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Abstract

The online coupling of aerosols and clouds and its effect on surface global horizontal
irradiance (GHI) has not yet been thoroughly investigated in the Weather Research and
Forecasting Model with Solar extensions (WRF-Solar), despite its potential significance
for solar energy applications. This study addresses this critical gap by implementing a
computationally efficient, coupled aerosol-cloud scheme and evaluating its impacts on GHI
predictability. Simulations with online aerosol-cloud coupling are systematically compared
to uncoupled simulations during March 2021, a period marked by two distinct pollution
episodes over north China. The online coupling enhances aerosol optical depth (AOD) sim-
ulations, increasing the correlation coefficient from 0.19 to 0.51 while reducing the absolute
bias from 0.54 to 0.48 and root mean square error from 0.82 to 0.72, compared to uncoupled
simulations. Enhanced cloud microphysics (droplet concentration, water path) yields better
cloud optical depth estimates, reducing all-sky GHI bias by 14.5% (63.5 W/m? for the
uncoupled scenario and 54.3 W/m? for the coupled scenario) through improved aerosol-
cloud-meteorology interactions. Notably, the simultaneous spatiotemporal improvement
of both AOD and GHI suggests enhanced internal consistency in aerosol-cloud-radiation
interactions, which is crucial for operational solar irradiance forecasting in pollution-prone
regions. The results also highlight the practical value of incorporating online aerosol
coupling in solar forecasting models.

Keywords: aerosol-cloud interactions; WRF-Chem-Solar; global horizontal irradiance

1. Introduction

Carbon neutrality achievement in China necessitates photovoltaic (PV) and wind
power capacity expansion from 1 to 10-15 PWh/year between 2020 and 2060 [1,2]. This

Remote Sens. 2025, 17, 2829

https://doi.org/10.3390/rs17162829


https://doi.org/10.3390/rs17162829
https://doi.org/10.3390/rs17162829
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-8692-7856
https://orcid.org/0000-0002-4177-1536
https://orcid.org/0000-0002-4187-6311
https://orcid.org/0000-0002-7336-8872
https://orcid.org/0000-0002-5188-7399
https://doi.org/10.3390/rs17162829
https://www.mdpi.com/article/10.3390/rs17162829?type=check_update&version=1

Remote Sens. 2025, 17, 2829

20f19

substantial increase in capacity underscores the urgent need for accurate global horizontal
irradiance (GHI) forecasting to optimize grid integration and energy planning strategies [3].

Atmospheric aerosols are the primary medium governing the radiation transfer pro-
cess [4] through aerosol-radiation interactions (ARIs, the “direct effect”) and aerosol-cloud
interactions (ACls, the “indirect effects”) [5-7]. Among aerosols, hydrophilic species—
commonly referred to as “water-friendly” aerosols (NWFAs)—including sulfate, nitrate,
and organic aerosols, play a particularly important role due to their capacity to act as cloud
condensation nuclei (CCN) under high relative humidity conditions [8]. NWFAs alter
cloud microphysical properties by increasing droplet number and reducing droplet size,
thereby enhancing the Twomey and Albrecht effects, which in turn affect cloud albedo
and lifetime [9-11]. Additionally, these species are key drivers of aerosol hygroscopic
growth [12,13], enhancing aerosol scattering and absorption through increased shortwave
extinction coefficients, ultimately contributing to surface cooling [14].

ARI processes have been extensively characterized through observational campaigns
and numerical modeling studies [12,15-17], with contributions accounting for 10-70% of
clear-sky shortwave radiative heating across Asian regions [18]. However, ACI mechanisms
remain poorly constrained, with estimates of ACI-related effective radiative forcing exhibit-
ing substantial variability, ranging from —1.45 to —0.25 W/m~2 in climate models [19].
ACI represents the most uncertain component of aerosol climate impacts due to inadequate
parameterizations [20]. Under cloudy conditions, ACI processes can substantially modify
cloud properties by either enhancing or suppressing cloud cover and optical depth, result-
ing in substantial GHI fluctuations over short time scales [17]. Consequently, the inherent
complexity of ACI poses significant challenges for accurate all-sky GHI forecasting and
simulations, particularly in regions characterized by high aerosol loading such as eastern
China [21,22].

Numerical weather prediction (NWP) models demonstrate distinct advantages for
solar forecasting beyond 6-h lead times due to their capability to represent fundamental
physical processes [23]. However, traditional offline modeling approaches, such as the
Weather Research and Forecasting model with Solar extensions (WRF-Solar), rely on pre-
scribed aerosol climatology data, failing to capture dynamic ACI processes and thereby
limiting forecast accuracy in aerosol-laden regions such as eastern China [24]. Integrating
atmospheric chemistry, particularly ACI mechanisms, is thus essential for enhancing fore-
casting precision [25]. While WRF-Chem is capable of simulating ACI through real-time
aerosol-cloud-radiation feedbacks, its limited applicability in real forecasting underscores
the need for more efficient modeling approaches [26].

