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A B S T R A C T

This study investigated the complex relationships between aerosols, clouds, and solar radiation over the Korean 
Peninsula using long-term observational data from 1994 to 2023. We identified a negative correlation between 
PM10 concentration and solar radiation, indicating that aerosol levels significantly affect solar energy avail
ability. Using the WRF-CMAQ coupled model, we quantitatively analyzed the contributions of aerosol direct 
effect (ADE) and cloud radiative effect (CRE), focusing on the differing impacts of stratus and cumulus clouds. 
Our findings reveal that stratus clouds, which are prevalent in the early morning, contribute substantially to ADE, 
while cumulus clouds, which develop in the afternoon owing to increased surface heating, primarily influence 
CRE. The Seoul Metropolitan Area (SMA) showed the highest contributions from both ADE and CRE, indicating 
that areas with a high population density and elevated aerosol concentrations (PM10, PM2.5, and AOD) experi
enced a pronounced impact of ADE on solar radiation. Conversely, in the Gangwon (GW) region, where 
mountainous terrain promotes cumulus cloud development, the afternoon contributions of CRE are more pro
nounced. This analysis underscores the necessity of considering topographical and geographical characteristics 
and cloud formation timing when evaluating solar energy potential, providing valuable insights for future 
forecasting and site selection.

1. Introduction

Climate change poses a significant threat to ecosystems and human 
societies worldwide, primarily driven by greenhouse gas emissions. 
Addressing this issue necessitates the adoption of renewable energy 
sources, among which solar energy emerges as a clean, abundant, and 
sustainable resource. Solar power generation, in particular, emits min
imal greenhouse gases such as CO₂, making it a highly advantageous 
option for mitigating climate change (Borenstein, 2008). In addition, 
compared to fossil fuels, solar energy offers substantial economic and 
environmental benefits while efficiently meeting daytime energy de
mands (Wild, 2009).

However, solar energy is significantly influenced by various atmo
spheric factors, such as aerosols and clouds, which impact the amount of 
solar radiation reaching the Earth’s surface. Aerosols influence the 
Earth’s radiation budget through both direct and indirect effects. The 

aerosol direct effect (ADE) refers to the scattering and absorption of 
solar radiation by aerosol particles (Charlson et al., 1992). Indirectly, 
aerosols modify cloud properties by increasing droplet number and 
decreasing droplet size (Twomey, 1974), and by suppressing precipita
tion, thereby extending cloud lifetime and enhancing cloud optical 
thickness (Albrecht, 1989; Pincus and Baker, 1994). These effects reduce 
the amount of solar radiation reaching the surface, thereby lowering the 
efficiency of solar power generation (Yoo et al., 2019; Yoo et al., 2020; 
Korras-Carraca et al., 2021; Papachristopoulou et al., 2022; Yoo et al., 
2024). Furthermore, aerosol deposition on photovoltaic panels can 
degrade their performance by reducing transmittance and increasing 
maintenance requirements (Tanesab et al., 2019). For example, a study 
conducted in South Korea reported that aerosols reduce daytime solar 
radiation by approximately 50 W⋅m− 2 (Yoo et al., 2019). Moreover, 
using MERRA-2 reanalysis data and spectral radiative transfer models, 
another study demonstrated that ADE decreases the global net solar 
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energy input by 5.21 W⋅m− 2 (Korras-Carraca et al., 2021).
Clouds play a critical role in modulating solar radiation reaching the 

surface by reflecting and absorbing it. This phenomenon, known as the 
Cloud Radiative Effect (CRE), depends on cloud properties such as 
thickness, altitude, water content, and spatial distribution (L’Ecuyer 
et al., 2019; Liu et al., 2022). Clouds block solar radiation, significantly 
reducing surface solar irradiance, with a global average CRE effect of 
− 24.8 ± 8.7 W⋅m− 2 (L’Ecuyer et al., 2019). From a climatological 
perspective, clouds can reduce solar radiation more effectively than 
aerosols (Yamasoe et al., 2017; Dumka et al., 2021), with multilayered 
clouds and stratocumulus clouds exhibiting the most pronounced effects 
(L’Ecuyer et al., 2019). CRE’s impact varies based on regional and 
seasonal meteorological conditions. For instance, He et al. (2024) re
ported that cloud type distributions cause small-scale fluctuations in 
surface solar radiation, which in turn lead to temporal and spatial 
variability in solar power generation. These fluctuations, when com
bined with cloud-induced radiative effects, can directly influence the 
overall efficiency of solar energy systems.

