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Abstract: A special topography and ultra-high atmospheric boundary layer conditions in the Tarim
Basin (TB) lead to the unique spatial-temporal distribution characteristics of dust aerosols. A typical
dust storm with persistent floating dust over the TB from 27 April to 1 May 2015 was used to
investigate the characteristics of the dust radiative effect using the Weather Research and Forecasting
Model with Chemistry (WRF-Chem). Based on reasonable evaluations involving in situ sounding
observations, as well as remotely sensed MODIS observations of meteorology, dust aerosols, and the
ultra-high atmospheric boundary layer, the simulation characterized the complete characteristics
of the dust direct radiative effect (DDRE) during the dust storm outbreak stage and persistent
floating dust stage over the TB. During the daytime, the shortwave (SW) radiative effect heated the
atmosphere and cooled the land surface (SUR), whereas the longwave (LW) radiative effect had the
opposite effect on the TB. Regarding low-level dust, the LW radiative effect was greater than the SW
DDRE in the atmosphere, while for high-level dust the situation was reversed. During the nighttime,
the LW DDRE at the top of the atmosphere (TOA), at the SUR, and in the atmosphere was less than
that during the daytime, when the DDRE at the SUR was the most significant. In contrast to the
daytime, the near-surface dust aerosols exerted an LW warming effect in the atmosphere during the
nighttime; however, the dust LW radiative effect had a cooling effect from above a 100 m altitude
until the top of the dust layer. In contrast, the DDRE heating rate peaked at the top of the dust layer
within the TB. The event-averaged net DDRE was 0.53, —5.90, and 6.43 W m~—2 at the TOA, at the
SUR, and in the atmosphere over the TB, respectively. The dust SW radiative effect was stronger than
the dust L4W radiative effect over the TB at the SUR and in the atmosphere. Moreover, the DDRE at
the TOA was weaker than that at the SUR. Overall, the study revealed noteworthy radiative effect
features of dust aerosols during typical dust storms with persistent floating dust over the TB.
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1. Introduction

The sources, compositions, and contents of atmospheric aerosols and their impacts
on the atmospheric environment, ecology, and climate change are prominent topics of
research in the fields of environmental science, ecology, meteorology, and geography [1,2].
Approximately 1-3 billion tons of aerosols are being released into the atmosphere each
year [3], of which approximately 800 million tons are dust aerosols [4]. As an important
aerosol component, dust aerosols mainly influence the radiation budget through direct,
indirect, and semidirect effects, thereby contributing to climate change [5-8]. For example,
the direct effect, i.e., dust aerosols reducing the solar radiation reaching the ground through
absorption and scattering, is largely responsible for the so-called “parasol effect” [9]. The
indirect aerosol effect, i.e., changing cloud optical properties and lifetimes in the form
of cloud condensation nodules, is largely responsible for the “ice nucleation effect” [10].
Dust aerosols contain a high amount of Fe?*, which is necessary for seawater plankton.
The supply of iron to the ocean controls the nitrogen fixation by plankton at the ocean
surface; in turn, nitrogen fixation controls plankton production at the ocean surface, while
the plankton production controls the CO, concentration in the atmosphere by storing and
depositing carbon, thereby affecting the climate. This is known as the “iron fertilizer effect”
of dust aerosols [11,12]. Dust aerosols affect the land, ocean, and atmosphere through
geochemical processes, and have gradually evolved into a key component of the global
material cycle and climate change.

The West China deserts, surrounding the Taklimakan Desert, are important sources of
dust in Asia [13]. In China, the Taklimakan Desert is a major source of dust and is located
in the center of the Tarim Basin (TB) with a 1.1 km average altitude, covering an area of
33.6 x 10* km?. The Taklamakan Desert is bounded by the Tianshan Mountains to the
north, the Pamir Plateau to the west, and the Kunlun Mountains, as well as the Altun
Mountains to the south of the desert, which are connected to the Tibetan Plateau (TP, i.e.,
5.5 km a.s.L.). The east side of the desert is open, with high and low terrains in the west and
east, respectively, characterized by a dustpan shape and abundant quicksand.

In the TB, an “ultra-high” atmospheric boundary layer with 3-5 km thickness is
formed in the summer half year [14,15]. This is due to the unique topography of the TB,
which is ringed on three sides by mountains, and the influence of the TP in the south on
the meteorological field in the TB and its surroundings, combined with the intense heating
of the desert surface and the strong convective as well as turbulent movements [16]. Dust
emissions, transport, and dry/wet deposition, along with the dust direct radiative effect
(DDRE), are restricted by the TB topography and atmospheric boundary layer conditions.
The interaction of the updraft over the TB with the divergent downdraft at the north of the
TP leads to persistent floating dust in the basin [17,18].

