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Abstract: Dust aerosols substantially impinge on the Earth’s climate by altering its energy balance, 
particularly over Northwest China, where dust storms occur frequently. However, the quantitative 
contributions of dust aerosols to direct radiative forcing (DRF) are not fully understood and warrant 
in-depth investigations. Taking a typical dust storm that happened during 9–12 April 2020 over 
Northwest China as an example, four simulation experiments based on the Weather Research and 
Forecasting model coupled with Chemistry (WRF-Chem) were designed, including a real scenario 
with dust emissions and three hypothetical scenarios without dust emissions, with dust emissions 
doubled, and with dust emissions reduced by half, to quantitatively evaluate the contributions of 
dust aerosols to DRF and then to surface temperature, with particular attention to the differences 
between daytime and nighttime. Moreover, multi-satellite observations were used to reveal the be-
havior of dust events and to evaluate the model performance. During the daytime, the net dust 
radiative forcing induced by dust aerosols was –3.76 W/m2 at the surface (SFC), 3.00 W/m2 in the 
atmosphere (ATM), and –0.76 W/m2 at the top of the atmosphere (TOA), and thus led to surface air 
temperature cooling by an average of –0.023 ℃ over Northwest China. During the nighttime, the 
net dust radiative forcing was 2.20 W/m2 at the SFC, –2.65 W/m2 in the ATM, and –0.45 W/m2 at the 
TOA, which then resulted in surface temperature warming by an average of 0.093 ℃ over North-
west China. These results highlight that the contribution of dust aerosols to DRF is greater during 
the daytime than that during the nighttime, while exhibiting the opposite impact on surface tem-
perature, as dust can slow down the rate of surface temperature increases (decreases) by reducing 
(increasing) the surface energy during the daytime (nighttime). Our findings are critical to improv-
ing the understanding of the climate effects related to dust aerosols and provide scientific insights 
for coping with the corresponding disasters induced by dust storms in Northwest China. 

Keywords: dust aerosols; remote sensing; numerical simulation; radiative forcing; surface temper-
ature 
 

1. Introduction 
Large amounts of dust aerosols are emitted every year from semiarid or arid areas 

[1]. The interaction of dust particles with longwave (LW) and shortwave (SW) radiation, 
which changes the radiation flux and thus affects surface and atmospheric temperatures 
depending on the size, shape, and mineral composition of dust particles, is known as the 
direct aerosol effect [2,3]. The direct effect of dust aerosols not only affects many of the 
processes that regulate regional climate but can also affect the efficiency of solar installa-
tions [4–7]. In addition, dust aerosols can affect climate through semidirect effects [8,9] 
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and indirect effects [10–12]. These results highlight that dust aerosols have important ef-
fects on regional and even global climate change [13–15]. According to Zhang et al. [16], 
the dust surface concentration is about 85 μg/m3 in Northwest China, accounting for 35%–
60% of the total aerosol mass concentration. Meanwhile, Northwest China has the Gobi 
Desert and Taklimakan Desert, which are the two main dust sources in East Asia [17]. 
Previous observations have shown that East Asian dust is more absorptive, with a single-
scattering albedo at 500 nm as low as 0.76, considerably smaller than the relevant values 
measured in Africa [18]. The regional mean dust direct radiative forcing (DRF) in China 
is much larger than that on the global scale and has great uncertainty, which may have a 
significant impact on the climate in East Asia [19–21]. Meanwhile, Northwest China be-
longs to the semiarid and arid regions that are very sensitive to climate change [14,22]. 
Therefore, it is of great significance to assess dust DRF and its climatic effects in Northwest 
China. 

The technology of satellite remote sensing, which has the features of spatial continu-
ity, wide coverage, and dynamic observation, plays a significant role in dust storm moni-
toring [23]. Satellite remote sensing has been widely adopted for studies related to dust 
storms [24–26]. Using Moderate Resolution Imaging Spectroradiometer (MODIS) and 
Multiangle Imaging Spectroradiometer (MISR) data, Yu et al. [27] found that dust storms 
in Saudi Arabia occur most frequently in the spring and summer in north-central Saudi 
Arabia and in the early spring and summer in southwestern Saudi Arabia. Wang et al. 
[28] studied the impact of dust on the retrieval of cloud top height from multisource re-
mote sensing data in Northwest China, and the results indicate that dust has the greatest 
effect on the retrieval of cloud top height from nimbostratus and the least impact on cirrus. 
Through the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation 
(CALIPSO) products, Huang et al. [29] pointed out that the frequency of occurrence of 
dust is 53% during summer over Tibet, which is much higher than that observed by 
ground-based stations. Combining CALIPSO, the Clouds and the Earth’s Radiant Energy 
System (CERES), and the Fu–Liou radiation model, Huang et al. [4] indicated that dust 
has an important effect on the radiative energy balance in the Taklamakan Desert. Overall, 
it is necessary to use multisource satellite data to quantitatively assess the direct radiative 
contribution of dust aerosols in Northwest China and to validate the model results. 

Numerical simulation is a very effective approach to assess the subsequent effects of 
dust aerosols and therefore has been used by many researchers to study the radiative ef-
fects of dust [30–32]. However, most previous studies focused on estimating the dust DRF 
throughout the day during the study period and have not quantitatively examined the 
difference between daytime and nighttime dust DRF in Northwest China. There are also 
still uncertainties in the simulation of dust DRF. Chen et al. [33] found that –3.97, 1.61, and 
–5.58 W/m2 of dust DRF were generated at the top of the atmosphere (TOA), in the atmos-
phere (ATM), and at the surface (SFC), respectively, from a dust event that appeared in 
Northwest China during 26–30 July 2007. Over the Tibetan Plateau, Hu et al. [34] pointed 
out that the annual mean SW, LW, and net dust DRF is –1.40, 0.13, and –1.27 W/m2 at the 
TOA; 0.67, –0.26, and 0.41 W/m2 in the ATM; and –2.08, 0.39, and –1.69 W/m2 at the SFC, 
respectively. By simulating the dust in East Asia from 2007 to 2011, Zhang et al. [35] noted 
that the annual dust DRF under all-sky conditions over East Asia is –0.84 W/m2 at the 
TOA, –1.23 W/m2 at the SFC, and 0.39 W/m2 in the ATM. Furthermore, most previous 
studies focused on validating the model's ability to simulate dust (e.g., dust loading and 
optical properties), yet few studies combined satellite remote sensing data to validate 
model-simulated radiative fluxes [36,37], which are important for estimating the dust DRF 
by using models. 

From 9 to 11 April 2020, affected cold air and strong winds caused by the Mongolia 
cyclone, blowing sand, and floating dust weather occurred in parts of eastern Xinjiang 
and northern Xinjiang, western Gansu and western Inner Mongolia, and dust storms oc-
curred in the southern Xinjiang Basin and some parts of western Gansu. Taking this dust 
event as a case study, this study attempts to quantitatively assess the contributions of dust 
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aerosols to DRF and then to surface temperature over Northwest China, with particular 
attention to the differences between daytime and nighttime, by using numerical simula-
tion and multi-satellite observations. The findings are expected to improve the under-
standing of climate effects related to dust aerosols and to provide scientific insights for 
coping with the corresponding disasters induced by dust storms in Northwest China. In 
Section 2, the model settings, methods, and data used in the study are briefly introduced. 
The main results, including the model evaluation, the dust DRF of different dust emis-
sions, and the impact of dust aerosols on the energy budget and temperature at the SFC, 
are given in Section 3. The major findings are summarized in Section 4. 

