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Abstract
Given that Xinjiang Uygur Autonomous Region of China possesses exception-
ally abundant solar radiation resources that can be harnessed to develop clean
energy, accurately characterizing their spatiotemporal distribution is crucial.
This study investigated the applicability of the Clouds and the Earth’s Radi-
ant Energy System (CERES) Single Scanner Footprint TOA/Surface Fluxes
and Clouds (SSF) product downward surface shortwave radiation dataset (DSS-
RCER) under clear-sky conditions in Xinjiang. By integrating multi-source
data and utilizing techniques like multivariate fitting and model simulation,
we established a two-layer aerosol model and developed a clear-sky downward
surface shortwave radiation (DSSR) retrieval model specific to Xinjiang using
the Santa Barbara Discrete Atmospheric Radiative Transfer (SBDART) model.
We further explored the spatiotemporal distribution characteristics of DSSR
under clear-sky conditions in Xinjiang from 2017 to 2019 based on the local-
ized DSSR retrieval model. Our findings revealed a significant discrepancy in
DSSRCER under clear-sky conditions at the Xiaotang station in Xinjiang. By
comparing, screening, and correcting core input parameters while incorporating
the two-layer aerosol model, we achieved a more accurate SBDART simulated
DSSR (DSSRSBD) compared to DSSRCER. The annual mean DSSR exhibited
a distinct distribution pattern with high values in mountainous regions such as
the Altay Mountains, Kunlun Mountains, and Tianshan Mountains and signifi-
cantly lower values in adjacent lowland areas, including the Tarim River Basin
and Junggar Basin. In the four typical administrative regions in northern Xin-
jiang, the annual mean DSSR (ranging from 551.60 to 586.09 W/m2) was lower
than that in the five typical administrative regions in southern Xinjiang (ranging
from 522.10 to 623.62 W/m2). These spatial variations stem from a complex in-
terplay of factors, including latitude, altitude, solar altitude angle, and sunshine
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duration. The variations in seasonal average DSSR aligned closely with varia-
tions in the solar altitude angle, with summer (774.76 W/m2) exhibiting the
highest values, followed by spring (684.86 W/m2), autumn (544.76 W/m2), and
winter (422.74 W/m2). The monthly average DSSR showed a unimodal distribu-
tion, peaking in June (792.94 W/m2) and reaching its lowest level in December
(363.06 W/m2). Overall, our study findings enhance the current understanding
of the spatiotemporal distribution characteristics of DSSR in Xinjiang and pro-
vide certain references for the management of clean energy development in this
region.
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Abstract
Xinjiang Uygur Autonomous Region of China possesses exceptionally abun-
dant solar radiation resources that can be harnessed to develop clean energy,
making accurate characterization of their spatiotemporal distribution crucial.
This study investigated the applicability of the Clouds and the Earth’s Radi-
ant Energy System (CERES) Single Scanner Footprint TOA/Surface Fluxes
and Clouds (SSF) product downward surface shortwave radiation dataset (DSS-
RCER) under clear-sky conditions in Xinjiang.

By integrating multi-source data and utilizing techniques such as multivariate
fitting and model simulation, we established a two-layer aerosol model and devel-
oped a clear-sky downward surface shortwave radiation (DSSR) retrieval model
specific to Xinjiang using the Santa Barbara Discrete Atmospheric Radiative
Transfer (SBDART) model. We further explored the spatiotemporal distribu-

chinarxiv.org/items/chinaxiv-202507.00073 Machine Translation

https://chinarxiv.org/items/chinaxiv-202507.00073


tion characteristics of DSSR under clear-sky conditions in Xinjiang from 2017
to 2019 based on the localized DSSR retrieval model.

Our findings revealed a significant discrepancy in DSSRCER under clear-sky
conditions at the Xiaotang station in Xinjiang. By comparing, screening, and
correcting core input parameters while incorporating the two-layer aerosol
model, we achieved a more accurate SBDART-simulated DSSR (DSSRSBD)
compared to DSSRCER. The annual mean DSSR exhibited a distinct distri-
bution pattern with high values in mountainous regions such as the Altay
Mountains, Kunlun Mountains, and Tianshan Mountains and significantly
lower values in adjacent lowland areas, including the Tarim River Basin and
Junggar Basin. In the four typical administrative regions in northern Xinjiang,
the annual mean DSSR (ranging from 551.60 to 586.09 W/m2) was lower than
that in the five typical administrative regions in southern Xinjiang (ranging
from 522.10 to 623.62 W/m2). These spatial variations stem from a complex
interplay of factors, including latitude, altitude, solar altitude angle, and
sunshine duration. The variations in seasonal average DSSR aligned closely
with variations in the solar altitude angle, with summer (774.76 W/m2)
exhibiting the highest values, followed by spring (684.86 W/m2), autumn
(544.76 W/m2), and winter (422.74 W/m2).

The monthly average DSSR showed a unimodal distribution, peaking in June
(792.94 W/m2) and reaching its lowest level in December (363.06 W/m2). Over-
all, our study findings enhance the current understanding of the spatiotemporal
distribution characteristics of DSSR in Xinjiang and provide valuable references
for the management of clean energy development in this region.

