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ABSTRACT

The Advanced Himawari Imager (AHI) aboard Himawari-8/9 can provide downward surface shortwave radiation
(DSSR) with 5 km and a high temporal resolution of 10 min. To evaluate its applicability under complex meteorological and
topographic conditions, this study systematically assesses the overall quality of the Himawari-9 DSSR product in Guangxi
region and its performance under different cloud and aerosol conditions, based on ground-observed observations from
photovoltaic and meteorological stations in 2023. The overall comparison of hourly AHI DSSR and ground DSSR shows a
high correlation coefficient (R = 0.85); however, there is also a large bias (RPE (relative prediction error) = 46.71%, RMSE
(root mean square error) = 162.99 W/m?). Errors are larger in spring and summer, and spatially, errors are significantly
higher in the hilly and mountainous areas of northwestern Guangxi compared to the flatter southern and central regions.
Satellite retrieval accuracy degrades markedly as cloud cover and aerosol level intensify, with the correlation coefficients
dipping from 0.90 (clear sky) to the lowest values of 0.11 (COD (cloud optical depth) > 50) and slightly decreasing from
0.84 (0 < AOD (aerosol optical depth) < 0.1) to 0.79 (AOD >2), respectively. These findings reveal critical limitations of

satellite DSSR products under specific atmospheric conditions, providing essential guidance for photovoltaic resource
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assessment and power forecasting applications in Guangxi. It also serves as an important reference for the evaluation and

application of satellite-derived surface radiation products at the national scale.

Keywords: Downward Surface Shortwave Radiation (DSSR); Himawari-9; Photovoltaic Stations; Cloud Optical Depth

(COD); Aerosol Optical Depth (AOD)

1. Introduction

Downward surface shortwave radiation (DSSR) is a ma-
jor component of the surface radiation budget!(!! and plays a
critical role in regulating vegetation photosynthesis, surface
energy balance, and the evolution of the climate system. Con-
sequently, the precise estimation of DSSR is of great impor-
tance for climate modeling, environmental monitoring, agri-
cultural production, and renewable energy development!>,
In recent years, driven by the global transition of energy
structures and the rapidly increasing demand for renewable
energy, the photovoltaic (PV) industry has entered a period
of rapid growth. The power generation efficiency of PV sys-
tems is highly dependent on the intensity and spatiotemporal
distribution of incoming solar radiation. Consequently, ob-
taining high-resolution and accurate DSSR information has
become a key prerequisite for optimizing PV plant site selec-
tion, system design, and operational management>%1. This
growing demand places increasingly stringent requirements
on the observation and evaluation of surface solar radiation.

Currently, surface solar radiation data are primarily de-
rived from two sources: ground-based measurements and
satellite remote sensing retrievals!”-*l. Although ground ob-
servations provide high temporal resolution and accuracy !,
their application is severely constrained by the limited num-
ber and uneven spatial distribution of stations, particularly
in regions with complex terrain or remote areas, where rep-
resentativeness is often insufficient!'?. In contrast, satel-
lite remote sensing offers continuous, large-scale, and long-
term radiation products, providing indispensable data support
for regions lacking in situ observations!'!l. Among these,
the new-generation geostationary meteorological satellites
Himawari-8/9, operated by the Japan Meteorological Agency,
have demonstrated great potential for solar energy resource
assessment owing to their high temporal resolution (up to 2.5

127151 Previous studies

min) and extensive spatial coverage!l
have shown that DSSR products retrieved from Himawari-

8/9 generally exhibit high accuracy and strong consistency

with ground observations (R? = 0.89)1¢-18] and outperform
reanalysis products such as CERES-SYN, MERRA-2, and
ERA-Interim, as well as MODIS radiation products!®18],
However, systematic overestimation remains a common is-
sue, particularly under conditions of heavy cloud cover or

16,18.19]1 ' Clouds and aerosols can sub-

high aerosol loading!
stantially alter solar radiation transmission through scattering
and absorption, while uncertainties in the parameterization
of cloud and aerosol properties in current satellite retrieval
algorithms continue to introduce errors in surface radiation

estimates!!520

1. Although some studies have attempted to im-
prove product accuracy by refining cloud masking techniques
or incorporating more accurate atmospheric parameters, ex-
isting validation studies have primarily focused on Japan
or northern Chinal®!*2!1, It leaves a notable research gap
in humid subtropical regions with complex terrain such as
Guangxi Zhuang Autonomous Region in southern China—
where cloud cover is persistent, aerosol variability is high,
and conventional observation networks are sparse. This study
addresses that gap by conducting the first comprehensive
regional evaluation of the Himawari-9 DSSR product over
Guangxi.

