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Abstract: Xizang boasts a vast and geographically complex landscape with an average elevation
surpassing 4000 m. Understanding the spatiotemporal distribution of surface solar radiation is
indispensable for simulating surface processes, studying climate change, and designing photovoltaic
power generation and solar heating systems. A multi-dimensional, long-term, spatial, and temporal
investigation of solar radiation in Xizang was conducted using three unique datasets, including
the difference in surface solar radiation (SSR) between high-resolution satellite and ground station
data, the annual and monthly distribution of SSR, and the interannual-monthly-daily variation and
the coefficient of hourly variability. Combined with high-resolution elevation data, a strong linear
correlation was shown between the radiation and the elevation below 4000 m. Furthermore, analysis
reveals greater differences in data between east and west compared to the center, as well as between
summer and winter seasons. SSR levels vary in steps, reaching the highest from Ngari to Shigatse and
the lowest in a U-shaped area formed by southeastern Shannan and southern Nyingchi. In June, high
monthly SSR coverage was the highest of the year. Since 1960, the annual mean SSR has generally
exhibited a declining trend, displaying distinctive trends across various seasons and datasets. Owing
to intricate meteorological factors, some regions exhibited double peaks in monthly SSR. Finally, we
have introduced a solar resource assessment standard, along with a multidimensional evaluation
of the resources, and categorized all townships. We offer a thorough analysis of Xizang’s solar
radiation to provide a comprehensive understanding, which will help to prioritize recommendations
for PV construction in Xizang,.

Keywords: surface solar radiation; differential analysis; elevation variation; spatiotemporal characteristics;
township scale classification

1. Introduction

As the global demands for carbon emissions reduction and energy security rise,
renewable energy sources, including solar energy, wind energy, hydropower, geothermal
energy, etc., are playing an increasingly vital role. Solar radiation also plays a crucial
role in controlling the Earth’s atmospheric water and energy cycles, which drive the
land surface processes such as plant transpiration and land-atmosphere heat and flux
exchange. Additionally, solar radiation is a significant component of the global energy
balance and has a profound impact on global climate and biological activities [1]. As an
emerging clean energy generation method, applications that rely on solar radiation as
the primary energy source have witnessed rapid development [2-4]. Understanding the
spatiotemporal distribution of surface solar radiation is indispensable for simulating surface
processes, studying climate change, and designing photovoltaic power generation and
solar heating systems.
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With average elevation surpassing 4000 m, Xizang boasts a vast and geographically
complex landscape. It has an abundance of clean energy sources such as solar, wind energy,
and hydropower. Due to its high elevation and thin atmosphere, Xizang has the potential to
become the key area for the development of solar. As illustrated in Figure 1, the upstream
regions of the Jinsha River in Xizang have emerged to be a significant new energy zone,
driven by the dual-carbon objectives.
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Figure 1. The location and topography of study areas: (a) the distribution of study areas in China,
including the location of new energy bases, which are planned to deliver energy to other provinces;
(b) the distribution of administrative areas in Xizang province and the location of 38 meteorological
stations used in this study; (c) the distribution of the topography and major mountain ranges in
Xizang province (the elevation map was generated from the ASTER GDEM 30M resolution digital
elevation data of the Geospatial Data Cloud).

China’s PV construction is growing rapidly and, as of the third quarter of 2023, accord-
ing to data released by the National Energy Administration of China, had a cumulative
grid-connected photovoltaic capacity of 520.4 GW. By 2060, photovoltaic power genera-
tion capacity is expected to reach 50 TW. In contrast to Xizang’s promise of being one of
China’s most resource-rich locations for solar energy with annual mean sunshine duration
amounting to more than 3000 h [5], the region’s PV deployments lag behind the trends [6].
The mismatch between its abundant solar resources and the actual photovoltaic power
generation capacity lacked a systematic analysis of solar energy resources in the region.
Xizang’s solar radiation varies significantly across the region due to factors such as topogra-
phy and climate. Understanding the spatial and temporal characteristics of solar radiation
in Xizang is crucial for policymakers and solar energy project planning, as it can provide
valuable guidance for optimal station selection and resource utilization. What is more,
such research can help address disparities in energy distribution and consumption among
various regions, optimize China’s energy structure, and increase the efficiency of natural
resource utilization.

Some previous studies used station data to study the temporal and spatial charac-
teristics of solar radiation. For example, Li et al. [7] analyzed the temporal and spatial
characteristics of China by using the data of 77 stations; Li et al. [5] analyzed the temporal
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and spatial characteristics, interannual variation, and radiation variation coefficient of
Xizang. Yang et al. [8] analyzed the long-term trend of solar radiation in China. Tao et al. [9]
proposed a method for rasterizing global daily solar radiation and combined the solar
radiation model (Bristow—Campbell model) with the meteorological interpolation model
(PRISM) to estimate and analyze the spatial distribution pattern of solar radiation daily.
Compared with accurate ground-based measurement, the low infrastructure coverage and
challenges of equipment maintenance in the Xizang region led to many limitations [10].
According to statistics, there are a total of 756 meteorological stations in China, of which
only 122 observe parameters related to solar radiation [11]. Therefore, research based on
station data has poor spatial continuity, which hinders the development of the overall
radiation environment.