To address this challenge, recent studies have incorporated the Thompson-Eidhammer
aerosol-aware microphysics scheme and the Goddard Chemistry Aerosol Radiation and
Transport (GOCART) module into WRF-Solar, resulting in a fully coupled version termed
WRE-Chem-5Solar [27]. Unlike WRE-Chem, which resolves detailed aerosol and gas-phase
chemistry, WRF-Chem-Solar dynamically links aerosol mass concentrations with cloud
droplet activation processes, providing more realistic ACI representation while maintaining
physical consistency. Crucially, it achieves similar this at relatively lower computational
expense, making WRF-Chem-Solar more suitable for operational forecasting compared to
WRE-Chem. Both WRE-Chem and WRF-Chem-Solar outperform WRE-Solar in dynamic
aerosol environments, yet only the latter balances physical fidelity with efficiency.

Despite these advancements, a quantitative comparison between WRF-Chem-Solar
and traditional WRF-Solar has not yet been conducted, and the mechanisms by how ACI
modulate all-sky GHI remain insufficiently explored.

This study investigates the role of online-coupled aerosol representation in WRF-Solar,
with a specific focus on its influence on cloud microphysics and subsequent impacts on
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all-sky GHI via ACI processes. Clarifying these interactions is essential for improving solar
energy forecasting in China and facilitating the efficient integration of solar power into
the national grid. The findings also offer valuable insights into aerosol—cloud interactions
within regional climate models, contributing to enhanced accuracy in solar radiation
prediction.

The manuscript structure proceeds as follows: Section 2 describes the datasets, experi-
mental configuration, and validation methodologies. Section 3 presents simulation results
and analysis. Section 4 discusses conclusions and implications of this research.

2. Materials and Methods
2.1. Aerosol Optical Depth (AOD) Observations

Aerosol Optical Depth (AOD) data are obtained from two ground-based networks: the
Aerosol Robotic Network (AERONET) and the Sun-Sky Radiometer Observation Network
(SONET). AERONET delivers globally automated, continuous AOD measurements [28].
We employed quality-assured AERONET Version 3 retrievals (uncertainty: +0.01) [29] to
validate the simulated AOD at temporal scale. SONET, with a mean deviation of only
0.002 compared to AERONET, also offers reliable ground-based measurements [30]. As
AERONET and SONET do not report AOD at 550 nm, we estimate it via logarithmic
interpolation using the Angstrom law between 440 and 675 nm. The interpolated values
are then hourly averaged within a £30-min window to match the model output frequency.
More details of the procedures can be found in Wang et al., (2025) [27]. Finally, a total of
19 AERONET and 18 SONET sites are used in this analysis, with their locations shown as
black dots in Figure 1b.
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Figure 1. (a) Simulation domain and terrain height (Units: meters). (b) The zoning map of seven
main electricity grids in China in colors. The locations of the GHI and AOD monitoring network
used in this study are also shown by black dots.

2.2. Moderate Resolution Imaging Spectroradiometer (MODIS) Satellite Observations

The combined Deep Blue (DB) and Dark Target (DT) AOD Level 2 Collection 6.1 prod-
ucts at 550 nm (with spectral widths of approximately 20 nm) from Aqua (MYD04_L2) and
Terra (MODO04_L2) of Moderate Resolution Imaging Spectroradiometer (MODIS) are used
to evaluate the model performance of AOD at the spatial scale. It is typically interpolated
from multi-band reflectance retrievals depending on aerosol models and viewing geometry,
and the products are at stage 2 validation, indicating maturity and extensive testing with
regular radiometric calibration updates to address sensor degradation. These products
are regridded to match the model resolution and compared to monthly mean simulated
AOD [31,32]. MODIS AOD data have a spatial resolution of 10 km x 10 km and a temporal
resolution of approximately one to two days [33].
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2.3. Solar Radiation Data

Hourly GHI data from the Surface Downward Solar Radiation Compositions (SSRC)
system (accessed 21 Jun 2023, https:/ /www.slrss.cn/care/sp/pc/) are used to assess the
spatial performance of the model under all-sky conditions at hourly scale [34]. Itis a
near-real-time monitoring system that integrates data from Himawari-8/9 and Fengyun-4
satellites. It fully considers the effects of aerosol types, cloud phases, and gas components.
Validation against ground-based measurements have indicated its superior accuracy for
GHI [34]. Additionally, GHI data from 138 China Meteorological Administration (CMA)
stations across China are used to validate modeled GHI for all-sky conditions with temporal
scale. The GHI measurements are obtained using pyranometers with a spectral response
ranging from 300 to 3000 nm, covering the full shortwave radiation spectrum. All measure-
ments are subject to rigorous quality control procedures [35,36]. The locations of all 138
stations are depicted in Figure 1a.

