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Abstract

Accurate characterization of multi-band solar radiation is essential for optimizing photo-
voltaic (PV) site selection and supporting carbon neutrality targets. Shandong Province,
a major economic and energy-consuming province in eastern China, possesses abundant
solar resources but exhibits pronounced spatiotemporal heterogeneity driven by complex
terrain, rapid urbanization, and variable cloud cover. Based on high-resolution CARE
(Cloud Remote Sensing, Atmospheric Radiation and Renewable Energy Application) satel-
lite products (0.1°, hourly, 2016-2020) combined with SRTM DEM, CLCD land use, and
ERADS cloud data, this study systematically analyzes the spatiotemporal distribution and
driving factors of four solar radiation components—shortwave radiation (SWR), photosyn-
thetically active radiation (PAR), UVA, and UVB—across Shandong Province. Key findings
are as follows: (1) All four radiation components exhibit a consistent spatial pattern char-
acterized by higher radiation intensities in the eastern coastal and northern plain regions,
which gradually decrease toward the western inland and southern mountainous areas.
Provincial five-year means are SWR 186.6 W/m?, PAR 86.3 W/m?2, UVA 11.4 W/m?, and
UVB 0.3 W/m?, with high-value zones concentrated in the Jiaodong Peninsula coast and
the North Shandong Plain. (2) During 2016-2020, short-term increasing tendencies were
observed across 80.4% (SWR), 78.0% (PAR), 85.1% (UVA), and 91.3% (UVB) of the province,
while all components declined in winter. (3) STL decomposition reveals a “down-up-down”
multi-year trend, a unimodal annual seasonal cycle peaking in May, and residuals closely as-
sociated with extreme weather events. (4) Geodetector analysis identifies cloud cover as the
dominant factor (q = 0.332), followed by elevation (q = 0.100); and nonlinear enhancement
characterizes all factor interactions, especially cloud cover x elevation (q = 0.393) and cloud
cover x land-use (q = 0.347), revealing a “climate-topography-human activity” multi-level
coupling mechanism. Built-up land records the lowest SWR (172.4 W/m?) and spatially
coincides with radiation low-value zones. These results provide a scientific basis for PV
site optimization and the realization of carbon neutrality goals in Shandong Province.

Keywords: solar radiation; CARE satellite; spatiotemporal distribution; geodetector;
photovoltaic site selection; Shandong Province

1. Introduction

The accelerating pace of global climate change and the urgent imperative to decar-
bonize energy systems have positioned solar energy as a cornerstone of national and
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international renewable energy strategies. China, as a committed signatory to carbon
neutrality goals (peak carbon by 2030, net-zero by 2060), has designated solar energy as a
strategic emerging industry given its unparalleled abundance among domestic renewable
resources. As the world’s leading installer of photovoltaic (PV) capacity, China requires pre-
cise, high-resolution characterization of solar radiation resources to maximize the efficiency
and economic viability of PV systems [1,2].

Solar radiation reaching the Earth’s surface is not uniformly distributed; it is shaped
by a complex interplay of geographic latitude, topography, atmospheric composition
(clouds, aerosols, water vapor), and land surface properties, resulting in pronounced
spatiotemporal heterogeneity. Quantifying these patterns and identifying their drivers is
essential for understanding surface energy balance, optimizing energy layout, and reducing
investment risk in solar energy projects. Shortwave radiation (SWR), photosynthetically
active radiation (PAR), and ultraviolet radiation (UVA/UVB) are key components of multi-
band radiation, each playing distinct roles in energy generation, ecosystem productivity,
and human health [3-5]. Furthermore, surface downward long-wave radiation (LWR), as
an essential component of the surface net energy balance, also plays a critical role. The
trapping of LWR by greenhouse gases (GHGs) is the primary driver of global warming. For
photovoltaic (PV) applications, ambient LWR and thermal radiation significantly contribute
to solar array heating; since the photoelectric conversion efficiency of PV modules typically
decreases with rising temperature, LWR implicitly impacts the overall performance and
power output of PV systems. However, most regional studies focus on SWR alone, and
concurrent spatiotemporal analysis of all four radiation components over complex terrain
remains scarce.

Shandong Province, located in the eastern coastal region of China (114.5° E-122.5° E,
34.5° N-38.5° N), ranks among the country’s top provinces in both economic output and
energy consumption, and consistently leads nationally in installed PV capacity. Its highly
diverse terrain, including the central-southern Shandong highlands (Mt. Tai, Yimeng
Mountains; peaks > 1500 m a.s.L.), the Jiaodong Peninsula (200-400 m), and the vast North
Shandong Plain (<50 m a.s.1.), combined with a warm temperate monsoon climate and rapid
urbanization, creates highly heterogeneous solar radiation conditions. Previous studies of
Shandong solar radiation have primarily relied on sparse meteorological station networks
or coarse-resolution reanalysis products [6,7], which cannot resolve local details such as
urban radiation “shadow zones” or valley-ridge contrasts critical for PV micro-siting.