Keywords: downward surface shortwave radiation (DSSR); clear-sky condi-
tion; two-layer aerosol model; Santa Barbara Discrete Atmospheric Radiative
Transfer (SBDART); Clouds and the Earth’s Radiant Energy System (CERES)

1 Introduction
Global climate change presents a significant challenge to achieving sustainable
development in the 21st century. The World Meteorological Organization con-
firmed 2023 as the hottest year on record, with a global average temperature
1.45°C ($±$0.12°C) higher than pre-industrial levels, exceeding prior records [?].
Beyond rising temperatures, other key indicators—atmospheric greenhouse gas
concentrations, ocean heat content, sea level, and sea ice extent—have reached
unprecedented levels [?]. Climate change further intensifies the threat to human
societies through increased extreme weather events and heightened ecosystem
vulnerability, becoming one of the world’s most pressing issues [?, ?]. Car-
bon emissions from fossil fuel combustion have been recognized as the primary
driver of global warming. In the context of global sustainable development and
carbon-neutral targets, adjusting the energy structure and developing clean en-
ergy sources represent the most effective means of reducing carbon emissions.
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Shortwave radiation, a crucial energy source for Earth’s ecosystems and a key
driver of atmospheric and climate change, is increasingly seen as a vital com-
ponent of green, low-carbon, renewable energy solutions compared to polluting
fossil fuels like coal and oil. Xinjiang Uygur Autonomous Region, a traditional
energy region with abundant sunshine and minimal cloud cover, boasts one of
the regions with the highest annual shortwave radiation in China and presents
significant potential for development [?]. Accordingly, obtaining an accurate
distribution of shortwave radiation in space and time is critical for effective
utilization of solar energy resources, promoting production capacity coopera-
tion within Xinjiang and surrounding Belt and Road regions, and predicting
weather, climate, and environmental changes.

Ground-based observation offers the advantage of highly accurate and time-
resolved surface shortwave radiation (SSR) data, making it an essential founda-
tion for verifying other radiation datasets and for related application research.
However, the limited number and uneven distribution of ground stations capa-
ble of radiation observation hinder the generation of spatially and temporally
continuous SSR data [?, ?]. Accordingly, a quantitative assessment of SSR over
large areas and the analysis of its spatial characteristics have become challeng-
ing [?, ?]. Due to its wide-ranging spatial coverage and rather high resolution,
satellite remote sensing technology overcomes these limitations. It enables com-
prehensive and large-scale monitoring, effectively counterbalancing the lack of
ground stations, particularly in challenging locations [?, ?]. However, due to the
vast territory, complex underlying surface with mountains, snow, and deserts,
and limited data availability over large areas in Xinjiang, it remains difficult for
remote-sensing data to fully capture the spatiotemporal variations and trends
of SSR in this region [?, ?, ?, ?, ?].

Reanalysis data, such as European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis v5 (ERA5) and Modern-Era Retrospective Analysis for
Research and Application, v2 (MERRA-2), leverage atmospheric modeling and
assimilate multi-source data (ground observations and satellite remote sensing)
to refine dynamic models, resulting in continuously improved accuracy and cov-
erage [?]. Compared to ground-based and remote sensing methods, reanalysis
data offer a significant advantage in generating long and high-quality time series
[?]. However, uncertainties in data sources, assimilation schemes, and numer-
ical prediction processes can introduce systematic errors into reanalysis data
[?, ?, ?, ?, ?, ?]. Overall, the limitations of all three methods (sparse ground
observations, biases in satellite products, and uncertainties in reanalysis data)
hinder a comprehensive and accurate understanding of the spatiotemporal dis-
tribution of solar radiation resources. Besides, the lack of high-quality data
restricts our ability to fully capture the spatiotemporal variations of shortwave
radiation [?], thereby restricting the utilization rate of solar energy.

Numerical simulation remains the most common method for obtaining high spa-
tial and temporal resolution SSR data [?]. This approach not only reveals the
spatiotemporal distribution characteristics of SSR but also allows for studying
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the interaction and influence mechanisms between environmental meteorolog-
ical elements (aerosols, temperature, and humidity) and SSR. This capability
addresses and complements the limitations of the methods previously discussed.
Research has shown the accuracy of radiative transfer models in simulating SSR,
especially under clear-sky conditions [?, ?, ?]. However, most existing research
relies on ground observation and satellite remote sensing data as inputs for the
radiative transfer model to simulate SSR. During this process, the spatiotempo-
ral variability of input parameters and their inherent errors, especially regarding
the accuracy of aerosol characterization and vertical distribution, can affect the
model simulation results to some extent [?, ?, ?]. Uncertainties in aerosol pa-
rameters retrieved from satellite remote sensing and the lack of comprehensive
global data on aerosol vertical profiles make it particularly challenging to acquire
accurate aerosol characteristics and simulate SSR in Xinjiang [?, ?].

Therefore, to obtain a more comprehensive downward surface shortwave radi-
ation (DSSR) dataset and analyze its spatiotemporal distribution character-
istics under clear-sky conditions in Xinjiang, this study investigated the key
factors influencing DSSR retrieval based on the Clouds and the Earth’s Radiant
Energy System (CERES) Single Scanner Footprint TOA/Surface Fluxes and
Clouds (SSF) Langley Parameterized Shortwave Algorithm (LPSA). Consider-
ing the exceptional weather conditions, underlying surface peculiarities, and
environment-meteorology background in Xinjiang, we leveraged multi-source
data and employed the Santa Barbara Discrete Atmospheric Radiative Transfer
(SBDART) plane-parallel radiative transfer model to develop a region-specific
clear-sky DSSR retrieval model for Xinjiang. Our approach addresses the limita-
tions of scarce surface observations and error-prone satellite data and enhances
our comprehension of the spatiotemporal distribution characteristics of SSR in
Xinjiang.

2.1 Overview of the Research Area
Xinjiang, situated deep within the Eurasian continent, experiences a classic tem-
perate continental arid climate due to its distance from the sea [?]. The region’s
topography (Fig. 1 [Figure 1: see original paper]) is characterized by an alter-
nating arrangement of mountains and basins, a pattern often described as “three
mountains and two basins” [?]. To the north is the Altay Mountains, to the
south is the Kunlun Mountains, and the Tianshan Mountains lie across the mid-
dle, sandwiching the Tarim Basin and the Junggar Basin. Solar energy resources
represent a significant portion of Xinjiang’s technically recoverable renewable
energy potential, accounting for 40.00%. This abundance of solar resources po-
sitions Xinjiang as the leading region in China for technically recoverable solar
energy resources [?]. The Gobi desert region of Xinjiang, classified as a Class
I solar energy resource area, presents significant potential for large-scale solar
power projects.

