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Abstract Dust aerosol can affect the atmospheric thermal structure and exert great melting potential on
snow and ice sheets. In this study, the decadal climatology of dust-forced radiative heating (DRH) in the
atmosphere over Tibetan Plateau and its surroundings (TPS) was investigated using the Santa Barbara
DISORT Atmospheric Radiative Transfer (SBDART) model along with the CALIPSO satellite observations
from 2007 to 2016. After screening out other aerosols, the vertical distribution of dust aerosol was
examined to accurately assess the DRH. The net DRH showed a significant warm effect mainly by dust
loading, which covers from the center of dust sources to their adjacent transport regions. The maximum
value of the DRH appeared at the near-surface, while the DRH decreased with an increase in height. The
climatic average DRH at the near-surface reached 16.8 K/month at the Taklimakan Desert (TD) and 10.8 K/
month at the Gangetic Plain in spring, 13.7 K/month at the Indus Plain in summer, which is 3-3.6 times
warmer than the column-averaged DRHs. This study also found the most significant influence of dust
events on the Qaidam Basin in the TPS, in which the near-surface DRH was 4.7 K/month during spring. It is
also noteworthy that the intermonth and interannual variations of the DRH highlighted the significant
warming effect of dust aerosols on the atmospheric thermal structure, especially at the near-surface. In
addition, we need to pay more attention to changes in snow-related processes influenced by absorbing
aerosols and the light-absorbing impurities deposited in snow over the TPS.

1. Introduction

The Tibetan Plateau (TP), known as the “third pole” of the world, has a crucial influence on the Asian mon-
soon system and Northern Hemispheric climatology as it has distinctive geographical and complex terrain
features (Qiu, 2008; Yao et al., 2012; Zhou et al., 2014). The TP where the second largest glacier reserve of
around 1,000,000 km? exists (Yao et al., 2019) is also called the “Water Tower of Asia” mainly as the
Yangtze River, the Yellow River, the Lantsang River, and other important rivers originate from the TP
(Chen et al., 2016). In the last few decades, the TP has suffered from considerable warming (Huang
et al., 2012), resulting in a dramatic glacial decline (Kang et al., 2010). The changes in the atmosphere and
the water cycle may induce alterations in the climate and environment at the local and adjacent areas
(Cao et al., 2006; Yao et al., 2004). Consequently, the portion of arid and semiarid regions around the TP
has been expanded at an accelerating rate (Huang et al., 2015), resulting in considerable contributing to
desertification in Northern China (Liu et al., 2020). Therefore, many studies have paid attention to the
increased surface and atmospheric heating that may be a primary driver of climate change in the TP.

As there are little population and industrial activities, the TP is one of the most pristine terrestrial regions
outside the north and south poles (Wake et al., 1994). However, a number of studies have demonstrated that
the TP has been exposed to polluted air masses containing the absorbing aerosol from the local and sur-
rounding areas (Che et al., 2015; Huang, Minnis, et al., 2007; Liu et al., 2015; Ma et al., 2020; Wang
et al., 2020). On one hand, these absorbing aerosols deposited in snow may not only reduce the surface
albedo (Gautam et al., 2013; Yasunari et al., 2015) but also absorb the radiation that drives the snow surface
warmer. Consequently, the absorbing aerosols deposited in snow cause accelerated snow melting which
affects the cryosphere (Flanner et al., 2009; Shi et al., 2019). On the other hand, the absorbing aerosols float-
ing in the atmosphere can directly influence the net radiation between atmosphere and surface by absorbing
and scattering solar radiation as well as interacting with terrestrial long-wave radiation (Che, Gui,
et al., 2019), subsequently resulting in great impacts on the thermal structure (Wonsick et al., 2014) and
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snow melting in the plateau (Lau et al., 2010; Painter et al., 2018). Absorbing aerosols also contribute to large
diabatic heating in the atmosphere, enhancing cloud evaporation (Huang et al., 2006; Wang & Huang, 2009).
Besides, the absorbing aerosols also influence the cloud properties and climate by acting as cloud condensa-
tion nuclei and ice nuclei (Huang et al., 2014; Yan & Wang, 2020). In this light, the absorbing aerosols play
an important role in changing the climate and environment of the TP.