Satellite remote sensing technology offers significant advantages, such as broad cov-
erage and freedom from geographical and time constraints, making it an essential tool
in this regard. At present, some scholars have used satellite data to carry out studies on
the spatial and temporal characteristics of solar radiation in China. Jin et al. [12] used
the fifth-generation European Centre for Medium-Range Weather Forecasts reanalysis
(ERADS) data to analyze the spatial distribution and interannual variability of solar radi-
ation across the country, and Yu et al. [13] analyzed the factors affecting solar radiation
by using stationary SSR data and satellite meteorological data. Li pointed out that the
acquisition of solar radiation data for regional and global assessments can be divided into
two periods: before the era of satellite observations and after the advent of satellite-based
measurements [14]. Nowadays, satellite and station data can complement each other to
a certain extent, helping to provide a deeper understanding of regional solar radiation
characteristics. So far, there have been SSR datasets available, such as the Global Energy
and Water Exchanges—Surface Radiation Budget (GEWEX-SRB) [15,16], the International
Satellite Cloud Climatology Project Flux Data (ISCCP-FD) [17,18], and the Clouds and the
Earth’s Radiant Energy System (CERES) [19,20]. However, the satellite products mentioned
above either have coarse spatial resolutions or limited time spans, which do not support
long-term analyses [21]. The release of long-term ISCCP H-series cloud products has led to
the creation of high-precision products [22,23].

So far, there is a lack of research on the spatial and temporal characteristics analysis
of Tibet by combining station data and satellite data. Therefore, although Xizang is rich
in solar energy, the regional solar energy resource assessment cannot be furthered. A key
step in utilizing solar energy is to identify and prioritize the best locations for photovoltaic
power plants [24,25], and in order to find suitable solar development sites, the actual
solar potential of the ground must first be estimated [26]. Zhang et al. [27] previously
estimated China’s solar potential from three aspects: geography, technology, and economy.
Yu et al. [28] have conducted a reassessment on a prefecture-level city scale. However, the
scope of the above studies is too large to carry out a more detailed analysis on a regional
basis. Song et al. [6] pointed out that Xizang should prioritize the construction of large-scale
centralized PV power plants, but the Xizang region is vast, and the priority situation of
development in each region needs to be studied urgently.

With this objective, this study used ground-based stations and high-resolution global
SSR based on ISCCP-H products to carry out data comparison and characterization analysis
at multiple scales in time and space; combining high-precision elevation data and focusing
on township-level administrative regions, integrated resource assessment indicators were
proposed and refined resource classifications were carried out. The research flowchart is
shown in Figure 2, and the main contributions of this paper are as follows.

(1) Analyzed the characteristics of differences between high-resolution product data and
station data at spatial and temporal scales in Xizang province.

(2) Carried out solar radiation variability studies and altitude correlation studies.

(3) Evaluated Xizang's solar radiation resources at a multidimensional scale to provide
prioritization recommendations for regional development.



Remote Sens. 2024, 16, 1405

40f21

Station and satellite data '
_Digital Elevation Model

Classification of
resource levels

. . r
Comparison and analysis of data I
TLE-0) Nl

Differential -

s

AN Station data

AN HGWR/HRG data

Gty MBE = . .
W |I characteristics n L (tOWnShlpS reglon)
x 1 . ; n _0.)2 1
! ]| wse = [ERGOR L SSR GHRS
1 J n
I
. : I i Differences in time : |
| : A I Differences in space 1! <Assessment method for
L AN - A i solar energy resource>
Iy - - N
! Iy == A cov = std(R()) Interannual variation
| VAN WA A mean(R(t))
i Monthly variation
il characteristics Daily variation (COV)
GHRS = S5Rm.min
NoIT _SSRypmax__L

Stability levels (GHRS) /
I

- = ~,

Annual distribution

Spatial Jd Monthly distribution
characteristics

Elevation correlation

analysis

L A e
. AN |I L » L :
Topographical R |

an 4 -
h

effects ¥ iy
. I I R o o ’\/
Maximum slope — Slope
SE=1-—o0 — 1
Maximum slope — Minimum slope I |
HE = 1— Hillshade 11 SREI = SSR x GHRS x TE

254 1|
AE =05 + 0.5 x cos(Aspect — 180) 1

TE = SE X AE X HE

Figure 2. The flowchart of solar radiation characteristics and resource evaluation in Xizang,.

2. Area and Data
2.1. Study Area

The Qinghai-Tibetan plateau (QTP), known as the “Roof of the World” and often
referred to as the “Third Pole of the World”, encompasses the Xizang region located
in its southwestern part. As the study area, Xizang represents the primary area of the
plateau and is situated within the geographical coordinates of 78°25'-99°06'E longitude and
26°50'-36°53'N latitude, covering an extensive land area that amounts to over 1.22 million
square kilometers, approximately one-eighth of China’s total land area.