The Tianshan Mountains, which lie across the middle of Xinjiang, are the geo-
graphical “backbone” of Xinjiang and divide the natural geography of Xinjiang

chinarxiv.org/items/chinaxiv-202507.00073 Machine Translation

https://chinarxiv.org/items/chinaxiv-202507.00073


into two major regions: northern Xinjiang and southern Xinjiang. Nine ad-
ministrative regions were selected for this study and they were categorized into
southern and northern Xinjiang for analysis. The five administrative regions
located in southern Xinjiang are Kashgar City, Hotan City, Ruoqiang County,
Aksu City, and Tazhong Town. The four administrative regions in northern
Xinjiang are Urumqi City, Turpan City, Qinghe County, and Hami City (Fig.
1 [Figure 1: see original paper]).

2.2.1 In Situ Observation Data
Considering the accessibility of the observational data, this study utilized mea-
sured DSSR data acquired from the Xiaotang radiation station, Xinjiang (Fig. 1
[Figure 1: see original paper]). This station is a component of the Baseline Sur-
face Radiation Network (BSRN). Ground-based observational DSSR (DSSRB-
SRN) data from Xiaotang station for the year 2017 were chosen for the validation
and analysis of the CERES SSF LPSA-based DSSR (DSSRCER), SBDART-
simulated DSSR (DSSRSBD), and ERA5-derived DSSR (DSSRERA5). The
temporal resolution of DSSRBSRN is approximately 30 min.

Micro Pulse Lidar (MPL) measurements were employed to compare and vali-
date regional planetary boundary layer height (PBLH) and aerosol layer height
(ALH) [?]. Observations were conducted at two distinct geographical locations.
The first station, Urumqi, provided MPL data spanning from 1 March to 19
April, 2017. The second station, Pamir, yielded MPL data from 15 August to
30 September, 2017. The geographical locations of both the BSRN and MPL
stations are illustrated in Figure 1 [Figure 1: see original paper].

2.2.2 Satellite Remote Sensing Data
This study utilized the “CERES downward SW surface flux-Model B”
dataset (https://search.earthdata.nasa.gov/search) with a spatial reso-
lution of approximately 20 km to develop and compare with a local-
ized DSSR retrieval model. The key algorithm for this dataset is the
LPSA [?, ?, ?], which has been shown to be highly accurate and ap-
plicable in Xinjiang [?]. More detailed information is available in the
CERES_{{{SSF}}{{Terra}}}-Aqua{Edition4A} data instruction document
and the study conducted by Huang et al. (2020b). Besides, to build a localized
radiative transfer model and acquire the DSSR of Xinjiang, we employed the
”Deep_{{{Blue}}{{Aerosol}}}{{{Optical}}{{Depth}}}{{{550}}{{Land}}}{{{Best}}_{{Estimate}}}”
dataset from Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua
satellite (Collection 6.1) at a resolution of 10 km (http://ladsweb.nascom.nasa.gov/datalsearch.html).

Owing to the deficiency of a more precise dataset regarding the calculation of
the clear-sky surface albedo (AS), the LPSA algorithm currently employs the
method put forward by Darnell et al. (1992), as shown in Equation 1:

chinarxiv.org/items/chinaxiv-202507.00073 Machine Translation

https://chinarxiv.org/items/chinaxiv-202507.00073


𝐴𝑆 = 0.080 + 0.241 × 𝐴𝑇𝑐𝑙𝑟 − 0.444 × 𝐴𝑇 2
𝑐𝑙𝑟 + 0.625 × 𝐴𝑇 3

𝑐𝑙𝑟

where 𝐴𝑇𝑐𝑙𝑟 represents the top of atmosphere (TOA) albedo in clear-sky cir-
cumstances. In this study, the “Observed clear-sky TOA Albedo” dataset
from the CER_{SYN1deg}-1Hour_{Terra}-Aqua-MODIS_{Edition4A} prod-
uct (https://search.earthdata.nasa.gov/search) was employed as 𝐴𝑇𝑐𝑙𝑟 for cal-
culating AS.

Furthermore, the “Clear area percent coverage at subpixel resolution” dataset
(https://search.earthdata.nasa.gov/search) provided information on clear-sky
conditions. Specifically, gridded radiation observation values were considered
clear-sky observations when the cloud cover was zero.

2.2.3 Reanalysis Data
This study utilized the reanalysis datasets from MERRA-2 and ERA5. The
total aerosol scattering aerosol optical depth (AOD) (TOTSCATAU) and
total aerosol extinction AOD (TOTEXTTAU) datasets from the MERRA-2
tavg1_{{{2d}}{{aer}}}{Nx} product, featuring a 1-h temporal resolution,
were used to calculate the Single Scattering Albedo (SSA) at 550 nm [?, ?].
The Total Column Water Vapor (TCWV) dataset used for the LPSA algorithm
was derived from the MERRA-2 tavg1_{{{2d}}{{slv}}}{Nx} product with a
temporal resolution of 1 h.

ERA5 also contributed other hourly datasets: (1) mean surface downward short-
wave radiation flux (spatial resolution of 0.250°$×0.250°), 𝑢𝑠𝑒𝑑𝑓𝑜𝑟𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛𝑤𝑖𝑡ℎ𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒𝑟𝑒𝑚𝑜𝑡𝑒𝑠𝑒𝑛𝑠𝑖𝑛𝑔𝑑𝑎𝑡𝑎𝑎𝑛𝑑𝑚𝑜𝑑𝑒𝑙𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠; (2)𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦𝑙𝑎𝑦𝑒𝑟ℎ𝑒𝑖𝑔ℎ𝑡(𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑜𝑓0.125°×0.125°); (3)𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑝𝑟𝑜𝑓𝑖𝑙𝑒𝑠𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔𝑔𝑒𝑜𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝑒𝑛𝑒𝑟𝑔𝑦(𝑧), 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦, ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙𝑤𝑖𝑛𝑑𝑠𝑝𝑒𝑒𝑑(𝑢, 𝑣), 𝑎𝑛𝑑𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑤), 𝑎𝑙𝑙𝑤𝑖𝑡ℎ𝑎𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑜𝑓0.125°×$0.125°.
The atmospheric profiles encompass pressure layers from 1000 to 1 hPa and
were further divided into 37 layers for retrieving ALH. This ALH information,
along with PBLH data, was used for constructing the aerosol model for
Xinjiang. More details on these multiplatform datasets are provided in Table 1
.