2.4. Cloud Optical Thickness (COD) Data

Hourly Cloud Optical Thickness (COD) data at 500 nm are obtained from the SSRC
system, which provides spatial COD across east Asia at hourly scale [34]. To distinguish
COD dominated by hygroscopic aerosols, only cloud phase taken as water is used. All the
results are interpolated into the WRF model grid for comparison.

2.5. Experiments Design

The Weather Research and Forecasting model with Chemistry (WRF-Chem) version 4.4
is used in this study [26]. The simulation domain covers eastern Asia at a horizontal
resolution of 9 km with 45 vertical levels (Figure 1a). Initial and boundary meteorological
conditions are provided by the NCEP-FNL Operational Global Analysis dataset (accessed
6 Jan 2025, https:/ /rda.ucar.edu/datasets/ds083.2/). Anthropogenic aerosol emissions are
derived from the 2018 HTAPv3 mosaic inventory [37], while sea salt emissions followed
the GOCART scheme. A 20 s time step is set to ensure numerical stability, and hourly
outputs is used for analysis. The key physical and chemical parameterizations applied in
the simulations can be found in Table 1.

Table 1. Configuration of the model used in the study.

Model Setting Description Reference
Aerosol GOCART [38]
Microphysics Thompson and Eidhammer [39]
Radiation RRTMG scheme for SW and LW [10,11]
Land Surface Noah Land Surface Model [40]
Cumulus Parameterization Grell-Freitas ensemble scheme [41]

Mellor-Yamada—Nakanishi—
Niino Level 2.5 (MYNN2)
Air Force Weather Agency

(AFWA)

Planetary Boundary Layer [42]

Dust emission [43]

In the baseline WRF-Solar configuration, aerosol number concentrations are derived
from a multi-year (2001-2007) GOCART climatology [38], which lacks the ability to capture
temporal variability in aerosol loading. An enhanced WRE-Chem-Solar configuration
replaces default prognostic aerosol number concentrations—water-friendly aerosols (QN-
WFA), ice-friendly aerosols (QNIFA), and black carbon aerosols (QNBCA)—with real-time
values derived from GOCART mass concentrations [27]. Details of this modification are
available in earlier study [27].
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To investigate the impacts of online aerosol coupling on cloud microphysical processes
and all-sky GHI, two experimental configurations are designed, as shown in Table 2. The
first configuration, implemented within WRF-Solar, excludes chemical interactions and is
designated as Aero_Aware. The second configuration, implemented within WRF-Chem-
Solar, represents a fully coupled model incorporating real-time aerosol concentrations and
feedback processes, designated as Aero_Couple. Both experiments are configured with
identical aerosol optical properties, ensuring that any differences in simulation outcomes
arise solely from variations in aerosol representation, rather than inconsistencies in param-
eterization. Additionally, the aer_rad_feedback = 1 setting is activated exclusively in the
Aero_Couple experiment to enable aerosol-radiation—cloud feedbacks, allowing aerosols
to influence both the radiation field and cloud/meteorological variables. These feedback
mechanisms are absent in the Aero_Aware configuration. All other model configurations
remain consistent across both experiments. Simulations cover the period from 26 February
to 31 March 2021, capturing two severe pollution events over north China [44]. A 6-day
spin-up period is implemented to stabilize the model’s chemical and aerosol fields from
their initial conditions. Subsequently, daily reinitialization using FNL data is performed to
prevent meteorological drift while maintaining the chemical equilibrium.

Table 2. Summary of the two experiments in this study.

Aerosol-Radiation—Cloud

Version Aerosol Dataset Chemical Interaction Feedback
) ) Disabled
Aero_Aware Climatological GOCART (2001-2007) - (aer_rad_feedback = 0)
Enabled

Aero_Couple

Online calculation Vv (aer_rad_feedback = 1)

2.6. Validation Methods

Model performance is evaluated using four standard statistical metrics: correlation
coefficient (CORR), root mean square error (RMSE), mean bias error (BIAS), and index of
agreement (IOA), following the methodology in [27]. The equations are described as:

1 n
BIAS :ﬁZiil (Yl - Ol) (1)
1
RMSE —\/ N i (Yi = 0 2
N [
CORR = Zi=1 (Yi 2Y) (©:-9) — (3)
VI (% - V)2 /EN, (0 -0)
N 0.2
I0A =1— Zi:l(?{‘ O, — 4)
z{il(\oi—o T - o])

where Y; represents the simulations results, O; means the observations, N is the total
number of observations, Y and O are the mean values.

3. Results

Activating aerosol-cloud-radiation interactions in WRE-Chem-Solar enables real-time
feedbacks between aerosols and meteorological fields. Meteorological conditions are first
evaluated, with results presented in the Supplementary Materials. The Aero_Couple
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experiment successfully captures the spatial distribution of key meteorological fields.
Meanwhile, the coupling significantly alters their vertical profiles.