Figure 1 also shows the region has 6 prefectural-level cities and 1 district including
8 municipal districts, 64 counties, and 2 county-level cities. With an average elevation of
more than 4000 m above sea level, Xizang has 50 peaks above 7000 m. Its complex topogra-
phy and diverse geomorphologic conditions can be roughly divided into the Himalayan
Mountains, the northern Xizang plateau, the southern Xizang valley, and the eastern Xizang
alpine valleys. Therefore, despite Xizang’s abundant solar resources, the key challenge lies
in how to utilize them efficiently and effectively. In recent years, with population growth
and robust economic development, there has been a sharp increase in energy demand,
placing significant pressure on both power supply and ecological preservation in Xizang.
In vast pastoral areas, the primary sources of energy are livestock dung and firewood.
Currently, these methods struggle to meet the energy needs of the daily life and production
activities of farmers and herders, and they also have direct or indirect adverse effects on
the ecological environment [29].

2.2. Data

To evaluate the multi-dimensional spatiotemporal distribution of photovoltaic re-
sources in Xizang, three datasets were employed for the analysis of solar radiation char-
acteristics. These datasets were sourced from the National Tibetan Plateau Data Center
(https:/ /data.tpdc.ac.cn/home/, accessed on 24 March 2023). The first data were provided
by Tang et al. [30] and were derived from the routine meteorological data of the China
Meteorological Administration (CMA). They were obtained through the integration of
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the Angstrém—Prescott model [31] and the artificial neural network (ANN) [32] model for
estimation. This exhibited high accuracy in estimating radiation compared to conventional
methods. We selected this dataset due to its extended historical coverage and integrity,
which greatly facilitates the continuity of our long-term time-series and global analysis. The
dataset spans from 1984 to 2010, with a minimum time scale of one day. In this study, we
selected data from a total of 38 meteorological stations in Xizang for analysis; the locations
and elevation of stations and regions are showed in Figure 1 and Appendix A Table Al.

The second dataset was provided by Feng et al. [21] and was established by integrating
three datasets: daily direct radiation data from 121 CMA stations, sunshine duration
records from 2400 CMA stations, and ISCCP-HXG cloud products. The estimation process
utilized the corrected Angstrom-Prescott equation. These datasets were fused through
geographically weighted regression (GWR) to generate a high-resolution global surface
solar radiation dataset with a 3 h temporal resolution and a spatial resolution of 10 km.
HGWR outperforms the Climate Monitoring Satellite Application Facility (CMSAF), ISCCP-
HXG, and GEWEX. It has a minimum time scale of one month and spans the months of
July 1983 through June 2017.

The third data was provided by Tang et al. [33] and was constructed based on a
combination of ISCCP H-series cloud products, the fifth-generation European Centre for
Medium-Range Weather Forecasts reanalysis data (ERA5) [34], and Moderate Resolution
Imaging Spectroradiometer (MODIS) albedo and aerosol products [35]. The estimation
of high-resolution global surface solar radiation (HRG) was achieved using the SUN-
FLUX scheme and the aerosol parameterization scheme. It has demonstrated superior
performance in terms of accuracy and spatial resolution when compared to global satellite
radiation products such as GEWEX-SRB, ISCCP-FD, and CERES. This dataset also offers a
temporal resolution of 3 h and a spatial resolution of 10 km. With a one-day minimum time
span, it spanned the months of July 1983 through December 2018.

The administrative boundary data are all sourced from DataV.GeoAtlas on the Aliyun
data visualization platform. The elevation data of Xizang are derived from the ASTER
GDEM 30M resolution digital elevation data of the Geospatial Data Cloud.

3. Methods
3.1. Evaluation Metrics and Methods

The accuracy of a data determines its value for use. Since the high-resolution dataset
is different from the point distribution of the station, its data points are raster data divided
by latitude and longitude. We extracted satellite SSR data (HGWR and HRG) with station
data at station locations and choose the repeated time periods (January 2001 to December
2010) for comparison. The approximate spatial distribution of the errors is characterized
using the geographic information system interpolation approach. In this paper, mean bias
Error (MBE) and root mean squared error (RMSE) are chosen to evaluate the satellite data.
R? is the parameter to assess the fitting performance. Most of the published articles use
them to evaluate the difference between the data. MBE reflects the mean relative error, and
RMSE to some extent reflects the mean absolute error; thus, their combination is reasonable.
Their mathematical expressions are

n N2
RZ -1 i=1 (Ez %)2 (3)
i-1(0i —0)

where E; and O; are, respectively, the high-resolution satellite data and station data values
(MJ/m?), and 7 is the amount of data extracted at the station location for comparison
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purposes. For smaller error, the MBE and RMSE should be closer to zero, while the fit is
better when R? are closing to 1.

3.2. Calculation of Variability

To analyze the intraday variability of solar resources in Xizang, we used HRG’s 3-hour-
by-3-hour SSR data to calculate the coefficient of variation (COV) to measure the hourly
variability of SSR. (R(E

COV = _std(R(t)) @)
mean(R(t))

COV is the coefficient of variation in period t; std(R(t)) represents the standard de-
viation of hourly SSR in period ¢ (¢ stands for 8, 11, 14, 17, and 20 o’clock at CST), and

mean(R(t)) represents the average value of hourly SSR in period ¢.