Dust aerosols account for 30% of the atmospheric aerosol content material and optical
thickness [19], which is a crucial climate effect issue. The vertical distribution structure
of dust aerosols in the atmosphere is an essential element in calculating the vertical at-
mospheric heating rate. Changing the distribution of dust in various atmospheric layers
has a significant impact on the atmospheric heating rate [20—-24]. In recent years, the spa-
tiotemporal changes in the DDRE have been predicted using numerical models combined
with data from solar photometers, radar, satellites, and other sources. Errors in dust emis-
sions, transport, and deposition in the simulation, the aerosol particle size distribution,
and optical properties have a major effect on the DDRE, leading to extensive variations
in the quantitative assessment of the DDRE [25]. The statistical results of the IPCC (2001)
report regarding global model simulations confirmed that the whole global annual average
DDRE was—0.6 to 0.4 W m~2 [26]. As the study progressed, the IPCC updated the DDRE
from —0.3 Wm~2 to 0.1 Wm~2 in its fourth and fifth reports [27,28]. The impacts of the
global DDRE are major in dust source areas and downstream areas, such as the TB and the
downstream eastern part of China, the Tibetan Plateau, the Sahara, India, the Arabian Sea,
and so on. The Sahara transported a large amount of dust to the African continent and
other regions, and the dust was deposited into the Atlantic Ocean and even the West Indies.
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The research indicated major perturbations to the radiation balance both at the top of the
atmosphere (TOA) and at the surface (SUR) [29,30]. At midday, reflected fluxes at the TOA
increased by 100 Wm 2, while the incoming solar fluxes at the surface decreased by around
250 Wm ™2 [29]. Dust storms are periodic events over India, especially in its northern
regions [23,24]. The mean DDRE was —14.49 W m~2 and —53.29 W m~2 at the TOA and
SUR in May, respectively. The mean net DDRE (38.79 W m~2 maximum during May)
corresponded to a heating rate of ~1.06K d ! in the atmosphere [23]. In the Arabian Sea,
the DDRE at the TOA and SUR was about two—five times higher than the corresponding
effect values on nondust days [31].

The DDRE in East Asia accounted for 42% of the total aerosol radiative effect and
played a key role in the radiative balance, as well as regional climate change [32-34]. Zhang
et al. [35] evaluated the DDRE in China based on the international atmospheric chemistry—
climate model: they showed that the annual average shortwave (SW), longwave (LW),
and net (SW + LW) DDREs at the TOA were —1.3 £ 0.8, 0.7 & 0.4, and —0.5 & 0.7 W m 2
over China, respectively, while the SW, LW, and net DDREs at the SUR were —1.5 & 1.0,
1.8 + 0.9, and 0.2 4+ 0.2 W m~2, respectively. Cheng et al. [36] analyzed and calculated the
local DDRE of Otindag Sandy Land in the north of China. At the SUR, the dust aerosols
induced a positive downward LW radiative effect (i.e., 16.76 W m~2) during the daytime
and a negative LW radiative effect (i.e.,, —67.84 W m~2) during the nighttime. In the Tibetan
Plateau (TP), located in the north of the TB, the energy budget can also be modified by the
dust transported from the TB to the TP. TB dust had an SW cooling effect, with an average
value of 11.71 W m~2, and an LW warming effect, with an average value of 6.13 W m~2,
at the SUR over the TP [37]. There have been very few studies analyzing the specific
signatures of DDRE during dust storms over the TB. In recent years, Huang et al. [38] and
Chen et al. [39] estimated the dust radiative effect over the TB and only calculated the mean
DDRE in all-sky conditions during the simulation period, mainly focusing on summer
and fall dust storms. Given the special topography and ultra-high atmospheric boundary
layer in the TB, there is still a scarcity of data on the radiative effect characteristics of dust
aerosols during typical dust storms with persistent floating dust within the TB.

The TB is an important dust source area and has a unique topography as well as atmo-
spheric boundary layer structure. The unique spatiotemporal structure of dust aerosols,
particularly the persistent floating dust in the atmosphere and how it impacts the aerosol
radiative effect, still requires comprehensive investigations. A complete understanding of
the DDRE characteristics in the TB is essential for fully comprehending regional/global
climate change and further improving and refining weather prediction models. For this
purpose, we used WRF-Chem simulations with and without dust particles for comparing
and analyzing the average radiative effect characteristics of dust over the TB during the
daytime and nighttime. In the following, we revealed the DDRE characteristics over the TB
during a typical dust storm with persistent floating dust.

2. Climate Characteristic of AOD over the Tarim Basin

Figure 1 shows the temporal trends in the AOD averaged over the TB from 2015 to 2019.
The MCD19A2 aerosol product in the Moderate Resolution Imaging Spectroradiometer
(MODIS) was used to provide AOD data [40]. The average AOD over the TB was 0.27
from 2015 to 2019, and it varied between 0.21 and 0.31. The lowest AOD year was 2017,
with a mean value of 0.21, which was a year with a lower frequency of dust storms. There
were large seasonal differences in the AOD over the TB, being generally greater in spring
and summer than in autumn and winter. Among them, the highest values were found in
spring, implying that there was high-frequency dust weather in spring. The maximum
value occurred in March 2016, with a value of 0.89. The lowest averaged AOD values were
found in winter and varied more slowly, with the lowest values occurring in January 2015.
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Figure 1. Temporal variation trend in the AOD, averaged over the TB from 2015 to 2019.