3.1. The Comparison of the Aerosol Characterization

In the Aero_Aware experiment, aerosol number concentrations are not explicitly
calculated. Instead, they are prescribed as fixed climatological inputs to drive activation
processes. Consequently, Figure 2 presents the monthly averaged spatial distributions of
vertically integrated QNWFA, QNIFA, and QNBCA rather than aerosol burdens.
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Figure 2. Spatial distributions of the monthly mean number concentrations of vertically integrated
water-friendly aerosol (QNWFA), ice-friendly aerosol (QNIFA), and black carbon aerosol (QNBCA)
in the Aero_Aware (left, a,d,g), Aero_ Couple (middle, b,e h) simulations from 4 to 31 March 2021,
respectively and their differences (right, ¢ f,i); units: #/ m?.

The implementation of online aerosol coupling in Aero_Couple leads to a substantial
reduction in QNWFA across southeastern China. In the Aero_Aware experiment, a high-
concentration center, exceeding 5.0 x 103 m~2 (Figure 2a), drops to below 3.50 x 103 m~2
in the Aero_Couple experiment (Figure 2b). This decline aligns with the significant reduc-
tion in sulfate concentrations due to continuous emission control measures implemented
in China since 2013 [45,46], which contributes to the obvious reduce of QNWZFA. More-
over, slightly increased precipitation along coastal areas (Figure S3a) may enhance wet
scavenging processes, further contributing to reduced QNWFA in these regions. Earlier
results confirm that wet scavenging during light precipitation can reduce CCN, including
QNWFA, by activating aerosols into cloud droplets removed [47-49]. In polluted environ-
ments, a reductions of 10-20% aerosol number concentrations has been detected with light
precipitation [50], which needs further study.

For QNIFA, the Aero_Aware experiment exhibits a weak concentration center over
northwestern China (Figure 2d), while Aero_Couple captures a prominent dust-induced
peak exceeding 3.0 x 10'! m~2, demonstrating the enhanced capability of the fully coupled
model to represent real-time dust activity. Additionally, widespread increases in QNBCA
are evident in the Aero_Couple experiment (Figure 2h) with differences reaching up to
3.6 x 10'® m~2 in central China (Figure 2i). These enhancements are likely associated with
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increased biomass burning from open-field crop residue combustion and wildfires during
the spring [51-53], highlighting the advantages of online coupling in capturing regional
aerosol variability.

Then, the monthly mean spatial distributions of AOD in the two experiments are
compared with observation from MODIS and shown in Figure 3.

(a) Aero_Aware (b)

Aero_Couple (c) MODIS
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Figure 3. Spatial distributions of the monthly mean AOD simulated in the (a) Aero_Aware,
(b) Aero_Couple, and (c) MODIS as well as their differences (d—f) from 4 to 31 March 2021.

In the Aero_Aware simulation, the AOD high-value center with values exceeding 1.2
is located over southeastern China, with a secondary in southern Xinjiang (Figure 3a). By
contrast, the Aero_Couple experiment captures intense dust events in northwestern China,
with AOD values exceeding 1.6 (Figure 3b), closely aligning with MODIS observations
(Figure 3b), and accurately reflecting the major March 2021 dust events [44,54]. These results
are consistent with the QNIFA patterns shown in Figure 2. Furthermore, the dust transport
pathway from northwestern China to the North China Plain (NCP) is well-represented in the
Aero_Couple experiment but not resolved in the Aero_Aware experiment, indicating that
more realistic aerosol representation substantially improves AOD simulations. Compared
to Aero_Aware, AOD increases are observed across most regions of China, particularly
from Xinjiang to east China. The difference is consistent with the distribution of planetary
boundary layer height (PBLH) shown in Figure S2.

Despite the overall reduction in QNWEFA over southeastern China, Aero_Couple
exhibits concurrent increases in QNBCA [55]. As black carbon constitutes a major light-
absorbing aerosol species, increased QNBCA contributes to higher absorbing AOD in
southern regions [56]. Overall, the maximum AOD differences between the two simulations
reach 0.50, underscoring the importance of including online aerosol calculations in AOD
simulation. We also notice the overestimation of AOD in northwestern China compared
with measurements from MODIS, which is primarily attributed to the limitation of current
dust parameterizations. Similar overestimation trends during March 2021 have been
reported using WRF-Chem [27,54,57]. Tuning the ratio of the 10 m wind speed from FNL
reanalysis data to the simulated 10 m wind speed could help reduce friction velocity and
improve AOD accuracy during dust events.

To further evaluate AOD performance across China, the simulation domain is subdi-
vided into seven regional electricity regions based on criteria from China’s power transmis-
sion system: Western China, Northeastern China, Northern China, Central China, Eastern
China, Southern China, and the Tibetan Plateau (Tibetan), separately [58]. The separation
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is under the consideration of geographical, climatic, and administrative boundaries, can be
found in Figure 1b. Dividing China into these zones allows for region-specific analysis of
model performance, showing how aerosol affect power transmission system across regions.
Figure 4 illustrates time series of regionally averaged hourly AOD values across seven
electricity regions, compared with AERONET and SONET observations.
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Figure 4. Time series of the observed and simulated regional averaged hourly AOD in the Aero_Aware
and Aero_Couple experiments in seven electricity: (a) Northeastern China, (b) Northern China,
(c) Eastern China, (d) Southern China, (e) Central China, (f) Western China, and (g) the Tibetan
Plateau) regions from 4 to 31 March 2021; the black dots represent the observations.

