and May showed a decreasing
trend from northeast to southwest. It is noteworthy that a clear break in the variation of
net radiative forcing values was observed at the boundary of the line connecting three
locations in Hotan County, Xinjiang Province; Zhaotong City, Yunnan Province; and Taizhou
City, Zhejiang Province. The dust aerosols’ net surface radiative forcing in May showed
relatively similar variations to that in April, but its negative radiative forcing expanded
in the northeastern part of China compared to April. In April and May, the dust aerosols’
net radiative forcing at the surface is mostly negative in all regions of China, except for the
northern of the Tibetan Plateau and the junction with the Taklamakan Desert, which show
significant positive values.

The direct radiative forcing (Figure 6d–f) was largely positive in March, April and
May, indicating a warming effect of dust aerosols in the atmosphere. Inter-month mean net
atmospheric radiative forcing is shown on a regional scale as May (2.42 W m−2) > April
(1.44 W m−2) > March (0.68 W m−2). In March, the positive radiative forcing gradually
decreases from east to west, showing a more pronounced negative forcing effect in northern
and southern Xinjiang, northern Gansu, western Qinghai and the central Qinghai–Tibet
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Plateau. The atmospheric radiative forcing in April and May has a similar spatial pattern.
By comparing Figures 6e and S2, it can be found that the area of high values of radiative
forcing of dust aerosols in the atmosphere is consistent with the spatial distribution of
dust concentrations. The higher the dust aerosol concentration, the more pronounced the
radiative forcing effect. Therefore, it can be found that the radiative forcing effect of dust
aerosols has a significant warming effect on the atmosphere.

3.4. Spatial and Temporal Trends in Effects of Dust Aerosol on Radiative Forcing
3.4.1. Trends in Longwave Radiative Forcing Effects

Figure 6 shows the rising and falling trend of the direct radiative forcing value of
spring dust aerosol in China on the pixel scale in the past 20 years.

Figure 7a shows the variations in spring dust aerosols longwave radiative forcing at
the top of the atmosphere in China during 2000–2020. The dust aerosols radiative forcing in
the area east of the line from Wenshan County, Yunnan Province, to Nantong City, Jiangsu
Province, mainly shows an increasing trend. The regions showing a downward trend are
mainly clustered in the central and western parts of China, such as the Qinghai Province,
Gansu Province, Shaanxi Province, northeastern Hubei Province, southwestern Henan
Province, and southern Ningxia, but the central–eastern part of the Heilongjiang Province,
the northern part of Shandong Province, the Aksu, Hotan, and Turpan regions in Xinjiang,
and the Ali region in Tibet show a clear upward trend.
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Figure 7. Spatiotemporal variations (W m−2) of spring dust aerosols longwave/shortwave (longwave,
LW; shortwave, SW) and net radiative forcing at each height layer in China during 2000–2020
((a): TOA−LW; (b): TOA−SW; (c): TOA−NET; (d): ATM−LW; (e): ATM−SW; (f): ATM−NET;
(g): SUR−LW; (h): SUR−SW; (i): SUR−NET).

During the spring of 2000–2020, the atmospheric longwave radiative forcing (Figure 7d)
showed an increase in most of China except for a small part of northwestern Xinjiang.
The overall spatial distribution shows a trend of faster inter-annual growth in the east
than in the west, with Nanning–Yinchuan City as the boundary. The growth trend is
most significant in the southeastern coast of China, northwestern Shandong Province,
northeastern Xinjiang Hotan Region, southwestern Bayingoleng Mongol Autonomous
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Prefecture, southern Alashan League of Inner Mongolia, and southern Bayannur, while
the decreasing trend is most obvious in the central and western Hulunbeier City of Inner
Mongolia, Kashgar of Tibet, and Aksu Region.