Guangxi is located in the subtropical monsoon climate
zone, with annual total solar radiation reaching approxi-
mately 5,000 MJ/m?[22], yet its solar energy resources re-
main significantly underexploited relative to their potential.
Geographically, Guangxi is geographically dominated by
complex hilly and mountainous terrain, characterized by
persistent humidity, frequent cloud cover, and abundant pre-
cipitation. In addition, aerosol concentrations are influenced
by both monsoonal transport and local emissions, resulting
in pronounced spatiotemporal variability in surface solar

radiation 23],

Meanwhile, local energy consumption still
relies heavily on fossil fuels such as coal and petroleum,
highlighting an urgent need to promote large-scale develop-
ment of renewable energy, particularly photovoltaic power,
to optimize the energy structure and facilitate a green and

low-carbon transition 2], Nevertheless, Guangxi currently
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has only three national benchmark radiation stations operated
by the China Meteorological Administration (CMA), which
are too sparse to capture the fine-scale spatial heterogeneity
of solar radiation across the region, thereby severely limiting
PV resource assessment and optimal plant deployment.

The primary innovation of this study lies in the first-time
utilization of measured irradiance data from 55 densely dis-
tributed PV power stations across Guangxi, constituting the
most comprehensive and representative surface solar radia-
tion observation network in the region to date. In contrast to
previous studies that relied on sparse meteorological stations,
this unprecedented dataset enables precise characterization of
local DSSR variability under complex terrain conditions and
provides an unprecedented high-spatial-resolution reference
for evaluating the regional applicability of satellite-derived
products. Based on this dataset, we systematically assess the
overall performance of the Himawari-9 DSSR product over
Guangxi and further analyze retrieval errors under different
cloud optical depth (COD) and aerosol optical depth (AOD)
conditions to elucidate the influence mechanisms of clouds
and aerosols. The results of this study not only provide a sci-
entific basis for photovoltaic industry planning in Guangxi
but also offer methodological support for improving solar
radiation retrieval accuracy from geostationary satellites in
humid and cloud-prone regions. The remainder of this paper
is organized as follows: Section 2 describes the data and
evaluation methods used in this study; Section 3 presents
the assessment results of the Himawari-9 DSSR product un-
der different cloud and aerosol conditions; and Section 4

summarizes the main conclusions.

2. Data and Method

2.1. Himawari-9 Products

Himawari-9 is a new-generation geostationary meteo-
rological satellite successfully launched by the Japan Me-
teorological Agency (JMA) in 2016 and officially put into
operational service in 2022 as the successor to Himawari-§.
The satellite is equipped with the Advanced Himawari Im-
ager (AHI), which consists of 16 spectral channels spanning
the visible to infrared spectrum (0.47-13.3 um). The spatial
resolution is 0.5-1 km for visible bands and 2 km for infrared
bands. AHI primarily observes the Asia—Pacific region (60°
S—60° N, 80° E-160° E), providing full-disk images every

10 min, with a temporal resolution of up to 2.5 min for tar-
geted regional observations. Himawari-9 products include
Level-1 datasets at 2 km and 5 km resolution, as well as
Level-2 and Level-3 products—such as aerosol, cloud, sea
surface temperature, shortwave radiation, chlorophyll-a, and
wildfire products—at comparable spatial resolutions.

In this study, we employ the Himawari-9 Level-2 DSSR
product for the year 2023, which has a spatial resolution
of 5 km and a temporal resolution of 10 min. This product
is retrieved based on plane-parallel atmospheric radiative
transfer theory, in which the atmosphere is simplified as
a “single-layer clear atmosphere underlying a single-layer
cloud.” This framework enables the separation of the at-
tenuation effects of clear-sky atmospheric constituents and
clouds on incoming solar radiation. The downward surface
shortwave radiation received at the surface is calculated as

follows 2%

E = Euear(1— A)(1— A) 11 = S,4)7" (1)

where FE.... denotes the surface solar radiation under
clear—sky conditions, A is the cloud albedo, A, is the sur-
face albedo, and S, represents the planetary albedo. Under
clear-sky conditions, A is equivalent to A,. This algorithm
is computationally efficient and avoids explicit cloud screen-
ing and complex assumptions. However, it operates under the
assumption of aerosol-free clear-sky conditions and does not
consider cloud phase when determining cloud reflectance. As
a result, systematic biases may arise under conditions of heavy
aerosol loading or extensive cloud cover. Therefore, a sys-
tematic evaluation of the Himawari-9 surface solar radiation
product under different cloud and aerosol scenarios is necessary.