3.3. Evaluation of Solar Resources
3.3.1. Abundance and Stability Levels of SSR

Pravalie suggested that using more categories would be very beneficial for accurately
assessing solar energy resources [36]. Therefore, we assess the resource richness and stabil-
ity level of the solar radiation in the Xizang region based on the “Assessment method for
solar energy resource” ((GB/T 37526-2019), https:/ /webstore.ansi.org/standards/spc/gb3
75262019, accessed on 25 February 2024). Meanwhile, since the radiation level in Xizang is
much higher than in the rest of China, we have subdivided the original “Richest” category
into four levels, A, B, C, and D, to meet the requirements of high SSR in Xizang. The most
stable class was also added to the original stability classification. The criteria for ranking re-
sourcefulness are shown in Tables 1 and 2. Annual average SSR was calculated from station
data and HGWR data and measured using abundance metrics. Global horizontal radiation
stability (GHRS) was used to measure the stability of regional radiation (Equation (5)).

SSRm?min

GHRS = —/—
SSRm_max

)
where SSR;;; in and SSRy_uax are the minimum and maximum values of average daily
total horizontal radiation for the year of calculation, respectively. GHRS is the ratio of them,

and steadier yearly radiation is indicated by a higher number.

Table 1. The Solar Energy Resource Abundance Levels.

Annual SSR Resource Level

>2222 kW-h/(m?-a) >8000 MJ/(m?2-a) Richest-A
2083-2222 kW-h/(m?2-a) 7500-8000 MJ /(m?2-a) Richest-B
1944-2083 kW-h/(m?2-a) 7000-7500 MJ / (m?2-a) Richest-C
1750-1944 kW-h/(m?-a) 6300-7000 MJ/ (m?-a) Richest-D
1400-1750 kW-h/(m?2-a) 5040-6300 MJ /(m?2-a) Very Rich
1050-1400 kW-h/(m?2-a) 3780-5040 MJ/(m?-a) Rich

<1050 kW-h/(m?2-a) <3780 MJ/(m?2-a) General

Table 2. The Global Horizontal Radiation Stability (GHRS) Level.

Grading Threshold Stability Level
GHRS > 0.58 Most Stable
0.47 < GHRS < 0.58 Very Stable
0.36 < GHRS < 0.47 Stable
0.28 < GHRS < 0.36 General

GHRS < 0.28 Unstable
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3.3.2. Topographic Effect and Solar Resource Evaluation Indicator

The construction of photovoltaic (PV) power generation is constrained by a variety of
factors, among which topography significantly affects the exploitability of PV resources.
For the construction of photovoltaic power plants, the south-facing slope direction is the
most suitable in most areas of China. Simultaneously, a smaller slope (0°—4°) is more
appropriate; otherwise, it will result in higher building costs for photovoltaic power plants
and an inability to maximize the use of solar energy resources by photovoltaic modules that
cannot be adjusted to the ideal inclination angle [37], so the maximum number of degrees
of the slope is limited to 15°. The three factors of slope effects (SE), aspect effects (AE), and
hill-shade effects (HE) in Xizang were calculated by ARCGIS, and the topographic effects
(TE) were obtained by using Equations (6)—(9).

Maximum slope — Slope

E=1-
5 Maximum slope — Minimum slope ©)
AE = 0.5+ 0.5 x cos (Aspect — 180) 7)
Hillshade
HE =1 - ——— (®)
TE = SE x AE x HE )

where the Maximum slope and Minimum slope were selected as 15° and 4°, respectively.
SE is defined as 0 and 1 when the slope is higher than 15° and less than 4°, respectively.
Slope, Aspect, and Hillshade were obtained by ARCGIS using elevation data. All indicators
range between 0 and 1, with larger values representing the more suitable ones for building
PV plants.

The solar resource assessment indicator (SREI) was introduced to measure the region’s
priority level for PV resource development, which incorporates SSR values, stability levels,
and topographic effects.

SREI = SSR x GHRS x TE (10)

where SSR is the annual average surface solar radiation. The higher the value of SREI, the
better the exploitable solar radiation available in the area.

4. Results and Analysis

The analysis of solar radiation data in Xizang will be divided into four parts. The first
part will focus on comparing the differences between station data and satellite data in
Xizang. The second part will analyze the characteristics of SSR distribution. The third part
will delve into the characteristics of radiation variations. Lastly, the fourth part will involve
the classification of solar resources in Xizang.

4.1. Differences between High-Resolution Data and Station Data

Figure 3a,c show the distribution results of difference analysis. The southeast of the
Xizang region has larger error numbers for both HGWR and HRG errors. Furthermore,
HGWR shows a higher distribution of error values in the western region of Ngari, whereas
HRG shows a higher distribution in the northern region of Xizang. Only a few stations
in HGWR, namely Basu, Qamdo, Biru, Cuona, Nyalam, and Lazi, showed underestima-
tion, with values of 35.27,21.97, 18.76, 5.97, 9.95, and 16.32 M]/ (m2~month), respectively.
The rest of HGWR and all of HRG present obvious overestimation. Many studies have
pointed out that satellites will overestimate SSR. Research by Zhang [20] presented that
these worldwide products may consistently overstate 80% CMA stations, with the ex-
ception of the Tibetan Plateau [38,39]. The negative bias on the Tibetan Plateau, on the
other hand, is due to its own highly variable topography and more frequent snowpack,
which makes the assessment inaccurate [40,41]. In addition, Zhang [42] and Ma [43] sug-
gested that the primary influencing factors for radiation in western China are aerosols and
cloud cover. Yu [13] found aerosols explained 87.0% of the monthly clear-sky SSR over
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Qinghai-Tibet Plateau. In the worst-case scenario, absorbing aerosols mix with cloud cover,
significantly reducing the top-of-atmosphere (TOA) reflectance, leading to a substantial
overestimation of SSR. The interaction between clouds and aerosols may be exacerbated in
China due to rapid economic development and high population density, resulting in such
overestimations [1,44,45].
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Figure 3. Difference maps of monthly SSR (M]/ (m2-month)) from (a) HGWR and (c) HRG with
stations in 2001-2010. Comparison of monthly SSR from (b) HGWR and (d) HRG with stations
in 2001-2010.