Recently, there is a growing recognition that a dominant absorbing aerosol type above the TP is dust (Wang
etal., 2020; Xu et al., 2015) that may be sourced from the several areas around the TP such as the Taklimakan
desert and the Thar Desert (Guo et al., 2017; Huang et al., 2008). Therefore, it is essential to understand the
impacts of the dust-forced radiative heating on the atmosphere over the TPS. Recently, many studies have
paid attention to investigating the mechanism of the dust aerosol and its impacts on the atmospheric thermal
structure over the TPS. Lau et al. (2006) display the aerosol direct forcing on the atmosphere-land system
over the TP using the Goddard Chemistry Aerosol Radiation and Transport (GOCART) model. They found
that the dust aerosol over TP produces atmospheric dynamical feedback by heating midtroposphere, the
so-called elevated heat-pump effect, which increases moisture, cloudiness, and deep convection over north-
ern India. Lau et al. (2010) also found that dust aerosol enhances the rate of snowmelt in the Himalayas and
TP. Chen et al. (2013) showed using the WRF-Chem model that a dust storm case can break through the pla-
netary boundary layer and lift into the upper troposphere over the northern TP, which can even warm the
atmosphere by 0.11 K/day at ~7 km. Although model simulations can provide fundamental information
to understand the impacts and mechanism of the dust on the atmosphere over the TPS, there are consider-
able uncertainties that may be induced by aerosol optical properties and vertical distributions (Chen
et al., 2014; Konsta et al., 2018).

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), launched in April 2006,
provides more accurate information on sensed vertical structures of aerosols (Z. Liu et al., 2008; D. Liu
et al., 2008; Yu et al., 2010). Huang et al. (2009) found that dust aerosols induce heating the atmosphere
(daily mean) by up to 1, 2, and 3 K/day in the light, moderate, and heavy dust layers, respectively, based
on the Fu-Liou radiation model that incorporates the vertical distribution of dust aerosol from CALIPSO.
Furthermore, it is necessary to examine the climatology of dust-forced radiative heating (DRH) to better
understand the effects of dust aerosol on atmospheric thermal structure and snow melting. Employing the
decadal vertical distribution of the dust aerosol obtained from CALIPSO from 2007 to 2016 into a radiative
transfer model, this study estimated the climatology of DRH with constraints conditioned by other satellite
observations and reanalysis data sets. The paper is organized as follows. All data sets and methods are intro-
duced in section 2. Sections 3.1 and 3.2 provide analyses of the decadal climatology of extinction properties
and the DRH over the TPS. The evolution and possible uncertainties of the DRH over TPS are discussed in
section 3.3 and 3.4. The conclusions and discussions are presented in section 4.

2. Data Sets and Method
2.1. Total Dust Aerosol Extinction Coefficient Profiles

The dust and polluted dust aerosol profiles of the CALIPSO version 4 level 2, covering a 10-year period from
2007 to 2016, at a nominal resolution of 5 km along the track and vertical resolution of 60 m in the tropo-
sphere were used in this study. For high confidence data, this study selected only nighttime data with a
cloud-aerosol discrimination (CAD) score between —70 and —100 not only to avoid the interference of sun-
light during the day but also to ensure the right classification of dust and polluted dust aerosol layer features
(Liu et al., 2019). The extinction quality control flag (Ext_QC) values of 0, 1, 2, 18, and 16 were selected to
remove problematic retrievals for dust and polluted dust aerosols (Winker et al., 2013).

However, it is noteworthy that the backscatter/extinction coefficients of polluted dust may be contaminated
by nondust aerosols. Thus, this study derived a ratio of dust to total backscatter (f;) at each bin for each pro-
file in order to remove the contribution of nondust aerosols as follows (Hayasaka et al., 2007):

(6 = 6na)(1 + 6a)

T~ i o ei—sgw) W

where § is the particulate depolarization ratio (PDR) retrieved by CALIPSO, &4 and 6,4 are the prior
knowledge of PDR for dust and nondust aerosol, respectively. According to previous studies that
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Table 1

Descriptions of the Input Parameters of SBDART

observed the PDR (~0.31) for pure dust (Freudenthaler et al., 2017;
Sugimoto et al., 2002), the PDR for the dust aerosol is always larger

Input

Surface spectral albedo

Temperature profile
Water vapor profile
Ozone density profile
Column moisture content
Column ozone content

Data sets Units than that for nondust aerosols (Huang et al., 2020). Although the