To this end, we simultaneously employed the Himawari-
9 Level-2 AOD and COD products for 2023, which have the
same spatial and temporal resolutions as the DSSR product,
to facilitate scenario-based error analysis. The Himawari-9
AOD product has been shown to exhibit good agreement
with ground-based observations (e.g., AERONET) and reli-
able spatiotemporal representativeness!>*l. Although com-
prehensive ground validation of the Himawari-9 cloud prod-
ucts remains limited, the AHI cloud mask has an accuracy
of approximately 0.85 compared with MODIS products 2%,
Moreover, COD retrieved from AHI observations shows
slightly higher correlation with ground-based sky radiometer
measurements than MODIS COD products (2], indicating

reasonable reliability in cloud property characterization.
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2.2. Photovoltaic Stations and CMA Observa-
tions

Surface solar radiation observations collected in
Guangxi during 2023 from photovoltaic (PV) power sta-
tions and national benchmark climate stations operated by
the CMA are used to evaluate the Himawari-9 DSSR prod-
uct. All PV stations are equipped with high-precision so-
lar radiation monitoring systems capable of simultaneously
measuring global horizontal irradiance (GHI), direct normal
irradiance (DNI), and diffuse horizontal irradiance (DHI),
with a temporal resolution of 15 min. These observations
not only support real-time operational monitoring and power
generation efficiency assessment of PV plants but also pro-
vide valuable high-resolution ground truth data for regional
solar radiation studies. Compared with conventional meteo-
rological stations, PV stations are widely distributed across
diverse land surfaces in Guangxi, including hills, mountains,
and river valleys, encompassing complex terrain and hetero-
geneous climatic conditions. This substantially enhances the
spatial representativeness of the observation network—an
advantage that is difficult to achieve using sparse meteoro-
logical stations alone. The CMA national stations provide
hourly solar radiation observations conforming to World
Meteorological Organization (WMO) standards, including
GHI, DNI, and DHI components, and are characterized by
long-term stability and high calibration accuracy, serving as
reliable regional reference benchmarks.

To construct a unified and robust evaluation dataset, all
raw observations were aggregated into hourly averages and

subjected to strict quality control procedures. All data were
required to pass two limit tests recommended by the Baseline
Surface Radiation Network (BSRN):

Physically possible limits:

—AWem 2 < DSSR< Sy x1.5xpu'?+100Wem™2 (2)
Extremely rare limits:
—2Wem 2 <DSSR< Sox12xpu'?+50Wem™2 (3)

where Sy is the solar constant and p is the cosine of the so-
lar zenith angle. In addition, the following anomalous data
were excluded: (1) records with identical values for three
consecutive hours, indicating potential instrument malfunc-
tion; (2) data violating energy conservation relationships
(e.g., GHI smaller than DNI or DHI); (3) stations with an
annual quality-control pass rate below 70%; and (4) stations
with fewer than 300 valid observation hours in 2023. After
this multi-level quality control process, 49.5% of the origi-
nal ground observations are retained. Among the excluded
records, approximately 12.6% fail the BSRN limits, 8.9% are
flagged for three consecutive identical values, and 25.5% vi-
olate energy conservation relationships; the remainder (about
3.5%) are excluded at the station level for insufficient annual
data coverage. The final validation dataset consists of sur-
face solar radiation measurements from 55 distributed PV
stations and three CMA national benchmark stations (Figure
1), forming a high-quality and spatially representative refer-
ence dataset for comprehensively assessing the performance
of the Himawari-9 DSSR product under the complex geo-
graphical and meteorological conditions of Guangxi.
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Figure 1. Distribution of ground observation stations in Guangxi.
Note: Black circles represent photovoltaic stations, and black triangles represent CMA observation stations.
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2.3. Evaluation Methods

Figure 2 presents the spatial distribution of the annual
mean DSSR in Guangxi for 2023, where quality-controlled
ground observations are superimposed onto the correspond-
ing Himawari-9 satellite-derived DSSR product. As shown,

the Himawari-9 retrievals are generally higher than ground-

DSSR in 2023

based observations, indicating a systematic overestimation.
For quantitative evaluation, ground-based DSSR measure-
ments were temporally and spatially matched with the cor-
responding Himawari-9 DSSR, COD, and AOD products.
Specifically, for each ground observation time, the satellite
pixel closest in time (within £1 h) and space (nearest 5 km

grid center) was selected as the matched sample.

DSSR\W/m?

106°E

108°E
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400

300

200

100

110°E 112°E

Figure 2. Annual mean DSSR in Guangxi for 2023.

Note: DSSR observations from photovoltaic stations (circles) and CMA stations (triangles) are superimposed on the Himawari-9 satellite product. Ground observation stations

DSSR and Himawari-9 DSSR share the color bar on the right side.

To quantitatively assess the retrieval accuracy, four
commonly used statistical metrics are employed for eval-
uation: the correlation coefficient (R), root mean square
error (RMSE), relative prediction error (RPE), and mean

bias error (MBE). These metrics are calculated as follows:

SN (R -R)YXN (R, ~Ry)

R= ——— (4
VEN L (R -R) YN, (R - Ry)
1 N
RMSE = |+ > (Ri—Rj)® ®)
rpE = BMSE (6)
g
N i pi
mpp = 2= B = Ry (M

N

where R denotes satellite-retrieved DSSR, R, denotes
ground-measured DSSR, N is the total number of matched
samples. The correlation coefficient (R) is utilized to evaluate

the linear consistency between satellite products and ground

truths, while RMSE and MBE provide insights into the mag-
nitude of random and systematic errors, respectively. Fur-
thermore, the RPE is included as a dimensionless metric to
facilitate the comparison of retrieval performance across dif-
ferent climatic zones and seasons, regardless of the absolute
magnitude of solar irradiance. These four complementary
metrics—R for variability capture, MBE for systematic bias,
RMSE for total error, and RPE for relative accuracy—are cal-
culated across seasonal, diurnal, and atmospheric scenarios

to provide a multidimensional assessment.