2. Materials and Methods 
2.1. Model Description 

Here, the Weather Research and Forecasting model coupled with Chemistry (WRF-
Chem, V4.1.3) was selected to quantitatively assess the contributions of dust aerosols to 
DRF. The model domain is given in Figure 1, centered at 37°N, 100°E with a horizontal 
resolution of 30 km and 216×172 grids. The model atmosphere was divided into 48 vertical 
layers up to 50 hPa, with higher density of vertical levels in the lower layers (25 layers 
below the troposphere). The dust simulated by the model was initialized by a "cold start" 
method. The simulation period was from 8 April 2020 to 12 April 2020 and the first 24 h 
of the simulation was spin-up. The boundary and initial meteorological conditions were 
obtained from the National Centers for Environmental Prediction (NCEP) Final Analysis 
(FNL) data at 1° horizontal resolution and 6 h temporal. 

 
Figure 1. Model domain with the location of sites on the surface elevation topography (m). The 
Wuwei and Zhangye sites are indicated in red. The red line stands for the CALIPSO overpass at 
07:13 UTC on 11 April 2020. The blue rectangular areas A and B represent the dust source region 
(DSR) and dust affected region (DAR), respectively. 

The model used the Lin microphysics scheme [38], the Rapid Radiative Transfer 
Model for General Circulation Models (RRTMG) shortwave and longwave radiation 
scheme [39], the Grell–Freitas Cumulus Parameterization scheme [40], the Noah land sur-
face scheme [41], the Yonsei University (YSU) planetary boundary scheme [42], and the 
Monin–Obukhov surface layer scheme [43]. For the chemical process, the GOCART cou-
pled with the RACM-KPP scheme [44], the Shao04 dust emission scheme [45], and the 
Fast-J photolysis scheme [46] were used, and the Maxwell approximation [47] was used 
for the dust aerosol optical properties. The model considered dust aerosols and radiative 
feedback but did not consider mechanisms such as biological aerosols, sea salt aerosols, 
or wet cleaning processes (dust-only simulation). The modeled atmospheric wind was 
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nudged towards the FNL data with a timescale of 6 h and a nudging coefficient G = 0.0003 
s−1 to generate a more realistic simulation of the major weather systems and large-scale 
circulation. 

The Shao04 scheme, a simplified version of the dust emission flux calculation in the 
Shao01 scheme [48], pointed out that the mechanism for generating dust emissions should 
be composed of two parts: saltation bombardment and aggregate disintegration through 
wind tunnel experiments. The performance of the Shao04 scheme was tested by Shao et 
al. [49] using Japan–Australia Dust Experiment data, and the evaluated dust plume was 
generally consistent with the measurements. Here follows the Shao04 scheme: 𝐹(𝑑௜, 𝑑௦) = c୷𝜂௙௜ ቈ(1 − 𝛾) + 𝛾 𝑝௠(𝑑௜)𝑝௙(𝑑௜)቉ 𝑄ௗ௦g𝑢∗ଶ (1 + 𝜎௠) (1) 

where 𝐹(𝑑௜, 𝑑௦) is the vertical dust flux of particle size 𝑑௜ induced by the saltation of par-
ticle 𝑑௦, c୷ is a dimensionless coefficient (default is 0.00001), 𝜂௙௜ is the fully disturbed dust 
fraction in bin 𝑑௜, γ describes the ability of aggregated dust to be released, 𝑝௠(𝑑௜) is the 
minimally disturbed particle size distribution and 𝑝௙(𝑑௜) is the fully disturbed particle 
size distribution, 𝑄ௗ௦ is the saltation flux of particles 𝑑௦, g is the gravitational acceleration, 𝑢∗ is the friction velocity, and 𝜎௠ is the bombardment efficiency. 𝑄ௗ௦ = ൫1 − 𝑐௙൯2.3 𝜌௔g 𝑢∗ଷ ൬1 − 𝑢∗௧𝑢∗ ൰ ൬1 + 𝑢∗௧𝑢∗ ൰ଶ，𝑢∗ ≥ 𝑢∗௧ (2) 

where 𝑐௙ is vegetation fraction, 𝜌௔ is the air density, 𝑢∗௧ is the threshold friction velocity, 
and 2.3 is an adjustable empirical factor. 

2.2. Study Area 
In order to describe the contribution of dust to DRF in Northwest China in detail, we 

divided the study area into the dust source region (DSR) and the dust affected region 
(DAR) according to the desert (Taklimakan and Gobi deserts) and the dust distribution 
during the study period, as shown in Figure 1. According to the spatial distribution of 
arid and semi-arid regions in Asia described by Huang et al. [50], the DSR belongs to the 
hyper-arid region and the DAR to the semi-arid region. The geographical information of 
the two regions is shown in Table S1. 

2.3. Sensitivity Experiments 
Four sensitivity experiments were designed to investigate the impact of dust on ra-

diation and temperature, one without dust aerosols and their feedback, and the others 
with these factors. 

The first set of experiments simulated dust aerosols under actual conditions, and the 
feedback between dust and radiation was turned on (CTL). The second set of experiments 
did not include dust aerosols, with the chemical composition set to zero (NoDust). In the 
third experiment, except for modifying the empirical proportionality constant to make the 
dust aerosol concentration twice that of CTL, the other settings were the same as those of 
CTL (DoubleDust). The last experiment had the same settings as CTL, except that the dust 
aerosol concentration was half (HalfDust). We modified the dust emission by modifying 
the empirical factor (2.3 in Equation (2)). The difference between the four experiments 
made it possible to quantitatively examine the dust impact on radiation, temperature, and 
surface energy budget. 

2.4. Data 
The Moderate Resolution Imaging Spectroradiometer (MODIS) was carried on the 

Terra and Aqua satellites. The Terra and Aqua satellites pass over the equator at approx-
imately 10:30 local time (descending orbit) and 13:30 local time (ascending orbit), respec-
tively. MODIS has a total of 36 bands at different bandwidths. The 1st–7th wavelengths 
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(from 620 to 2155 nm) are available for retrieval of aerosol data. There are two methods 
for retrieving aerosol optical depth (AOD) in MODIS data: “dark target” (DT) and “deep 
blue” (DB). The DT algorithm cannot be implemented over bright surfaces (e.g., desert 
and snow), whereas the DB algorithm can retrieve AOD even over bright surfaces [51,52]. 
The AOD that combines both the DB algorithm and the DB algorithm at 550 nm with a 
resolution of 10 × 10 pixel scale (10 km at nadir) from MODIS level 2 collection 6 products 
(MYD04_L2 and MOD04_L2) was used to evaluate the model simulations (https://lad-
sweb.modaps.eosdis.nasa.gov/search/ (accessed on 28 May 2021)). More information 
about the data can be found in Table S2. Data with Confidence Flag of 2 (good) and 3 (very 
good) were selected for analysis for quality control. Compared to the aerosol robot net-
work (AERONET) ground-based observation, the uncertainty of 550 nm AOD from 
MODIS is about 0.069 in northeast Asia [53]. The correlation coefficient between MODIS 
AOD (550 nm) and in situ observations in Castilla y León, Spain is 0.78 [54].  