3. Model Settings and Validation
3.1. WRF-Chem Model

The WRF-Chem model v3.8.1 simulates trace gases, particulates, and meteorological
fields simultaneously [41,42], and we used it for simulating the DDRE during a typical dust
storm in the TB. The WRF-Chem chemistry module considers dust as the only emission
aerosol. We considered gravity deposition and vertical mixing between the primary and
secondary grids in the simulation area, while to minimize the machine time needed for
the simulation, we tended to set the integration duration from 24 April to 1 May 2015.
We only considered the results from 26 April to 1 May 2015. The WRF-Chem simulation
was carried out via the use of two-way nesting: the outer domain (1) had a horizontal
resolution of 16,000 m and the internal domain (2) had a horizontal resolution of 4000 m
(Figure 2). This region included the dust source areas over the TB, while the center was
located in Tazhong (TZH) (39°00" N, 83°40’ E). The consequences from the internal domain
(2) were used to investigate the DDRE over the TB, whereas the consequences from the
outer domain (1) were used to describe large-scale characterization. The simulation divides
the atmosphere into 50 layers, and the pressure at the TOA is 100 hPa. ERA-Interim
reanalysis data provided the initial data as well as the lateral boundary conditions required
for simulation with 6-hourly temporal intervals and a 0.25 x 0.25° horizontal resolution.
Table 1 lists the parameterization schemes employed in WRF-Chem.

Table 1. Physical parameters and variables utilized in WRF-Chem.

Physical Parameter Namelist Variable Model/Scheme
Dust emission scheme dust_opt GOCART
Land surface sf_surface_physics Noah land-surface model
PBL model bl_pbl_physics ACM2 scheme
Surface similarity sf_sfclay_physics Pleim-Xiu
Microphysics mp_physics Morrison 2-moment scheme
Shortwave radiation ra_sw_physics RRTMG scheme
Longwave radiation ra_lw_physics RRTMG scheme

Simulations with and without dust particles were used for comparing and analyzing
the DDRE over the TB during the simulation period. We compared the results of two sets of
numerical experiments to calculate the DDRE at the TOA, at the SUR, and in the atmosphere
over the TB. The calculation formulas were as follows:

Rroa = AFroa (dust) — AFtoa (nOgust) 1)

Rsyr = AFsyr(dust) — AFsyr(nogust) )
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Ratm = Rtoa — Rsur 3)

where R is the DDRE, and Rtoa, Rsur, and Rarv represent the DDRE at the TOA, SUR,
and in the atmosphere, respectively. AF represents the sum of the SW or LW radiation flux.
We calculated the SW and LW DDREs based on Formulas (1) to (3). The net DDRE is the
sum of the SW and LW DDREs. The radiation scheme of the model can only be used for
calculating the DDRE, disregarding the effect of the cloud radiative effect.

WPS Domain Configuration
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T T 1 T
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Figure 2. Nesting domain 1 (i.e., whole area) and domain 2 (i.e., region within the black rectangular),
with the locations of five monitoring stations in the Tarim Basin (TB). Colored contours indicate
terrain elevation in m a.s.l.

3.2. Observations

Conventional sounding balloon observations were available at the Hetian (HT), Kuerle
(KEL), and Kashi (KSH) meteorological stations. The specific site locations are shown in
Figure 2. The three meteorological stations released sounding balloons with detectors
to monitor the changes in meteorological elements at 07:00 CST (Chinese standard time:
UTC + 8:00) and 19:00 CST every day. Each sounding balloon transported a sounding
instrument through the atmosphere. During ascent, the sounding instrument measured the
air temperature, pressure, humidity, and other meteorological data, while also recording
its three-dimensional position (i.e., longitude, latitude, and altitude), and transmitted all
the data back to the ground through radio signals, thereby providing the meteorological
element values in the atmosphere.

The Moderate Resolution Imaging Spectroradiometer (MODIS) aerosol level-4 re-
trievals provided aerosol optical depth (AOD) data, which were also used to verify the
simulation results [43]. The MODIS instruments onboard the NASA Terra and Aqua satel-
lites work with more accurate spatial-temporal resolutions with a 0.1 x 0.1° horizontal
resolution in this study and supply almost daily the whole global coverage and monitoring
of the Earth’s changes, including changes in tropospheric aerosols [44,45]. Ascribed to the
difficulty in retrieving aerosol characteristics on the desert, as well as clouds, MODIS satel-
lite observations corresponding to the simulation period had a restricted spatial-temporal
coverage area [46]. The dark-blue algorithm in MODIS is more appropriate for desert areas,
allowing for the identification of dust storms and the accurate retrieval of the characteris-
tics of dust aerosols over the desert [47,48]. The AOD data retrieved using the dark-blue
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algorithm excluded cloud contamination. If the signal distribution is discontinuous in the
region of high AOD values, this discontinuous region may be affected by the cloud cover.
In order to avoid the uncertainty caused by missing AOD data, we chose the data from 27
April to 30 with high coverage to compare and verify the simulation results.