2.3 SBDART Model
The SBDART radiative transfer model, relying on the assumption of a plane-
parallel atmosphere and capable of calculating the radiation conditions of the
atmosphere and the surface under clear-sky and cloudy conditions [?], was uti-
lized as the foundation for simulating clear-sky DSSR across Xinjiang in our
research. Table 2 displays the key input parameters required to run the SB-
DART model, which included location data (longitude and latitude) and time
for calculating sun position and aerosol optical parameters at 550 nm. The
aerosol data incorporated the AOD from MODIS, along with SSA, either from
MERRA-2 or a fixed value of 0.92. The asymmetry (ASY) parameter was set
to a fixed value of 0.60 or 0.59. Surface albedo data were drawn from CERES.
To account for atmospheric effects, the model utilized TCWV, PBLH, and ALH
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obtained from reanalysis data. Default values within were employed for atmo-
spheric profile (2), lower wavelength limit (0.250 �m), upper wavelength limit
(4.000 �m), and wavelength step size (–0.005 �m) in the model.

2.4.1 Retrieval of Gridded ALH
The vertical distribution of atmospheric aerosols is one of the key factors in
assessing aerosol radiative forcing and evaluating climate effects [?]. Influenced
by emission sources, geographical environment, meteorological conditions, and
other factors, the atmospheric thermal structure and aerosol optical properties
can exert varying impacts depending on differences in aerosol vertical distri-
bution, thereby affecting radiative balance and regional climate effects. Un-
certainties in aerosol vertical distribution can introduce approximately 10.00%–
30.00% errors in radiative effects [?, ?], while in regions dominated by absorbing
aerosols, such errors may even exceed 70.00% [?]. Besides, the vertical distri-
bution of aerosols reflects the height and structural characteristics of the atmo-
spheric boundary layer [?, ?, ?] and plays a significant role in studies of DSSR.
This demonstrates that obtaining precise vertical distribution information of
aerosols is crucial for the effective implementation of DSSR simulations.

In this study, the vertical distribution of aerosols was based on the assumption of
a two-layer vertical structure of aerosols. Specifically, aerosols were assumed to
be uniformly distributed below the atmospheric boundary layer, while above the
boundary layer, the aerosol extinction coefficient (AEC) decreased exponentially
with increasing altitude. From this, the AOD was calculated by integrating the
AEC between the surface and the upper-level aerosol-free layer, and the height
at which the AEC above the boundary layer was reduced to 1/e (approximately
37.00%) of its initial value was considered as the ALH corresponding to the
MPL observation [?]. This highlights that accurate knowledge of PBLH and
ALH is crucial for understanding the vertical distribution of aerosols. For large-
scale gridded PBLH data, existing datasets (i.e., MERRA-2, ERA5) are readily
available. However, ALH must be derived through retrieval calculations.

Therefore, this study compared the vertical profiles of collocated MPL_{ALH}
data with corresponding meteorological parameters from ERA5 reanalysis data.
Our analysis revealed that relative humidity and the temperature gradient above
the atmospheric boundary layer are key factors influencing ALH. By establishing
discriminant factors and an automated retrieval method, ALH retrieval across
the study area was achieved. Figure 2 [Figure 2: see original paper] presents
the flowchart for the automated ALH retrieval algorithm developed for Xinjiang.
The thresholds for each parameter were determined based on all MPL observa-
tions and corresponding meteorological data collected during the study period
[?].
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2.4.2 Parameter Matching and Evaluation Method
The data used in this study exhibited differences in both spatial and tem-
poral scales, as highlighted in Section 2.2. This necessitated spatiotemporal
matching and unification of each parameter. To address this in the process of
correcting the DSSRCER and establishing a localized DSSR transfer model,
on the spatial scale, we selected the MODIS AOD and DSSRCER within a 30
km$×30𝑘𝑚𝑤𝑖𝑛𝑑𝑜𝑤𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑𝑜𝑛𝑡ℎ𝑒𝑋𝑖𝑎𝑜𝑡𝑎𝑛𝑔𝑠𝑡𝑎𝑡𝑖𝑜𝑛, 𝑎𝑛𝑑𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑𝑡ℎ𝑒𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑜𝑓𝑎𝑙𝑙𝑛𝑜𝑛−
𝑧𝑒𝑟𝑜𝑣𝑎𝑙𝑢𝑒𝑠𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔𝑡𝑜𝑡ℎ𝑒𝑡𝑤𝑜𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠𝑤𝑖𝑡ℎ𝑖𝑛𝑡ℎ𝑒𝑤𝑖𝑛𝑑𝑜𝑤.𝑂𝑡ℎ𝑒𝑟𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑𝑑𝑎𝑡𝑎𝑠𝑒𝑡𝑠𝑤𝑒𝑟𝑒𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑒𝑑𝑡𝑜𝑚𝑎𝑡𝑐ℎ𝑡ℎ𝑒𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑜𝑓𝑀𝑂𝐷𝐼𝑆𝐴𝑂𝐷𝑎𝑛𝑑𝐷𝑆𝑆𝑅𝐶𝐸𝑅(30𝑘𝑚×$30
km).

Temporally, DSSRBSRN data were extracted within a 10-min window before
and after the Aqua satellite overpass time. Other parameters were matched
temporally by averaging according to their inherent temporal resolutions.