3. Results and Analysis

3.1. Overall Evaluation of the Himawari-9
DSSR Product

Using surface solar radiation observations from pho-
tovoltaic (PV) stations and China Meteorological Admin-
istration (CMA) national reference stations in Guangxi for
2023, a quantitative evaluation of the Himawari-9 downward
surface shortwave radiation (DSSR) product is conducted.
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Ground observations are temporally and spatially matched
with satellite pixel values, yielding the density scatterplots
presented in Figure 3. As illustrated in Figure 3a, ground-
based measurements and the Himawari-9 DSSR product
exhibit a strong linear correlation over Guangxi, character-
ized by a correlation coefficient (R) of 0.85. However, the
root mean square error (RMSE) reaches 162.99 W/m?, indi-
cating the existence of substantial systematic discrepancies
between the two datasets. The majority of data pairs gravitate
towards the 1:1 reference line (black dashed line in Figure

3a), although a number of outliers deviate markedly from

Himawari-3 DSSR (W/m?)

200 400 GOD 800 1000 1200 1400
Ground observation (W/mz)

the high-density region. Specifically, when DSSR is below
1,000 W/m?, the Himawari-9 product tends to overestimate
surface radiation, whereas under strong radiation conditions
(DSSR > 1,000 W/m?), a certain degree of underestimation
is observed. This asymmetric bias contributes to the rela-
tively high RMSE. In addition, the relative prediction error
(RPE) reaches 46.71%, indicating a large relative deviation
between satellite-derived and ground-observed mean values.
The mean bias error (MBE) of 51.53 W/m? further confirms
that the Himawari-9 product systematically overestimates
DSSR over the Guangxi region.

All year
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Figure 3. Scatterplots of DSSR between Himawari-9 satellite retrievals (vertical axis) and ground station observations (horizontal axis)
in 2023. (a) Annual scatterplot; (b)—(e) scatterplots for spring (MAM), summer (JJA), autumn (SON), and winter (DJF), respectively.

Note: The black dashed line represents the 1:1 line. Point colors indicate density, with red denoting higher densities than blue.
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Seasonal variations reveal that discrepancies between
ground observations and the Himawari-9 DSSR product are
particularly pronounced in spring (MAM) and summer (JJA)
(Figures 3 and 4). As shown in Figure 3¢, the correlation
coefficient in summer deteriorates to 0.77, substantially lower
than in other seasons, indicating reduced consistency during
this period. Summer also exhibits the peak RMSE, reaching
203.78 W/m?, being the only season exceeding 200 W/m?.
While this magnitude is partially reflective of the higher solar
radiation intensity in the Northern Hemisphere summer, it
also highlights larger retrieval uncertainties in the Himawari-
9 product during this season. In contrast, the highest RPE
(54.40%) occurs in spring, exceeding the summer value of
48.29%. Moreover, spring exhibits the largest MBE (100.45
W/m?) among all seasons, suggesting that the Himawari-9
product is particularly prone to overestimating DSSR during

spring in Guangxi. Monthly variations of the statistical metrics

in 2023 (Figure 4) show that the minimum R and maximum
RMSE occur in July. This is mainly attributed to frequent
summer precipitation and the presence of thick and extensive
cloud cover, which interferes with satellite retrieval accuracy.
Meanwhile, during spring (MAM), both RPE and MBE ex-
hibit an increasing trend and peak in April. This phenomenon
is likely associated with rising temperatures and increased
atmospheric water vapor content in spring, as water vapor ab-
sorption and scattering can disrupt satellite signals and amplify
retrieval errors. In addition, spring also coincides with the
peak biomass-burning season in Southeast Asia, during which
aerosol optical depths over Guangxi can increase significantly
due to transboundary transport>”-?8]. The combined effect
of elevated water vapor and higher aerosol loading—both of
which attenuate surface solar radiation in ways not captured by
the retrieval algorithm—Iikely contributes to the pronounced

overestimation observed in spring.