Figure 3b,d present the validation results for high-resolution SSR at 38 CMA stations.
The R? values were 0.74 and 0.70 for HGWR and HRG, respectively. Table 3 lists the
performances of high-resolution SSR in different months. The MBE and RMSE were
significantly lower in winter than in summer and basically showed a trend of double
peaks during the year; while the first peak occurred in May or June, the second occurred
in August. This is mostly related to the rainy season, which is covered in more detail in
Section 4. The relative error of HRG was even as high as 21.5% in August, compared with
9.7% for HGWR. Therefore, the estimation of HGWR seems to have better performance
than HRG in Xizang.
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Table 3. Comparison of MBE and RMSE between HGWR and HRG with stations in different months.

Month HGWR_MBE HGWR_RMSE HGWR Relative HRG_MBE HRG_RMSE HRG Relative

M]J/(m2-Month)  M]J/(m?-Month) Error Rate (%) M]J/(m2-Month) M]J/(m?-Month)  Error Rate (%)
Jan 3.85 229 3.8 21.9 35.2 54
Feb 7.5 28.1 4.7 7.2 26.1 4.2
Mar 26.2 394 5.7 14.5 447 5.3
Apr 28.9 429 5.5 47 77.8 7.7
May 30.8 57.1 6.8 86.4 110.9 12.1
Jun 21.5 62.3 6.5 84.5 113.8 12.3
Jul 391 51.6 59 63.7 95.8 10.3
Aug 38.1 74.2 9.7 118 140.3 21.5
Sep 15.8 439 6.4 64.4 85 12.3
Oct 6.2 344 49 24.8 47.2 6.9
Nov —0.62 18.2 3.0 17.5 28.4 4.6
Dec 3.31 18.8 3.3 32.1 39.3 77

4.2. Surface Solar Radiation Distribution in Xizang
4.2.1. Annual and Monthly SSR Distribution

Figures 4 and 5 depict the distribution characteristics of annual and monthly mean
SSR in Xizang, respectively. Figure 4a was based on station data and interpolated using the
kriging interpolation method of geographic information systems. Figure 4b was based on
HGWR data with 10 km resolution. It is evident that there is a high degree of consistency
in the distribution based on the two datasets in Figure 4. The overall performance is high
in the west and low in the east, with a band of high values located in the Kailas and
Himalaya ranges, whose high altitude gives high SSR near the stations of Tingri, Shigatse,
and Shiquanhe. The Lhasa region is located between the Kailas, the Guokara Riju, and
the Nianqing Tanggula mountain ranges, and the overall SSR is also high; in addition, the
high SSR of the Nagqu region is located in the southwest and gradually decreases to the
north and east. Influenced by the three major topographies of the Hengduan Mountains,
the Nyingchi Tanggula Mountains, and the eastern section of the Himalayas, the SSR of
the Shannan and Nyingchi regions are bisected by the Himalayas, with huge differences in
SSR. The low values of SSR are located in the U-shaped area surrounded by the stations
of Zayti, Bomé, Mainling, Nyingchi, and Cuona. The Qamdo region is relatively low in
altitude, and SSR is close to the eastern part of the neighboring Nagqu region.

[ IXizang [ IXizang

¢ CMA station ¢ CMA station
[ s ] [ } - .

4500 4870 5240 5610 5610 5980 6350 6720 7090 7460 8200 Min : 3656 Max : 8492

(a) (b)

Figure 4. Spatial distribution of annual mean SSR (M]/ (m?-a)) based on (a) stations and (b) HGWR
in 2005-2010.

It can be found in Figure 5 that most areas in Xizang have the lowest SSR in December
and January and reach the peak in May and June, with the high values of radiation increas-
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ing outward from the area around Ngari to Shigatse and the low values also appearing in
the region at the latest. The areas within the U-shaped region, however, show different
variations, as indicated by a decrease rather than an increase in February and May;, a large
drop in September, and an increase rather than a decrease in October. This part will be
further understood in conjunction with the monthly variation of SSR in Section 4.3.

88 130 210 260 310 360 410 460 520 570 650 725 780 830 910 1170
Monthly Mean SSR MJ/(m?-month)

Figure 5. Spatial distribution of monthly mean SSR of HGWR in 2015-2017.

4.2.2. Elevation Affecting SSR

SSR in each region is influenced by a number of factors, such as the quality of the local
atmosphere, the total amount of ozone columns, and the zenith angle of the sun. However,
elevation plays a crucial role in Xizang. As Figure 6 and Table 4 show, Xizang has the
largest area at elevations ranging from 4500 to 5000 m. Meanwhile, SSR is quite dispersed
around the 3000-3500 m elevation range, covering a wide range from below 4000 to over
8000 MJ/(m?-a). But when the elevation exceeds 3000 m, the maximum SSR values remain
almost constant, while the minimum SSR values show an increasing trend with elevation.