The CARE (Cloud Remote Sensing, Atmospheric Radiation and Renewable Energy
Application) product suite, derived from the Himawari-8/AHI geostationary satellite,
provides multi-band surface downwelling solar radiation (SWR, PAR, UVA, UVB) at 0.1°
spatial resolution and hourly temporal resolution across East Asia [8-10]. Several studies
have demonstrated that CARE products outperform ERA5 and CERES over complex
terrain. Li et al. [11] applied CARE products to characterize solar radiation variations
across China during 2016-2020, providing a national-scale baseline that motivates the
present provincial-scale refinement.

Despite growing interest, critical research gaps remain for Shandong Province. First,
while national-scale baseline studies have utilized CARE products [11], a systematic ap-
plication to characterize multi-band radiation distributions at the provincial scale across
Shandong’s diverse landscapes remains absent. Second, simultaneous analysis of SWR,
PAR, UVA, and UVB using consistent data and methods is lacking. Third, quantitative
attribution of radiation spatial heterogeneity using the geodetector model has not been
performed for this region, particularly regarding the examination of nonlinear factor in-
teractions. Fourth, the linkage between radiation patterns, land-use types, and PV site
optimization remains underexplored.
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To address these gaps, this study: (1) characterizes the spatiotemporal distribution
of SWR, PAR, UVA, and UVB across Shandong Province during 2016-2020 using CARE
satellite products; (2) decomposes provincial-mean monthly radiation time series using
STL (Seasonal-Trend decomposition using Loess) to reveal trend, seasonal, and residual
components; and (3) applies the geodetector model to quantify single-factor contributions
and factor interactions involving cloud cover, topography (elevation, slope, aspect), and
land-use type. The results aim to provide kilometer-scale scientific guidance for PV layout
optimization and the achievement of Shandong’s carbon neutrality objectives.

2. Study Area, Data, and Methods
2.1. Study Area

Shandong Province is situated in the eastern coastal region of China, encompass-
ing approximately 158,000 km?. The topography of Shandong Province (Figure 1) is
diverse: the central-southern Shandong highlands (Mt. Tai and the Yimeng Mountains;
peaks > 1500 m a.s.l.) occupy the central region, the Jiaodong Peninsula (200-400 m) ex-
tends eastward, and the North Shandong Plain (mostly < 50 m a.s.l.) spreads across the
north and west, with a coastline exceeding 3000 km. The climate is a warm temperate
monsoon climate with distinct seasons—hot, humid summers and cold, dry winters—and
am annual mean solar radiation of approximately 5000-5500 MJ/m?, with sunshine hours
of 2200-2800 h yr~!. Shandong has consistently ranked among the top provinces nationally
in installed PV capacity, underscoring the practical value of precise radiation assessment.
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Figure 1. Location map of the study area.

2.2. Data Sources and Preprocessing
2.2.1. Solar Radiation Data

Multi-band surface solar radiation data, including shortwave radiation (SWR), photo-
synthetically active radiation (PAR), and ultraviolet radiation (UVA and UVB), were sourced
from the Cloud Remote Sensing, Atmospheric Radiation and Renewable Energy Applica-
tion (CARE) product suite (Version 1.0). This dataset covers the period from 2016 to 2020
and was retrieved from the National Tibetan Plateau Data Center (DOI: 10.11888/ Atmo-
sphericPhysics.tpe.249454 file). Derived from the Himawari-8/AHI geostationary satellite,
CARE products provide hourly, 0.1-resolution downwelling SWR, PAR, UVA, and UVB
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across East Asia. The retrieval algorithm-including cloud microphysical property inversion
and radiation transfer modeling-is described by Letu et al. [8-10]. Preprocessing involved:
(1) spatial clipping to the Shandong administrative boundary; (2) computation of daily

mean irradiance (W /m?):
1 23

Ryay = ﬂ;o Ry 1)

where R; denotes instantaneous irradiance at hour ¢; and (3) aggregation to monthly,
seasonal, and annual means.

2.2.2. Cloud Cover Data

Total cloud cover (TCC) was obtained from the ERA5 monthly reanalysis dataset
(ECMWEF; 0.25° spatial resolution) via the Copernicus Climate Data Store (https://cds.
climate.copernicus.eu, accessed on 15 May 2026). Monthly TCC for 20162020 was down-
loaded and bilinearly resampled to 0.1° to match the radiation grid. Five-year mean TCC
rasters were computed for Geodetector analysis.

2.2.3. Topographic Data

Topographic variables (elevation, slope, aspect) were derived from the SRTM 30 m
Digital Elevation Model (DEM) obtained from the CASEarth Data Center (http://data.
casearth.cn, accessed on 15 May 2026). DEM tiles were mosaicked, clipped to Shandong,
and resampled to 0.1° by bilinear interpolation. Slope and aspect were computed from the
original 30 m DEM prior to resampling.

2.2.4. Land-Use Data

Land-use/land-cover data were derived from the China Land Cover Dataset
(CLCD) [12], providing annual 30 m classifications for China from 1990 to 2020. The
2020 CLCD product was used, comprising cropland, forest, shrubland, wetland, grassland,
water body, and built-up land. After nearest-neighbor resampling to 0.1°, the land-use
raster was used as a categorical variable in geodetector analysis. All datasets are summa-
rized in Table 1.

Table 1. Summary of datasets used in this study.