(a) R (b) RMSE (W/m?2)
0.95 F ge—g —— 250 LR R AL
09f \.,\ " | 200} : /./"H.
.\"“- o/ . °
0.85 150 AN
\ . / '-.._,__.
0.8 . / 100 ,—° e
o7sb . . .\o/T R b
RPN N N I R RPN > & 9@(} & &
RPE (% d) MBE (W/m?
70 ——— () RPE (%) —— 150 —r—r—r—(d) MBE (W/m?) —
60 | ../\
100
50 ./ ~
a0l 50 - '/ - \_
"“"-a--._..__.__._c
30 L L L L L L L L L 0 L L L L L i L L L L L

SIS £ > L A 9
SR GRS S R

e RIS £ > X N
F @@ f @S NP e & & F

Figure 4. Monthly variations of R, RMSE, RPE, and MBE in 2023.

One major advantage of geostationary satellites is their
ability to continuously monitor a fixed region at high tempo-
ral resolution. Accordingly, Figure 5 presents hourly scatter-
plots comparing ground observations and Himawari-9 DSSR
retrievals. Overall, during the morning hours (08:00-11:00
local time), R consistently exceeds 0.8, indicating robust
agreement and relatively high satellite data quality. After
12:00, R gradually decreases and drops to 0.63 by 17:00,
reflecting a notable degradation in retrieval accuracy during

the afternoon. This decline is mainly attributed to the de-

velopment and intensification of convective clouds around
midday, which increases uncertainties in cloud parameter
retrieval and consequently affects DSSR estimates?®]. The
RPE remains relatively stable at approximately 40% between
09:00 and 13:00, suggesting comparatively smaller relative
errors during this period. In contrast, RPE increases signifi-
cantly during early morning (07:00-08:00) and late afternoon
(16:00—17:00), reaching its maximum at 17:00, indicating
the largest retrieval errors. This degradation during sunrise

and sunset periods is primarily related to low solar elevation
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angles. At very low sun angles, atmospheric path length in-
creases substantially, amplifying uncertainties in atmospheric
parameter retrieval and leading to larger errors in DSSR es-

30311 Meanwhile, the plane-parallel atmospheric

timation[
assumption adopted in DSSR retrieval algorithms neglects
atmospheric curvature and refraction effects, which is valid

for high solar elevations but becomes increasingly inaccurate

3

under low solar angles, leading to distorted estimates near
sunrise and sunset. The diurnal variation of RMSE generally
follows that of surface solar radiation intensity. The diur-
nal pattern of MBE indicates that satellite overestimation is
more pronounced in the morning than in the afternoon, with
the maximum overestimation occurring around local noon
(12:00-13:00).
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Figure 5. Hourly scatterplots of DSSR between Himawari-9 satellite retrievals (vertical axis) and ground station observations (horizontal

axis) in 2023.

Statistical metrics (R, RMSE, RPE, and MBE) are further
calculated for each ground station to derive their spatial dis-
tributions (Figure 6) and city-level aggregated results (Table
1). Overall, correlation coefficients across Guangxi mainly
range from 0.75 to 0.90 (Figure 6a), with 91% of stations
exhibiting R values in excess of 0.8, indicating a robust linear
consistency between the satellite retrievals and ground ob-
servations. However, other error metrics reveal pronounced
spatial heterogeneity. As shown in Table 1, RMSE values
are generally high, with 9 out of 14 cities (64%) exceeding
150 W/m?. The most significant RMSE values are observed
in Yulin (178.31 W/m?), Laibin (168.23 W/m?), and Bei-
hai (166.14 W/m?). City-level RPE ranges from 41.66% in

Chongzuo to 60.64% in Hechi. Geographically, southern
and central cities such as Chongzuo, Beihai, and Qinzhou
exhibit RPE values below 45%, whereas western and north-
ern cities, including Hechi and Liuzhou, show substantially
higher RPE. Notably, MBE is positive for all cities, confirm-
ing a systematic overestimation of DSSR by the Himawari-9
product across Guangxi. The most severe overestimations
occur in Hechi (96.39 W/m?), Liuzhou (87.24 W/m?), and
Laibin (70.80 W/m?). Considering the regional geographical
context, areas with larger errors are mainly concentrated in
northern and western Guangxi, where mountainous and hilly
terrain, frequent cloud cover, and complex atmospheric con-

ditions prevail. In contrast, stations with relatively smaller
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errors are mostly located in southern and central Guangxi
(e.g., Chongzuo, Beihai, and Nanning), characterized by
flatter terrain and higher atmospheric transparency. This
spatial pattern suggests that terrain complexity likely influ-
ences retrieval accuracy through multiple mechanisms. Com-
plex topography can promote orographic cloud formation,
leading to more persistent cloud cover that challenges the
satellite algorithm. Additionally, variable surface elevation
within a satellite pixel (5 km resolution) introduces repre-
sentativeness errors, as the retrieved DSSR represents a spa-
tial average that may not correspond to the specific ground
station location, particularly in regions with steep terrain

gradients. Furthermore, mountainous areas may experience
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altered atmospheric path lengths and viewing geometries
that deviate from the flat-surface assumptions in the retrieval
algorithm. However, a rigorous quantitative assessment of
these terrain effects is constrained by the relatively coarse
5 km spatial resolution of the Himawari-9 product, which
cannot adequately resolve fine-scale topographic features
across Guangxi's heterogeneous landscape. Future studies
incorporating high-resolution digital elevation models and
terrain complexity indices (e.g., elevation standard devia-
tion, surface roughness) will be necessary to systematically
quantify the relationship between topographic variability
and DSSR retrieval errors, particularly as higher-resolution

geostationary satellite products become available.
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Note: Circles denote photovoltaic stations, and triangles denote CMA stations.
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Table 1. R, RMSE, RPE, MBE, and sample size (N) for 14 cities in Guangxi.