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) carried on 
CALIPSO supplies high-resolution vertical profiles of aerosols and clouds. The 532 nm 
extinction coefficient from the CALIPSO level 2 aerosol profile product version 4.2 with a 
resolution of 60 m vertically (–0.5 to 20 km) and 5 km horizontally was used to verify the 
vertical simulation capability of the model in this study. We used the data along the orbital 
path on 11 April 2020 at 07:00 UTC due to the few values of data retrieved along the orbital 
path during the dust storm period (9–12 April). The data can be found at https://www-
calipso.larc.nasa.gov/ (accessed on 19 June 2021). More information about the data can be 
found in Table S2. Data with an extinction quality control flag (Extinction_QC_Flag_532) 
equal to 0 and 1 were selected for quality control. The root mean square deviation between 
532 nm AOD of CALIPSO and the US Navy Aerosol Analysis and Prediction System 
(NAAPS) is between 0.1 and 0.3, and the correlation coefficient is close to 0.8 [55]. 

The Clouds and the Earth’s Radiant Energy System (CERES) is a project by the Na-
tional Aeronautics and Space Administration (NASA). CERES provides satellite-based ob-
servations of the Earth's radiation budget and clouds, and one of its purposes is to support 
climate model evaluation and improvement by model–observation intercomparisons. 
CERES instruments are carried out on the Aqua, Terra, Suomi National Polar-orbiting 
Partnership (S-NPP), and NOAA-20 satellites. The adjusted clear-sky fluxes at TOA and 
SFC from the SYN1deg-Level 3 product (https://ceres.larc.nasa.gov/data/ (accessed on 25 
June 2021)) with 1 h temporal resolution and 1° × 1° spatial resolution were used to vali-
date the radiative fluxes from the model. More information about the data can be found 
in Table S2. The monthly average downward flux calculated from SYN1deg compared to 
ground-based observations has a standard deviation of 3.0 W/m2 for SW and –4.0 W/m2 
for LW [56]. Information on data quality control can be found at 
https://ceres.larc.nasa.gov/documents/DQ_summar-
ies/CERES_SYN1deg_Ed4A_DQS.pdf (accessed on 21 June 2021). 

In addition to satellite data, validation with ground-based observation is also im-
portant [57]. The PM10 observations at national stations in Wuwei and Zhangye with 1 h 
temporal resolution supplied by the Ministry of Ecology and Environment of the People’s 
Republic of China were used to validate the modeled dust concentrations 
(https://air.cnemc.cn:18007/ (accessed on 21 June 2021)). Wuwei has a temperate continen-
tal arid climate with an average annual temperature of 7.7 ℃, an average annual precipi-
tation of 212.2 mm, and an annual average of 65 precipitation days. Zhangye also has a 
temperate continental arid climate with an average annual temperature of 6.5°C, an aver-
age annual precipitation of 197.2 mm, and an annual average number of 67.1 precipitation 
days. Geographic information about the two sites is shown in Table S1. The study also 
used FNL reanalysis data (https://rda.ucar.edu/datasets/ds083.2/index.html (accessed on 
13 May 2021)) from the NCEP as boundary and initial meteorological conditions of WRF-
Chem and verified the modeled temperature. 
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3. Results and Discussion 
3.1. Model Evaluation 

The results of the WRF-Chem were validated by comparing the optical properties of 
the simulated dust with those from satellite retrievals. Dust in the ATM during dust 
events accounts for above 90% of the AOD and total aerosol mass [29], so AOD, in general, 
can reflect the changing and distribution characteristics of dust in the area during the 
study period. Since WRF-Chem does not calculate 550 nm AOD, AOD was calculated by 
integrating the 550 nm extinction coefficient over the entire atmospheric column.  

The spatial distribution of 550 nm AOD acquired by MODIS shows that the areas 
with AOD greater than 1.8 were mainly distributed in the Taklimakan Desert and western 
Gansu (Figure 2a). The model simulated well the high-value distribution of AOD in cen-
tral Xinjiang and western Gansu (Figure 2b). However, the model underestimated AOD 
values in the western Taklamakan Desert as well as in northern Xinjiang. Additionally, a 
spurious AOD distribution was simulated in Northwestern Qinghai. This was probably 
because of the uncertainty of the wind field as well as surface/soil information and surface 
land use conditions from the model [58]. Overall, the AOD from WRF-Chem revealed a 
consistent spatial distribution in comparison with the MODIS retrievals, although there 
were some differences. When dust emissions were doubled, the model-simulated AOD 
values increased and the distribution range also expanded (Figure 2c). At the same time, 
a similar result indicates that the value and distribution range of AOD was subsequently 
reduced when the dust emissions were reduced by half (Figure 2d). The simulation results 
reproduced the spatial pattern of MODIS-retrieved AODs, illustrating that the dust source 
distribution in Northwest China was well described by the dust source function in the 
Shao04 emission scheme. 

 
Figure 2. Spatial distribution of 550 nm aerosol optical depth (AOD) from MODIS retrievals and 
WRF-Chem simulations: (a) MODIS, (b) CTL, (c) DoubleDust, (d) HalfDust. The simulated AOD 
was extracted at the same overpass time as MODIS (06:00 UTC on 11 April 2020). 

The vertical structure of dust plays a significant role in clear-sky LW radiative forcing 
and cloudy-sky SW radiative forcing [2,59], thereby directly affecting the climate system. 
Figure 3 displays the vertical patterns of the aerosol extinction coefficient from CALIPSO 
and WRF-Chem along the CALIPSO satellite overpass at 07:00 UTC on 11 April 2020 (as 
shown in Figure 1). In the area of 37°N–43°N, many regions with extinction coefficients 
greater than 1 appeared below 4 km, indicating that these areas were dominated by dust 
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aerosols at this time. Meanwhile, the presence of dust aerosols was clearly shown above 
an altitude of 6 km (Figure 3 a). The comparison between CALIPSO and WRF-chem indi-
cates that the model properly reproduced the 532 nm extinction coefficient over the 
Taklimakan Desert (38°N–42°N), which was the main study area of this work. However, 
the model underestimated the extinction coefficient at 43°N–45°N and did not capture 
dust aerosols above 5 km (Figure 3b). Similar to the AOD distribution, the underestima-
tion might be related to the uncertainty of the wind field as well as surface/soil infor-
mation and surface land use conditions from the model [54]. 

When dust emissions became twice as high as CTL, the maximum and average values 
of the simulated aerosol extinction coefficient increased from 4.06 and 0.06 km−1 to 7.61 
and 0.11 km−1, respectively. The distribution of extinction coefficients also expanded, es-
pecially in the areas (38°N–41°N) with high values (Figure 3c). When dust emissions 
reached half, the maximum and average values of the simulated aerosol extinction coeffi-
cient decreased to 2.16 and 0.03, respectively. Similar to DoubleDust, the distribution of 
extinction coefficients became narrower (Figure 3d). 