As shown in Figure 4, in dust-prone areas such as Northern and Western China, the
Aero_Couple experiment successfully captures drastic temporal variations that are absent in
the Aero_Aware results. During the first dust event, observed AOD exhibits a sharp increase
in Western China, peaking around 15-16 March at approximately 4.5 to 5.0. This rapid
rise clearly reflects the occurrence of a strong dust event in the western region. A similar
increase appears from 25-27 March, though less intense, with a peak AOD of approximately
3.0 to 3.5. These findings indicate that incorporating online-calculated aerosols significantly
improves the representation of dust events in Western China (Figure 4f), resulting in a
9.30% decrease in BIAS, 14.29% reduction in RMSE, 70.00% increase in CORR, and 29.55%
improvement in IOA. Similarly, AOD in the Aero_Aware experiment fails to capture
pollution events on 7-11 March and 25-27 March in Northern China, which are accurately
reproduced in the Aero_Couple experiment (Figure 4b). Consequently, the CORR value
improves substantially from 0.34 to 0.63, representing an 85.39% relative increase, with
corresponding reductions in BIAS (23.78%) and RMSE (19.05%).

In Northeastern China, temporal AOD variations are poorly captured by the
Aero_Aware experiment, but substantial improvements are observed in Aero_Couple,
with CORR increasing from 0.00 to 0.33 (Figure 4a). This result may be influenced by
data limitations, which requires further investigation. In Eastern China, the Aero_Couple
experiment improves CORR from 0.36 to 0.76, representing a 111.11% relative increase
(Figure 4c). Simultaneously, IOA increases by 41.38% while RMSE decreases by 19.05%.
For Central China, the Aero_Couple experiment shows limited improvement in CORR but
demonstrates advantages in reducing RMSE (18.46%) and BIAS (56.30%) while increasing
IOA (18.18%) compared to the Aero_Aware experiment (Figure 4e). In the Tibetan region,
although RMSE and BIAS show minimal changes, CORR increases by 42.31% (Figure 4g).
Both experiments fail to capture AOD variations in Southern China, potentially due to
unaccounted wildfire emissions [59]. Previous studies have emphasized the importance of
wildfire emissions during spring in Southern China [60,61], which will be incorporated in
future work.

Subsequently, simulated hourly AOD during 4-31 March 2021 is evaluated against all
observations across China using probability density distributions, as illustrated in Figure 5.
The Aero_Couple experiment effectively captures AOD temporal dynamics, with high-
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AOD values aligning closer to the 1:1 line. It achieves a CORR of 0.51, representing a 168.42%
improvement over the Aero_Aware experiment (Figure 5b). With the revised aerosol
representation scheme, a 15.56% relative increase in IOA further substantiates the enhanced
performance of Aero_Couple. These findings highlight the necessity of incorporating
fully-coupled aerosol-cloud-radiation processes. In contrast, the Aero_Aware experiment
exhibits higher BIAS and RMSE values of —0.54 and 0.82, respectively (Figure 5a). The
BIAS values are moderately reduced to —0.48 and 0.73 in the Aero_Couple simulation,
consistent with regional-scale improvements.

(a) Aero_Aware (b) Aero_Couple
3.0 1 1 1 1 1 30 1 1 1 1
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Figure 5. Probability density distribution of the observed (from AERONET and SONET) AOD
versus the simulated AOD in (a) Aero_Aware and (b) Aero_Couple experiments, calculated at hourly
scale from 4 to 31 March 2021. The continuous black line is the 1:1 line, and the dashed black lines
correspond to the 1:2 and 2:1 lines. N shows the number of data used.

Collectively, these results collectively highlight the critical importance of incorporating
online aerosol dynamics to improve spatial and temporal accuracy in AOD simulations
across diverse regions of China.

3.2. Impact of QNWEFA on Cloud Microphysical Processes and Cloud Fraction

When using bulk microphysics schemes, variations in QNWFA directly influence
cloud water number concentration (QNCLOUD) and mixing ratio (QCLOUD) [39]. Given
the spatial differences in QNWEFA between experiments, Figure 6 presents their zonal mean
vertical profiles alongside QNCLOUD, QCLOUD, and cloud fraction (CLDFRA).