Table 4. SSR (M]/(m?2-a)) extremes, means and quartiles at each elevation.

Elevation (m) Mean SSR One-QTRs SSR  Three-QTRs Minimum  Maximum

<2000 4464 4260 4634 3724 5166
2000-3000 4843 4425 5169 3814 6227
3000-3500 6037 5211 6638 3847 8263
3500-4000 6364 5681 6930 4008 8310
4000-4500 6917 6340 7687 4563 8348
4500-5000 7301 6962 7699 5860 8367
5000-5500 7276 6967 7609 6026 8492
5500-6000 7502 7232 7819 6405 8250

>6000 7375 7089 7748 6143 8234
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Figure 6. Annual mean SSR (MJ/(m?-a)) boxplots and pie chart of area distribution by elevation
of Xizang.

We standardized the elevation data and HGWR to the same resolution to analyze the
correlation between elevation and annual average SSR. It was revealed that there was a
significant positive linear correlation between the two at elevations below 4 km (correlation
coefficient of 0.736, significance level (sig) well below 0.01). By fitting the data for SSR and
elevation, we derived Equation (11):

SSR = 0.71 x e + 3465(¢ < 4000m) (11)

where e means the elevation of the Xizang region.

Its R? value is 0.48, indicating that the model does not adequately capture the variation
in SSR. This is understandable since elevation is just one of the factors influencing SSR.
In contrast, the region above 4000 m in Xizang is extensive, and the data become more
scattered, which makes it challenging to establish a significant correlation between the two.
However, the overall trend of the fitted curve aligns with the increase in elevation.

4.3. Surface Solar Radiation Variations in Xizang
4.3.1. Interannual Variations

Figure 7 shows the annual mean daily SSR at station locations during 1960-2018.
According to Figure 7, Xizang showed a slow increase from 1961 to 1985 and gradually
decreased after 1985, returning to a state close to the original radiation level. The daily
dose of SSR in Xizang was 19.235 MJ/(m?-day) during the period 1961-2011, with a
downward trend rate of —0.00682 MJ/ (mz-day). The HGWR daily mean dose of radiation
was 22.4465 M] /(m?-day) for the period from 1984 to 2018. The SSR shows an extremely
significant decreasing trend from 1984 to 1992. The possible reasons for this phenomenon
could include variations in satellite performance, the radiative effects of aerosols from
the 1991 Pinatubo volcanic eruption [46], or other unidentified issues in either the satellite
or station data. After 1993, SSR returned to 20 MJ/(m?-day). Above that, the linear fitting
trend is still decreasing, which is consistent with the results of station data.

December, January, and February are considered to be winter and so on. We analyze
the interannual variability of the four seasons as shown in Figure 8, where the two sets
of data are more similar at the seasonal scale compared to the annual scale, with satellite
data fluctuating more in magnitude. Station data show a decreasing trend in all seasons,
with the most pronounced in spring. Sanchez-Lorenzo [47] found the decadal variability in
spring over Europe during the period 1983-2010 is the most similar to the annual trends:
the same as Xizang. HGWR behaves differently, with a decreasing trend in spring and
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summer and an increasing trend in autumn and winter. Based on the historical difference
curves between the two datasets, it is evident that the difference between station data
and satellite data fluctuates significantly during the spring and summer seasons, while it
remains relatively stable during the autumn and winter seasons, with the difference and
average relative error not exceeding 2 MJ/(m?2-day) and 5%, respectively.
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Figure 7. The variations of the annual mean daily SSR (M]/ (m2~day)) averaged over the Xizang
region during 1960-2018 (data of HGWR is extracted at the station locations). The HGWR relative
error rate is the proportion of the difference between two datasets in the station data. The orange
background shading shows the occurrence and intensity of solar activity, with the green background
representing the eruption of Mount Pinatubo.
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Figure 8. The variations of the seasonal mean daily SSR (M]/ (mz-day)) averaged over the Xizang
region during 1960-2018.

4.3.2. Monthly Variation

Figure 9 shows the station and HGWR monthly mean SSR of each station during 2006
to 2010. Based on station data, the peaks and valleys of SSR generally occurred in June and
December, respectively. While some stations peak in May like Nyalam, Lhiinzé, and Zuogong
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and some in July like Sug, Lhari, Déngén, Riwoqé, Qamdo, Lhorong, Bomi, Nyingchi, and
Mainlin, and even in April like Nagarzé and in March like Pari, the valleys of SSR in Nyingchi
City occurred in February and November. From September to October, SSR increased at
17 stations, most of which are located in the eastern region of Xizang. Almost exclusively, the
stations in Nagqu and Ngari show a more pronounced single-peak monthly trend. According
to Appendix A Figure Al, the annual variation in daily SSR in the eastern, western, and
central regions shows that, farther east, the SSR becomes more dispersed. This phenomenon
is likely influenced by Xizang’s rainy season. Yu [13] pointed out that water vapor has
a strong impact on the monthly value of clear-sky SSR. Xizang experiences distinct wet
and dry seasons, with the dry season typically occurring from October to the following
April. The rainy season spans from May to September. Starting in May, the westerlies
predominantly affect convective activities, primarily on the eastern edge. In June, with the
strengthening of the Asian summer monsoon and the southwestern monsoon simultaneously,
severe convective activities occur in the southeastern region. From July to August, the
southwestern monsoon, rising with the topography, brings ample moisture to the eastern and
central regions, while convective activities in the western regions are generally weaker [48].
When the rainy season concludes in October, there is a reduction in atmospheric absorption
of solar radiation, resulting in increased radiation. In contrast, the western regions, where
convective activities are weaker, continue to exhibit a simple unimodal pattern. The monthly
trends in HGWR are mostly in line with those in the station data, and winter is the only time
of year when monthly SSR levels may fall below those of station data.
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Figure 9. Monthly mean SSR (M]/ (m?-month)) from station CMA stations in 2006-2010.