Data Category  Dataset Resolution Source
Solar Radiation CARE surface solar radiation 0.1° /hourl National Tibetan Plateau Data Center
(SWR, PAR, UVA, UVB) ’ y (https://data.tpdc.ac.cn, accessed on 15 May 2026)
o Copernicus CDS (https://cds.climate.copernicus.eu,

Cloud Cover ERADJ Total Cloud Cover 0.25° /monthly accessed on 15 May 2026)

CASEarth Data Center (http://data.casearth.cn,
Topography SRTM 30 m DEM 30 m accessed on 15 May 2026)

Zenodo (https:/ /zenodo.org/records /5210928,
Land Use CLCD 2020 Land Cover ([12]) 30 m/annual accessed on 15 May 2026)

2.3. Analytical Methods
2.3.1. Linear Tendency Classification

The interannual variation in annual mean radiation was quantified by pixel-wise
linear regression over 2016-2020. Based on the slope and significance (Mann—Kendall test,
o = 0.05), each pixel was classified into five categories: significant increase, slight increase,
stable, slight decrease, and significant decrease. This enables the spatial visualization of
radiation trend heterogeneity across the province.
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2.3.2. Seasonal-Trend Decomposition Using Loess (STL)

To disentangle multi-year trends, seasonal cycles, and residuals, STL decomposition
was applied to the province-wide monthly mean radiation series (2016-2020, n = 60) for
each radiation component. STL decomposes a time series Y; into:

Yy =Ty + 5S¢+ Ry (2)

where Y}, Ty, S and R; represent the observed multi-band solar radiation, long-term trend,
seasonal cycle, and remainder components at time t, respectively. Mathematically, the
remainder component (R;) is not independently parameterized or simulated; instead, it
is obtained as a deterministic residual by subtracting the estimated trend and seasonal
components from the original observed time series, formulated as Ry = Y; — Ty — S¢.
Physically, this term isolates the unexplained high-frequency variance, transient extreme
weather anomalies (such as sudden heavy overcast weeks or regional dust storms), and
stochastic instrumental or retrieval noise that cannot be captured by smooth seasonal
oscillations or multi-year secular trends.

2.3.3. Geodetector

The geodetector model [13] was used to quantitatively attribute the spatial heterogene-
ity of five-year mean SWR to five explanatory factors: cloud cover, elevation, slope, aspect,
and land-use type. This model requires no linearity assumption and is applicable to both
continuous and categorical variables. The factor-detection statistic q is:

3)

where 0 < q <1;h=1, ..., L denotes the spatial strata; Nj;, and N are stratum and total
sample sizes; 07 and o7 are the stratum and overall variances of SWR, respectively. A higher
q value indicates stronger explanatory power. Continuous variables were stratified into five
classes using the natural breaks method. The interaction detector evaluates whether the
combined factor influence is greater than, equal to, or less than individual contributions.

2.3.4. Getis-Ord Gi* Hotspot Analysis

Spatial clustering of high- and low-value SWR was identified using the Getis-Ord
Gi* statistic [14], computed at the 0.1° pixel level. Pixels with statistically significant
(95% confidence) high-value clustering were designated hotspots; those with low-value
clustering were coldspots. The statistic is:

n I o .
o = Dim Wi — X @y

| S\/”E?l i~ (T wy)

n—1

(4)

where x; is the SWR value at pixel j, wyj is the spatial weight, ¥ is the global mean and S is
the global standard deviation of all pixel values, and n is the total pixel count. The global
standard deviation S is mathematically defined as:

Szlnx2

=2
aluj=1% ¥ ()
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3. Results
3.1. Spatial Distribution of Multi-Band Solar Radiation

The five-year mean spatial distributions of SWR, PAR, UVA, and UVB over Shandong
Province (2016-2020) are shown in Figure 2. All four radiation components exhibit a broadly

consistent “east-high, west-low; north-high, south-low” pattern, reflecting the co-varying
spatial gradients in terrain flatness, atmospheric transparency, and urbanization intensity.

38°
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Figure 2. Spatial distribution of average solar radiation components in Shandong Province from 2016
to 2020 ((a) SWR, (b) PAR, (c) UVA, (d) UVB).

The provincial five-year mean SWR is 186.6 W/m?. The highest SWR (~221.0 W/m?)
occurs along the eastern coast of the Jiaodong Peninsula (122.61° E, 37.37° N), characterized
by flat topography and high atmospheric transparency. The lowest SWR (~142.7 W /m?)
is located in southern Shandong (117.22° E, 35.17° N), where mountainous terrain causes
pronounced shading, and major urban clusters (Jinan, Zibo) generate aerosol-induced
radiation deficits—forming localized radiation “shadow zones.” PAR closely tracks SWR
spatially, with a provincial mean of 86.3 W/m?, a maximum of 101.5 W/m? in the Jiaodong
Peninsula, and a minimum of 67.0 W/m? in southern Shandong.

UVA and UVB distributions broadly parallel those of SWR and PAR. Provincial means
are 11.4 W/m? (UVA) and 0.3 W/m? (UVB). Low UVA values in southwestern Shandong
(Heze, Jining) may reflect enhanced aerosol absorption in addition to terrain effects. The
spatial coherence across all four bands confirms that cloud cover and terrain are the
primary modulators of the radiation field, with secondary contributions from aerosol-
loaded urban areas.