As can be seen, higher aerosol emissions near the surface generally enhance QNWFA
concentrations below 6 km (Figure 6a,b). Below 4 km, anthropogenic emissions contribute
to elevated QNWFA values, particularly in south of 36°N. In the Aero_Couple experiment,
QNWFA exhibits a narrower high-value zone, mainly constrained to below 28°N. Moreover,
the observed QN'WFA reduction near the surface around 20°N in coastal southern China
(Figure 6b) is attributable to both reduced emissions and enhanced wet scavenging and
vertical redistribution. As shown in Figure S21, stronger upward motion near 20°N in
Aero_Couple promotes aerosol lifting from surface to higher altitudes. Simultaneously, this
region experiences suppressed QCLOUD (Figure 6i) and CLDFRA (Figure 61), associated
with slightly warmer temperatures (Figure S2i) and lower relative humidity (RH) (Figure
52f), collectively reducing QNCLOUD (Figure 6f). These conditions favor below-cloud
scavenging, thereby contributing to reduced surface QNWFA. Compared to Aero_Aware,
QNWEFA values in southern China decrease significantly, especially below 25°N, with
reductions exceeding 1.0 x 10'° #/kg (Figure 6c). This reduction aligns with diminished
coastal emissions shown in Figure 1.
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Figure 6. Vertical profiles of (a,b) QNWFA (units: #/kg), (d,e) QNCLOUD (#/kg), (g, h) QCLOUD
(kg/kg), and (j, k) CLDFRA over China from 4 to 31 March 2021. The panels (c,f,i,1) show differences
between the Aero_Aware and Aero_Couple experiments. The profiles represent zonal means from
the surface to 15 km. Zonal mean refers to the longitudinal average at each latitude.

In the Thompson-Eidhammer scheme, QNCLOUD is primarily governed by CCN
activation followed by Kohler theory [39]. This process responds to QNWFA, temperature
(T), vertical velocity (W), fixed hygroscopicity parameters, and aerosol mean radii [39,62].
Between 20°N and 28°N, strong updrafts and moderate temperatures (Figure S2) support
the high-value center of QNCLOUD exceeding 5.0 x 107 #/kg (Figure 6d,e). Reduced
QNWEFA in Aero_Couple leads to lower QNCLOUD below 6 km, particularly in south of
28°N [63]. In southeastern China, weaker updrafts between 24°N and 28°N (Figure S2I)
and higher temperatures below 26°N (Figure S2i) suppress supersaturation by elevating
saturation vapor pressure [62], which collectively leads to QNCLOUD reductions exceeding
10 x 107° #/kg below 28°N. Conversely, stronger updrafts (Figure S21) and lower T
(Figure S2i) enhance QNCLOUD between 28°N and 36°N, especially between 2-6 km
(Figure 6f).

QCLOUD, governed by the condensation-microphysics balance, correlates strongly
with QNCLOUD [39]. Consequently, regions with reduced QNCLOUD exhibit diminished
QCLOUD. Simultaneously, T, W, and RH similarly influence its distribution, resulting
in analogous spatial patterns with pronounced reductions below 28°N. CLDFRA in the
lower troposphere is sensitive to hygroscopic aerosols [64,65]. The combination of lower
QNCLOUD, RH, QVAPOR, and weaker updrafts results in reduced low-level cloud cover
below 4 km in coastal regions in south of 24°N (Figure 6j,k). In contrast, upper-level
cloud fractions depends more on ice-nucleating aerosols and large-scale meteorological
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conditions [64]. Enhanced RH, QVAPOR, W, and slightly elevated T in north of 28°N pro-
mote increased high-level CLDFRA, facilitating more extensive cloud vertical development
between 6-12 km.

To further investigate the aerosol impact on cloud microphysics, we examine changes
in cloud effective radius (CER) and liquid water path (LWP), as shown in Figure 7. Regions
in northeast China with missing SSRC data are excluded to ensure comparability. In the
Aero_Couple experiment, CER increases over central China, while decreases toward the
coastal regions (Figure 7c), reflecting the higher sensitivity of CER to QNCLOUD relative
to QCLOUD [11]. LWP demonstrates a dipole pattern, decreasing over northern/coastal
China while increasing centrally (Figure 7d,e). Enhanced condensation and elevated
QNCLOUD drive LWP increases in central China, whereas suppressed cloud development
under reduced CCN conditions explains decreases elsewhere.

CER

75°E 90°E 105°E 120°E 135°E 75°E 90°E 105°E 120°E 135°E 75°E 90°E 105°E 120°E 135°E
- e <@ e -
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Figure 7. Spatial distribution of the monthly averaged CER (a,b) and LWP (d,e) in Aero_Aware
and Aero_Couple experiments from 4 to 31 March 2021; their differences (c,f) are also shown in the
right panel.