MODIS (BRDF/Albedo) Products _ marine aerosol and urban haze are highly hygroscopic and gener-

(MCD43C3) ally have low PDR, specific nondust aerosols, such as

ERA-Interim K 5 biomass-burning smoke, sea-salt crystals, and ammonium sulfate,

MERRA-2 & ERA-Interim g/m_ have a nonnegligible PDR of up to 0.07 (Yu et al.,, 2015). Luo
OMO3PR g/m

. ofcm? et al. (2015) found that a PDR threshold of 0.075 can cause an unne-
OMO3PR ATM-cm cessary exclusion of dust events, while a low PDR below the thresh-

old can induce an unintended inclusion of nondust cases. In this
regard, the &, in this study was assumed as 0.05 to avoid the unne-
cessary exclusion or inclusions of dust events. The value of f; was set to 1 if f; > 1 or for dust bins while it
was set to 0 if f; < 0 or for other aerosol types. The dust backscatter coefficient can be obtained from the
product of the total backscatter and the calculated f;. Afterward, the profiles of total dust extinction coef-
ficient (DEC) were derived from the recalculated dust backscatter coefficient and an assumed dust extinc-
tion to backscatter ratio (lidar ratio; LR) of 44 at 532 nm as in previous studies (Kim et al., 2018). In this
study, monthly mean values of the dust aerosol optical depth (DOD) and DEC were derived at 2° x 2°
resolution by the single aerosol species regrid average approach that assigned extinction as 0.0 km™ for
all other species prior to calculating the average dust extinction within a grid. This method can avoid a
high bias in the averaged extinction at altitudes dominated by other aerosol species (Amiridis et al., 2013)
and accurately represent the climatic characteristics of dust aerosol at each grid or regional scale by the
recalculated dust distribution.

2.2. The SBDART Model

The Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model (Ricchiazzi et al., 1998) was
employed in this study to estimate the DRH over the TPS at the shortwave (SW: 0.25-4.0 um) and longwave
(LW: 4-80 um) wavelengths. Table 1 shows the atmospheric background parameters that are interpolated to
2° % 2° grid cells for matching the above gridded DOD in the SBDART model. Besides, the DEC profiles at
532 nm were directly derived from CALIPSO.

Important input parameters in the SBDART model are the single scattering albedo (SSA) and asymmetry
factor (g) of the dust aerosol that are dependent on dust aerosol type. To optimize these two parameters over
the TPS, as the work of Huang et al. (2009), we compared the instantaneous SW and LW radiative fluxes at
the top of atmosphere (TOA) between observations of the Cloud and the Earth's Energy Budget Scanner
(CERES) and simulations driven by the CALIPSO orbit with four dust aerosol types of the Optical
Properties of Aerosol and Cloud (OPAC) package as shown in Table 2 (Hess et al., 1998). This study selected
two typical pure dust cases that are located in the TD and the Thar Desert (ThD), respectively (refer to sup-
porting information Figure S1 for the details). We found that the SSA and g of transported mode dust aerosol
performed the best. Figure 1 shows a comparison of SW and LW flux the TOA between SBDART simulations
and the CERES measurements along the CALIPSO orbit over the TD region (37°N-40°N) for the daytime of
19 April 2012 and over the ThD region (22°N-26°N) for the daytime of 27 April 2008. As the average differ-
ences in the SW and LW wavelength are only 28 and 12 W/m?, respectively, SSA and g of the transported
dust mode were used in the following simulations. Uncertainty in the DRH driven by the assumption of
transported mode over the TPS is further evaluated in section 3.4.

2.3. Calculation and Revision of the DRH

The DRH in the atmosphere mainly depends on the absorption of solar radiation by the dust aerosol (Huang
et al., 2009). The climatology of DRH over the TPS is thus only evaluated during the daytime. Campbell
et al. (2012) found that the mean aerosol optical depth (AOD) and the effective layer heights retrieved by
CALIPSO during the nighttime were slightly lower or compatible compared to those during the daytime,
indicating that the nighttime CALIPSO-driven aerosol products are reasonably consistent with daytime
retrievals. Therefore, the nighttime DEC with high confidence was employed to examine the characteristics
of the dust aerosol. The DRH is usually determined by the sum of the difference of SW and LW wavelengths
between dust-laden and dust-free conditions (Peris-Ferrus et al., 2017). However, the radiative heating rate
simulated by the SBDART model along the CALIPSO orbit only represents an instantaneous dust heating at
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Table 2