The net radiative forcing of dust aerosol (Figure 7g) has a double-peak structure in
spatial distribution. It is centered in low-value areas such as Taklamakan Desert and the
Loess Plateau, and increases in all directions. The remaining areas other than Xinjiang
showed an overall decreasing trend. Specifically, with Baise City–Pingliang City as the
boundary, the inter-annual decline in the western region occurs more slowly than the inter-
annual decline in the eastern region. The most significant decreasing trend was observed
in the northeastern of the Hotan region of Xinjiang, the southwestern of Bayingguoleng
Mongol Autonomous Prefecture, the Haixi Mongolian–Tibetan Autonomous Prefecture
of Qinghai Province, and the eastern of the boundary line in the Henan Province, Hubei
Province and Shaanxi Province.

3.4.2. Trends in Shortwave Radiative Forcing Effects

During 2000–2020, shortwave radiative forcing of spring dust aerosols showed a
downward pattern in the central and western parts and an upward pattern in eastern China
(Figure 7b). The most significant downward pattern was in the desert of Qaidam Basin
located in Qinghai Province, and the most obvious upward pattern was in the southeastern
coastal region as well as the northern part of Shandong Province and the eastern part of the
Heilongjiang Province.

There is an obvious spatial heterogeneity in shortwave radiative forcing of dust
aerosols at the atmosphere in China (Figure 7e). Specifically, Nanyang City, Henan Province,
Suizhou City, Hubei Province, the northeastern part of Xinjiang Hotan Region, the southern
part of Bayingoleng Mongol Autonomous Prefecture, the area north of Golmud City-Dulan
County and the area around Qumalai County in Qinghai Province and the area along the
eastern coastline of China showed significant decreasing trends, while the areas around
Hotan City, Atushi City, Aksu City, Kulle City, Turpan City, and Hami City in Xinjiang and
the northeastern part of the Heilongjiang Province, and the western part of Hulunbeier
City in Inner Mongolia showed a significant increasing trend.

The shortwave radiative forcing of dust aerosols at the surface has strong geographical
heterogeneity in spatial patterns (Figure 7h). The high-value areas of the downward trend
are concentrated in a few areas such as northwestern Xinjiang and northeastern Inner
Mongolia. The central and western Henan Province, Hainan Province, and the eastern
coastal line areas showed a significant upward trend.

3.4.3. Trends in the Net Radiative Forcing Effect

From 2000 to 2020, the net radiative forcing of dust aerosols at the top of the atmosphere
(Figure 7c) was spatially bounded by Xidu City, Yunnan Province and Nantong City, Jiangsu
Province, showing a distribution trend of decreasing in the west and increasing significantly
in the east. The declining trend was most obvious in the desert of the Qaidam Basin and
the rising trend was most obvious in the coastal areas.

The trends of the net radiative forcing of dust aerosol in the atmosphere (Figure 7f)
showed obvious spatial heterogeneity from 2000 to 2020. In general, there was a decreasing
trend in the western region and an increasing trend in the eastern region. The net radiative
forcing of dust aerosols at the surface (Figure 7i) only showed a year-to-year increase in
the eastern of the Ali region of Tibet, the southwestern Shigatse region, the central Nagqu
region, the western Sichuan province, and the eastern coastal region of China in general,
while the rest of the regions showed a year-to-year decrease. The decreasing trend was
most significant in western Xinjiang and northeastern of Inner Mongolia.

4. Discussion

In this paper, we simulated the spring dust process in China during 2000–2020 based
on the WRF-Chem and quantified the radiative forcing effect of dust aerosols on at different
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altitude layers. Compared with previous studies, this study has two novelties. One is that
we established a localization scheme for dust aerosol simulation suitable for the Chinese
region. In addition, we carried out a long time series of direct radiative forcing simulations
of dust aerosols in China and further analyzed the variability of the radiative forcing effect
based on different temporal and spatial scales. This study has significant implications for
understanding how dust particles in China contribute to regional climate change.