 
Figure 3. Cross sections of 532 nm extinction coefficient (km−1) along the CALIPSO orbit path (as 
shown in Figure 1) from CALIPSO at 07:13 UTC and WRF-Chem simulations at 07:00 UTC on 11 
April 2020: (a) CALIPSO, (b) CTL, (c) DoubleDust, (d) HalfDust. 

During dust events, PM10 is usually the main pollutant in the atmosphere [60], so the 
intensity of dust events can be reflected by the PM10 concentration observed at the site. 
The observed and modeled PM10 concentrations at the dust-affected sites (Wuwei and 
Zhangye) were compared (Figure S1). The locations of the two sites are indicated in Figure 
1 in red. The results show that the model reproduced variation trends of PM10 concentra-
tion. The correlation coefficient between the model results (CTL) and ground-based ob-
servations at the Wuwei and Zhangye sites was 0.91 and 0.80, respectively, and both 
passed the significance test with a 99% confidence level. The average temperature at 2 m 
from the WRF-Chem simulation and the NCEP/FNL reanalysis data was also compared 
in the modeling period (Figure S2). The simulated temperature fields provided confidence 
for the subsequent analysis of the effect of dust on surface temperature. The details of the 
model performance regarding PM10 and temperature can be found in the Supplementary 
Materials. 
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The above evaluation results show that the spatial and temporal characteristics of 
dust aerosols can be reproduced by using the WRF-Chem model within the modeling do-
main, and the results can be reliably used for the investigation of dust DRF and its effect 
on temperature in Northwest China. 

3.2. Spatial Distribution of Radiation Fluxes 
Apart from the assessment of the model's capability to simulate dust, the simulated 

results of radiation fluxes were further verified by comparison with the CERES results. At 
the SFC, the model captured the SW, LW, and net radiation distribution characteristics 
observed by CERES in Northwest China, especially in the desert area (Figure 4). The 
model overestimated the radiation in the Himalayas and the Kunlun Mountains, which 
were not included in the study area. The overestimation may be related to the albedo in 
the model being higher than the actual value in these areas. Table 1 summarizes the aver-
aged radiation fluxes at the TOA and the SFC from the CERES and CTL simulations. At 
the TOA, the model-simulated regional averages of downward SW radiation and upward 
LW radiation in Northwest China were closer to CERES, which were 691 and 704 W/m2 
and 255 and 262 W/m2, respectively. The simulated values of SW and net radiation were 
smaller than the CERES values, which were 465 and 533 W/m2 and 210 and 271 W/m2, 
respectively, mainly due to the model overestimating the upward shortwave radiation. 
Although there were some differences between the modeled and observed results, the 
characteristics of the radiation flux distribution at the TOA could be reflected in general. 
Similar to the TOA, the model-simulated regional average LW radiation at SFC in North-
west China was more consistent with the observations, whereas the values of SW and net 
radiation were smaller than the observations, mainly due to the overestimation of upward 
SW radiation of the model. In general, the WRF-Chem performed well with CERES meas-
urements over Northwest China. The results provided confidence for subsequent studies 
of the dust DRF. 
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Figure 4. Spatial distribution of daytime net radiation fluxes (W/m2) at the surface from CERES ob-
servations and CTL simulations averaged during 9–12 April 2020: (a) SW from CERES, (b) SW from 
CTL, (c) LW from CERES, (d) LW from CTL, (e) net from CERES, (f) net from CTL. 

Table 1. Daytime radiation fluxes (W/m2) at the TOA and the SFC from CERES and CTL simulation 
averaged over Northwest China (30°N–45°N, 75°E–110°E) during 9–12 April 2020. 

 SWDN 1 SWUP 2 LWDN 3 LWUP 4 SW 5 LW 6 Net 7 
CERES_TOA 704 171 0 262 533 262 271 

CTL_TOA 691 226 0 255 465 255 210 
CERES_SFC 550 135 230 382 415 152 263 

CTL_SFC 556 206 232 369 350 137 213 
1 Downward shortwave radiation flux (W/m2). 2 Upward shortwave radiation flux (W/m2). 3 Down-
ward longwave radiation flux (W/m2). 4 Upward longwave radiation flux (W/m2). 5 Net shortwave 
radiation flux (SWDN—SWUP) (W/m2). 6 Net longwave radiation flux (LWUP—LWDN) (W/m2). 7 

Net radiation flux (SW—LW) (W/m2). 

3.3. Dust DRF Induced by Different Dust Emissions 
The dust DRF in East Asia accounts for approximately 42% of the total aerosol radi-

ative forcing and thus plays a significant role in the radiative budget as well as regional 
climate [61]. In this study, the difference between the simulations with and without dust 
aerosols was applied to quantitatively evaluate the magnitude of the dust DRF. The im-
pacts of dust emission changes on the dust DRF in Northwest China were discussed in 
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the daytime (09:00 to 21:00 local time) and nighttime (22:00 local time on the same day to 
06:00 local time the next day). 

3.3.1. Dust DRF in the Daytime 
The daytime SW, LW, and net dust DRF simulated by CTL in clear-sky conditions 

were calculated at the SFC, TOA, and ATM, respectively, during the study period, as 
shown in Figure 5. In the daytime at the TOA, dust enhanced the upward shortwave ra-
diation due to reflection and scattering and increased the upward longwave radiation. 
The net DRF was overall cooling and locally warming the TOA. The average SW, LW, and 
net DRF of dust at the TOA during the daytime of the simulation period were –1.83, 0.61, 
and –1.22 W/m2 over DSR, respectively; –0.36, 0.18, and –0.18 W/m2 over DAR, respec-
tively; and –1.23, 0.47, and –0.76 W/m2 over Northwest China, respectively. At the ATM, 
dust absorbed SW radiation while releasing LW radiation, and the net effect led to warm-
ing of the ATM. The average SW, LW, and net DRF of dust in the ATM during the daytime 
were 6.92, –3.13, and 3.79 W/m2 over DSR, respectively; 1.76, –0.87, and 0.89 W/m2 over 
DAR, respectively; and 5.58, –2.58, and 3.00 W/m2 over Northwest China, respectively. At 
the SFC, dust attenuated the downward SW radiation and enhanced the downward LW 
radiation, with the net effect of cooling the SFC. The average SW, LW, and net DRF of dust 
at the SFC during the daytime were –8.75, 3.74, and –5.01 W/m2 over DSR, respectively; –
2.12, 1.05, and –1.07 W/m2 over DAR, respectively; and –6.81, 3.05, and –3.76 W/m2 over 
Northwest China, respectively. The average radiative effect of dust was in accordance 
with the results of Chen et al. [33] and Chen et al. [62] but with lower values, which might 
have been caused by the larger average area and the lower intensity of dust events in this 
study. In general, during the day, the dust DRF was consistent at DSR and DAR, but was 
stronger at DSR. 