Single Scattering Albedo (SSA) and Asymmetry Factor (g) for Four Dust Aerosol

a 13:30 local time. Therefore, the daily mean DRH needs to be cor-
rected from instantaneous one to consider the diurnal variation of

the OPAC Pack o e c . .
Types of the acrage the solar radiation by multiplying a normalized factor as follows:
Nucleation Accumulation Transported Coarse
mode mode mode mode DRH — ( Hg‘éﬁt _ Hglagr) e ( nguit _ Hilac/zr) )
SSA 0.9767 0.9203 0.89 0.7266 . .
g 0.6471 0.7143 0.7460 0.8613 _ hosin(g)sin(8) + cos(gp)cos(8)cos(ho) 3)

7sin(p)sin(8) + cos(p)cos(d)cos(h)

where H2 is the instantaneous DRH of A (SW or LW) wavelength under a B condition (dust or clear), f is
the normalization factor defined as the ratio of the daily mean flux density of solar radiation and the
instantaneous one at some local solar time (Haynes et al., 2013), which takes into account the diurnal var-
iation of insolation at each grid. Equation 3 is a specific definition based on the combination of
inverse-square law, Lambert's cosine law, and spherical law of cosines (Johansson et al., 2015), where ¢
is the latitude, & is solar declination of each grid, and h and h, are the angles at 13:30 local solar time
and the sunrise at each grid, respectively.

Considering the geometry of CALIPSO lidar, there are sparse-frequency observations within a study
domain, which makes it difficult to extract the climatology of dust aerosol extinction and even heating rate
at a daily scale. Thus, this study rescaled to the monthly DEC values at each grid and the corresponding
monthly cumulative DRH was calculated to represent the climatology of the DRH with a unit of
K/month over the TPS.

3. Results

The TP is known as “Asian Water Tower” on the roof of the world, owning the greatest areas of snow cover
and ice sheet in the world besides the polar region (Yao et al., 2019). The TP has suffered from considerable
dust loadings from potential local and remote dust sources due to the combined influence of climate and
topography (Jia et al., 2015). These dust aerosols are absorbing solar radiation, causing the potential effect
on the atmospheric thermal structure, snow melting, and glacier retreat. Figure 2 shows the location of
the TD, the TP, and the Indo-Gangetic Plain (IGP). Based on climate and potential dust sources, the TP (here
defined as the altitude above 2,500 m) is subdivided into the western (TP_R1), the Qaidam Basin (TP_R2),
and the southeastern (TP_R3). In addition, the IGP is also divided into the Indus Plain (IP) and the
Gangetic Plain (GP) based on the border between Pakistan and India at the north of 23°N.

(2)SW (b)LW

400 " ) ) 400

3407 W 1 s40r
€ + ++ 2
S 280f + + 2801
& +
w +
& 2207 1 220}
&)

v
160[ 1 160[
100 . . . 100
100 175 250 325 400 100 175 250 325 400
Model(W/m?) Model(W/m?)

Figure 1. Comparison of instantaneous (a) SW and (b) LW radiative fluxes at the TOA between the model simulations
and the CERES observations along the CALIPSO orbit over the TD region (37°N-40°N) on 19 April 2012 and ThD
region (22°N-26°N) on 27 April 2008.
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Latitude

3.1. Climatology of Total Dust Extinction

3.1.1. Horizontal Distribution

Figure 3 shows the seasonal spatial distributions of the decadal mean
of total DOD over the TPS. Overall, the spatial distributions are con-
sistent with those in the previous satellite observations (Alizadeh-
Choobari et al., 2014; Proestakis et al., 2018). It is clear that the max-
imal emission and loading of dust aerosol over the TPS appeared in
dust sources such as the TD and the ThD and their adjacent areas
during spring (March-May, MAM) or summer (June-August, JJA)
while decreasing during autumn (September-November, SON) and

66E 77E 88E 99E 110 winter (December-February, DJF). The peak center of DOD over
Longitude the TD was not changed for all seasons while that of the ThD was

Altitude(km) moving westward from MAM to JJA when the South Asian

0 02051.015202530354050 Monsson (SAM) is the onset and intensified. However, the recalcu-

Figure 2. The topographical distribution and subregions in the TPS.

lated DOD in this study was smaller than those in previous
researches (Alizadeh-Choobari et al., 2014; Chen et al., 2017; Xu
et al., 2018), especially in areas dominated by other aerosol species.
On the contrary to the previous studies that only incorporated dust events, this study recalculated the
DOD with the single aerosol species regrid average approach to better reflect the climatic characteristics
of the dust aerosol extinction.