3.3. Model Validation

To evaluate the simulation performance of the spatial-temporal distributions of dust
aerosols within the TB throughout the chosen dust storm, we first compared the vertical
profiles of wind speed and potential temperature from sounding balloon observations and
simulations at the HT, KEL, and KSH stations on 29 April 2015, at 11:00 UTC (Figure 3a,c)
and 23:00 UTC (Figure 3b,d). The WRF-Chem model was capable to reproduce well the
vertical wind speed profiles within the TB, especially at 11:00 UTC, while the differences
between the observations were smaller in the lower atmosphere. The simulated wind speed
exhibited a sharp increase to 10 m s~ ! within a layer around 1 km thick at the HT station at
23:00 UTC. Meanwhile, the observations did not indicate an increased wind speed layer
in the low-level atmosphere at the corresponding time. Wind speed was overestimated or
underestimated in the upper atmosphere owing to the complex terrain. The differences
between the simulated and observed vertical profiles of the potential temperature over the
TB are also shown in Figure 3c,d. In summary, the simulated potential temperature fits
well with the observations, and the maximum difference between them was —15 K to 15 K.
The lower atmosphere of the basin was comparatively stable in Figure 3. The height of
the boundary layer was up to 3—4 km altitude in the TB on 29 April 2015. The simulated
assessment of the time variation trends in the wind speed and potential temperature for
the selected dust storm has been described in detail in a companion paper [15,49].
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Figure 3. Vertical profiles of the (a,c) wind speed at the HT, KEL, and KSH stations on 29 April 2015,
at 11:00 UTC, and the (b,d) potential temperature at the HT, KEL, and KSH stations on 29 April
2015, at 23:00 UTC. Red dotted lines represent simulated values (sim). Black lines represent observed
values (obs).
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The optical properties of the simulated daily mean 550 nm AODs were compared with
those from MODIS satellite retrievals for validating the WRF-Chem model simulations
(Figure 4). In general, the WRF-Chem model reappeared the spatial distribution of dust over
the TB well, including the dust plumes over the basin (Figure 4). There was an agreement
regarding the greatest AOD, which appeared at the southern and eastern entrance of the
basin on 27 April 2015, resulting from the westerly winds across the Pamirs Plateau and
strong northeastern winds entering the TB from the northeastern mouth [15]. Subsequently,
a giant quantity of dust aerosols was injected into the TB on 28 April 2015. As a result, the
AQOD value was greater than 3.0 in most areas of the basin. The simulated AOD over the
western TB on 28 April 2015 was exaggerated compared to the corresponding MODIS AOD.
Over the TB, MODIS retrievals revealed the highest AOD in the western TB on 29 April
2015. The simulated dust aerosols exhibited similar spatial distribution characteristics over
the TB, with 4.2 being the highest value. A high-value region was previously additionally
captured via the WRF-Chem model at the western TB on 30 April 2015. Notably, the model
overestimated the AOD in the southern TB on 29 April 2015. One probable cause for
the overestimation of the AOD could be the simulated wind speed biases in the upper
atmosphere, such as at the HT station (Figure 3a,b). The complex topography of the TB,
which is encircled by mountains, was also one of the explanations for the simulation errors.
The simulation bias and uncertainty caused by the complex topography of the TB were not
considered in this paper but will be the main focus of forthcoming research.

Height m

daily mean 550nm aerosol optical depths

. ~m
0 030609121518212427 3

Figure 4. Spatial distributions of the daily average 550 nm AODs retrieved from MODIS (left column)
with the corresponding simulations by WRF-Chem (right column) within the TB throughout the
selected dust storm.
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Furthermore, the WRF-Chem model successfully captured the vertical distribution of
dust within the TB, compared with the corresponding CALIPSO retrieval data [15]. The
modeling evaluations were described in detail in a companion paper [15,49], involving
remotely sensed and in situ observations for the spring 2015 dust storm. These conclusions
confirmed that the WRF-Chem model could successfully simulate the meteorological field
along with the spatiotemporal distribution characteristics of PM;g data.

4. Simulation Analysis and Discussion
4.1. Synoptic Variations during the Dust Storm

Based on the observation of weather monitoring networks, the synoptic patterns at
500 hPa and at the sea pressure level were described in detail in a companion paper [15].
A deep, low-pressure trough at 500 hPa over Central Asia was split into two parts on
25 April. On 26-27 April, the two troughs moved eastward, and the corresponding cold
front with a high-pressure system in the Ural Mountains moved towards Northwest China
at the surface. Meanwhile, a low-pressure system developed over the TB, building strong
near-surface winds in the northwest part of the TB. In the meantime, part of the cold
air blew into the basin through crossing the Tianshan Mountains. With the continuing
southeastward movement of the high-pressure center, strong northeast winds entered the
northeast opening to the basin on 28 April. In the following days, the high-pressure system
finally controlled the TB, with its main body located in the north of the basin.