Spatially, DSSRERA5 data within a 0.125° radius centered on the Xiaotang
station were read and averaged to match the resolution of DSSRBSRN data.
Temporally, DSSRERA5 data were selected based on the specific minute of the
satellite overpass time. When the minutes fell between 41 and 20 (i.e., 14:45
and 15:12 LST), the nearest preceding whole-hour DSSRERA5 data point was
chosen. For minutes between 21 and 40 (i.e., 15:28 and 15:39), the average of
the two closest whole-hour DSSRERA5 data points was used. This processed
DSSRERA5 dataset was subsequently compared and analyzed in contrast to
the DSSRSBD.

To simulate radiation data on a unified 0.100° grid across the Xinjiang region,
all input parameters were spatially averaged at 0.100° resolution for DSSR sim-
ulation. Temporally, parameters were extracted within 30 min of the Aqua
satellite’s overpass time and averaged for matching purposes.

A statistical evaluation model was established to quantify the accuracy of the
various research parameters. This model incorporated the linear correlation
coefficient (r), relative mean bias (RMB), root mean square error (RMSE),
and mean absolute error (MAE), along with the number of valid samples (n)
remaining after matching. The formulas are as follows:

𝑟 = ∑𝑛
𝑖=1(𝑆𝑖 − ̄𝑆)(𝑂𝑖 − 𝑂̄)

√∑𝑛
𝑖=1(𝑆𝑖 − ̄𝑆)2 ∑𝑛

𝑖=1(𝑂𝑖 − 𝑂̄)2

𝑅𝑀𝐵 =
̄𝑆 − 𝑂̄
𝑂̄

𝑅𝑀𝑆𝐸 = √ 1
𝑛

𝑛
∑
𝑖=1

(𝑆𝑖 − 𝑂𝑖)2
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𝑀𝐴𝐸 = 1
𝑛

𝑛
∑
𝑖=1

|𝑆𝑖 − 𝑂𝑖|

where ̄𝑆 and 𝑂̄ denote the average value of dependent variable and independent
variable, respectively; and 𝑆𝑖 and 𝑂𝑖 denote the value of dependent variable and
independent variable for the 𝑖th sample, respectively. The dependent variables
primarily originated from the CERES, ERA5 reanalysis data, and radiative
transfer model, such as DSSRCER (W/m2), DSSRSBD (W/m2), DSSRERA5
(W/m2), ERA5_{PBLH} (m), and ERA5_{ALH} (m). The independent vari-
ables were all ground-based observational results, such as DSSRBSRN (W/m2),
MPL_{PBLH} (m), and MPL_{ALH}.

3.1 Comparison Between DSSRCER and DSSRSBD
This study used cloud cover and meteorological data to select the clear-sky
cases at the Xiaotang station in 2017. Figure 3a [Figure 3: see original paper]
presents the comparison results between DSSRCER and DSSRBSRN, with a
notable discrepancy in the results produced by DSSRCER at the Xiaotang sta-
tion. Under clear-sky conditions, the primary factors influencing the retrieval
accuracy of DSSRCER, aside from the total ozone column content and surface
pressure, comprised the following input parameters: AS, AOD, SSA, ASY, and
TCWV [?, ?, ?]. Yang (2019) showed that the accuracy of DSSRCER was
greatly influenced by the aerosol optical parameters required for retrieval. To
facilitate comparison, AS, AOD, SSA, ASY, and TCWV were used as inputs
for SBDART model (with all other parameters set to default values). As shown
in Figure 3b [Figure 3: see original paper], DSSRSBD yielded slightly higher
accuracy compared to DSSRCER.

Although the correlation coefficient between DSSRCER and DSSRBSRN was
higher than that between DSSRSBD and DSSRBSRN, both the slope and RMB
of the DSSRSBD fitting line were closer to 1. Moreover, the intercept, MAE, and
RMSE of the DSSRSBD fitting line were all lower than those of the DSSRCER
fitting line.

These differences likely stemmed from variations in the types, versions, and
temporal averaging ranges of the input parameters used by the two algorithms
[?]. In this respect, the DSSRSBD simulation process involves more parameters,
with the vertical distribution characteristics of aerosols and other atmospheric
components considered in more detail [?]. Besides, compared with DSSRCER,
the DSSRSBD simulation utilized MODIS AOD data of a more recent version
with higher accuracy [?]. Additionally, the SBDART model employed input
parameters with a higher temporal resolution, predominantly averaged on an
hourly basis.
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3.2.1 Sensitivity Tests, Comparison, and Correction of Pa-
rameters
Although DSSRSBD exhibited relatively high accuracy under clear-sky condi-
tions, errors were observed. Our previous studies investigated the sensitivity
of DSSRSBD to its key input parameters (SSA, ASY, AOD, TCWV, and AS)
by varying each parameter individually by 100.00% while maintaining all oth-
ers constant. The results showed that the change in retrieved values caused by
varying each parameter were: 26.61% for SSA, 6.78% for ASY, –6.01% for AOD,
–3.80% for TCWV, and 3.14% for AS. Among them, SSA yielded the greatest
impact on DSSRSBD, followed by ASY and AOD. At the same time, we found
that SSA, ASY, and AS inputs into the model were overestimated, while AOD
and TCWV were underestimated [?].

Therefore, to enhance the accuracy of DSSRSBD simulations, it is essential
to improve the accuracy of critical input parameters. In this regard, when
simulating DSSRSBD using SSA from MERRA-2 data, applying a regression
coefficient correction (𝑦 = 0.990𝑥, where 𝑦 denotes the corrected SSA and 𝑥
represents the initial MERRA-2 SSA) yielded more accurate results compared
to using a fixed value of 0.920. Similarly, selecting corrected AOD (𝑦 = 1.030𝑥,
where 𝑦 indicates the corrected AOD and 𝑥 is the MODIS AOD) along with
ASY=0.590 as model input parameters led to superior simulation outcomes
relative to those based on the original inputs [?]. Table 3 details the individual
fitting results after selectively choosing, comparing, and correcting these key
input parameters.