3.2. Interannual Trend Analysis

The spatial classification of radiation trends over 20162020 is presented in Figure 3.
Increasing trends (significant + slight) dominate for all components: SWR%, PAR 78.0%,
UVA 85.1%, and UVB 91.3%. Areas of significant increase are concentrated in the North
Shandong Plain and the eastern Jiaodong Peninsula, regions where air quality improve-
ments (reduced aerosol loading) have been most pronounced. The exceptionally high
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proportion of UVB increases (91.3% of pixels; significantly increasing 80.1%) reflects UVB’s
sensitivity to stratospheric ozone and aerosol optical depth.

(a)

38°

38°

37°

37°

36°

35°

115° 17° 119° 121°

38°

n Significant decrease
Slight decrease
Unchanged
Slight increase

B significant increase

37°

36°

35°

115° 17° 119° 121° 115° 17° 19° 121°

Figure 3. Spatial distribution of the temporal variation trends of four solar radiation components
in Shandong Province from 2016 to 2020 ((a) SWR; (b) PAR; (c) UVA; (d) UVB. The black dotted
(stippled) patterns indicate geographic grids where the temporal variations are statistically significant
at the 95% confidence level (p < 0.05)).

Notably, all four radiation components exhibit declining trends in winter (December—
February), indicating that winter solar resources in Shandong weakened during the study
period—a finding with direct implications for seasonal PV yield assessment. Localized
decrease zones (~8.1% of pixels for SWR) persist in the Central-South Shandong highlands
and around southwestern urban clusters, attributable to topographic shading and continued
aerosol emissions.

3.3. Seasonal Variation

Provincial mean SWR by season is: spring 226.3 & 9.4 W/m?, summer 207.5 & 12.1 W/m?,
autumn 167.5 + 8.2 W/m?2, and winter 141.5 + 6.5 W/m? (Figure 4). A paired t-test confirms
that spring SWR is significantly higher than summer SWR (p = 0.024 < 0.05), validating the
‘spring-higher-than-summer” anomaly. This anomaly is consistent across all four bands
and is attributed to enhanced cloud cover and aerosol hygroscopic growth during the East
Asian summer monsoon. High-value zones (>230 W/ m? SWR) are consistently located
along the Jiaodong Peninsula coast and in the North Shandong Plain, while low-value
zones (<170 W/m?) occupy the central-southern Shandong highlands and southwestern
urban clusters.

Winter radiation is lowest, with a provincial mean SWR of only 141.5 W/m?2. The
spatial gradient is most pronounced in winter, with the Jiaodong Peninsula coastal area
(SWR ~200 W/m?) experiencing nearly 2.4 times the radiation of the southwestern plain
(~82 W/m?). UVB exhibits the largest relative seasonal amplitude, with summer-to-winter
ratios exceeding 2:1, reflecting its stronger dependence on the solar zenith angle and the
atmospheric ozone column.

UVA seasonal means are: spring 13.70 W/ m2, summer 13.04 W/m?, autumn 10.25 W/m?,
and winter 8.45 W/m?2. UVB means are: spring 0.37 W/m?, summer 0.36 W/m?, autumn
0.24 W/m?2, and winter 0.17 W/m?2. Interannual trends within each season show that
spring, summer, and autumn radiation values generally increased from 2016 to 2019 before
declining in 2020, while winter radiation declined consistently throughout the study period.
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Figure 4. Trend of four radiation components in Shandong region during different seasons from 2016
to 2020 ((a) SWR; (b) PAR; (c) UVA; (d) UVB).

3.4. STL Time-Series Decomposition

STL decomposition of the 60-month provincial mean radiation series is presented in
Figures 5-8 for SWR, PAR, UVA, and UVB, respectively.
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Figure 5. STL analysis results of SWR in Shandong Province from 2016 to 2020.

All four radiation components follow a consistent trajectory: an initial decline from
early 2016, reaching a trough in July 2017 (SWR: 177.2 W/ m?2; PAR: 82.2 W/m?2; UVA:
10.9 W/m?; UVB: 0.28 W/m?), followed by recovery to a peak in September 2019 (SWR:
196.7 W/m?; PAR: 90.4 W/m?Z; UVA: 11.9 W/m?2; UVB: 0.30 W/m?), and a subsequent
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decline through late 2020. This ‘down-up-down’ pattern is chronologically consistent

with the implementation phases of air quality improvement initiatives, although natural

interannual variability cannot be fully excluded.
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Figure 6. STL analysis results of PAR in Shandong Province from 2016 to 2020.
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Figure 7. STL analysis results of UVA in Shandong Province from 2016 to 2020.
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Figure 8. STL analysis results of UVB in Shandong Province from 2016 to 2020.

A unimodal annual cycle is evident for all bands, peaking in May and reaching a
minimum in January (SWR, PAR, UVA) or December (UVB). SWR seasonal amplitude
reaches 56 W/m?, while UVB amplitude of 4+-0.13 W/m? represents ~45% of its mean—
confirming that UVB is the most seasonally variable band on a relative basis.