R RMSE (W/m?) RPE MBE (W/m?) N
Nanning 0.85 162.08 47.69% 58.35 21,521
Liuzhou 0.90 151.35 52.25% 87.24 5,742
Guilin 0.88 14431 45.56% 59.84 7,566
Wuzhou 0.85 157.16 47.60% 49.84 11,368
Beihai 0.86 166.14 44.28% 53.67 13,347
Fangchenggang 0.83 167.11 46.78% 28.99 6,362
Qinzhou 0.85 162.05 44.81% 33.08 16,288
Guigang 0.87 156.94 45.06% 53.38 17,920
Yulin 0.83 178.31 51.83% 55.81 9,893
Baise 0.86 157.85 44.76% 51.24 20,246
Hezhou 0.89 144.05 44.43% 60.67 7,228
Hechi 0.89 158.25 60.64% 96.39 7,167
Laibin 0.85 168.23 50.37% 70.80 10,050
Chongzuo 0.88 149.41 41.66% 42.90 22,682

Note: All reported R and MBE are statistically significant at the p <0.001 level, given the large number of matched samples (N) for each city.

3.2. Effects of Clouds and Aerosols on the Qual-
ity of the Himawari-9 DSSR Product

The influence of cloud on the quality of the Himawari-
9 DSSR product is further investigated. Cloud amount is
quantitatively characterized using cloud optical depth (COD),
with larger COD values indicating optically thicker cloud lay-
ers, and stronger absorption and scattering of solar radiation.
Matched samples are divided into six COD intervals, and
DSSR scatterplots were generated for each interval (Figure
7). Compared with all-sky conditions (Figure 3a), satellite
retrievals under clear-sky conditions (Figure 7a) show much
closer agreement with ground observations, with an R value
of 0.90 and RMSE, RPE, and MBE values of 145.71 W/m?,
38.43%, and 57.67 W/m?, respectively. This indicates rel-
atively high consistency between satellite and ground data
under clear skies, although systematic overestimation per-
sists. As COD increases, discrepancies between satellite re-
trievals and ground observations become progressively more
pronounced, and overall product quality deteriorates. When
COD exceeds 50 (Figure 7f), R decreases sharply to 0.11 and
RPE increases to 122.54%, indicating that the Himawari-9
product is unable to reliably estimate DSSR under heav-
ily overcast conditions. This near-zero correlation can be
attributed to the saturation of the cloud retrieval algorithm un-
der optically very thick conditions. When COD exceeds 50,
both the (1 — A) term in the numerator and the (1 — S, A) ™"
term in the denominator of Equation (1) become highly sen-

sitive to small errors in retrieved cloud albedo A, yet the

algorithm's ability to distinguish further increases in COD is
fundamentally limited. Consequently, the satellite produces
systematically low and relatively uniform DSSR estimates,
failing to capture the variability in actual surface-reaching
radiation that arises from diffuse transmission through thick
clouds. This behavior is consistent with known limitations of
plane-parallel radiative transfer models under deep convec-
tive or multi-layer cloud systems, where three-dimensional
radiative effects and photon trapping within clouds domi-

nate 32,

Notably, under thin or partly cloudy conditions
(e.g., COD < 5; Figure 7a—c), MBE values remain large
and positive, indicating substantial overestimation of DSSR.
This likely arises from the limited sensitivity of the current
retrieval algorithm to optically thin clouds?!, which fails
to fully capture their subtle scattering and absorption ef-
fects. As cloud cover increases, the overestimation gradually
weakens and eventually transitions to underestimation. For
instance, when COD > 50 (Figure 7f), MBE becomes nega-
tive, reflecting an overemphasis of cloud attenuation in the
retrieval algorithm. This behavior can be attributed to the
simplified single-layer, isotropic cloud assumption, which
cannot realistically represent complex multiple scattering
processes within clouds. Furthermore, RMSE exhibits a non-
monotonic response to increasing COD, initially increasing
and then decreasing, with a peak in the moderate COD range
(1 <COD <5). Under thick cloud conditions, the absolute
surface radiation itself is substantially reduced, leading to
smaller absolute errors despite very large relative errors (e.g.,
RPE).
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Figure 7. DSSR scatterplots under different cloud optical depth (COD) conditions.