3.2.2 Construction and Validation of the Aerosol Model
Figure 4 [Figure 4: see original paper] depicts the fitting results of
MPL_{PBLH} and ERA5_{PBLH} at Urumqi and Pamir stations. Combined
with results in Figure 4 [Figure 4: see original paper] and previous studies [?],
it was inferred that the gridded ERA5_{PBLH} dataset exhibited relatively
high accuracy in the Xinjiang region. Accordingly, we selected the gridded
ERA5_{PBLH} dataset as the core parameter of the aerosol model and used
it to simulate the DSSRSBD with higher simulation accuracy.

An automated workflow (Fig. 2 [Figure 2: see original paper]) utilizing
five meteorological parameters effectively retrieved ALH, with the retrieved
ERA5_{ALH} demonstrating a good fit with MPL_{ALH} observations
(Fig. 5 [Figure 5: see original paper]). This workflow-derived ERA5_{ALH}
product exhibited high applicability within the study area and could be used to
represent the characteristic vertical distribution of gridded aerosols and further
simulate DSSRSBD with higher precision.
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3.2.3 Establishment of the Localized DSSR Retrieval Model
Following a process of screening, comparison, and correction, this study identi-
fied a set of optimal input parameters for model simulation based on their perfor-
mance. These parameters, along with ERA5_{PBLH} data and ERA5_{ALH}
retrieved using the workflow in Figure 2 [Figure 2: see original paper] (which
incorporated temperature, relative humidity, u, v, and w), were entered into
the SBDART. The input variables are detailed in Table 4 .

Leveraging this optimal parameter combination, this study established a local-
ized DSSR retrieval model. As shown in Table 5 , all metrics for the clear-sky
DSSR simulated by the optimized SBDART model (DSSRSBD_{optimal}) ex-
hibited significant improvement compared to the DSSRCER at the Xiaotang sta-
tion (r improved by 0.91%, MAE dropped by 49.56%, RMB decreased 1.18%,
and RMSE reduced by 58.38%), indicating a substantial increase in retrieval
accuracy and strongly supporting the feasibility of the research method.

To further confirm the significance of the localized DSSR retrieval model
established in this study, the DSSRSBD_{optimal} was compared with
the DSSRERA5 dataset (at 0.25°$×$0.25° resolution), whose estimations
were correlated well with ground observations [?]. Figure 6 [Figure 6:
see original paper] shows the comparison results of the accuracy between
DSSRSBD_{optimal} and DSSRERA5. This comparison revealed that
DSSRSBD_{optimal} not only surpassed the accuracy of DSSRCER in Xin-
jiang but also demonstrated significantly better performance than DSSRERA5.
In general, the DSSRSBD_{optimal} dataset outperformed the commonly
used DSSR datasets (including satellite remote sensing and reanalysis data) in
terms of both accuracy and spatial resolution.

3.3 Seasonal Spatial Characteristics of DSSR in Xinjiang
A recent study highlighted the limited spatial coverage of DSSRCER product
as a key constraint [?]. Achieving 100.00% coverage was challenging, particu-
larly in areas with complex underlying surfaces like high-altitude, snow-capped
mountains. Satellite retrieval efforts in these areas were hampered by inher-
ent difficulties, resulting in more frequent data gaps. In contrast, numerical
simulation technology offers distinct advantages, not only in comprehensively
depicting the spatiotemporal distribution characteristics of DSSR, but also in
facilitating the investigation of how environmental and meteorological factors,
such as aerosols, temperature, and humidity, interact with and influence DSSR
[?, ?]. This capability offered valuable supplementary information that comple-
ments satellite remote sensing products.

This study derived the seasonal distribution of DSSR under clear-sky conditions
in Xinjiang during 2017–2019 from the DSSRSBD_{optimal} dataset (Fig. 7
[Figure 7: see original paper]). Across all seasons, the DSSR exhibited high
values in the mountainous regions and low values in the basin regions across
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Xinjiang, likely due to the interplay of factors such as latitude, altitude, under-
lying surface properties, and climatic conditions.

As shown in Figure 7 [Figure 7: see original paper], a significant seasonal vari-
ation in DSSR was observed across Xinjiang. DSSR exhibited a clear pattern
across the four seasons, decreasing in the order of summer, spring, autumn,
and winter. This trend aligned with the seasonal variation in the solar altitude
angle. In summer with the highest solar altitude angle, DSSR reached its peak.
The overall average DSSR in the study area for summer was 774.76 W/m2,
with gridded mean values ranging from 630.28 to 928.50 W/m2. In spring and
autumn, DSSR values were in the ranges of 436.63–896.54 and 401.64–800.00
W/m2, respectively. The corresponding overall average DSSR for spring and
autumn in the study area were 684.86 and 544.76 W/m2, respectively. In winter
with the lowest solar altitude angle, the average DSSR reached its lowest level.
The gridded mean values ranged from 206.16 to 603.30 W/m2, and the overall
average DSSR in the study area was 422.74 W/m2.

Spring DSSR exhibited a distinct spatial distribution (Fig. 7a [Figure 7: see
original paper]). The highest value (896.54 W/m2) occurred at the eastern end
of the Kunlun Mountains, while the lowest values were concentrated in lake and
river areas like the Ruoqiang River, Tarim River, and Lop Nur. In these areas,
the spring average DSSR fell below 450.00 W/m2. Conversely, high DSSR values
(over 750.00 W/m2) were documented in high-altitude mountainous regions such
as the central and western Kunlun Mountains, Altay Mountains, and parts
of northern Xinjiang (Tacheng Prefecture, Altay Prefecture, and Changji Hui
Autonomous Prefecture). The Turpan Basin, Baijitan area, Kumtag Desert,
Hami Basin (all in northern Xinjiang), and most of southern Xinjiang had spring
average DSSR ranging from 550.00 to 650.00 W/m2.