 
Figure 5. Spatial distribution of daytime dust direct radiative forcing (DRF) (in W/m2) under clear-
sky conditions from CTL simulation averaged during 09–12 April 2020: (a) SW DRF at the TOA, (b) 
LW DRF at the TOA, (c) net DRF at the TOA, (d) SW DRF in the ATM, (e) LW DRF in the ATM, (f) 
net DRF in the ATM, (g) SW DRF at the SFC, (h) LW DRF at the SFC, (i) net DRF at the SFC. 
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The impacts of dust emission changes on DRF were further investigated. When dust 
emissions became twice the CTL, the range and absolute values of the dust DRF distribu-
tion also expanded (positive values became larger, negative values decreased) at different 
heights, and the range of high-value area in the ATM and at the SFC in particular extended 
to cover almost all of the Xinjiang and Gansu regions (Figure S3a–c). During the simula-
tion period, the average values from DoubleDust were –3.04, 0.99, and –2.05 W/m2 at the 
TOA; 11.28, –5.07, and 6.21 W/m2 in the ATM; and –14.32, 6.06, and –8.26 W/m2 at the SFC 
over DSR for daytime SW. The average values from DoubleDust for daytime LW were –
0.58, 0.33, and –0.25 W/m2 at the TOA; 3.24, –1.57, and 1.67 W/m2 in the ATM; and –3.82, 
1.90, and –1.92 W/m2 at the SFC over DAR. Last, the average values from DoubleDust for 
daytime net dust DRF were –2.02, 0.77, and –1.25 W/m2 at the TOA; 9.01, –4.15, and 4.86 
W/m2 in the ATM; and –11.03, 4.92, and –6.11 W/m2 at the SFC over Northwest China. 
Similar to the situation of dust emission increasing, when dust emission became half, the 
absolute values of dust DRF distribution at different heights were reduced (positive val-
ues decreased, negative values became larger) (Figure S3d–f). The average values from 
HalfDust were –1.09, 0.35, and –0.74 W/m2 at the TOA; 4.00, –1.84, and 2.16 W/m2 in the 
ATM; and –5.09, 2.19, and –2.90 W/m2 at the SFC over DSR for daytime SW. The average 
values from HalfDust were –0.21, 0.10, and –0.11 W/m2 at the TOA; 0.93, –0.47, and 0.46 
W/m2 in the ATM; and –1.14, 0.57, and –0.57 W/m2 at the SFC over DAR for daytime LW. 
Last, the average values from HalfDust were –0.74, 0.27, and –0.47 W/m2 at the TOA; 3.28, 
–1.55, and 1.73 W/m2 in the ATM; and –4.02, 1.82, and –2.20 W/m2 at the SFC for daytime 
net dust DRF over Northwest China. 

Mean values of daytime dust DRF at different heights (SFC, ATM, and TOA) in 
Northwest China (30°N–45°N, 75°E–110°E) from CTL, DoubleDust, and HalfDust during 
the study period are summarized in Table 2. In the daytime, when dust emissions doubled 
compared to the CTL results, the SW radiative forcing decreased by 64% (–5.57 W/m2) at 
the SFC, increased by 63% (4.36 W/m2) in the ATM, and decreased by 66% (–1.21 W/m2) at 
the TOA over DSR; decreased by 80% (–1.7 W/m2) at the SFC, increased by 84% (1.48 
W/m2) in the ATM, and decreased by 61% (–0.22 W/m2) at the TOA over DAR; and de-
creased by 62% (–4.22 W/m2) at the SFC, increased by 61% (3.43 W/m2) in the ATM, and 
decreased by 64% (–0.79 W/m2) at the TOA over Northwest China. The LW radiative forc-
ing increased by 67% (2.32 W/m2) at the SFC, decreased by 62% (–1.94 W/m2) in the ATM, 
and increased by 62% (0.38 W/m2) at the TOA over DSR; increased by 81% (1.05 W/m2) at 
the SFC, decreased by 80% (–0.7 W/m2) in the ATM, and increased by 83% (0.15 W/m2) at 
the TOA over DAR; and increased by 0.61% (1.87 W/m2) at the SFC, decreased by 61% (–
1.57 W/m2) in the ATM, and increased by 64% (0.30 W/m2) at the TOA over Northwest 
China. The net radiative forcing decreased by 65% (–3.25 W/m2) at the SFC, increased by 
64% (2.42 W/m2) in the ATM, and decreased by 68% (–0.83 W/m2) at the TOA over DSR; 
decreased by 79% (–0.85 W/m2) at the SFC, increased by 88% (0.78 W/m2) in the ATM, and 
decreased by 39% (–0.07 W/m2) at the TOA over DAR; and decreased by 63% (–2.35 W/m2) 
at the SFC, increased by 62% (1.86 W/m2) in the ATM, and decreased by 64% (–0.49 W/m2) 
at the TOA over Northwest China. When dust emissions were reduced to half compared 
to CTL, the SW radiative forcing increased by 42% (3.66 W/m2) at the SFC, decreased by 
42% (–2.92 W/m2) in the ATM, and increased by 40% (0.74 W/m2) at the TOA over DSR; 
increased by 46% (0.98 W/m2) at the SFC, decreased by 47% (–0.83 W/m2) in the ATM, and 
increased by 42% (0.15 W/m2) at the TOA over DAR; and increased by 41% (2.79 W/m2) at 
the SFC, decreased by 41% (–2.30 W/m2) in the ATM, and increased by 40% (0.49 W/m2) at 
the TOA over Northwest China. The LW radiative forcing decreased by 41% (–1.55 W/m2) 
at the SFC, increased by 41% (1.29 W/m2) in the ATM, and decreased by 43% (–0.26 W/m2) 
at the TOA over DSR; decreased by 46% (–0.48 W/m2) at the SFC, increased by 46% (0.40 
W/m2) in the ATM, and decreased by 44% (–0.08 W/m2) at the TOA over DAR; and de-
creased by 40% (–1.23 W/m2) at the SFC, increased by 40% (1.03 W/m2) in the ATM, and 
decreased by 43% (–0.20 W/m2) at the TOA over Northwest China. The net radiative forc-
ing increased by 42% (2.11 W/m2) at the SFC, decreased by 43% (–1.63 W/m2) in the ATM, 
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and increased by 39% (0.48 W/m2) at the TOA over DSR; increased by 47% (0.5 W/m2) at 
the SFC, decreased by 48% (–0.43 W/m2) in the ATM, and increased by 39% (0.07 W/m2) at 
the TOA over DAR; and increased by 41% (1.56 W/m2) at the SFC, decreased by 42% (–
1.27 W/m2) in the ATM, and increased by 38% (0.29 W/m2) at the TOA over Northwest 
China. Overall, during the day, the impact of changes in dust emissions over DAR was 
greater than DSR. Meanwhile, the effect of DoubleDust on DRF was greater than the effect 
of HalfDust. 

Table 2. Mean values of daytime dust DRF (W/m2) from WRF-Chem simulations at the TOA, in the ATM, and at the SFC 
over DSR (37°N–45°N, 77°E–100°E), DAR (33°N–42°N, 100°E–108°E), and Northwest China (30°N–45°N, 75°E–110°E) dur-
ing 9–12 April 2020. All variables are downward positive. 