4.2. Daily Variation Characteristics of the Dust Radiative Effect

Figure 5 shows the temporal trends in the mean net (SW + LW) DDRE over the
TB at the TOA, at the SUR, and in the atmosphere during the selected dust storm. The
corresponding dust load averaged over the TB is also presented in Figure 5. Additionally,
the mean net (SW + LW) DDRE (W m~?2) within the TB at the TOA, at the SUR, and in
the ATM throughout the selected dust storm is shown in Table 2. The intense dust storm
episode, with persistent floating dust in the TB from 27 April to 1 May 2015, was deemed
to be representative of the general conditions in spring. This typical dust storm process
was divided into two stages: The first stage was defined as the dust storm outbreak stage
(i.e., 27-28 April 2015), which was characterized by a gradual dust load increase from April
27,2015, to peak values exceeding 2 g m~2 on 28 April 2015, at 15:00 UTC, followed by a
slow decrease (Figure 5). Meanwhile, the net DDRE over the TB reached its peak from 28 to
29 April 2015. The mean net (SW + LW) DDRE reached a maximum of —32.95 W m~2 at the
SUR during the daytime on 29 April 2015. The second stage was defined as the persistent
floating dust aerosols stage (i.e., 29 April-1 May 2015), when persistent floating dust lasted
for two days or more in the TB. In particular, the dust load remained around 1.0-1.5 g m 2
from 29 April to 1 May 2015, over the TB, and there was no decrease. During the daytime,
the net DDRE over the TB at the TOA and in the atmosphere was positive, while negative
values were observed at the SUR. During the day, the amount of solar SW radiation reaching
the SUR was reduced due to absorption and scattering by dust aerosols [31-34]. The SW
DDRE at the SUR over the TB was normally negative. In comparison, the LW DDRE at
the SUR was positive. The magnitude of the net DDRE at the SUR was determined by
the SW DDRE, which was much greater than the dust LW radiative effect. During the
nighttime, the dust SW radiative effect was zero. Dust aerosols released heat stored during
the daytime. The dust layers could enhance the downward LW radiation reaching the
land SUR and exert a warming effect at the SUR during the nighttime [33,50]. Thus, the
net DDRE in the atmosphere turned negative, while the corresponding radiative effect at
the SUR shifted to positive. The nocturnal net DDRE at the TOA fluctuated around zero.
Overall, the net DDRE was much stronger in the daytime than at nighttime.
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Figure 5. Diurnal variations in the mean net (SW + LW) DDRE over the TB at the top of the atmosphere
(TOA: green curve), at the surface (SUR: red curve), and in the atmosphere (ATM: blue curve) in
W m~2, and diurnal variation in the dust load (dust load: black dotted line) in g m~2, averaged over
the TB simulated by WRF—Chem from 26 April to 1 May 2015.

Table 2. The mean net (SW + LW) DDRE (W m~2) within the TB at the TOA, at the SUR, and in the
ATM throughout the selected dust storm.

TOA ATM SUR
Daytime 0.40 2.44 —2.04

4-26 Nighttime —0.91 —2.94 2.03
Daytime 141 8.19 —6.78

4=z Nighttime —0.60 —~11.80 11.19
Daytime 3.97 34.92 —30.95

4-28 Nighttime —1.40 —16.09 14.70
4-29 Daytime 3.86 36.81 —32.95
Nighttime -2.88 —15.88 13.00
Daytime 1.71 25.75 —24.04