Extreme residuals are linked to identifiable synoptic events. The largest positive SWR
residual (39.6 W/m?) appeared in February 2019, when fog and haze cleared following
a persistent pollution episode, leading to extended sunny conditions. The most negative
PAR residual (—10.9 W/m?) and UVA residual (—1.4 W/m?) occurred in June 2018, co-
inciding with repeated heavy rainfall (provincial sunshine hours being 65.1 h below the
climatological mean). The largest negative SWR residual (—29.1 W/m?) appeared in April
2020, associated with concurrent dust transport from the northwest and severe convective
storms across central Shandong. These results demonstrate that extreme weather events
can cause short-term radiation deviations of £15-20% relative to the seasonal mean.

It is important to address why the STL decomposition pathways for SWR, PAR, UVA,
and UVB exhibit highly parallel temporal profiles. This strong synchronization is not
an artifact, but a reflection of both physical and algorithmic realities. Physically, all four
multi-band components represent sub-regimes of the same solar downwelling spectrum,
and their temporal variations are overwhelmingly governed by identical bulk atmospheric
modulators, primarily macroscale cloud decks and regional aerosol fields. Algorithmically,
the CARE satellite products utilize unified cloud optical properties as key input parameters
across all bands during radiative transfer modeling. Importantly, this highly synchronized
temporal pathway among multi-band solar radiation components is fully consistent with
previous large-scale studies in China, which similarly demonstrated near-identical seasonal,
trend, and remainder profiles for these closely coupled spectral bands after time-series
decomposition. Consequently, while each band possesses unique spectral magnitudes and
localized absorption coefficients (e.g., ozone absorption constraining UVB), their standard-
ized temporal trajectories remain tightly collinear due to shared atmospheric forcing.
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3.5. Driving Factors of Radiation Spatial Heterogeneity
3.5.1. Hotspot Analysis

Getis-Ord Gi* analysis (Figure 9) identifies two distinct hotspot clusters for the five-
year mean SWR: the eastern Jiaodong Peninsula coast (Weihai and Yantai) and the North
Shandong Plain (Dongying, Binzhou, Dezhou). These regions exhibit both high SWR
values and statistically significant spatial concentration. Coldspot zones appear in two
archetypes: (i) topographic coldspots in the central-southern Shandong highlands (Mt.
Tai and Yimeng Mountains), driven by terrain shading and elevated cloud frequency;
and (ii) urban coldspots along the contiguous Jinan-Zibo-Weifang metropolitan corridor,
where aerosol loading from industrial and traffic emissions creates a spatially continuous
radiation deficit belt. This clustering pattern provides a statistically grounded framework
for macroscale PV resource zoning.

.!'
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t $
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Figure 9. Spatial distribution of shortwave radiation cold and hot spots in Shandong Province.

3.5.2. Single-Factor Geodetector Results

SWR was selected as the representative target variable for the Geodetector analysis
as it captures the total downwelling solar flux and is the primary metric for PV potential
assessment. Moreover, as established in Sections 3.1 and 3.4, PAR, UVA, and UVB exhibit
extremely high spatial collinearity and identical temporal trajectories with SWR. Since
all four components are modulated by shared atmospheric drivers within the CARE
algorithm, the factor attribution results for SWR are physically representative of the other
spectral bands.

The q values for the five explanatory factors are shown in Figure 10. Ranked from
highest to lowest: cloud cover (q = 0.332) > elevation (q = 0.100) > aspect (q = 0.044) > slope
(q =0.031) > land-use type (q = 0.004); all factors pass significance tests (p < 0.01).
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Figure 10. Single-factor q value of the Geophysical Detector.

https://doi.org/10.3390/atmos17070691


https://doi.org/10.3390/atmos17070691

Atmosphere 2026, 17, 691

12 0f18

Cloud cover is the dominant factor (q = 0.332), consistent with its direct attenuation of
incoming solar radiation. Its spatial pattern—lower cloud cover along the Jiaodong coastal
fringe and higher in southwestern Shandong—closely matches the observed radiation
gradient. Elevation ranks second (q = 0.100), reflecting topographic shading and longer
atmospheric path lengths in mountainous areas. Aspect and slope contribute modestly
(q =0.044 and 0.031). Land-use type has the lowest individual q value (q = 0.004), partly
because its spatial pattern co-varies strongly with cloud cover and elevation.

3.5.3. Interaction Detection

Interaction detection reveals nonlinear enhancement for all factor pairs, with inter-
action q values exceeding the maximum of either single-factor q (Figure 11). The cloud
cover X elevation interaction is strongest (q = 0.393), substantially exceeding both individ-
ual values (0.332 and 0.100), reflecting the coupled influence of large-scale atmospheric
circulation and orographic uplift. Cloud cover x slope (q = 0.372) and cloud cover X
land use type (q = 0.347) also show pronounced nonlinear enhancement. While the indi-
vidual explanatory power of land-use type is low (q = 0.004), its interaction with cloud
cover reveals significant nonlinear enhancement (q = 0.347). This synergistic effect serves
as a spatial proxy for the aerosol-cloud coupling mechanism. Anthropogenic emissions
from industrial and urban corridors provide abundant aerosol particles that act as cloud
condensation nuclei (CCN), thereby increasing cloud optical thickness and suppressing
surface SWR more effectively than cloud cover alone. This explains the spatial convergence
of radiation low-value zones and major urban clusters (e.g., Jinan and Zibo). Elevation
x slope (q = 0.142) and land-use X slope (q = 0.041) show weaker but still nonlinearly
enhanced interactions.
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Figure 11. Interaction Results of the Geographical Detector.