  TOA ATM SFC 

  CTL 
Double-

Dust HalfDust CTL 
Double-

Dust HalfDust CTL 
Double-

Dust HalfDust 

DSR 
SW(W/m2) –1.83 –3.04 –1.09 6.92 11.28 4.00 –8.75 –14.32 –5.09 
LW(W/m2) 0.61 0.99 0.35 –3.13 –5.07 –1.84 3.74 6.06 2.19 
Net(W/m2) –1.22 –2.05 –0.74 3.79 6.21 2.16 –5.01 –8.26 –2.90 

DAR 
SW(W/m2) –0.36 –0.58 –0.21 1.76 3.24 0.93 –2.12 –3.82 –1.14 
LW(W/m2) 0.18 0.33 0.10 –0.87 –1.57 –0.47 1.05 1.90 0.57 
Net(W/m2) –0.18 –0.25 –0.11 0.89 1.67 0.46 –1.07 –1.92 –0.57 

North-
westCh-

ina 

SW(W/m2) –1.23 –2.02 –0.74 5.58 9.01 3.28 –6.81 –11.03 –4.02 
LW(W/m2) 0.47 0.77 0.27 –2.58 –4.15 –1.55 3.05 4.92 1.82 
Net(W/m2) –0.76 –1.25 –0.47 3.00 4.86 1.73 –3.76 –6.11 –2.20 

3.3.2. Dust DRF in the Nighttime 
To analyze the difference between daytime and nighttime dust DRF, the nighttime 

dust DRF simulated by CTL in clear-sky conditions during the study period was calcu-
lated (Figure 6). At the TOA during the night, dust decreased the upward LW radiation, 
causing a net effect of cooling the TOA because there was no solar SW radiation. The av-
erage LW and net DRF of dust at the TOA during the night of the simulation period were 
–0.48 and –0.48 W/m2 over DSR, respectively; –0.05 and –0.05 W/m2 over DAR, respec-
tively; and –0.45 and –0.45 W/m2 over Northwest China, respectively. In the ATM, dust 
released LW radiation with the net effect of cooling the atmosphere. The average LW and 
net DRF of dust in the ATM during the night were –3.21 and –3.21 W/m2 over DSR, re-
spectively; –0.44 and –0.44 W/m2 over DAR, respectively; and –2.65 and –2.65 W/m2 over 
Northwest China, respectively. At the SFC, dust reduced downward SW radiation and 
enhanced downward LW radiation. Overall, the net dust DRF at the SFC had a warming 
effect (2.73 W/m2 over DSR, 0.39 W/m2 over DAR, and 2.20 W/m2 over DAR). The results 
show that in the ATM and at the SFC, the DRF of dust at nighttime was opposite to that 
in the daytime. 
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Figure 6. Spatial distribution of nighttime dust DRF (W/m2) under clear-sky conditions from CTL 
simulation averaged during 9–12 April 2020: (a) SW DRF at the TOA, (b) LW DRF at the TOA, (c) 
net DRF at the TOA, (d) SW DRF in the ATM, (e) LW DRF in the ATM, (f) net DRF in the ATM, (g) 
SW DRF at the SFC, (h) LW DRF at the SFC, (i) net DRF at the SFC. 

Consistent with the daytime, the distribution range and absolute values of the dust 
DRF at different heights also increased (positive values became larger, negative values 
decreased) when dust emission became two times the CTL (Figure S4). During the simu-
lation period, the average values of nighttime net dust DRF from DoubleDust were –0.66 
W/m2 at the TOA, –5.12 W/m2 in the ATM, and 4.46 W/m2 at the SFC over DSR; –0.12 W/m2 
at the TOA, –0.82 W/m2 in the ATM, and 0.70 W/m2 at the SFC over DAR; and –0.61 W/m2 
at the TOA, –4.18 W/m2 in the ATM, and 3.57 W/m2 at the SFC over Northwest China. 
Nevertheless, when dust emission became half of the CTL, the distribution range and ab-
solute values of the dust DRF at different heights decreased (positive values decreased, 
negative values increased). The average values of nighttime net dust DRF from HalfDust 
were –0.33 W/m2 at the TOA, –1.93 W/m2 in the ATM, and 1.60 W/m2 at the SFC over DSR; 
–0.02 W/m2 at the TOA, –0.23 W/m2 in the ATM, and 0.21 W/m2 at the SFC over DAR; and 
–0.31 W/m2 at the TOA, –1.61 W/m2 in the ATM, and 1.30 W/m2 at the SFC over Northwest 
China. 

At night, when dust emissions doubled compared to CTL, the net radiative forcing 
increased by 63% (1.73 W/m2) at the SFC, decreased by 60% (–1.91 W/m2) in the ATM, and 
decreased by 38% (–0.18 W/m2) at the TOA over DSR; increased by 79% (0.31 W/m2) at the 
SFC, decreased by 86% (–0.38 W/m2) in the ATM, and decreased by 140% (0.07 W/m2) at 
the TOA over DAR; and increased by 62% (1.37 W/m2) at the SFC, decreased by 58% (–
1.53 W/m2) in the ATM, and decreased by 35% (–0.16 W/m2) at the TOA over Northwest 
China. When dust emissions became half of the CTL, the net radiative forcing decreased 
by 41% (–1.13 W/m2) at the SFC, increased by 40% (1.28 W/m2) in the ATM, and increased 
by 31% (0.15 W/m2) at the TOA over DSR; decreased by 46% (–0.18 W/m2) at the SFC, 
increased by 48% (0.21 W/m2) in the ATM, and increased by 60% (0.03 W/m2) at the TOA 
over DAR; and decreased by 41% (–0.9 W/m2) at the SFC, increased by 39% (1.04 W/m2) in 
the ATM, and increased by 31% (0.14 W/m2) at the TOA over Northwest China. Overall, 
at night, the impact of changes in dust emissions over DAR was greater than DSR. Mean-
while, the effect of DoubleDust on DRF was greater than the effect of HalfDust. Whether 
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at the SFC, in the ATM, or at the TOA, the net radiative effect of dust during the day was 
greater than that at night, mainly due to the differences in SW radiation. In addition, the 
impact of changes in dust emissions on DRF was greater during the day than during the 
night (Table 3). 

Table 3. Mean values of nighttime dust DRF (W/m2) from WRF-Chem simulations at the TOA, in the ATM, and at the SFC 
over DSR (37°N–45°N, 77°E–100°E), DAR (33°N–42°N, 100°E–108°E), and Northwest China (30°N–45°N, 75°E–110°E) dur-
ing 9–12 April 2020. All variables are downward positive. 