The impact of aerosols on the Himawari-9 DSSR product
is also examined. Aerosol loading is characterized by aerosol
optical depth (AOD), defined as the column-integrated ex-
tinction coefficient of aerosols. Larger AOD values signify
elevated aerosol concentrations, leading to enhanced extinc-
tion of incident solar radiation through combined scattering
and absorption processes. Since AOD can only be reliably
retrieved under clear-sky conditions, clear-sky matched sam-
ples were divided into six AOD intervals, and corresponding
DSSR scatterplots were generated (Figure 8). Consequently,
the sample size in Figure 8 is smaller than that in Figure 7.
Our results indicate that, relative to the dominant influence
of clouds, aerosols exert a more moderate yet statistically
significant effect on DSSR retrieval fidelity. The correlation
coefficient R decreases slightly from 0.84 to 0.79 as AOD
increases. However, other error metrics exhibit pronounced
degradation: RMSE increases from 128.75 W/m? to 229.84
W/m?, MBE increases from 46.46 W/m? to 164.39 W/m?,
and RPE rises from 19.99% to 49.40%. These results indicate
that DSSR overestimation by the satellite becomes substan-

tially more severe under high aerosol loading. The primary

reason for this behavior is that the current retrieval algo-
rithm does not explicitly account for aerosol radiative effects
under clear-sky conditions and implicitly assumes a clean
atmosphere. As aerosol concentrations increase, the actual
surface-reaching radiation is increasingly attenuated, while
the satellite continues to retrieve DSSR under aerosol-free
assumptions, leading to systematic overestimation. There-
fore, although the existing algorithm performs reasonably
well under low-AOD conditions, it exhibits clear limitations
in heavily polluted or dust-laden environments. Accurately
representing aerosol radiative effects under clear skies re-
mains a key challenge and an important direction for future
improvements in geostationary satellite DSSR retrieval algo-
rithms.

It should be noted that the spatiotemporal matching
scheme (1 h, nearest 5 km grid point) may introduce
representativeness errors, particularly under rapidly evolv-
ing cloud and aerosol conditions. The temporal mismatch
could lead to comparisons between satellite pixels and
ground observations under substantially different atmo-

spheric states, especially during the passage of convective
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systems. Similarly, within a 5 km grid cell, significant be considered when interpreting the results. Future work

subgrid spatial variability in cloud cover may exist, partic- will explore the use of higher-resolution cloud and aerosol

ularly in complex terrain. These factors contribute to the satellite products to reduce these spatiotemporal matching

overall uncertainty in the statistical evaluation and should uncertainties.
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Figure 8. DSSR scatterplots under different aerosol optical depth (AOD) conditions.

4. Conclusions and Outlook

Based on surface solar radiation observations from 55
densely distributed PV stations and three national benchmark
stations operated by CMA in Guangxi for the year 2023, this
study conducts a systematic evaluation of the Himawari-9
satellite—retrieved DSSR product. Through rigorous quality 2)
control following BSRN recommendations, spatiotempo-
ral matching, and multidimensional statistical analyses—
including the correlation coefficient (R), root mean square
error (RMSE), relative prediction error (RPE), and mean bias

error (MBE)—the following main conclusions are drawn.

1)  Overall performance is satisfactory, but systematic bi-
ases persist. The Himawari-9 DSSR product exhibits a
strong linear relationship with ground-based observa-

tions (R = 0.85), indicating reasonable regional appli-
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cability. However, the RMSE reaches 162.99 W/m?,
the RPE is as high as 46.71%, and the MBE equals
51.53 W/m?, demonstrating a pronounced systematic
overestimation of surface shortwave radiation across
Guangxi, with both absolute and relative errors remain-
ing substantial.

Satellite retrieval errors exhibit pronounced spatiotem-
poral heterogeneity. On a seasonal scale, the largest er-
rors occur in spring (MAM) and summer (JJA). Spring
shows the highest MBE (100.45 W-m2) and RPE
(54.40%) of the year, while summer exhibits the largest
RMSE (203.78 W-m2) and the lowest correlation (R
=0.77), largely influenced by the seasonal evolution
of precipitation and cloudiness. On a diurnal scale,
satellite retrievals perform best during the morning
hours (08:00-11:00 local time; R > 0.8), whereas er-
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rors increase significantly during early morning and
late afternoon, which is closely associated with the
breakdown of the plane-parallel atmospheric assump-
tion under low solar elevation angles. Spatially, bet-
ter performance is observed in southern and central
Guangxi (e.g., Chongzuo and Beihai), characterized
by relatively flat terrain, while larger errors are found
in mountainous northwestern cities such as Hechi and
Liuzhou. This spatial pattern highlights the challenges
posed by complex terrain for modeling clouds, aerosols,
and radiative transfer processes.