Land-use type affects the surface energy balance and local climate by altering the
reflectivity, roughness and thermal properties of the underlying surface, thereby exerting a
significant influence on the reception and redistribution of solar radiation. Cropland is the
dominant land-use type in Shandong Province, widely distributed across the North Shan-
dong Plain, southwestern Shandong, and the western Jiaodong Peninsula, consistent with
the province’s status as a major agricultural region. Built-up land is mainly concentrated
in and around the metropolitan cores of Jinan, Qingdao, and Zibo, exhibiting a patchy
distribution that extends linearly along transportation corridors. Forest and shrubland
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are primarily located in the central-southern Shandong highlands (Mount Tai and Yimeng
Mountains) and the Jiaodong hills. Wetlands are concentrated in the Yellow River Delta
and around Lakes Nansi and Dongping. Road/grassland is sporadically distributed in
the peripheral areas of the central-southern highlands and along the coastal zones. The
five-year average SWR values corresponding to each category are shown in Table 2. As
shown in Table 2, built-up land records the lowest mean SWR (172.4 W/m?), which is signif-
icantly lower than that of cropland (185.3 W/m?) and wetlands (approximately 180 W/m?)
(p < 0.05). This reduction can be attributed to two mechanisms: (i) elevated aerosol loading
(PM; 5, AOD) over urban areas, which scatters and absorbs incoming shortwave radiation;
and (ii) the high heat storage capacity of artificial surfaces (concrete, asphalt), which alters
local energy partitioning. Cropland exhibits relatively high SWR (185.3 W/m?), primarily
because it occupies flat, unobstructed plains with favorable radiation reception conditions.
Wetland’s SWR lies between that of cropland and built-up land, which may be related to the
high albedo and evaporative cooling effects of water surfaces. Forest and road/grassland
have SWR values of 178.6 W/m? and 180.1 W/m?, respectively, falling into the intermediate
range, which is associated with mountainous shading and higher vegetation coverage.

Table 2. Five-year annual mean solar radiation components and their spatial uncertainties (standard
deviations) across different land-use types in Shandong Province (2016-2020).

Land-Use Type SWR PAR UVA UVB
Cropland 1853 £12.5 85.6 5.8 11.32 £ 0.76 0.297 4 0.020
Forest 178.6 +15.1 825+7.0 10.91 + 0.92 0.286 £ 0.024
Shrubland 177.5 +14.8 82.0+£6.8 10.85 = 0.90 0.284 £ 0.024
Grassland 180.1 +13.8 832+ 64 11.00 = 0.84 0.289 £ 0.022
Water body  188.7 £9.5 872+ 44 11.53 +0.58 0.302 4= 0.015
Wetland  180.5 £+ 11.2 83.4£5.2 11.03 £ 0.681 0.290 & 0.018
Built-up land 172.4 +16.3 796 7.5 10.53 = 1.00 0.276 - 0.026

4. Discussion
4.1. Comparison with Previous Studies

The finding that Shandong solar radiation predominantly exhibited increasing trends
during 2016-2020 is broadly consistent with Li et al. [11], who documented rising SWR,
PAR, and UVB across most of China using the same CARE product over the identical period.
However, our results reveal a notably higher proportion of significantly increasing UVB
pixels (80.1%) compared to the national average, suggesting that Shandong’s air quality
improvements, driven by national clean-air policy campaigns, have disproportionately
enhanced UV transparency. This coincides temporally with the implementation phases
of clean-air initiatives, specifically a policy trough in mid-2017 and a peak in late-2019. It
should be noted that while the 2016-2020 study period is relatively short for climatological
trend analysis, this window specifically encompasses the most intensive implementation
phase of China’s ‘Blue Sky’ Defense War and the ‘Three-Year Action Plan for Cleaner Air.’
Recent studies utilizing multi-source satellite AOD and PM, 5 data have documented a
sharp, nonlinear decline in particulate matter over the North China Plain during these
specific years. This provides a plausible physical mechanism and a robust contextual basis
for the radiation recovery observed in our CARE dataset. Therefore, the results presented
here reflect a high-frequency response of the regional radiation environment to drastic
anthropogenic emission reductions, rather than a long-term climate shift.

Earlier station-based studies of Shandong solar radiation [6] detected declining total
solar radiation trends over 1961-2012, dominated by increasing aerosol loading during
rapid industrialization. Our results for 2016-2020 represent a reversal of this long-term
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trend, reflecting nationwide pollution control efforts. This temporal contrast underscores
the sensitivity of Shandong’s radiation environment to anthropogenic aerosol forcing and
the need for continuous high-resolution monitoring.

The geodetector attribution hierarchy, namely cloud cover > elevation > aspect >
slope > land-use, contrasts with He et al. [15], who found aspect to be the leading factor
(q =0.694) in a mountainous terrain study. This discrepancy reflects the study-area con-
text: Shandong’s predominantly flat terrain limits aspect variability, whereas large-scale
atmospheric circulation-driven cloud cover dominates here. The strong cloud cover x
elevation interaction (q = 0.393) aligns with the theoretical expectation that macroscale
climate control and topographic modulation are mutually reinforcing.