The differences of COD in two experiments and observations from SSRC are de-
picted in Figure 8. While both simulations capture the observed spatial pattern of ele-
vated COD (>40) in southeastern China (Figure 8a,b), but systematic overestimations are
present. The Aero_Couple experiment significantly reduces the mean COD bias from
—2.99 (Aero_Aware) to —0.15. These improvements align with Twomey effect [11], where
increased CER and decreased LWP in coastal and northern China reduce COD, while oppo-
site changes in central China enhance COD (Figure 8d). Strong COD-AQOD correlations
in eastern industrial regions reflect the dominance of hygroscopic aerosols. The observed
aerosol-driven transition to fewer but larger cloud droplets explains both reduced COD
and lower AOD, consistent with earlier findings [66,67].
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Figure 8. Spatial distribution of the monthly averaged COD (a,b) in Aero_Aware and Aero_Couple
experiments and (c) observations from SSRC from 4 to 31 March 2021; (d) their differences are also
shown in the plot. All the values equal to zero have been deleted before calculation. The number in
the upper left corner represents the mean value of observations minus the model simulations.

3.3. Impact of Aerosols on GHI Under All Sky Conditions

To assess the influence of aerosols on GHI simulation performance, the modeled
GHI under all-sky conditions is compared with observations from SSRC, as illustrated in
Figure 9.
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Figure 9. Spatial distributions of the monthly mean GHI under all sky condition simulated in
the (a) Aero_Aware, (b) Aero_Couple, and (c) SSRC as well as their differences (d—f) from 4 to 31
March 2021.

Both experiments successfully reproduce the general spatial characteristics of GHI
under all-sky conditions, although a systematic underestimation persists throughout the
domain. The Aero_Aware experiment exhibits a more pronounced positive bias in west-
ern China relative to Aero_Couple (Figure 9d,e), primarily due to inaccuracies in aerosol
number concentrations and deficiencies in associated meteorological feedback. In con-
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trast, improved aerosol representation in Aero_Couple substantially mitigates these biases,
particularly in regions where aerosol-cloud interactions dominate.

The vertical distribution of clouds plays a critical role in modulating solar ra-
diation, owing to altitude-dependent variations in cloud microphysical and optical
properties [68,69]. In coastal and northern China, lower COD and reduced low-level
CLDEFRA in the Aero_Couple experiment decrease cloud radiative effects, resulting in
higher simulated GHI (Figure 9f). Conversely, mid-latitude regions exhibit opposing behav-
ior, where modest low-level CLDFRA increases correspond to localized reductions in GHL
Although extensive high-level cloud cover persists north of 28°N, its limited scattering
efficiency minimally affects surface radiation [70,71].

We further validate simulated GHI using hourly observations from 138 CMA stations,
stratified by seven major electricity regions, with results summarized in Table 3.

Table 3. Summary statistics of the observed hourly GHI under all sky conditions with simulated ones
for two experiments in seven electricity regions. The nighttime values have been removed before
calculation; units: W/m?2.

Regions N Experiments BIAS RMSE CORR I0A
North E 4308 Aero_Aware 50.11 177.73 0.78 0.87
orth Eastern 4308 Aero_Couple 4355 171.13 0.79 0.88
North 4982 Aero_Aware 91.26 185.44 0.82 0.88
orthern 4982 Aero_Couple 68.91 166.23 0.84 0.90
East 3883 Aero_Aware 30.28 179.16 0.81 0.90
astern 3883 Aero_Couple 29.83 177.00 0.81 0.90
South 5677 Aero_Aware 69.23 221.26 0.77 0.86
outhern 5677 Aero_Couple 78.13 227.37 0.76 0.85
Central 10889 Aero_Aware 36.51 216.31 0.73 0.85
entra 10889 Aero_Couple 23.72 207.47 0.73 0.85
Wost 7612 Aero_Aware 69.01 219.18 0.75 0.85
estern 7612 Aero_Couple 51.09 206.44 0.76 0.87
Tib 2343 Aero_Aware 99.65 286.76 0.68 0.81
ibetan 2343 Aero_Couple 99.38 286.37 0.69 0.81

Compared to the Aero_Aware experiment, lower BIAS values are observed across
most regions in China, accompanied by modest reductions in RMSE. Performance im-
provements are particularly notable in northeastern China, where all statistical metrics
show enhancement, including a reduction in GHI bias from 50.11 W/m? to 43.55 W /m?.
Northern China exhibits the most significant improvements, with 24.49% and 10.36% reduc-
tions in bias and RMSE, respectively, corresponding to enhanced AOD simulations. These
regions also show consistent but moderate increases in CORR and IOA, underscoring the
benefit of updated aerosol parameterizations.

Central and western China exhibit similar improvements, with bias reductions of
35.03% and 25.97%, respectively. Eastern China displays more limited enhancements
despite substantial AOD modifications, highlighting the complexity of aerosol-cloud—
radiation interactions in this region. Southern China shows negligible improvement,
largely due to persistent AOD simulation challenges, suggesting the need for further
model development.

The probability density distributions in Figure 10 further give the overall performance
of simulated hourly GHI under all sky across China. BIAS correct from 63.47 W/m? to
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54.26 W/m? in the Aero_Couple experiment, reflecting a 14.51% reduction. The RMSE
values also decrease from 188.10 W/m? to 180.42 W/m?.
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Figure 10. Probability density distribution of the observed (ground-based GHI observations) versus
the simulated GHI under all sky in the (a) Aero_Aware and (b) Aero_Couple experiments, calcu-
lated at hourly scale from 4 to 31 March 2021. The continuous black line is the 1:1 line, and the
dashed black lines correspond to the 1:2 and 2:1 lines. All the nighttime values have been removed
before calculation.