  TOA ATM SFC 

  CTL 
Double-

Dust HalfDust CTL 
Double-

Dust HalfDust CTL DoubleDust 
HalfDus

t 

DSR 
SW(W/m2) 0 0 0 0 0 0 0 0 0 
LW(W/m2) –0.48 –0.66 –0.33 –3.21 –5.12 –1.93 2.73 4.46 1.60 
Net(W/m2) –0.48 –0.66 –0.33 –3.21 –5.12 –1.93 2.73 4.46 1.60 

DAR 
SW(W/m2) 0 0 0 0 0 0 0 0 0 
LW(W/m2) –0.05 –0.12 –0.02 –0.44 –0.82 –0.23 0.39 0.70 0.21 
Net(W/m2) –0.05 –0.12 –0.02 –0.44 –0.82 –0.23 0.39 0.70 0.21 

North-
westChina 

SW(W/m2) 0 0 0 0 0 0 0 0 0 
LW(W/m2) –0.45 –0.61 –0.31 –2.65 –4.18 –1.61 2.20 3.57 1.30 
Net(W/m2) –0.45 –0.61 –0.31 –2.65 –4.18 –1.61 2.20 3.57 1.30 

3.4. Impact of Dust Emission Changes on Surface Temperature 
The impact of dust aerosols on surface temperature during the study period of day 

and night was calculated by the difference between simulations with and without dust. 
The results indicate that dust had a cooling effect at the SFC in the daytime and thus re-
duced the rate of the surface temperature (Figure 7). The area with a large drop in tem-
perature was in southeastern Xinjiang, with a maximum drop of –0.88 ℃. When dust 
emissions were doubled, the high-value area of cooling expanded. During the simulation 
period, the mean value changed from –0.035 ℃ to –0.059 ℃ over DSR, from –0.0065 ℃ to 
–0.008 ℃ over DAR, and from –0.023 ℃ to –0.035 ℃ over Northwest China. When dust 
emissions were halved, the high-value region of cooling decreased. The average cooling 
became –0.021 ℃ over DSR, –0.005 ℃ over DAR, and –0.015 ℃ over Northwest China. At 
night, dust had a heat preservation effect at the SFC, slowing the rate of surface tempera-
ture reduction at night. The increase in temperature was large over southeast of Xinjiang, 
with a maximum exceeding 2 ℃. When dust emissions were doubled, the regional aver-
age value changed from 0.100 to 0.164 ℃ over DSR, from 0.0062 to 0.022 ℃ over DAR, and 
from 0.093 to 0.154 ℃ over Northwest China, and when dust emissions were halved, the 
regional average value changed to 0.060 ℃ over DSR, 0.001 ℃ over DAR, and 0.056 ℃ 
over DAR. Similar to the DRF, the impact of dust on temperature was consistent at DSR 
and DAR, but was stronger at DSR. 
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Figure 7. Differences in modeled daytime and nighttime temperature (℃) caused by dust at the SFC 
from WRF-Chem simulations averaged during 9–12 April 2020: (a) CTL during the day, (b) Double-
Dust during the day, (c) HalfDust during the day, (d) CTL at night, (e) DoubleDust at night, (f) 
HalfDust at night. 

During the simulation period, dust was mainly distributed below 4 km along the 
transport path, regardless of daytime or nighttime (Figure S5). In addition, at 80°E–82°E, 
more dust accumulated below 2 km during the day than at night. For the low dust layer, 
turbulent fluxes and vertical mixing within the planetary boundary layer moderately off-
set cooling at the SFC by transporting heat absorbed by the dust layer downward to the 
SFC [17]. In addition, dust aerosols from East Asia are more absorbent than the Sahara 
Desert [50] and therefore can transfer more heat to the surface. Thus, during the simula-
tion, the insulation effect of dust at night was stronger than the cooling effect during the 
day over DSR and Northwest China (Table 4). This result is consistent with the results of 
Chen et al. [62], who studied a dust storm from 14–17 April 2015 and found that dust 
aerosols decreased near-surface temperature in the North China Plain and dust source by 
0.06 °C and 0.01 °C during the day and increased by 0.14 °C and 0.13 °C at night, respec-
tively. However, over DAR, when the dust concentrations were low, the cooling effect 
during the day was greater than the insulation effect at night. This might be due to the 
fact that the heat brought to the SFC by the lower concentrations of dust did not offset the 
cooling effect as it did over the DSR. 

Table 4. Mean values of daytime and nighttime temperature (℃) and total fluxes (positive down-
ward, W/m2) induced by dust at the SFC from WRF-Chem simulations over DSR (37°N–45°N, 77°E–
100°E), DAR (33°N–42°N, 100°E–108°E), and Northwest China (30°N–45°N, 75°E–110°E) during 9–
12 April 2020. 

  Daytime Nighttime 

  CTL 
Double-

Dust HalfDust CTL 
Double-

Dust HalfDust 

DSR 
T(℃) –0.035 –0.059 –0.021 0.100 0.164 0.060 

Q(W/m2) –2.95 –4.86 –1.75 4.07 6.64 2.42 

DAR 
T(℃) –0.0065 –0.008 –0.005 0.0062 0.022 0.001 

Q(W/m2) –0.35 –0.67 –0.18 0.46 0.83 0.24 
North-

westChina 
T(℃) –0.023 –0.035 –0.015 0.093 0.154 0.056 

Q(W/m2) –2.17 –3.49 –1.29 3.28 5.33 1.96 

The effects of changes in dust emissions on surface energy were further investigated. 
The difference in the distribution of the surface energy balance (Q, positive downward, 
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calculated by Equation (S4) in the Supplementary Materials) during the day and night is 
given in Figure 8. Dust caused negative anomalies during the day (–2.95 W/m2 over DSR, 
–0.35 W/m2 over DAR, and –2.17 W/m2 over Northwest China) and caused positive anom-
alies (4.07 W/m2 over DSR, 0.46 W/m2 over DAR, and –3.28 W/m2 over Northwest China) 
at night (Figure 8a,d). Regardless of day or night, the difference in Q increased and de-
creased with increasing and decreasing dust emissions. Table 4 shows the average differ-
ences in temperature and Q over DSR, DAR, and Northwest China during the simulation 
period. During the daytime, dust reduced the surface energy, thus slowing down the rate 
of surface temperature increases. In contrast, at night, dust increased the surface energy 
and slowed the rate of surface temperature decreases. When dust emissions doubled com-
pared to normal emissions, the difference in Q decreased by 65% over DSR, 48% over 
DAR, and 61% over Northwest China during the daytime and increased by 63% over DSR, 
80% over DAR, and 63% over Northwest China at nighttime. The differences in tempera-
ture decreased by 68% over DSR, 23% over DAR, and 52% over Northwest China in the 
daytime and increased by 64% over DSR, 255% over DAR, and 66% over Northwest China 
at nighttime. When dust emissions were halved, the difference in Q increased by 41% over 
DSR, 49% over DAR, and 41% over Northwest China during the daytime and decreased 
by 41% over DSR, 48% over DAR, and 40% over Northwest China during the nighttime. 
The differences in temperature increased by 40% over DSR, 23% over DAR, and 35% over 
Northwest China in the daytime and decreased by 40% over DSR, 84% over DAR, and 
40% over Northwest China at nighttime. Overall, during the daytime, the impact of dust 
concentration changes on temperature was greater over DSR than over DAR, but it was 
the opposite at night. In contrast to the effect on DRF, the influence of dust emission 
changes on surface temperature was less in the daytime than in the nighttime. 

 
Figure 8. Differences in simulated daytime and nighttime total fluxes (positive downward, W/m2) 
induced by dust at the SFC from the model averaged during 9–12 April 2020: (a) CTL during the 
day, (b) DoubleDust during the day (c) HalfDust during the day, (d) CTL at night, (e) DoubleDust 
at night, (f) HalfDust at night. 