4.2. Mechanistic Interpretation

The observed spatial heterogeneity, characterized by a decreasing radiation gradient
from the eastern coast toward the western inland regions, is maintained by two co-varying
gradients: (i) a westward increase in cloud cover, driven by moisture advection from the
East China Sea and terrain effects; and (ii) a west-to-east reduction in aerosol loading, as
prevailing westerly and southwesterly winds transport industrial aerosols from the densely
populated North China Plain into western Shandong before dispersal. The urban radiation
shadow zones around Jinan and Zibo represent the local maximum of this aerosol gradient.

The counterintuitive spring-higher-than-summer radiation pattern across all bands is
explained by the combined effect of increased cloud frequency during the East Asian sum-
mer monsoon onset (June—August) and aerosol hygroscopic growth under high summer
humidity. The statistical significance of this anomaly (p < 0.05) reinforces the interpretation
that atmospheric modulation dominates over solar geometry in Shandong. Although solar
elevation angles reach their maximum in June (summer), the simultaneous onset of the
East Asian summer monsoon introduces heavy cloud decks and promotes the hygroscopic
growth of aerosols under high humidity, significantly increasing the cloud optical depth
compared to the drier, clearer spring months. These atmospheric effects effectively out-
weigh the geometric advantage, consistent with findings for other monsoon-influenced
regions in eastern China [16,17].

The nonlinear enhancement of cloud cover x land-use interaction (q = 0.347) is in-
terpreted through a positive feedback loop: urban aerosols serve as cloud condensation
nuclei, increasing cloud optical depth over cities; the resulting radiation reduction further
suppresses surface heating, modifying local atmospheric stability and boundary-layer
cloud properties [18,19]. This mechanism is rarely quantified at the provincial scale using
satellite-derived radiation data.

Furthermore, a similar nonlinear coupling is reflected in the interaction between cloud
cover and terrain slope (q = 0.372). It is worth noting that while the slope is physically
critical for defining the solar incident angle and direct array attenuation at a micro-scale,
its individual explanatory power (q = 0.031) in the global Geodetector model appears
relatively low. This discrepancy is primarily attributed to the geographical context of
Shandong Province, which is topographically dominated by vast, relatively flat agricul-
tural plains. Because the slope varies minimally over a large portion of the region, its
global statistical contribution to the overall spatial variance of radiation is mathematically
constrained. However, its profound physical control is re-established when coupled with
atmospheric dynamics: under clear-sky conditions, the local slope heavily dictates the
geometric reception of direct beam radiation; conversely, under overcast conditions, intense
cloud scattering transforms incoming solar radiation into isotropic diffuse fields, thereby
dampening the geometric tilting effects typically imposed by the local topography. This
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scale-dependent synergy underscores that the physical influence of terrain slopes cannot
be decoupled from the prevailing cloud regimes.

Additionally, a relevant question arises as to why the five-year average SWR values
across different land-use types appear relatively close (ranging from 172.4 to 188.7 W/m?),
given that distinct ecosystems (e.g., forests, grasslands, and wetlands) are typically modu-
lated by varying regional precipitation and cloud regimes. This phenomenon is primarily
a consequence of spatial compensation and statistical pooling at the provincial scale. In
Shandong Province, certain land-use types are not confined to a single climatic zone but are
geographically scattered across contrasting radiation environments. For instance, forests
and grasslands are extensively distributed in both the Central-South highlands (character-
ized by low radiation due to orographic clouds) and the Jiaodong hills (characterized by
high radiation and marine air clarity). When calculating the province-wide 5-year averages,
these localized high- and low-value radiation regimes mathematically offset each other,
resulting in clumped mean values. Conversely, built-up land remains a distinct exception
with the lowest SWR (172.4 W/m?), because urban clusters consistently overlap with
persistent industrial aerosol loading and enhanced cloud condensation nuclei, preventing
such positive spatial compensation. This indicates that while macro-climate and cloudiness
firmly govern the overall radiation field, the zonal characteristics of land use are statistically
diluted when aggregated globally across a topographically mixed province.

4.3. Implications for Photovoltaic Site Selection

The integrated evidence from hotspot analysis and Geodetector attribution identifies
three PV resource tiers in Shandong. Tier 1 (priority development): eastern Jiaodong Penin-
sula coastal areas (Weihai, Yantai) and the North Shandong Plain (Dongying, Binzhou),
with consistently high SWR (>200 W/m?), statistically significant radiation clustering,
and minimal terrain obstruction. These areas exhibit the strongest increasing trends and
align with hotspot zones, providing both high energy yield and long-term resource growth
potential. Tier 2 (conditional development): western plains and transitional hilly zones
(SWR 175-195 W/m?), where distributed rooftop PV on agricultural and aquaculture
facilities is promising, given that water bodies record the highest mean SWR among all
land-use types (188.7 W/m?). Tier 3 (avoidance or supplementation): the central-southern
Shandong highlands and core urban clusters, where terrain shading, elevated cloud cover,
and aerosol-driven radiation deficits collectively suppress SWR below the provincial mean.