4-30 Nighttime —0.04 7.89 7.85
Daytime 1.20 23.88 —22.67

51 Nighttime —2.44 -10.13 7.69

4.3. Direct Radiative Effect Induced by Dust during the Daytime

To avoid the influence of clouds on the DDRE, an individual daytime case on 30 April
2015, at 01:00 UTC, which was a moment of low cloudiness, was selected for analysis.
Figure 6 provides the spatial distribution of total vertical column dust load on 30 April
2015, at 01:00 UTC. By analyzing the dust transport process during the selected dust
storm [15,49], it was revealed that the cold front passed through the basin and that the
TB conditions were controlled by the continuous cold airflow. Westerly winds crossed
the Pamirs Plateau and entered the TB, while part of the northerly air flowed across the
Tianshan Mountains and invaded the TB from the north. The strong northeastern cold
airflow passed through the northeastern mouth of the TB and followed a southwestward
trajectory through the basin. Until 30 April 2015, at 01:00 UTC, the TB conditions were
dominated by cold-high pressure combined with the blocking action of the topography on
airflow; dust particles accumulated in the south of the TB were transported to the north.
Figure 7 presents the spatial distribution of the average SW, LW, and net DDREs at the
TOA, at the SUR, and in the atmosphere within the TB at the corresponding time. Positive
and negative values represent the heating and cooling effects of dust aerosols, respectively.
The spatial distribution of the DDRE was comparable to the distribution of the dust load
within the TB (Figure 6). The SW DDRE at the SUR over the TB was normally negative;
owing to the radiative effect induced by high-level clouds, a small number of positive
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values appeared in the TB. Generally, due to absorption and scattering by dust aerosols,
the quantity of solar SW radiation reaching the land SUR was reduced [1,8,9,20-25]. While
substantial solar radiation was reflected back into space, the minimum values were less
than —60 W m~2. In comparison, the LW DDRE at the SUR was positive, ranging from 0
to 40 W m~2. Dust aerosols emitted LW radiation, while at the same time they reduced
the SW radiation reaching the land SUR; hence, the land SUR temperature decreased and
resulted in decreased upward LW radiation [33,34]. The LW DDRE at the SUR was 1/3-1/2
of the SW DDRE. The magnitude of the net DDRE at the SUR was determined by the SW
DDRE, which was much greater than the dust LW radiative effect [29,34]. The minimum
net DDRE over the TB at the SUR reached —40 W m 2.
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Figure 6. Spatial distribution of the total vertical column dust load in g m~2 over the TB on 30 April
2015, at 01:00 UTC.
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Figure 7. Spatial distributions of the mean SW, LW, and net (SW + LW) DDREs in W m~2 over the TB
(a—c) at the top of the atmosphere (TOA: top panels), (g-i) at the surface (SUR: bottom panels), and
(d—f) in the atmosphere (ATM: middle panels) on 30 April 2015, at 01:00 UTC.

The DDRE at the TOA was influenced not only by the spatial distribution of aerosols,
but also by surface albedo, cloud cover, and aerosol optical properties; however, there
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was no simple corresponding relationship with the distribution of the dust column load.
Figure 7 shows that there were negative SW and net DDREs at the TOA during the daytime,
and their spatial distribution characteristics were similar to those of the dust column
concentrations (Figure 6). In the atmosphere, positive SW radiative effects and negative
LW radiative effects were induced by dust through absorption.

The heating rate induced by the DDRE has a major impact on the vertical distribution
of the atmospheric temperature. Figure 8 describes the vertical profiles of the heating rate
induced by the DDRE at the (a) HT, (b) KEL, (c) KSH, and (d) TZH stations in the TB
on 30 April 2015, at 01:00 UTC; as shown, dust was mainly concentrated below a 3 km
altitude over the TB, which had a significant impact on the SW and LW radiative effects
in the atmosphere. Generally, dust induces SW radiative heating along with LW radiative
cooling of the atmosphere during the daytime, with rate extrema close to the top of the
dust layer. We note that the LW DDRE exhibited a weak warming effect on the near-surface
atmosphere at all four stations. It was found that the heavy near-surface aerosol loading
enhanced downward LW radiation and weakened upward LW radiation at the SUR, thus
increasing the atmospheric LW greenhouse effect with an effect equivalent to that of a thin,
low cloud [50]. The LW DDRE exhibited a cooling effect on the atmosphere above 500 m.
Below the top of the dust layer, the dust-induced LW cooling rates were much greater than
those of the SW heating induced by the DDRE in the atmosphere. There was persistent
suspended dust at a 5-6 km altitude in the KEL; there, the rates of the floating-dust-induced
SW heating were greater than those of the floating-dust-induced LW cooling.
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Figure 8. Vertical profiles of dust concentration (orange line) and of the dust-induced changes in the
SW (red line), LW (blue line), and net (black line) atmospheric radiative heating at the (a) HT, (b) KEL,
(c) KSH, and (d) TZH stations in the TB on 30 April 2015, at 01:00 UTC.