Although the TP is the cleanest area in the TPS as shown in Figure 3, Figure 3 also showed considerable spa-
tial and temporal variations of the DOD mainly due to the influence of dust aerosol from local and remote
sources. For example, the peak DOD always occurred in the TP_R2 through the year due to the emission of
abundant dust in the Qaidam Basin. Previous studies have demonstrated that frequent dust storms mainly
contribute to an increase in the DOD over the Qaidam Basin (Pullen et al., 2011; Xu et al., 2015).
Additionally, it is noticeable that prominent accumulations of dust aerosol were found at the southern
and northern edges of the TP especially during MAM and JJA, which was also observed in the extinction
coefficient profiles of dust aerosols in section 3.1.2. The lowest DODs occurred in the inland of the TP_R1
and TP_R3 except for MAM. A gradient distribution of DOD is also related to a topographical characteristic
that there are mountains along the east-west in the TP as a barrier for the north-south transport of aerosols
(Xu et al., 2014).

3.1.2. Vertical Distribution

Figure 4 illustrates the climatological vertical distribution of the decadal mean of the DEC at longitudinal
(over 27°N and 39°N) and latitudinal (over 70°E, 81°E, and 93°E) cross-sections during MAM and JJA.
Dust emission and loading were consistently larger at the dust source regions and gradually descending cor-
responding to transport processes (Liu et al., 2012). Besides, the extinction also decreased considerably with
an increase in altitude. As the TP acts as a large natural barrier for the north-south transport of the dust aero-
sol from the TD and ThD, the dust vertical transport route can be altered from lower layers to higher layers,
resulting in distinctly different vertical distributions of dust in the north and south of the TP. Over the TD,
strong extinction (SE, >0.1 km™") layers of the dust aerosol were extended to 3 km from the surface during
MAM (Figures 4b and 4d) while diminishing or occurring only near the surface during JJA (Figures 4g and
4i). Given the intensification of the SAM and westward movement of the DOD peak center from GP to IP, the
SE layer over the GP was contracted from 2 km in MAM (Figures 4a and 4d) to near the surface in JJA
(Figures 4f and 4i). The SE layers over the IP during MAM and JJA were not changed significantly, the
height of 2 km (Figures 4c and 4h). In contrast, the middle extinction (ME, >0.01 km™") layers of dust aero-
sols over the TD, the GP, and the IP were extended to 6 km or even more.

The accumulations of dust aerosol on the southern and northern edges of the TP_R1 were observed in the
longitudinal cross-section of 81°E as shown in Figures 4d and 4i. This result may be caused by the frequent
convective updrafts that lift the dust aerosol over the TPS and retain an upward velocity during subsequent
transport processes (Uno et al., 2009). Therefore, more dust aerosols are accumulated and transported to the
northern edge of the TP from the TD than the southern TP, especially during MAM and JJA (Huang, Ge,
et al., 2007). Although no significant dust plume transported from the IGP to the TP was observed by the
CALIPSO satellite, a number of analyses on field samples in snow and glaciers over the TPS have verified
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Figure 3. Seasonal distributions of the decadal mean of total DOD over the TPS during MAM, JJA, SON, and DJF. The
TP is outlined with a solid white line at an altitude of 2,500 m.

the dust plume (Gautam et al., 2013). Additionally, the longitudinal cross-section of 93°E in the TP_R2 also
shows a considerable vertical transport of the dust aerosol driven by the emission of abundant dust in the
Qaidam Basin (Figures 4e and 4j).