The dust emission flux and dust aerosol concentration in 2018 were greater than those
in adjacent years, and net radiative forcing of the atmosphere reached its maximum absolute
value (2.5 W m−2), and the thick dust aerosols increased the absorption of solar radiation.
The surface net radiative forcing experienced a significant decline in 2018, and then the
radiative forcing value began to rise more significantly, because the thick dust aerosols
reduced the solar radiation reaching the ground by refracting and scattering solar radiation.
As the net radiative forcing at the top of the atmosphere was greatly affected by the cold air
flow and the prevailing westerly wind in March, the dust aerosols in the northwest were
easily transported to the southeast with the movement of the wind direction. This reduced
the dust aerosol concentration in the region, reducing the radiative forcing at the top of the
atmosphere in spring.

Both longwave and shortwave radiation showed significant positive radiative forcing
at the top of the atmosphere, with high radiative forcing values mainly in northwest China
and northern China, while longwave radiation in the Qinghai–Tibet Plateau region pro-
duced positive radiative forcing effects and shortwave radiation had negative radiative
forcing effects. The positive radiative forcing effect at the top of the atmosphere is signifi-
cantly higher in these regions than in other regions because of the widespread deserts in
northwest China and the large surface albedo [39], which exacerbates the reflection of solar
radiation (Figure S1). The Himalayas, the Kunlun Mountains and the Pamir Plateau around
the Qinghai–Tibet Plateau have a high surface albedo due to glaciers and snow [40], while
the dust aerosol concentration in this region is low (Figure S2), resulting in a slight positive
radiative forcing effect at the top of the atmosphere. The high longwave positive radiative
forcing in northern China may be due to the low dust concentrations in the region, which
reduce the planetary albedo [41] in the region and thus increase the absorption of solar
radiation caused by dust aerosols [42].

Compared to the radiative forcing at the top of the atmosphere, the shortwave and net
radiative forcing at the surface shows a significant negative effect because of the scattering
and absorption effects of dust aerosols as well as factors such as surface albedo, which
result in a reduction in solar radiation reaching the surface, and negative radiative forcing
at the surface [43,44]. The spatial patterns of surface radiative forcing correspond well to
the dust aerosols concentration, and the surface radiative forcing is stronger in areas with a
higher concentration of dust aerosols. In the vicinity of the dust source area, not only is
the dust particle size larger, but also the dust aerosol concentration is higher, and therefore
larger particles interact more with longwave radiation, compared to smaller particles [45].
Moreover, there is a large difference in surface longwave radiative forcing between the
dust source region and the downstream region due to the shorter lifetime of larger dust
particles in the atmosphere and the shorter transport distance [41]. In contrast, smaller dust
particle sizes are more easily transported over long distances due to their longer lifetime
in the atmosphere, so the surface shortwave radiative forcing remains more significant in
downstream areas, and the dust source area has less surface shortwave radiative forcing
compared to downstream areas.

In May and April, at the top of the atmosphere, the net radiative forcing of dust
aerosols is high and positive. This is mainly due to the transport of coarse-grained dust
aerosols from the north-western desert region with the movement of prevailing winds [46],
resulting in higher aerosol optical thickness, which exacerbates the absorption of reflected
solar radiation at the surface and produces higher positive radiative forcing [47]. At the top
of the atmosphere, the spatial patterns of net radiative forcing in March are significantly
different from those in April and May. This may be due to the greater influence of cold air
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currents and prevailing westerly winds in March [48], which tend to transport dust aerosols
from the northwest to the southeast with the movement of the winds, thus reducing the dust
aerosol concentration in the region, which in turn results in less absorption of solar radiation
by dust aerosols, making a larger area of net radiative forcing show a negative effect.