The impacts of ADE and CRE exhibit significant spatiotemporal 
variability, critically affecting the solar radiation reaching the surface. 
Yoo et al. (2019) found that the regional ADE varies depending on PM2.5 
concentrations, while Korras-Carraca et al. (2021) reported up to a 
tenfold difference in ADE between regions. Zhang et al. (2022)
emphasized that ADE and CRE contribute to seasonal and regional 
variability in solar radiation, and Song et al. (2019) highlighted how 
changes in cloud properties influence aerosol radiative forcing, modi
fying spatial patterns. Che et al. (2018) demonstrated that aerosol op
tical properties and radiative forcing exhibit substantial regional 
variability in eastern China. The findings of these studies highlight the 
complex and spatiotemporal variability of the effects of aerosols and 
clouds on solar radiation.

Previous studies have analyzed the temporal variability of solar 
irradiance using satellite-based observations (Oh et al., 2024). However, 
these approaches rely on multiple assumptions for estimating solar 
irradiance and are subject to limitations such as the misclassification of 
clouds due to aerosol presence (Qu et al., 2017; Zhang et al., 2019; 
Zhang et al., 2020; Robbins et al., 2022). Moreover, total cloud cover 
observations cannot distinguish the individual effects of clouds and 
aerosols, making it challenging to accurately assess regional forecast 
performance. Recent studies have proposed methods for analyzing the 
variability of solar radiation and effectively separating direct and diffuse 
radiation components using machine learning algorithms such as deep 
learning (Oh et al., 2022; Oh et al., 2024). These approaches utilize 
observational datasets to enhance the spatial and temporal resolution of 
solar irradiance forecasts. However, deep learning-based prediction 
models are limited in their ability to directly simulate complex atmo
spheric processes, such as aerosol-cloud-radiation interactions. To 
overcome these limitations, it is essential to utilize numerical weather 
prediction models that can accurately quantify the contributions of 
aerosols and clouds to solar radiation. Coupled meteorology-air quality 
models provide a precise framework for simulating aerosol-cloud- 
radiation interactions, thereby improving the reliability of solar irradi
ance predictions and enabling a more detailed analysis of regional 
variations. This, in turn, facilitates the accurate forecasting of solar ra
diation and provides valuable insights for optimal photovoltaic site 
selection.

This study aims to analyze the spatiotemporal impacts of ADE and 
CRE on solar radiation over the Korean Peninsula using long-term 
meteorological and air quality observational data. Furthermore, this 
study employs a two-way coupled meteorological and air quality 
modeling system to quantitatively evaluate the contributions of aerosols 
and clouds. The analysis enhances the accuracy of solar energy fore
casting and supports the optimal selection of photovoltaic deployment 
sites by considering spatiotemporal distributions.

2. Methods

2.1. Meteorological and air quality observational data

This study analyzed the trends in meteorological factors and air 
quality in Korea using long-term observational data from 1994 to 2023. 
To examine regional differences in ADE and CRE, Korea was divided into 
five regions: the Seoul Metropolitan Area (SMA), Gangwon (GW), Cen
tral, West, and East (Fig. 1). Meteorological data including solar radia
tion, sunshine duration, total cloud cover, precipitation, and cloud type 
were obtained from the Korea Meteorological Administration (KMA) 
Automated Synoptic Observing System (ASOS). The data collection sites 
for each region with long-term observational data were Seoul (SMA), 
Gangneung (GW), Daejeon (Central), Gwangju (West), and Busan (East) 
(indicated by red stars in Fig. 1). Annual averages were used for sun
shine duration, cloud cover, and precipitation, and cumulative annual 
data were used for solar radiation. Because of the relocation of the cloud 
observation station from Gangneung to Bukgangneung, hourly data 
from the Bukgangneung station for the period 2009–2023 were 
analyzed. Air quality data (PM10 concentrations from 1996 to 2023) 
were obtained from the Air Quality Monitoring Station (AQMS) of the 
National Institute of Environmental Research using regionally averaged 
annual and monthly data.