4.4. Direct Radiative Effect Induced by Dust during the Nighttime

To avoid the influence of clouds on the DDRE, a nighttime case was selected for
analysis on 29 April 2015, at 18:00 UTC, i.e., a moment of low cloudiness (Figure 9).
Figure 10 shows the distribution of the DDRE over the TB at the TOA, at the SUR, and
in the atmosphere during the nighttime, when the dust SW radiative effect was zero. As
shown in the figure, the dust layers could enhance the downward LW radiation reaching
the land SUR; thus, the SUR temperature enacted, to a small extent, a warming effect. Dust
aerosols affect the downward SW flux by scattering and absorbing solar radiation. At the
same time, they can also absorb and scatter the upward LW flux at the SUR, as well as emit
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LW radiation through themselves [32,50,51]. At night, dust aerosols released heat stored
during the day and subsequently increased the downward LW radiation flux reaching the
land SUR and exerted a warming effect at the SUR during the nighttime. There was no SW
radiation in addition to lower temperatures at night, resulting in lower upward LW flux at
the surface. The presence of dust aerosols caused the downward LW radiation to be greater
than the upward LW radiation at the SUR. In the atmosphere, the scattered and released LW
radiation of dust was much larger than the absorbed LW radiation, leading to a negative
LW DDRE. The decreased LW radiation flux from the entire Earth-atmosphere system to
space at night was apparently caused by the LW radiation released by mineral dust, which
was able to significantly increase the upward LW radiation at the TOA. In addition, due to
the lower temperature at the SUR and in the near-surface atmosphere during the nighttime,
the LW radiative effects at the TOA, at the SUR, and in the atmosphere were smaller than
those during the daytime, with the LW radiative effect being most pronounced at the SUR.
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Figure 9. Spatial distribution of the total vertical column dust load (g m~2) over the TB on 29 April
2015, at 18:00 UTC.
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Figure 10. Spatial distributions of the mean LW DDRE in W m~2 over the TB (a) at the top of the
atmosphere (TOA), (b) at the surface (SUR), and (c) in the atmosphere (ATM) on 29 April 2015, at
18:00 UTC.
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The vertical profiles of the dust concentration and atmospheric LW radiative heating
rate at the four stations in the TB on 29 April 2015, at 18:00 UTC, are presented in Figure 11.
In contrast to the vertical profiles of the LW heating rate induced by the DDRE during the
daytime, the LW DDRE exhibited a warming effect in the near-surface atmosphere during
the nighttime. Moreover, the LW radiative heating rate induced by dust in the near-surface
atmosphere was much greater during the nighttime than during the daytime at the HT
and KEL stations, with 6.39 and 9.68 K day !, respectively. The heating rates at the four
stations all decreased with increasing altitude. From a 100 m altitude up until the top of
the dust layer, the LW DDRE exhibited a cooling effect, and eventually fluctuated around
zero. Coinciding with the daytime simulations, the top of the dust layer was the part of the

entire atmosphere most significantly affected by the DDRE.
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Figure 11. Vertical profiles of the dust concentration (orange lines) and dust-induced changes of the
atmospheric LW radiative heating profiles in K cl.ay*1 (black lines) at the (a) HT, (b) KEL, (c¢) KSH,
and (d) TZH stations in the TB on 29 April 2015, at 18:00 UTC.

4.5. Regional Average Dust Radiative Effect

The dust-induced variations in the radiative effect within the TB at the TOA, at the SUR,
and in the atmosphere averaged over the simulation period (27 April-1 May 2015), inferred
from the inner-domain simulations, are summarized in Table 3a—c show the SW, LW, and
net DDREs within the TB at the TOA, at the SUR, and in the atmosphere, respectively,
during the daytime and during the nighttime. The SW, LW, and net DDREs at the SUR
during this dust storm were —35.28, 13.83, and —21.45 W m~2, respectively (Table 3a).
The SW DDRE was more significant in the daytime, while there was no SW radiation at
night. The SW and net DDREs were positive over the TB in the atmosphere averaged
during the daytime (39.44 and 24.47 W m~2, respectively). The SW warming effect of
dust was dominant within the TB in the atmosphere, exceeding 39.44 W m~2, and was
much stronger than the LW cooling effect (i.e., —14.97 W m~?2) during the daytime. At the
TOA, the dust aerosols induced a negative SW radiative effect and a positive LW radiative
effect during the daytime, thereby resulting in warming (Table 3b). However, there was a
cooling effect at the TOA during the nighttime. Overall, the magnitude of the DDRE at the
SUR and in the atmosphere was predominated by the SW radiative effect. In addition, the
DDRE at the TOA was significantly weaker than that at the SUR (Table 3a). This conclusion
coincides with that of Xie et al. [52], who simulated the DDRE in East Asia. The improved
CAM4-BAM model was used to investigate the dust radiative feedbacks over East Asia,
compared with those over North Africa. Xie et al. [52] revealed that the DDRE in East Asia



Remote Sens. 2022, 14, 1167

14 0f 18

was the complete opposite of that in North Africa. The dust radiative effect had a warming
effect at the SUR in North Africa and a cooling effect at the SUR in East Asia. Further
mechanistic analysis revealed that the contrast of the dust radiation effects between East
Asia and North Africa likely stemmed from their differences in regional surface albedo,
vertical dust distribution, and particle size distribution. Apart from that, the SW and net
DDREs were negative at the SUR over the Sahara [29], India [23,24], the Arabian Sea [31],
and the Tibetan Plateau [37] of China, which was consistent with the results of this paper.
At the TOA, dust aerosols induced a negative net radiative effect over India, the Arabian
Sea, and the Tibetan Plateau of China, as well as a positive net radiative effect over the
Sahara. It is worth noting that the different regions, time periods, and different methods
used to calculate the DDRE can contribute to differences in the results. In this study, only
one case of dust storms was simulated. More cases need to be simulated and verified.

Table 3. The mean SW, LW, and net (SW + LW) DDREs (W m~—2) within the TB at the top of the
atmosphere (TOA), at the surface (SUR), and in the atmosphere (ATM) during the selected dust storm,
the daytime and the nighttime, respectively.