The net radiative forcing of dust aerosols at the surface in May has a similar spatial
pattern to that of April, but its negative radiative forcing coverage has expanded. This is
due to the increased flux and concentration of dust emissions in May compared to March
and April [48], which promotes the absorption and scattering of solar radiation, thereby
increasing the amount of radiative energy that reaches the surface. The net radiative forcing
at the surface of the northern Tibetan Plateau at the junction with the Taklamakan Desert
shows positive radiative forcing effects in March, April and May, probably because the
accumulation of dust aerosols from the Taklamakan Desert forms a deep dust aerosol
atmosphere in the Kunlun Mountains [41], which can have a heating effect on the Tibetan
Plateau by absorbing solar radiation [49]. Unlike the surface radiative forcing, the net
radiative forcing at the atmosphere and at the top of the atmosphere in the junction of
the northern Tibetan Plateau and the Taklamakan Desert is negative in April and May,
probably because the Kunlun Mountains in the northern Tibetan Plateau block the uplift
of dust aerosols [26], making dust aerosols concentration at the atmosphere smaller and
reducing its ability to absorb solar radiation.

Compared to previous studies, we have carried out a long time series simulation of
the spring dust emissions process and quantified the direct radiative forcing effect of spring
dust aerosols at different altitude layers in China over the last 20 years. However, there is
still a need to further improve our study. First, this study used PM10 from the atmospheric
monitoring stations and AOD from remote sensing products to validate the simulation
results of dust aerosol concentrations, and there is some uncertainty in the assessment of
the simulation results, which need to be evaluated with other observational data. Secondly,
the simulation results of different sand parameterization schemes need to be compared and
evaluated because of the large differences in the simulation of dust processes. Thirdly, we
did not discuss the influence of dust single scatter albedo on aerosol radiative effects, which
needs to be considered in the next study. Finally, given the strong seasonal variation of
dust emission, the radiative forcing effect and climate impact of dust emission in different
seasons need to be analyzed intensively in the future. Our study can support an ecological
sustainability assessment [50–54].

5. Conclusions

The analysis indicted significant spatiotemporal differences in the dust aerosols’ ra-
diative forcing effect on different altitude layers in China during 2000–2020. Dust aerosols
show an obvious inter-annual positive radiative forcing effect (about 0.38 W m−2) on both
shortwave and longwave radiation at the top of the atmosphere, mainly in northwest
China and the North China Plain, while in the atmosphere they show negative and positive
effects on longwave and shortwave radiation, respectively, with a net radiative forcing of
1.54 W m−2, showing a warming effect. Longwave radiation forcing of dust aerosols have
a positive effect at the surface, but show a negative forcing effect on shortwave radiation,
and both correspond well to the spatial distribution of dust aerosol concentrations with a
net radiative forcing of −1.16 W m−2, showing a cooling effect.

From the month-to-month variation, at the top of the atmosphere, the dust aerosols’
net radiative forcing shows a trend of May (0.94 W m−2) > April (0.48 W m−2) > March
(−0.20 W m−2). The spatial distribution of net radiative forcing in March is positive in the
east and negative in the west, while net radiative forcing in April and May has similar
spatial patterns, exibiting a positive effect over the whole of China. The dust aerosols net
radiative forcing at the atmosphere shows a trend of May (2.42 W m−2) > April (1.44 W m−2)
> March (0.68 W m−2), and the atmospheric radiative forcing decreases from east to west in
March, and the radiative forcing in April and May show a significant positive correlation
with dust aerosols concentrations. However, the dust aerosols’ net surface radiative forcing
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shows a trend of March (−0.88 W m−2) > April (−0.96 W m−2) > May (−1.48 W m−2). The
dust aerosols’ radiative forcing at the surface in March showed a decreasing distribution
from east to west in China, whereas the radiative forcing in April and May showed a
decreasing trend from northeast to southwest.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15184564/s1, Figure S1: Spatial distributions of surface albedo
of China during 2000−2020; Figure S2: Spatial distributions of annual mean dust concentrations
(µg kg−1-dry air) of China during 2000−2020.
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