To evaluate the performance of the meteorological model, hourly 
temperature, wind speed, and solar radiation data observed at 39 ASOS 
stations that measured solar radiation within the domain during the 
analysis period were used. For the evaluation of the air quality model 
results, PM10 concentration data from 320 AQMS stations were used.

2.2. Numerical models

In this study, the WRF-CMAQ two-way coupled system was used to 
analyze the impact of aerosols and clouds on solar radiation. This system 
integrates the Weather Research and Forecasting model (WRF, version 
3.8) with the Community Multiscale Air Quality model (CMAQ, version 
5.2). This model allows for aerosol feedback, particularly the direct 
aerosol effect, by incorporating shortwave radiation from the meteoro
logical model and aerosol simulations from the air quality model (Wong 
et al., 2012). In this framework, key aerosol optical properties, including 
aerosol optical depth (AOD), single scattering albedo (SSA), and asym
metry factor (AF), are calculated within the CMAQ model and dynam
ically transferred to WRF. These parameters are used in the WRF 
shortwave radiation scheme to simulate aerosol-radiation interactions 
in real time, enabling an explicit representation of the aerosol direct 
effect (ADE) on surface solar irradiance. The modeling domain (Fig. 1) 
covers Korea with a 12 km horizontal resolution (260 × 240 grids) and 
40 vertical layers. The initial and boundary conditions were provided by 
the Final Operational Global Analysis (FNL) reanalysis data, with a 
horizontal resolution of 0.25◦ × 0.25◦. The detailed model configura
tions are summarized in Table S1. In the CMAQ model, biogenic emis
sions were estimated using the Model of Emissions of Gases and Aerosols 
from Nature (MEGAN, version 2.1). Anthropogenic emissions were ob
tained from two sources: international emissions were obtained from 
The Emissions Database for Global Atmospheric Research (EDGARv6.1; 
https://edgar.jrc.ec.europa.eu/dataset_ap61, last accessed June 2023), 
and domestic emissions were based on data from the Clean Air Policy 
Support System (CAPSS).

To examine the effects of aerosols and clouds on solar radiation, 
three simulations were conducted, as listed in Table 1: The BASE 
simulation, which includes both aerosol and cloud radiation feedback, 
served as a reference case for comparison with other simulations. In the 
NoADE (No Aerosol Direct Effect) simulation, the aerosol direct effect 
feedback is disabled, and the difference between the BASE and NoADE 
simulations highlights the influence of ADE on solar radiation. Similarly, 
the NoCRE (No Cloud Radiation Effect) simulation disables the cloud 
radiation effect option in the WRF model, and the differences between 
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the BASE and NoCRE simulations reveal the CRE on solar radiation.