The mean values of differences in surface sensible and latent heat fluxes caused by 
dust at daytime and nighttime from CTL during the simulation are given in Figure 9. 
During the daytime, dust reduced the surface sensible heat flux in southern Xinjiang due 
to the cooling effect, resulting in an average reduction of –3.21 W/m2 over DSR, –0.88 W/m2 
over DAR, and –2.51 W/m2 over Northwest China. Over dry land surfaces, latent heat flux 
at the SFC is usually small, so surface cooling is mainly balanced by the reduction in sen-
sible heat fluxes at the SFC [63,64]. At night, the insulation effect of dust at the SFC caused 
an average increase of 0.44 W/m2 in surface sensible heat fluxes over DSR, 0.07 W/m2 over 
DAR, and 0.36 W/m2 over Northwest China. The decrease in daytime sensible heat fluxes 
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exceeded the increase at night, which was in accordance with the results of Yue et al. [65] 
because turbulence is much more active during the day than at night. Since no precipita-
tion occurred, the cooling effect of dust decreased the latent heat fluxes at the SFC in the 
daytime, with the maximum reduction (–15.12 W/m2) occurring in the Tianshan Moun-
tains in northern Xinjiang. The latent heat flux decreased by an average of –0.36 W/m2 
over DSR, –0.03 W/m2 over DAR, and –0.21 W/m2 over Northwest China. At night, the 
insulation effect of dust increased the evaporation of soil water vapor, resulting in an av-
erage increase in latent heat flux of 0.05 W/m2 over DSR, 0.008 W/m2 over DAR, and 0.04 
W/m2 over Northwest China. Although the decrease in latent and sensible heat fluxes at 
the SFC would lead to an increase in total fluxes during the day, dust reduced the total 
energy at the SFC due to the domination of downward SW radiation on the total fluxes. 
Similarly, dust increased total flux due to the dominance of LW radiation flux at night 
(Equation (S4) in the Supplementary Materials). 

 
Figure 9. Differences in modeled daytime and nighttime sensible heat fluxes and latent heat fluxes 
(both are positive upward, W/m2) caused by dust at the SFC from CTL averaged during 9–12 April 
2020: (a) sensible heat fluxes during the day, (b) sensible heat fluxes at night, (c) latent heat fluxes 
during the day, (d) latent heat fluxes at night. 

4. Conclusions 
The objective of this study was to quantitatively assess the contributions of dust aer-

osols to DRF and then to surface temperature, with particular attention on the differences 
between daytime and nighttime, by using numerical simulation and multi-satellite obser-
vations. A typical dust event that occurred during 9–12 April 2020 over Northwest China 
was taken as an example. Multi-satellite observations were selected to reveal the behav-
iors of typical dust events and to assess the model performance. Results indicate that the 
model was able to simulate dust, radiation fluxes, and temperature in Northwest China 
during the simulation. The results of the model could therefore be used to quantitatively 
assess the contributions of dust aerosols to DRF and then to surface temperature. 

During the daytime, the net radiative effects of dust aerosols warmed the ATM and 
cooled the SFC and TOA over Northwest China. The net dust DRF was –3.76 W/m2 at the 
SFC, 3.00 W/m2 in the ATM, and –0.76 W/m2 at the TOA. At night, the net radiative effect 
of dust warmed the SFC and cooled the ATM and the TOA. The net dust DRF was 2.20 
W/m2 at the SFC, –2.65 W/m2 in the ATM, and –0.45 W/m2 at the TOA. Whether at the 
TOA, in the ATM, or at the SFC, the net radiative impact of dust during the daytime was 
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greater than that at nighttime, mainly due to the differences in SW radiation. Whether 
during the day or at night, the impact of changes in dust emissions over DAR was greater 
than DSR. In addition, the impact of changes in dust emissions on DRF was greater during 
the day than during the nighttime. 

The important dust–radiation interaction had a nonnegligible feedback on the air 
temperature at the SFC. During the daytime, dust reduced the surface energy, thus slow-
ing the rate of surface temperature increase. In contrast, at night, dust increased the sur-
face energy and slowed the rate of surface temperature decrease. During the daytime, dust 
cooled the SFC air temperature by an average of –0.023 ℃ and warmed it by an average 
of 0.093 ℃ at night in Northwest China. Overall, during the daytime, the impact of dust 
concentration changes on temperature was greater over DSR than over DAR, but it was 
the opposite at night. Contrary to the impact on DRF, the influence of dust emission 
changes on surface temperature was lower during the daytime than at nighttime. When 
dust emissions were doubled compared to normal emissions, differences in temperature 
decreased by 52% in the daytime and increased by 66% at nighttime. When dust emissions 
were halved, changes in temperature increased by 35% in the daytime and decreased by 
40% at nighttime. 

In the daytime, dust reduced the surface energy, thus slowing down the rate of sur-
face temperature increase. In contrast, at night, dust increased the surface energy and 
slowed the rate of surface temperature decrease. When dust emissions were doubled com-
pared to normal emissions, the difference in Q decreased by 61% during the daytime and 
increased by 63% at nighttime. When dust emissions were halved, the difference in Q in-
creased by 41% during the daytime and decreased by 40% during the nighttime. During 
the daytime, dust reduced the surface sensible heat flux by an average of –2.51 W/m2 in 
Northwest China, and the latent heat flux decreased by an average of –0.21 W/m2. At 
night, dust caused an average increase of 0.36 W/m2 in surface sensible heat fluxes and led 
to an average increase in surface latent heat flux of 0.04 W/m2. Although the decrease in 
latent and sensible heat fluxes at the SFC led to an increase in total fluxes during the day, 
dust reduced the total energy at the surface due to the domination of downward SW ra-
diation on the total fluxes. Similarly, dust led to an increase in total flux due to the domi-
nance of LW radiation flux at night (Equation (S4) in the Supplementary Materials). 

This study focused on validating the model's ability to simulate radiation flux and 
quantitatively assess the impacts of dust emission variations on dust DRF and surface 
temperature. We chose a dust event on 9–12 April 2020 as a case study. Assemblage sim-
ulations including numerous dust events will be executed to make the results more relia-
ble. In addition, the indirect effects of dust on meteorological parameters will be further 
investigated. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/article/10.3390/rs14030660/s1, Determination of Radiation Fluxes: Equations (S1)–
(S4) [66–70]; Figure S1: Time series of observed and modeled PM10 concentrations (𝜇𝑔/𝑚ଷ) at the 
Wuwei and Zhangye sites during 9–12 April 2020; Figure S2: The NCEP/FNL reanalysis data and 
simulated average temperature at 2 m and from 9–12 April 2020 [71]; Figure S3: Spatial distribution 
of daytime dust DRF (W/m2) at SFC under clear-sky conditions from DoubleDust and HalfDust 
simulation averaged during 9–12 April 2020; Figure S4: Spatial distribution of nighttime dust DRF 
(W/m2) at SFC under clear-sky conditions from DoubleDust and HalfDust simulation averaged dur-
ing 9–12 April 2020; Figure S5: Cross-sections of the simulated daytime and nighttime extinction 
coefficients (km−1) at 532 nm along the dust transport path from CTL averaged during 9–12 April 
2020; Table S1: Summary of geographical locations and ground-based sites for this study; Table S2: 
Summary of the description of the satellite data for this study.  
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