4.3.3. Daily Variation

Figure 10 illustrates the distribution of the coefficient of daily variability. The midday
moment in Xizang is within 12:30-13:30. The closest to midday, 14:00, shows the lowest
coefficient of variation for the day. At the moment, the Himalayas and its neighboring areas,
which are highly radiated, have the lowest coefficient of variation, while other areas also
show the best performance compared to other time periods. The coefficient of variation is
inevitably high at the moments of 8:00 and 20:00 due to sunrise and sunset. The coefficients
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of variation in the whole region at 11:00 and 14:00 basically do not exceed 0.6 and are
even lower than 0.3 in the region of Shigatse at 14:00. According to the coefficients of
variation during the whole day’s sunlight hours, the southeast Xizang region was the
highest, followed by parts of the eastern and northern regions. Therefore, the stability of
solar radiation is also higher in areas with high radiation in Xizang.

8:00

11:00

&N g

[ 165 330 660 km
T S S )
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[ 165 330

I | [ [ [ N [ I I I I I ]
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Figure 10. Variability of SSR from HRG on an hourly scale in Xizang during 2015 to 2018.

4.4. Analysis of Resource Assessment at the Regional Level in Xizang

Based on the calculated total annual average SSR of the stations, Figure 11 shows the
radiation situation in the whole region. Twenty-six stations reached the richest grade, with
richest levels (B, C, and D) reaching 3, 7, and 16, respectively. Nine stations are at the very
rich level, almost all of them in eastern Xizang. Only three stations in the southeast region
are at the rich level.

Figure 12 shows the breakdown of SSR, TE, GHRS, and SREI at the township level.
With the exception of Nyingchi, most townships in the area have reached the richest level,
with Shigatse having the most numbers of the richest SSR townships. However, topographic
conditions are much better in northern Xizang (western Nagqu and eastern Ngari), where
most locations have TE values more than 0.4. This is followed by the remainder of Ngari,
northwestern Shigatse, and a few areas in Shannan, Qamdo, and southern Shigatse, all
reaching values of 0.3 or higher. Areas showing high stability in GHRS are concentrated
in south-central Xizang (including eastern Shigatse, southern Nagqu, northern Shannan,
southern Nyingchi, and most of Qamdo), with the whole region basically reaching a very
stable level. The SREI map shows that areas with high combined developability are mainly
located in central Nagqu, followed by southeastern Ngari and northwestern and southern
Shigatse. In addition, parts of northeastern Shannan and southeastern Qamdo also have
high development priority.
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Figure 11. Annual average SSR from station data in 2006-2010 and classification of resources (the red,
orange, and blue points represent the richest, very rich, and rich, respectively).
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Figure 12. Distribution map of the surface solar radiation (SSR), topographical effects (TE), global
horizontal radiation stability (GHRS), and solar resource assessment indicator (SREI) classification on
township scale (left). Heat map of the number of townships at classification in seven regions (right).

5. Discussion

Li et al. [49] compared six satellite datasets with 16 stations and found that the eastern
part of the Tibetan Plateau had better validation results than the southern part, whereas
there was no clear conclusion due to the limited number of validation stations in the
western part. The high-resolution dataset used in our study compared more stations and
found that the data performed better in the southern region than in the eastern and western
regions. This may be due to the fact that the dataset used itself incorporates station data, so
the accuracy may be higher in areas with a higher number of stations, but it cannot be ruled
out that the eastern region shows higher errors due to climate and other factors. In addition,
the above and other studies also found that the validation accuracy was lower in the spring
and summer seasons relative to the autumn and winter seasons. This is consistent with the
conclusion of this paper that the differences mainly peak in May and August [1].

In terms of spatial scale, Ren et al. [50] found a bias correlation coefficient R of 0.471
and a coefficient of variation (COV) of 0.0173 between elevation and solar radiation in the
Xizang region using station measurements, while we found an R-squared of 0.48 and a
COV of 0.71 below 4 km using high-precision datasets and elevation data.

Jin et al. [12] analyzed the decadal trend of ERA5 and pointed out that the Tibetan
Plateau showed a negative trend throughout the year, spring and summer. This is consistent
with our findings, but in the fall and winter, the high-resolution data show an increasing
trend, which is the opposite of the station data. The station data showed an overall negative
trend in both the whole year and in seasons. The monthly variation of SSR in different
regions of Xizang is influenced by the local geography and environment. In the western
part of Xizang, it typically shows a simple single-peak pattern, whereas in the eastern
regions, the timing of the lowest month of SSR showed bimodal or variable characteristics.
Furthermore, previous studies have found that SSR variability in most areas of Xizang
is less than 26% in spring and summer and greater than 30% in autumn and winter [51].
This paper focuses on the analysis of regional variability in the different periods of a day,
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expanding the study of variability in Xizang. The variability was found to be high in the
west and low in the east, with the U-shaped region being the highest in the whole region
and the lowest in the whole region at 14:00 local time.