Summer DSSR across Xinjiang was generally high (Fig. 7b [Figure 7: see
original paper]). The peak value (928.50 W/m2) was observed in the southwest
corner (western Kunlun Mountains), while the lowest value (630.28 W/m2) was
found in the Bosten River area bordering the Hotan Prefecture and Bayingol
Mongolian Autonomous Prefecture. The summer average DSSR for the Tarim
Basin, Junggar Basin, Turpan Basin, and Hami Basin ranged from 650 to 750
W/m2. Most other regions exhibited even higher DSSR values, between 750
and 800 W/m2.

Autumn DSSR in Xinjiang revealed high-value areas (>700.00 W/m2) in high-
altitude mountainous regions, such as the western Kunlun Mountains, the west-
ern and southern ridges of the Tianshan Mountains, and the northern edge of
the Altay Mountains (Fig. 7c [Figure 7: see original paper]). Low-value areas
(<500.00 W/m2) were scattered throughout the region, including the Burqin
River and Ertix River, the Junggar Basin, the Tianshan North Slope Economic
Belt (Karamay City, Shihezi City, Changji City, Urumqi City, etc.), the Tur-
pan Basin and Hami Basin in northern Xinjiang, and the Bosten Lake Basin,
Tarim River Basin, and Qiemo River Basin in southern Xinjiang. Most of the
study area (over 68.00%) exhibited an autumn DSSR between 500.00 and 600.00
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W/m2.

Winter DSSR across Xinjiang was very low and exhibited a clear latitudinal
trend, decreasing gradually from south to north (Fig. 7d [Figure 7: see original
paper]). The overall winter average DSSR in the study area was just 422.74
W/m2, only 54.56% of the summer value. The lowest gridded mean value (206.16
W/m2) was found in the Junggar Basin of northern Xinjiang. Only the southern
end of the region (southern foothills of the Kunlun Mountains) had a higher
winter DSSR (>600.0 W/m2). The winter DSSR fell between 300.00 and 500.00
W/m2 across more than 85.00% of the study area.

The primary driver of these seasonal variations is the solar altitude angle. Start-
ing in March, DSSR in the Northern Hemisphere (including Xinjiang) increases
with solar altitude angle. DSSR reaches its peak in summer, typically between
June and July. As the solar altitude angle decreases throughout the rest of
the year, the amount of DSSR reaching the ground diminishes accordingly.
Climate, aerosol characteristics, and seasonal variations in aerosol load also in-
fluence DSSR. Summer typically has the lowest aerosol load among the four
seasons. Spring and autumn are drier in Xinjiang, leading to frequent dust and
sandstorms, which further increase the concentration of coarse particles and
the overall aerosol load [?], reducing surface solar radiation compared to sum-
mer. In autumn, higher water vapor content and greater vegetation cover on
the underlying surface further weaken solar radiation compared to spring [?].
Winter heating contributes to higher anthropogenic aerosol content [?], which
also weakens the solar radiation reaching the ground. Daylight duration, solar
altitude angle, and atmospheric transparency also play a role in the seasonal
variations of DSSR in Xinjiang [?].

3.4 Monthly Variations of DSSR in Xinjiang
Figure 8 [Figure 8: see original paper] depicts the variation in monthly aver-
age DSSR across Xinjiang from 2017 to 2019. The monthly DSSR fluctuated
between 363.06 and 792.94 W/m2, with a three-year average of 606.78 W/m2.
A notable monthly variation was observed, with the multi-year average DSSR
approximating a unimodal, near-normal distribution. The maximum value was
recorded in June (792.94 W/m2), with a gradual decline observed towards the
minimum value in December (363.06 W/m2) on either side of this peak. As
expected, in the Northern Hemisphere, DSSR primarily reflects changes in the
solar altitude angle. From March onwards, the increasing solar altitude an-
gle leads to a corresponding rise in solar radiation reaching the ground. After
September, the decreasing solar altitude angle results in diminishing ground-
level solar radiation. Therefore, the monthly DSSR variations in Xinjiang were
largely driven by the solar altitude angle. Overall, the monthly average DSSR
from March to September was higher than the annual average, while the re-
maining five months fell below the annual average value. This distinct seasonal
cycle aligned with the seasonal analysis presented earlier.

chinarxiv.org/items/chinaxiv-202507.00073 Machine Translation

https://chinarxiv.org/items/chinaxiv-202507.00073


The temporal variations in DSSR for typical administrative regions are illus-
trated in Figure 9 [Figure 9: see original paper]. As shown in Figure 9a
[Figure 9: see original paper] and Table 6 , the annual average DSSR in the
four administrative regions in northern Xinjiang ranged from 551.60 to 586.09
W/m2. Qinghe County in the Altay Prefecture exhibited the highest annual av-
erage DSSR (586.09 W/m2), particularly during the April–August period. The
monthly average DSSR in Qinghe County during these months (743.39–828.17
W/m2) was significantly higher than the monthly average DSSR in the other
three administrative regions. The monthly average DSSR in Qinghe County
exhibited an almost symmetrical normal distribution, with a peak in June and
a gradual decrease on either side. Besides, Qinghe County exhibited the highest
monthly DSSR range (539.85 W/m2) compared to the other three administra-
tive regions. This metric, representing the dispersion of monthly DSSR values,
indicated a wider fluctuation in Qinghe County compared to the other three
administrative regions. The larger range for Qinghe County highlighted a lower
degree of concentration of monthly average DSSR values. The highest monthly
average DSSR in this region occurred in June (828.17 W/m2), while the lowest
monthly DSSR was found in January (296.62 W/m2) and December (288.32
W/m2), both below 300.00 W/m2.