3.2. Climatology of DRH

3.2.1. Horizontal Distribution

Figure 5 illustrates the seasonal spatial distributions of the decadal means of SW, LW, and net DRH averaged
over the column of the atmosphere in the TPS. The result proved that the seasonal variation of SW, LW, and
net DRH over the TPS was consistent with that of DOD as shown in Figure 3. Positive SW DRH indicates a
higher heating rate under the dust condition as the dust aerosol absorbs SW radiation to heat the atmosphere
(Figures 5a-5d) and may trigger an intense vertical transport of dust aerosol from neighboring sources (Lau
et al., 2006). The warming centers mainly appeared in the TD, the ThD, and their adjacent transport areas.
The peak value of the TD was approximately 9.0 K/month in MAM while 7.0 K/month in JJA for the ThD.
The LW DRH showed mostly negative values, that is, coder atmosphere under the dust condition, while the
magnitude of the LW DRH was much smaller than that of the SW DRH (Figures 5e-5h). The peak center of
LW cooling (about —1.5 K/month) mainly occurred at the TD in all seasons except for DJF due to infrequent
dust aerosol.

Figures 5i-51 show the net DRH that reflects the comprehensive effects of dust aerosol on the atmospheric
thermal structure. The result showed a positive warm effect. The peak centers were fully consistent with
those of the SW DRH, 7 K/month over the TD in MAM, and 6.2 K/month over the ThD in JJA. The influence
of dust aerosol over the TD on the atmospheric thermal structure in MAM or JJA was more pronounced than
that over the ThD and adjacent transport regions. A larger warming effect of dust aerosol, 2.4 K/month in
MAM and JJA, occurred at the Qaidam Basin in the TP_R2 region. The north of the TP_R1 also was affected
by the positive net DRH (2-5 K/month), which is stronger than that in the south. The minimum net DRH
was concentrated in the inland of the TP_R1 and TP_R3 due to lower dust aerosol emission and loading.
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Figure 4. Vertical distributions of the decadal mean of the DEC at longitudinal (over 27°N and 39°N) and latitudinal (over 70°E, 81°E, and 93°E) cross-sections
during MAM and JJA. The location of TP (orange) and cross-sections (blue) is indicated in the top panel.

3.2.2. Vertical Distribution

As in Figure 4, Figure 6 shows the vertical sections for the decadal mean DRH during MAM and JJA to
clearly depict the vertical distribution of the DRH. Similar to the SE layer of dust aerosol, the maxima of
the DRH appeared near the surface, and the DRH decreased with an increase in elevated height and trans-
port range. The near-surface peaks of the DRH mainly occurred at the TD and the ThD and their adjacent
transport regions. In particular, the DRH reached 22 K/month and even up to 42 K/month in MAM on
the sections of 39°N and 81°E (Figures 6b and 6d) in the TD. A warming layer of DRH > 16 K/month was
confined below 3.5 km in the TD during MAM while it occurred near the surface in the ThD during
MAM (Figures 6a and 6¢) and JJA (Figures 6f and 6h). A warming layer of DRH > 8 K/month was extended
to 4 km in the TD during MAM and JJA while only 3 km in the GP during MAM and in the IP during JJA.
Along with the eastward transport of dust aerosol over the TD, the DRH in MAM over Hexi Corridor
(Figure 6b) was considerable, up to 6 K/month that is comparable to that of the Qaidam Basin
(Figure 6e). On the northern slope of the TP (Figures 6d and 6i), we found a remarkable DRH warmer than
that on the southern slope. Overall, the influence of DRH on the atmospheric thermal structure over the TD
and TP was pronounced than that over the ThD in MAM or JJA.

The mean vertical profiles of the DRH for the six subregions were calculated to clearly understand the ver-
tical distribution of DRH over the different subregions of the TPS as shown in Figure 7. On a regional aver-
age, the DRH decreased significantly with an increase in transport height and a decrease in DEC. During
MAM, the maximum near-surface DRH over the TD (Figure 7a) reached up to 16.8 K/month which is
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Figure 5. Seasonal spatial distributions of the decadal mean of column-averaged (a-d) SW, (e-h) LW, and (i-1) net DRF
in the atmosphere over the TPS. The core region of TP is outlined with a white solid line at an altitude of 2,500 m.