For resource evaluation, Yu’s research shows that the area with the highest technical
potential for large-scale photovoltaic power plants nationwide is Nagqu, Xizang (about
7.3 TW) [28]. The SREI indicators in this paper also reflect the fact that Nagqu has a higher
priority for development in Xizang than other regions. If the above area can be better
developed, it will provide great support for new energy security and utilization.

6. Conclusions

By combining station data with high-resolution global SSR based on ISCCP-H products,
this paper analyzes various aspects of solar radiation in Xizang. Differences between high-
resolution data and station data and the spatial and temporal characteristics of Xizang at
the annual and monthly scales were analyzed, including variability at the daily scale and
an elevation correlation study. Finally, solar radiation was assessed and classified at the
township scale in conjunction with resource assessment methods.

Overall, the high-resolution data show an overestimation in Xizang, and the data
variability is higher on the east and west sides of Xizang and reaches the maximum
overestimation in May and August; the radiation in Xizang is high in the west and low
in the east, with the high values mainly concentrated in southern Xizang and the low
values within the U-shaped region in southeastern Xizang, and there is a large discrepancy
between the monthly variations of the solar radiation in this region and those in the rest of
the country. Below 4 km, radiation and altitude show a significant positive correlation. The
coefficient of daily variability is low in most areas of Ngari Nagqu and Shigatse. Combining
SSR, GHRS, and TE, the SREI is obtained to indicate that regions such as Nagqu in Xizang
have a high priority in developing large-scale PV power plants.

Overall, Xizang has a special geographical location, and carrying out more in-depth
spatial and temporal characterization requires the support of data with higher spatial and
temporal resolution, and more influencing factors can be incorporated in the future in
planning and developing PV construction.
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Figure A1. The annual variation of daily SSR (M]/ (m? -day)) in Xizang, including (a—c) from stations
and (d—f) from HRG (Shiquan River and Shigatse represent the western region, Nagqu and Lhasa
represent the central region, and Cuona, Qamdo, and Nyingchi represent the eastern region).

Table Al. Elevation information for each region and the location and elevation of the stations mentioned.

Region Elevation Average
Region gRan e (m) Elevation/Elevation Station Coordinates Elevation (m)
& Standard Deviation (m)
Gérzé [84.416667, 32.15] 4416.1
Ngari 2596 to 7688 4460/520 Purang [81.25, 30.283333] 3901.2
Shiquan River [80.083333, 32.5] 4279.8
Markam [98.6, 29.683333] 3871.2
Zuogong [97.833333, 29.666667] 3781.2
Qamdo [97.166667, 31.15] 3316.2
Qamdo 2016 to 6800 3627/1328 Basu [96.916667, 30.05] 3261
Riwoqé [96.6, 31.216667] 3811.2
Lhorong [95.833333, 30.75] 3641.2
Déngén [95.6, 31.416667] 3874.3
Maizhokunggar [91.733333, 29.85] 3805.1
Damxung [91.1, 30.483333] 4201.2
Lhasa 3437 t0 7124 4824/508 Lhasa [91.133333, 29.666667] 3650.1
Nyémo [90.166667, 29.433333] 3810.6




Remote Sens. 2024, 16, 1405 19 of 21

Table Al. Cont.

. Region Elevation Average . . . .
Region Range (m) Elevation/Elevation Station Coordinates Elevation (m)
Standard Deviation (m)
Zayu [97.466667, 28.65] 2328.8
. . Bomé [95.766667, 29.866667] 2737.2
Nyingehi —304to 7427 3627/1328 Nyingchi [94.333333, 29.666667] 2993
Mainling [94.216667, 29.216667] 2951.2
Sug [93.783333, 31.883333] 4024
Biru [93.783333, 31.483333] 3941.2
Lhari [93.283333, 30.666667] 4490
Nagqu 3038 to 6934 3662/1603 Nagqu [92.066667, 31.483333] 4508.2
Amdo [91.1, 32.35] 4801.2
Baingoin [90.016667, 31.383333] 4701.2
Shenza [88.633333, 30.95] 4673.2
Gyangzé [89.6,28.916667] 4041.2
Namling [89.1, 29.683333] 4001.3
Pagri [89.083333, 27.733333] 4301.2
Shigatse 662 to 8824 4980/480 Shigatse [88.883333, 29.25] 3837.2
Lazi [87.6,29.083333] 4001.2
Tingri [87.083333, 28.633333] 4301.2
Nyalam [85.966667, 28.183333] 3811.2
Gyaca [92.583333, 29.15] 3261.2
Lhiinzé [92.466667, 28.416667] 3861
Cuona 91.95, 27.983333 4281.3
Shannan 507499 3662/1603 Tsedang [91[ 766667, 29.2666]67] 3561.5
Konggar [90.983333, 29.3] 3556.5
Nagarzé [90.4, 28.966667] 4433.7
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