3. Results

3.1. Analysis of observational data from 1994 to 2023

Fig. 2 presents an analysis of meteorological factors (cloud cover, 
sunshine duration, cumulative solar radiation, and precipitation) in 
Korea from 1994 to 2023, along with PM10 concentrations from 1996 to 
2023. To examine long-term trends, the data were analyzed at the 
following 10-year intervals: 1994–2003, 2004–2013, and 2014–2023. 
PM10 was selected as the indicator of aerosol concentrations for this 
analysis, given its longer observational record compared to PM2.5. These 
results are crucial for understanding the impacts of aerosols and mete
orological factors on solar radiation. Over the past 30 years, PM10 
concentrations have shown an overall decreasing trend, with a notable 
25 % reduction observed in the last decade (2014–2023) compared to 
2004–2013 (Fig. 2a). This reduction can be attributed to the positive 
effects of the emission reduction policies implemented by the Korean 
government, as mentioned in previous research (Kim and Lee, 2018). 
The decrease in PM10 concentrations likely led to a reduction in ADE, 
resulting in an increase in surface solar radiation. Over the last decade 
(2014–2023), solar radiation and sunshine duration increased by 
approximately 6 % and 11 %, respectively (Fig. 2e, f). Monthly PM10 
concentrations peaked in spring (March, April, Mar), with the highest 
concentration observed in March (66 μg⋅m− 3), indicating that aerosols 
can significantly reduce solar radiation during this season. Cloud cover 
has increased slightly by 1 % over the past 30 years, with no significant 
long-term trend observed (Fig. 2c). While cumulative precipitation 
decreased from 2014 to 2023 (Fig. 2d), solar radiation and sunshine 
duration increased (Fig. 2e, f). While cloud cover exhibited a slight 

increase and precipitation showed a decreasing trend, these changes 
alone do not seem to account for the observed increase in surface solar 
radiation. Rather, the overall reduction in PM10 concentrations appears 
to have played a more influential role, likely as a result of recent 
emission control efforts. Aerosols scatter and absorb solar radiation, 
thereby reducing the amount that reaches the surface. As PM10 con
centrations declined, the associated attenuating effect on solar radiation 
weakened, resulting in increased surface solar radiation. For example, 
during 2004–2013, a 5.5 % decrease in PM10 concentrations did not 
correspond to a noticeable change in sunshine duration. In contrast, 
between 2014 and 2021, a 25 % decrease in PM10 concentrations was 
associated with an 11 % increase in sunshine duration. This inverse 
relationship is consistent with previous findings (Lee et al., 2022), which 
highlight the positive impact of aerosol reduction on solar radiation. 
Nonetheless, the complex interactions among aerosols, clouds, and 
precipitation can vary depending on cloud type and seasonal meteoro
logical conditions, indicating the need for further quantitative assess
ment to accurately isolate each contribution.

Solar energy generation is highly influenced by changes in solar ra
diation. With the reduction in ADE due to lower PM10 concentrations, 
solar radiation increased, potentially improving the efficiency of solar 
power generation. Over the past 30 years (1994–2023), cloud cover has 
not exhibited a statistically significant long-term trend, suggesting that 
its contribution to the observed increase in surface solar radiation is 
likely limited. This indicates that the increase in solar radiation may be 
more closely related to reductions in aerosol loading, particularly the 
decline in PM10 concentrations. Nevertheless, cloud cover plays a crit
ical role in modulating solar radiation. Different types of clouds can 
either block or scatter incoming sunlight, thereby influencing the 
amount of solar radiation reaching the surface (L’Ecuyer et al., 2019; He 
et al., 2024). Previous studies have shown that clouds often exert a more 
pronounced influence on solar radiation than aerosols (Yamasoe et al., 
2017; Dumka et al., 2021). Therefore, while cloud cover may not have 
significantly contributed to long-term solar radiation trends, its radia
tive effects, along with those of aerosols, can still impact the efficiency of 
solar energy systems. Therefore, while cloud cover may not have 
significantly contributed to long-term solar radiation trends, its radia
tive effects, alongside those of aerosols, can still impact the efficiency of 
solar energy systems.

Fig. 1. Model domain illustrating the locations of meteorological observation stations (blue triangles) and air quality monitoring stations (green circles), along with 
the five shaded regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Overview of the simulation scenarios conducted in this study.