almost 1.5 times that of the GP (10.8 K/month). The lapse speed of DRH with the height was slightly faster
than that in the GP. Compared to the TD, in other words, a smaller near-surface DRH was observed in the
GP during JJA while the fastest lapse speed of DRH with the height occurred (Figure 7b). These results may
be induced by the heavy rainfalls under the SAM which interrupts the SE dust layer to rise to higher
elevations. For the IP (Figure 7c), the DRH in JJA was stronger than that in MAM and the maximum
DRH occurred at a height of 2 km, which may be related to the westward movement of the DOD peak
center after the onset and intensification of the SAM. It is also noteworthy that the DRHs of 1 K/month
in TD were extended to ~6 km while to a height of 5 km in the GP and the IP. For the TP, the maximum
near-surface DRH occurred at the TP_R2 during MAM mainly due to the dust emission from the Qaidam
Basin, which reached up to 4.7 K/month. For the TP_R1, the DRH profiles were similar to those of the
TP_R2 in JJA with the maximum near-surface DRH of ~2.8 K/month. These positive DRHs (i.e., warming
effects of the dust aerosol) indicate that the dust aerosol plays an important role in increasing the heating
in the atmosphere. Particularly, an increase in the heating rate near the surface can accelerate the snow
melting. Furthermore, the TPS may be susceptible to climate change due to the warming effects of the
dust aerosol (Cheng & Wu, 2007). Therefore, the smaller DRH in the TP still needs to take into consideration.

3.3. Decadal Evolution of DRH

Although the decadal average of DRH in the TPS can well reflect the effect of dust aerosol on the atmo-
spheric thermal structure, it shows only the mean movements over a decade. Therefore, this study
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Figure 6. Same as in Figure 4, but for the net DRH.

investigated the historical evolution of DRH in the past decade, especially for the warming anomaly. Figure 8
shows the monthly DRHs (column-averaged) over six subregions from 2007 to 2016. The highest DRHs in
the TD, the GP, and the TP appeared mostly from March to May, except for in the IP (from May to
August) highly affected by the onset and intensification of the SAM. It is evident that the DRHs vary with
month and subregions, that is, a considerable intermonth and interannual variability. This result is
closely related to the frequency and intensity of dust events triggered by different atmospheric
circulations. For example, the DRHs in August 2007 and 2012 were as high as 7-9 K/month in the TD
and the IP and 1.5-2.5 K/month in the TP_RI, respectively, which are nearly twice higher than that of
decadal average during the same period at the subregion. Such a result means that the DRH of the TP_R1
is likely affected by the dust aerosol transported from the TD and the IP. In addition, the superposition of
dust aerosols sourced from the Qaidam Basin and the TD may contribute to a higher intermonth
variability of the DRH in the TP_R2. Overall, the evolution of the DRH for the subregions further
highlights the impacts of the dust aerosol from the TPS on the atmospheric thermal structure over the TP
except for over the TP_R3.

3.4. Uncertainties in the DRH

Although the high-quality satellite data sets have been fed into the model in this study to minimize modeling
errors from dust vertical extinction profile, surface albedo, and atmospheric parameters, there are inevitable
uncertainties in estimating the DRH related to optical properties (He et al., 2017). In particular, the assump-
tion of the transported dust mode may introduce an error for the SSA with a greater difference among the
four dust modes in OPAC (Table 2). Che, Xia, et al. (2019) reported the SSA of mineral dust varied with loca-
tions and observation periods. Liu et al. (2011) observed the SSA (~0.87) during the dust period. Besides, the
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and JJA (blue). The shading represents the standard deviation.

observation study of an Aerosol Robotic Network estimated the maximum SW spectral weighted SSA of the
dust aerosol (0.94) over the TD (Dubovik et al., 2002; Kaskaoutis et al., 2012), which is 6% larger than that of
transported dust (0.89). Thus, the uncertainty range in the SSA was estimated to be +6% as in previous
studies (Dubovik et al., 2002; Kaskaoutis et al., 2012). In addition, a fixed value of LR (44 in this study)
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Figure 8. The evolution of monthly column-averaged DRH over (a) TD, (b) GP, (c) IP, (d) TP_R1, (e) TP_R2, and (f)

TP_R3.
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Table 3 also may introduce a retrieval error of the dust extinction coefficient.
The Absolute (Relative) Changes in the DRH (unit: K/month) Caused by the This study also employed the range of LR (+9) based on the work of
Ranges of the SSA and LR Over the TD, the IGP, and the TP Regions . L

Omar et al. (2009) to estimate the uncertainty in the DRH. The abso-

Region MAM A SON DIF lute (relative) uncertainties of the DRH caused by the ranges of SSA