Table 3a. The mean SW, LW, and net (SW + LW) DDREs (W m~2) within the TB at the top of the
atmosphere (TOA), at the surface (SUR), and in the atmosphere (ATM) during the selected

dust storm.
TOA ATM SUR
SW —1.29 33.99 —35.28
W 1.56 —12.27 13.83
Net 0.27 21.72 —21.45
Table 3b. Same as Table 3a, but for the daytime. Unit: Wm—2.
TOA ATM SUR
SW —1.52 39.44 —40.96
W 3.89 —14.97 18.86
Net 2.37 24.47 —22.10
Table 3c. Same as Table 3a, but for the nighttime. Unit: Wm2.
TOA ATM SUR
SW 0 0 0
w —1.53 —12.85 11.32
Net —1.53 —12.85 11.32

The dust had an evident SW warming effect combined with an LW cooling effect in
the atmosphere during the selected dust storm, which was consistent with the radiative
heating rates by dust aerosols over the Saharan and Afghan deserts [53]. Figure 12 displays
the mean heating rate profile of the SW, LW, and net DDREs over the TB during this dust
storm period. As depicted in Figure 12, the dust LW heating rate was generally negative in
the atmosphere, implying that dust aerosols exerted an LW cooling effect in the atmosphere,
with the minimum values (i.e., <—1.0 K day ') occurring in the surface layer. A positive
SW radiative effect induced by dust led to atmospheric warming. The maximum dust
SW heating rate appeared at a 100-1000 m altitude, while it gradually decreased with
increasing altitude. This positive SW heating rate coincided with that of Huang et al. [38],
who investigated the impact of dust aerosols on the radiative energy budget over the TB
during dust episodes in late July 2006. However, in a somewhat different conclusion from
this study, Huang et al. [38] calculated the positive LW heating rate in the near-surface
atmosphere. These differences may be caused by diverse models, research time, dust
storm intensity, and so on. Overall, in this study, dust induced cooling in the near-surface
atmosphere, where the cooling rate exceeded —0.5 K day~!, while it gradually decreased
with increasing altitude. The radiative heating rates became positive above a 100 m altitude
and reached a maximum of 0.3 K day~! at a 1500 m altitude. With rising altitude, the
heating rate gently reduced to zero at an approximately 6 km altitude, while it became
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negative and continued to decrease, and then increased again. The heating rate floated
slightly around zero and finally approximated zero above a 9 km altitude.
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Figure 12. Vertical profiles of dust concentration (orange solid line) and dust-induced changes in the
SW (red line), LW (black line), and net (SW + LW, blue line) radiative heating profiles within the TB
averaged throughout the selected dust storm.

5. Conclusions

The Tarim Basin (TB), Northwest China, has a special topography that allows for the
formation of an ultra-high atmospheric boundary layer containing persistent floating dust
aerosols. Research on the unique dust radiative effect in the TB is still incomplete. We
simulated a typical springtime dust storm with persistent floating dust, which occurred
over the TB from 27 April to 1 May 2015, by employing WRF-Chem v3.8.1. The simulation
could capture the ultra-high atmospheric boundary layer, meteorological field, and dust
aerosols over the basin. The results indicated that the dust induced a positive SW radiative
effect in the atmosphere and a negative SW radiative effect at the SUR, combined with
a negative LW radiative effect in the atmosphere and a positive LW radiative effect at
the SUR within the TB during the daytime. Regarding low-level dust, the LW radiative
effect was greater than the SW radiative effect in the atmosphere, while for high-level
dust the situation was reversed. During the nighttime, the dust LW radiative effects at the
TOA, at the SUR, and in the atmosphere were all weaker than those during the daytime,
with the dust radiative effect at the SUR being the most significant, thereby heating the
near-surface atmosphere. These nighttime results were different from the daytime results.
The dust LW radiative effect from above a 100 m altitude up until the top of the dust layer
cooled the atmosphere. In contrast, the heating rate induced by the DDRE peaked at the
top of the dust layer over the TB. Generally, the average SW, LW, and net DDREs over
the TB were approximately —35.28, 13.83, and —21.45 W m~2, respectively, at the SUR
during the selected dust storm. The SW DDRE at the SUR and in the atmosphere was
much higher than the LW DDRE, while the DDRE at the TOA was much lower than that
at the SUR. This study revealed the noteworthy radiative effect features of dust aerosols
during typical dust storms with persistent floating dust over the TB, contributed to a full
comprehending of regional/global climate change, and further improved as well as refined
weather prediction models.

Opverall, the presence of dust aerosols in the atmosphere plays a key role in the energy
balance and regional climate changes over the affected regions. DDRE-related studies have
been conducted globally on the Taklamakan Desert, Sahara, India, North Africa, Arabia,
and so on. We have comprehensively investigated the DDRE characteristics during a typical
springtime dust storm with persistent floating dust in the Tarim Basin, while the climate
effects generated by the DDRE still need further study. In addition, the indirect radiative
effect of dust, that is, the process of dust acting as cloud condensation nuclei or ice nuclei is
still a poorly understood issue and will be further discussed in the future.
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