Simulation Aerosol direct effect Cloud radiative effect

BASE O O
NoADE X O
NoCRE O X
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To this end, this study focused on analyzing the impact of aerosols 
and clouds on solar radiation over the Korean Peninsula in March 2019, 
which was selected based on long-term observational data showing that 
monthly PM10 (Fig. 2b) and PM2.5 (Fig. S1b) concentrations peaked in 
March, averaging 66 μg⋅m− 3 and 30 μg⋅m− 3, respectively. In particular, 
March 2019 recorded high concentrations of PM10 (62 μg⋅m− 3) and 
PM2.5 (39 μg⋅m− 3), making it one of the most polluted March periods in 
recent years. Importantly, this period was not influenced by dust storm 
events, ensuring that the elevated aerosol loading was predominantly 
anthropogenic. Based on these considerations, March 2019 was selected 
as the case study period for assessing the spatiotemporal impacts of 
aerosol-cloud-radiation interactions on solar energy availability over the 
Korean Peninsula.

3.2. Model validation

To evaluate the accuracy of the WRF simulations for solar radiation 
and meteorological factors, the performance of the model was assessed 

against 39 Automated Synoptic Observing System (ASOS) sites across 
Korea, where solar radiation is measured (Table 2). The evaluation 
focused on data from March 2019, and the meteorological factors 
assessed were the 2-m air temperature (T2), 10-m wind speed (WS10), 
solar radiation, and total cloud cover using hourly data.

For air temperature (T2), the Index of Agreement (IOA) and corre
lation coefficient (R) were 0.87 and 0.83, respectively, indicating that 
the model captured the diurnal variability well, though a slight 

Fig. 2. Long-term trends of (a) PM10, (b) monthly PM10, (c) cloud cover, (d) annual cumulative precipitation, (e) annual cumulative solar radiation, and (f) sun
shine duration.

Table 2 
Statistical validation results of simulated and observed T2, WS10, solar radia
tion, CF, and PM10.

Obs. mean Model mean MB IOA R

T2 (◦C) 7.59 5.52 − 2.07 0.87 0.83
WS10 (m⋅s− 1) 2.32 3.45 1.13 0.70 0.58

Solar radiation (MJ⋅m− 2) 1.15 1.38 0.23 0.83 0.72
CF (0–10 scale) 4.83 5.30 0.47 0.75 0.54
PM10 (μg⋅m− 3) 63.89 43.04 − 20.85 0.67 0.53
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underestimation was observed with a mean bias (MB) of − 2.07 ◦C. Wind 
speed (WS10) was overestimated by 1.13 m⋅s− 1 compared to observa
tions, but the IOA and R were 0.70 and 0.58, respectively, showing that 
the model simulated winds reasonably well. Despite the tendency to 
underestimate temperature, overall simulation results for temperature 
and wind speed met the baseline criteria proposed by Emery et al. 
(2001) (T2: Bias ≤ ±0.5 ◦C; IOA ≥ 0.7, WS10: Bias ≤2.0 m⋅s− 1; IOA ≥
0.6). Regarding solar radiation and cloud cover, which are critical for 
solar energy generation, the model tended to slightly overestimate both 
compared to the observations. However, the IOA (R) for solar radiation 
was 0.83 (0.72), and for cloud cover, it was 0.75 (0.54), indicating 
reasonable accuracy. The overestimation of cloud cover in the WRF 
model may be due to limitations in cloud microphysical schemes.

Additionally, the CMAQ simulation results for PM10 concentrations 
were compared to hourly measurement data from 320 AQMS sites. 
Although the simulation tended to underestimate PM10 levels, an IOA of 
0.67 indicated that the model effectively captured the variability of 
PM10 concentrations. The inaccuracy of the air quality simulation results 
could be attributed to uncertainties in the anthropogenic emissions data, 
initial and boundary conditions, and the meteorological model output 
(Miao et al., 2017). Overall, the good agreement between the simulation 
results and the observations suggests that the model is suitable for 
analyzing the impact of aerosols and clouds on solar radiation in Korea.