3) Clouds and aerosols are key drivers of retrieval un-
certainty, with clouds exerting a dominant influence.
Satellite retrieval accuracy deteriorates rapidly with
increasing COD. Under heavily overcast conditions
(COD > 50), the correlation coefficient drops to 0.11,
and the RPE increases to 122.54%. Moreover, the
bias transitions from overestimation under thin-cloud
conditions to underestimation under thick-cloud condi-
tions, revealing deficiencies in the cloud assumptions
employed by the retrieval algorithm. Although the
impact of AOD is comparatively weaker, it remains
non-negligible. Under clear-sky conditions with high
AOD (>2), the MBE increases to 164.39 W-m2, and
the RPE reaches 49.40%, indicating significant over-
estimation caused by the neglect of aerosol radiative

effects in the retrieval algorithm.

The overall performance of the Himawari-9 DSSR prod-
uct over Guangxi (R = 0.85, RMSE = 162.99 W/m?, MBE
= 51.53 W/m?, RPE = 46.71%) exhibits relatively higher
errors than previously reported Himawari-8/9 evaluations in

other regions. For instance, Yu et al. (2019)[!6]

reported a
higher correlation (R =~ 0.94) and a moderate systematic over-
estimation across East Asia, while Damiani et al. (2018)[1°]
and Xu and Mao (2024)!'®] found superior accuracy (R >
0.90) over Japan and Beijing, respectively, with both studies
also observing systematic overestimation. In contrast, our
results indicate that DSSR errors in Guangxi are notably
higher than those reported for Japan and northern China (R
= 0.85 vs. R>0.90). This discrepancy can be attributed
to the distinct climatic and geographical characteristics of
southern China: Guangxi experiences more persistent cloud
cover throughout the year, higher atmospheric humidity due

to its subtropical monsoon climate, and more complex topog-

raphy ranging from coastal plains to mountainous regions.
These findings suggest that satellite product performance
benchmarks established in relatively cloud-free and topo-
graphically simple regions (e.g., Japan, northern China) may
not be directly transferable to humid subtropical environ-
ments with heterogeneous terrain. Regional adaptation and
bias correction strategies tailored to local atmospheric and
surface conditions are therefore necessary to improve DSSR
retrieval accuracy in such complex environments.

In summary, this study represents the first comprehen-
sive evaluation of the Himawari-9 DSSR product over a
humid, cloud-prone, and topographically complex region of
southern China using a high-density PV station observation
network. The results reveal key limitations of the current
retrieval algorithm, including insufficient sensitivity to thin
clouds, excessive attenuation under thick clouds, and the
omission of aerosol radiative effects under clear-sky condi-
tions. These findings provide critical insights for improving
geostationary satellite surface radiation retrieval algorithms.
Importantly, the ground-truth dataset constructed from 55
distributed PV stations and three CMA national stations ef-
fectively overcomes the limitations of sparse conventional
meteorological networks and poor spatial representativeness.
This framework offers a replicable validation paradigm for
other subtropical hilly regions facing similar challenges in
terrain complexity and urgent energy transition needs. Be-
yond advancing the understanding of regional solar radiation
spatiotemporal variability, this study establishes a robust
data foundation for photovoltaic resource assessment, power
plant site optimization, and power generation forecasting.

In addition to Himawari-8/9, China’s domestically de-
veloped Fengyun-4 (FY-4) series geostationary satellites pro-
vide comparable or even higher spatiotemporal resolution
and are better adapted to regional atmospheric and surface
characteristics, offering substantial potential for solar energy
resource monitoring. Future work will focus on multi-source
geostationary satellite integration (e.g., FY-4 and Himawari-
9) to develop fused radiation products, thereby improving the
accuracy and reliability of surface solar radiation estimates
over complex underlying surfaces in southern China and
across the country. However, it is worth noting that FY-4 and
Himawari-9 employ different retrieval algorithms and have
distinct sensor characteristics, which may introduce system-
atic inter-satellite biases in fused products. Addressing these
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challenges will require careful cross-calibration, harmonized
cloud and aerosol parameterization, and region-specific bias
correction. Beyond satellite data fusion, several methodolog-
ical advances warrant investigation. First, machine learning-
based post-processing techniques, such as random forests
or deep neural networks trained on historical ground ob-
servations, show promise for correcting systematic biases
and capturing nonlinear relationships between retrieval er-
rors and environmental predictors. Second, assimilation of
real-time ground measurements from expanding PV station
networks into satellite retrievals could enable dynamic bias
correction at sub-regional scales. Third, integration of nu-
merical weather prediction model outputs—particularly high-
resolution cloud-resolving simulations—may help constrain
retrieval uncertainties during rapidly evolving weather con-
ditions. Finally, as China's PV installed capacity continues
to grow exponentially, the operational radiation monitoring
network will become increasingly dense, providing unprece-
dented opportunities for validating and improving satellite
products across diverse climatic and topographic regimes.
These synergistic developments will collectively enhance the
scientific foundation for China's renewable energy transition.
Such advancements will provide more reliable data support
for photovoltaic power planning, power output forecasting,

and energy—meteorological services.
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