Furthermore, while this study provides a foundational tier-based ranking for solar
exploitation based on remote sensing observations, practical multi-criteria photovoltaic
(PV) micro-siting often requires the formulation of a structured value function to opti-
mize the final location selection. A generalized value function (V) can be defined as
V=V =Y (wj-S;), where S; represents the normalized spatial criteria (e.g., multi-band
radiation components, proximity to the power grid, and terrain slopes) and w; denotes
their corresponding optimization weights determined through methods like the Analytic
Hierarchy Process (AHP) or machine learning algorithms. Integrating the high-resolution
multi-band radiation datasets developed in this work into such mathematical value func-
tions will significantly enhance the precision and techno-economic optimization of regional
solar energy engineering.

The documented winter radiation decline has important implications for seasonal
storage and grid integration planning. PV installations in Shandong should be designed
with winter underperformance in mind, and complementary energy storage or diversified
renewable portfolios (e.g., wind energy) should be considered.
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4.4. Limitations and Future Work

Several limitations warrant acknowledgment. First, the five-year study period
(2016-2020) is relatively short for long-term trend analysis; future work should extend the
analysis as longer CARE archives become available, integrating longer-term meteorological
station records for calibration. Second, explicit aerosol parameters (e.g., AOD) were not
integrated as independent continuous factors in the Geodetector model. This is primarily
due to data completeness constraints under cloudy conditions and the physical collinearity
between aerosols and clouds. Although the ‘Cloud Cover x Land-use” interaction partially
accounts for urban aerosol impacts, the inability to quantitatively isolate direct aerosol
scattering from cloud attenuation remains a limitation. Future research should utilize
gap-filled high-resolution aerosol datasets to further refine these contributions.

Third, the 0.1° resolution of CARE products cannot resolve sub-kilometer terrain fea-
tures relevant for micro-siting; furthermore, the spatial resampling of multi-source datasets
to a unified 0.1° grid introduces potential smoothing effects that warrant caution. Specif-
ically, resampling the coarse-resolution ERA5 cloud data (0.25°) and the high-resolution
SRTM DEM (30 m) to the 0.1° target resolution may lead to the loss of localized signals.
In the central-southern Shandong highlands, this smoothing effect likely underestimates
the influence of micro-topography (e.g., slope-induced shading) and sub-mesoscale cloud
variations on solar radiation. Consequently, the g-values derived from the Geodetector
analysis should be interpreted as a conservative estimate of the influence of clouds and
topography at the macro-to-meso scale. For future micro-siting of PV plants, the integration
of sub-kilometer satellite products and high-resolution atmospheric modeling would be
necessary to resolve these fine-scale heterogeneities.

Fourth, while direct synchronous validation against ground-based pyranometer or
specialized UV observations from local Shandong meteorological stations is currently
constrained by regional data-sharing restrictions, the scientific reliability and regional
applicability of the dataset are robustly backed by extensive baseline validation campaigns
across China [8]. Prior rigorous evaluations against national China Meteorological Ad-
ministration (CMA) networks have demonstrated that the CARE SWR product achieves
exceptional baseline accuracy over eastern China’s typical terrains, exhibiting a high co-
efficient of determination (R?) ranging from 0.86 to 0.93 and a low localized Root Mean
Square Error (RMSE) bounded between 22 and 35 W/m?. Nevertheless, incorporating
site-specific surface pyranometer observations remains essential to eliminate fine-scale
retrieval uncertainties induced by localized industrial aerosols in western Shandong and
complex micro-topographic shading in the central mountain regions, which will further
strengthen confidence in identified spatial patterns.

Fifth, the linkage between identified high-resource zones and actual PV installation
feasibility (accounting for grid connectivity, land ownership, and ecological constraints)
requires follow-on operational studies.

5. Conclusions

This study systematically investigated the spatiotemporal characteristics and driving
mechanisms of multi-band surface solar radiation (SWR, PAR, UVA, UVB) in Shandong
Province from 2016 to 2020 using high-resolution CARE satellite products. The primary
conclusions are summarized as follows.

(1) All four radiation components exhibit a consistent spatial distribution, following
a decreasing gradient from the northeast toward the southwest across the province.
While air quality improvements and clean-air policies have driven dominant increasing
interannual trends across 80-91% of the provincial pixels, a distinct declining trend
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persists during the winter months, which highlights the necessity of seasonal storage
considerations in regional grid planning.

(2) Macroscale cloud cover serves as the primary governing factor of radiation spatial
variance, followed closely by elevation, with all environmental drivers interacting
via nonlinear enhancement. The strong cloud cover x elevation and cloud cover
x land-use interactions reveal a complex atmosphere-topography-human coupling
mechanism whereby localized terrain tilting and urban aerosol emissions heavily
modulate regional surface radiation fields.

(3) Integrating the spatial evidence of radiation magnitudes, temporal trends, and hotspot
clustering allows for the classification of regional solar resources into three clear pho-
tovoltaic development tiers. The eastern Jiaodong Peninsula coast and the North
Shandong Plain stand out as Tier 1 priority zones for large-scale solar energy exploita-
tion, whereas core metropolitan corridors act as radiation shadow zones that suppress
photovoltaic performance due to localized aerosol loading.
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