3.3. Cloud and aerosol distribution

Fig. 3 presents the spatial distributions of the average cloud fraction 
(CF), PM10, and aerosol optical depth (AOD) simulated from the BASE 
simulations conducted for March 2019. To supplement the representa
tion of aerosol characteristics, the spatial distribution of PM2.5 is pre
sented in the supplementary material (Fig. S2). According to Li et al. 
(2024), orographic uplift on the windward side of mountainous areas 
enhances updrafts and intensifies the cloud and precipitation processes, 
leading to increased cloud cover. In our study, CF values greater than 6 
were observed in regions located on the windward side of high-altitude 
mountainous areas, specifically to the west of the GW region, east of the 
central region, and south of the western region. In Korea, March is 
influenced by northwesterly winds, which promote active cloud for
mation along the windward slopes of mountain ranges. This is because 
of the enhanced updrafts caused by orographic effects, which lift air as it 
ascends mountainous terrain, cooling and forming clouds more 
frequently. Consequently, cloud formation was concentrated in March in 

these areas because of the strengthened updrafts caused by the terrain.
The spatial distributions of PM10, PM2.5, and AOD were relatively 

high in western SMA and the western regions. This can be attributed to 
the higher population density and anthropogenic emissions in these 
areas (Yoo et al., 2019). Similar spatial distributions were observed by 
Jun and Gu (2023), who reported high PM2.5 concentrations in Seoul 
and western Korea in March 2019. These high aerosol concentrations 
(PM10 and PM2.5, and AOD) are primarily attributed to the long-range 
transport of air pollutants from foreign countries, which is consistent 
with the findings of this study.

To assess the validity of the results of this study, we compared the 
AOD values derived from MERRA-2 reanalysis data with those simulated 
using the CMAQ model. MERRA-2 provides AOD data at a spatial res
olution of 0.5◦ × 0.625◦ and a temporal resolution of 3-h intervals 
(Fig. S3). For comparison, the March AOD values from both datasets 
were averaged. Although the CMAQ model tended to slightly underes
timate AOD compared to MERRA-2, it successfully captured the spatial 
distribution, with higher AOD values over the SMA and western Korea 
and lower values over the eastern regions. In contrast, MERRA-2 showed 
an elevated AOD over the Yellow Sea (West Sea), which is indicative of 
the long-range transport of aerosols. However, this underrepresented 
the high AOD levels linked to domestic emissions in Korea. The high- 
resolution CMAQ results highlighted regions of high AOD driven by 
local emissions more effectively (Fig. 3). Furthermore, the CMAQ model 
reflects the spatial distribution of aerosols across the Korean Peninsula 
more accurately, allowing us to better identify regions where the effects 
of ADE and CRE are pronounced. Through this analysis, the combination 
of CF and aerosol (PM10, PM2.5, and AOD) spatial distributions from 
numerical models helps identify areas where aerosols and clouds 
interact significantly, providing deeper insights into regional variations 
in ADE and CRE.

3.4. Solar radiation distribution

Fig. 4 presents the spatial distributions of accumulated surface solar 
radiation (SSR), direct solar radiation (SSR_DIR), and diffuse solar ra
diation (SSR_DIF) over the Korean Peninsula for March 2019. Direct 
solar radiation refers to solar energy that reaches the surface without 
being scattered or absorbed by aerosols or clouds. It was generally 
higher under clear skies with minimal cloud cover. Conversely, high 
aerosol concentrations or thick cloud cover can significantly reduce 
direct solar radiation. While diffuse radiation generally increases on 

Fig. 3. Spatial distributions of monthly average cloud fraction (CF, 0–10 scale), PM10 (μg⋅m− 3), and aerosol optical depth (AOD) for BASE simulation during 
March 2019.
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days with higher aerosol concentrations or moderate cloud cover due to 
enhanced scattering, both diffuse and direct solar radiation can decrease 
significantly under very thick cloud conditions because of strong 
attenuation.