SSA + 6% TD F1.68 (42%) F1.28 (43%) F0.67 (45%) F0.32(46%) (+6%) and LR (+9) are listed in Table 3 to investigate the impacts
IGP F148(44%) FLA0(43%) F0.61(43%) F0.24(45%)  of dust aerosol loading. The maximum range occurred in MAM for

e F0.63 (42%) F0.39 (43%) F0.19 (45%) F0.16(47%) g1 subregions, with the absolute (relative) value of F¥1.68 (42%),

LR+9 ;1"(]}313 iggi ggz; igg; ggg igg(lJ gi:; igﬁ gizg F1.48 (44%), ar.ld F0.63 (42%) K/month over the T]?, the IGP, and
TP +0.30 (21%) +0.19(21%) +0.09 (21%) +0.07 (21%) the TP, respectively. Same as for the SSA, the maximum ranges of

the DRH caused by a change in LR also occurred in MAM, +0.85
(20%), +0.64 (19%), and +30 (21%) K/month over the TD, the IGP,
and the TP, respectively. Given that a certain level of uncertainty in the optical properties was introduced,
it is demonstrated that the dust aerosol contributes to the warming effects on the atmospheric thermal struc-
ture especially for that near the surface.

4. Conclusions and Discussion

In this study, the decadal climatology of the DRH in the atmosphere over the TPS was investigated based on
the radiative heating rate simulated by the SBDART model, multisource satellite observations and reanalysis
data from 2007 to 2016. The separation of nondust aerosol and the average approach of single aerosol species
were used to ensure the accuracy of the climatological feature of the dust aerosol extinction coefficient. The
results showed that the dust aerosol plays a crucial role in the atmospheric thermal structure by a net warm
effect, that is, a larger SW warming rate than a LW cooling rate. The DRH showed a good agreement with
dust loading that has considerable seasonal and spatial variability. The maximum DOD and DRH over the
TPS mainly occurred during MAM at the deserts and their adjacent transport areas except for the IG highly
affected by the onset and intensification of the SAM. The vertical distribution of the DRH was also consistent
with the dust extinction coefficient profile. The maximum DRH appeared near the surface and then
decreased with an increase in elevated height. The decadal mean of the DRH near the surface reached
16.8 K/month at the TD, 10.8 K/month at the Gangetic Plain in MAM, and 13.7 K/month at the Indus
Plain in JJA, which are 3.6, 3.0, and 3.1 times higher than those of the column-averaged values, respectively.
For the TP, the superposition of dust aerosols sourced from the Qaidam Basin and the surroundings consid-
erably contributed to increasing the DRH. The decadal mean of the DRH near the surface in the Qaidam
Basin reached 4.7 K/month in MAM and 2.8 K/month in JJA. A considerable intermonth and interannual
variability in the DRH was also found, indicating that the dust aerosol from the TPS plays an important role
in alterations in the atmospheric thermal structure over the TP.

The most important impact factors for the net DRH in the atmosphere are the aerosol optical depth, the SSA,
and the vertical profile of dust aerosols (Huang et al., 2009). The enhanced detection technology of CALIPSO
can not only provide more accurate profile information but also reduce the uncertainties in the DRH. While
the assumption of the transported SSA and LR may introduce inevitable uncertainties in the DRH (Huang
et al., 2009), the SSA may contribute more considerably to the uncertainties in the SW DRH (Dubovik
et al., 2002; Wang et al., 2019). This study also evaluated the uncertainties in the estimated DRHs by intro-
ducing the ranges of SSA (+6%) and LR (£9) into the SBDART model. The results showed the largest uncer-
tainties of the DRH occurred in MAM over the TD. Nevertheless, the warming patterns were still observed,
indicating that the dust aerosol contributes to the warming effects on the atmospheric thermal structure
especially for that near the surface. It is no doubt that the warming pattern of the DRH may affect the tem-
perature anomaly in the atmosphere, land, and snow cover, which may influence the large-scale accelerated
warming over the past few decades (Huang et al., 2012; Lau et al., 2010). The significant warming effect near
the surface may also cause potential on snow melting, resulting in alterations in the water cycle in the TP
and corresponding downstream area and further the northern hemisphere climate system (Immerzeel
et al., 2010; Thompson et al., 2016). Therefore, we need to pay more attention to the effect of absorbing aero-
sols on the atmospheric thermal structure and snow melting as well as the light-absorbing impurities depos-
ited in snow.
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