Overall, these results demonstrate that the Aero_Couple configuration—by incorpo-
rating online aerosol calculations and a more realistic representation of aerosol—cloud-
radiation processes—achieves superior agreement with observations throughout China.

4. Discussion

These findings align with previous observational and modeling studies that highlight
how aerosol-cloud interactions—through microphysical adjustments and indirect radiative
effects—substantially modulate surface solar radiation [72-74], particularly in aerosol-laden
regions such as eastern China [75].

It is worth mentioning that several limitations still persist. The model tends to under-
estimate GHI in southern China, potentially due to insufficient representation of wildfire
emissions. Future work should consider integrating dynamic fire emission inventories
to address this issue. In addition, the simplified chemical mechanism used in this study,
though computationally efficient, may limit the representation of secondary aerosol for-
mation and their interactions with clouds. However, considering the application needs of
operational photovoltaic forecasting, this trade-off between accuracy and computational
cost is acceptable. Furthermore, as this study is limited to a single month, expanding the
analysis to seasonal or annual scales would provide a more comprehensive evaluation of
the robustness and generalizability of the improvements. Future research should also focus
on integrating dynamic fire and biogenic emission inventories, refining cloud activation
parameterizations, and validating the model performance across different aerosol regimes
and solar resource zones.

5. Conclusions

This study investigates online aerosol-cloud-radiation feedback mechanisms and their
impacts on global horizontal irradiance (GHI) simulations under all-sky conditions across
China. By comparing two Weather Research and Forecasting (WRF)-Solar configurations—
the baseline Aero_Aware and the fully coupled Aero_Couple experiments—we demon-
strate how improved aerosol representation enhances the accuracy of aerosol-cloud inter-
action (ACI) simulations and GHI predictions.
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The Aero_Couple experiment shows substantial improvements in aerosol optical
depth (AOD) simulation, with the correlation coefficient increasing from 0.19 to 0.51 (168%
enhancement) against ground-based observations, accompanied by reductions in mean bias
error (BIAS, 14.5%) and root mean square error (RMSE), respectively. These improvements
are most evident in dust-influenced regions of northern and western China, where online
aerosol calculations better capture realistic atmospheric loading.

The enhanced aerosol representation initiates a series of physical feedbacks within
cloud microphysics and radiative processes. Specifically, in the Aero_Couple experiment,
reduced water-friendly aerosol concentrations (QNWEFA) in southeastern coastal regions
lead to weaker droplet activation under elevated temperatures and reduced supersatura-
tion, resulting in larger cloud droplet sizes (increased cloud effective radius, CER), lower
liquid water path (LWP), and reduced cloud optical depth (COD). These changes are ac-
companied by a decline in low-level cloud fraction (CLDFRA), collectively diminishing
the cloud radiative effects and enhancing surface GHI. These feedbacks are amplified by
concomitant decreases in relative humidity and boundary-layer aerosols, which reduce
cloud formation potential. The coupled model captures these processes by dynamically
linking aerosol emissions with cloud microphysical evolution, which is absent in the
uncoupled configuration.

Driven by changes in COD and CLDFRA, the all-sky GHI simulations in the
Aero_Couple experiment exhibit a reduction in BIAS from 63.47 W/ m? to 54.26 W/m?,
corresponding to a 14.5% improvement in accuracy compared to the baseline. Regional di-
agnostics further indicate that the most notable improvements occur in northern and central
China, where both direct and indirect aerosol-cloud interactions are particularly strong.

These results highlight the critical role of aerosol-cloud-radiation interactions in
improving the accuracy of solar irradiance simulations. The demonstrated enhancements
in both AOD and GHI simulations underscore the practical value of incorporating real-time
aerosol feedbacks into mesoscale numerical weather prediction models. This approach is
especially beneficial in regions with heavy aerosol pollution, such as northern China, where
complex aerosol-cloud processes significantly affect surface solar radiation. By capturing
these interactions more realistically, the model will support informed decision-making in
solar energy planning and grid integration.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs17162829/s1, Figure S1: Spatial distribution of the monthly
averaged (b,c) T2, (f,g) RH2, and (j,k) PBLH in Aero_Aware and Aero_Couple experiments and
observations from ERA5 from 4 to 31 March 2021; Figure S2: vertical profiles of (a,b) QVAPOR, (d,e)
RH, (g,h) T, (j k) and W over China in Aero_Aware and Aero_Couple experiments and their differences
from 4 to 31 March 2021; Figure S3: Spatial distributions of the monthly total precipitation simulated
in the (a) Aero_Aware, (b) Aero_Couple, and their differences from 4 to 31 March 2021 [76-82].
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