The spatial pattern of SSR_DIR results from the impacts of both the 
ADE and CRE, as represented in the BASE simulation. This suggests that 
aerosols and clouds significantly reduce solar radiation in these areas. In 
contrast, regions with higher topography, such as the eastern GW and 
the eastern region, recorded relatively higher SSR_DIR. Mountainous 
terrains promote orographic lifting, which cools the air and enhances 
cloud formation. Consequently, cloud formation is more active on the 
windward side of the mountains, reducing radiation, whereas the 
descending air on the leeward side is relatively dry, leading to clearer 
skies. For SSR_DIF, lower values were observed in the SMA, where 
aerosol concentrations were higher, whereas regions with more cloud 
cover showed increased SSR_DIF, which corresponded to the spatial 
cloud fraction distribution shown in Fig. 3. Previous studies have re
ported that under broken-cloud conditions, solar radiation can be re
flected from the sides of clouds, increasing the amount of radiation 
reaching the surface (Pfister et al., 2003; Emck and Richter, 2008; Berg 
et al., 2011; de Andrade and Tiba, 2016). This suggests that clouds play a 
major role in solar radiation scattering.

In conclusion, regions with high aerosol concentrations exhibited 
reduced SSR_DIR values due to ADE. Areas with significant cloud cover 
showed an increase in SSR_DIF, likely due to cloud scattering effects. 
However, the spatial distributions of CF and AOD alone are insufficient 
to fully explain the observed variations in SSR, SSR_DIR, and SSR_DIF. 
Therefore, further numerical model simulations are required to quan
titatively assess the relative contributions of ADE and CRE. Such ana
lyses will enhance our understanding of solar radiation variability and 
the quantitative impacts of aerosols and clouds on solar radiation.

3.5. Aerosol and cloud effects

Fig. 5 shows the impacts of ADE and CRE on accumulated SSR, 
SSR_DIR, and SSR_DIF in March. Overall, due to the influence of aerosols 
and clouds, both SSR and SSR_DIR decreased, whereas SSR_DIF 
increased; however, their spatial distributions varied. The direct effect 
of aerosols led to average decreases in SSR and SSR_DIR of − 33 MJ⋅m− 2 

(− 6 %) and − 64 MJ⋅m− 2 (− 20 %), respectively (Table 3). The reduction 
in solar radiation was particularly pronounced in regions with high 
AOD, such as the southeastern SMA region and the central eastern part 

of the Korean Peninsula. In contrast, SSR_DIF increased by an average of 
+30 MJ⋅m− 2 (+13 %) due to aerosol scattering, which caused the sun
light to spread in multiple directions, reaching the surface after being 
scattered in the atmosphere. The effect of clouds (CRE) followed a 
pattern similar to that of aerosols (ADE), but the impact was more sig
nificant. In regions with high cloud cover, such as GW and the eastern 
West region and East region, SSR and in SSR_DIR decreased by − 113 
MJ⋅m− 2 (− 20 %) and − 224 MJ⋅m− 2 (− 70 %), respectively, as clouds 
more effectively blocked solar radiation. However, in areas with sig
nificant cloud cover, SSR_DIF increased by an average of +110 MJ⋅m− 2 

(+46 %), with the scattering effect of clouds particularly strong in high- 
altitude regions like GW and the West region.

Temporal variability is a key factor in solar power generation fore
casting (Oh et al., 2022), and the impact of ADE and CRE exhibit distinct 
differences between daytime and nighttime. In the BASE simulation, 
which includes both aerosol and cloud radiative effects, daytime tem
peratures were generally lower than those in the NoADE and NoCRE 
simulations (Fig. 6 and Table S2), likely due to reductions in surface 
solar radiation from both aerosol scattering/absorption and cloud al
bedo shading. However, the nighttime thermal response differs between 
CRE and ADE. Clouds contribute significantly to nighttime warming by 
absorbing and reemitting longwave radiation, thereby mitigating radi
ative cooling near the surface. In the NoCRE simulation, where this ef
fect is removed, more rapid surface cooling occurred, resulting in the 
lowest nighttime average temperature (1.81 ◦C) and the largest diurnal 
temperature range (8.10 ◦C) among the simulations.