Among the four administrative regions in northern Xinjiang, Turpan City ex-
hibited the lowest annual average DSSR (551.60 W/m2). The highest monthly
average DSSR occurred in July (749.87 W/m2), while the lowest was in Jan-
uary (292.43 W/m2). Turpan’s average DSSR in December also fell below 300.00
W/m2. As shown in Figure 9a [Figure 9: see original paper], Turpan City was
the only region where the peak monthly DSSR occurred in July. In contrast, the
monthly DSSR in the other three administrative regions peaked in June, with
a gradual decrease on either side of the peak. The monthly DSSR variations
in Urumqi City and Hami City aligned with the overall trend observed across
Xinjiang. Both cities exhibited a unimodal distribution that closely resembled
a normal curve. The peak monthly DSSR occurred in June (767.66 W/m2 for
Urumqi City and 772.90 W/m2 for Hami City), followed by a gradual decrease
on either side to reach minimum values in December (321.72 W/m2 for Urumqi
City and 321.85 W/m2 for Hami City). The monthly DSSR ranges for Urumqi
City and Hami City were 445.94 and 451.06 W/m2, respectively.

The four administrative regions in northern Xinjiang exhibited similar DSSR
trends, with well-balanced patterns of increase and decrease throughout the
year. The rates of increase in DSSR during the first half of the year (from
January to April) were comparable to the rates of decrease in the second half
(from September to December). Urumqi City, Turpan City, Qinghe County,
and Hami City all showed a significant increase in DSSR from January to April.
The average monthly increases for these regions were 89.54, 132.90, 149.26,
and 106.99 W/m2, respectively. The change in DSSR from May to August
was more moderate, particularly for Turpan City and Qinghe County, with
total increases of only 4.34 and 13.50 W/m2, respectively. In contrast, Urumqi
City and Hami City experienced larger increases of 34.60 and 39.87 W/m2,
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respectively, between May and August. Following the peak in May or June, all
four administrative regions exhibited a decreasing trend, with average monthly
decreases of 124.79 W/m2 in Urumqi City, 117.46 W/m2 in Turpan City, 139.24
W/m2 in Qinghe County, and 109.08 W/m2 in Hami City.

As shown in Figure 9b [Figure 9: see original paper] and Table 6 , southern Xin-
jiang experienced a higher overall annual average DSSR compared to northern
Xinjiang. The annual averages for the five administrative regions in southern
Xinjiang ranged from 522.10 to 623.62 W/m2. Hotan City stood out with the
highest annual average DSSR (623.62 W/m2). The highest monthly DSSR and
lowest monthly DSSR were higher than those of the other four administrative
regions in southern Xinjiang and exceeded the corresponding values (averages
and maxima) observed in the four administrative regions in northern Xinjiang.
Hotan’s higher DSSR may be attributed to its southern location (37.08°N in lat-
itude), leading to a greater solar altitude angle, longer sunshine duration, and
relatively high altitude (approximately 1400 m). Among the five administrative
regions, Ruoqiang County exhibited the lowest annual average DSSR (522.10
W/m2). Its monthly average DSSR from March to June was significantly lower
than the other four administrative regions, attributed to its lower altitude (894
m) and the presence of rivers in the surrounding area. The range of monthly
average DSSR for the five administrative regions in southern Xinjiang (398.07–
444.03 W/m2) was lower than that observed in the four administrative regions in
northern Xinjiang. This indicated a higher degree of concentration of monthly
average DSSR values in the five administrative regions in southern Xinjiang.

The five administrative regions in southern Xinjiang exhibited a unique pattern
in monthly DSSR distribution compared to Xinjiang as a whole and the four
administrative regions in northern Xinjiang. In contrast to the typical “gradual
decrease from the peak month on either side” pattern, four out of five admin-
istrative regions in southern Xinjiang (Kashgar City, Hotan City, Aksu City,
and Tazhong Town) experienced their highest monthly DSSR in June. How-
ever, Ruoqiang County deviated from this trend, with the peak occurring in
July. Furthermore, Kashgar City, Hotan City, and Ruoqiang County exhibited
a bimodal monthly DSSR distribution, unlike the unimodal pattern observed
elsewhere. This difference could be attributed to unstable weather conditions
in southern Xinjiang in March. Frequent cold air outbreaks and strong winds,
particularly within the Taklimakan Desert, contribute to dust and sandstorms.
The resulting aerosols accumulate along the Kunlun Mountains, leading to lower
DSSR values in these three regions in March.

4 Conclusions
Xinjiang boasts exceptional solar energy resources, presenting immense potential
for development. To obtain refined spatiotemporal DSSR distributions under
clear-sky conditions across Xinjiang, this study adopted a two-step approach.
First, a two-layer aerosol model for Xinjiang was established on the basis of the
ground observation data, satellite remote sensing products, and reanalysis data.
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Second, a local clear-sky DSSR retrieval model for Xinjiang, which considered
the environmental-meteorological background and atmospheric boundary layer
conditions, was developed using the SBDART model.

Our findings suggested that DSSRCER exhibited significant errors under clear-
sky conditions in Xinjiang. In contrast, the DSSRSBD demonstrated higher
accuracy under the same input conditions. Sequential comparison, screening,
and correction of five key input parameters (AOD, SSA, ASY, TCWV, and
AS), as well as integrating the two-layer aerosol model, further enhanced the
accuracy of DSSRSBD. For the distribution of seasonal mean DSSR within the
study area, higher values were observed in the mountains and lower values were
found in the basins. Southern Xinjiang exhibited a higher overall seasonal mean
DSSR compared to northern Xinjiang. Seasonal variations in DSSR exhibited
a strong correlation with solar altitude angle, with the highest average DSSR
recorded in summer, followed by spring, autumn, and winter. Monthly DSSR
in Xinjiang exhibited a unimodal distribution approximating a normal curve.

The results above provide valuable insights for optimizing regional energy in-
frastructure and facilitating solar energy site assessment. Furthermore, they
offer theoretical data support and scientific evidence for the development of a
clean, low-carbon, safe, and efficient energy system in Xinjiang and surrounding
Belt and Road regions. However, the DSSR retrieval model was only developed
under clear-sky conditions, emphasizing the need for more studies under differ-
ent weather conditions, while simultaneously expanding the existing research
framework to explore spatiotemporal DSSR distribution across Central Asia.
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