By contrast, the NoADE simulation retained the cloud radiative ef
fect, allowing the nocturnal warming influence of clouds to persist. 
Accordingly, nighttime temperatures in the NoADE simulation were 
relatively higher (3.34 ◦C), and the diurnal temperature range was 
smaller (6.93 ◦C), despite elevated daytime temperatures resulting from 
the absence of aerosol-induced solar attenuation. This led to a higher 
monthly mean 2-m temperature in NoADE (6.51 ◦C) compared to NoCRE 
(5.53 ◦C), even though CRE had a greater overall effect on reducing 
surface solar radiation than ADE. These results underscore the distinct 
radiative roles of clouds during the day and night, as they reduce 
incoming shortwave radiation in the daytime while absorbing and ree
mitting longwave radiation at night. These contrasting radiative effects 
of clouds during day and night clarify the temperature response patterns 
seen in the model simulations.

Although nighttime cloud effects do not directly alter daytime solar 
radiation, their modulation of nighttime surface cooling and subsequent 

Fig. 4. Spatial distributions of cumulative surface solar radiation (SSR), cumulative direct shortwave radiation (SSR_DIR), and cumulative diffuse shortwave ra
diation (SSR_DIF) for BASE simulation during March 2019.
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Fig. 5. Spatial distributions of the aerosol direct effects (ADE) and cloud radiation feedback (CRE) on surface solar radiation (SSR, MJ⋅m− 2), direct radiation 
(SSR_DIR, MJ⋅m− 2), and diffuse radiation (SSR_DIF, MJ⋅m− 2) during March 2019.
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boundary layer development can influence early morning atmospheric 
conditions, potentially affecting solar irradiance and the predictability 
of solar energy generation. Therefore, understanding the diurnal ther
mal response shaped by CRE and ADE is essential for improving solar 
power forecasting accuracy. These findings also demonstrate that 
aerosols and clouds influence both the magnitude and composition of 
surface solar radiation by reducing direct solar radiation (SSR_DIR) and 
increasing diffuse radiation (SSR_DIF), and they additionally affect the 
diurnal temperature cycle and atmospheric stability. Neglecting these 
effects may lead to an overestimation of solar power generation, 
particularly in regions with high AOD or frequent cloud cover, thereby 
decreasing forecasting accuracy and operational reliability.

3.6. Effects of ADE and CRE under different cloud types

3.6.1. Cloud types
In the previous analysis (Section 3.5), it was observed that the im

pacts of ADE and CRE varied between daytime and nighttime owing to 
differences in cloud cover and radiative cooling. These effects are also 
influenced by cloud type. This section explores how ADE and CRE differ 
according to the cloud type. Generally, clouds can be categorized into 
two main types: stratus and cumulus clouds. Stratus clouds are thin, 
widespread clouds formed at lower altitudes and typically result from 
the cooling of surface air via radiative cooling. These clouds primarily 
form at night or during early morning, peaking their impact on solar 
radiation during the early morning (Eastman and Warren, 2014). On the 
other hand, cumulus clouds are vertically developed clouds that form 
during the afternoon when surface heating is the greatest due to solar 
radiation. Cumulus clouds have a significant influence on solar radiation 
during the midday and afternoon. Thus, cloud formation times differ 
based on cloud type, as do their impacts on solar radiation. This ne
cessitates an analysis of ADE and CRE based on cloud type. Fig. 7 shows 
the hourly frequency of stratus and cumulus cloud occurrences from 
2009 to 2023 as observed at the meteorological sites (indicated by red 
stars in Fig. 1). The results revealed that stratus clouds increase in 

Table 3 
Averaged cumulative surface solar radiation (SSR), cumulative direct shortwave 
radiation (SSR_DIR), and cumulative diffuse shortwave radiation (SSR_DIF) in 
BASE simulation and ADE aerosol direct effects (ADE) and cloud radiation 
feedback (CRE).

BASE ADE CRE

SSR 553 MJ⋅m− 2 − 33 MJ⋅m− 2 − 113 MJ⋅m− 2

SSR_DIR 318 MJ⋅m− 2 − 64 MJ⋅m− 2 − 224 MJ⋅m− 2

SSR_DIF 238 MJ⋅m− 2 +30 MJ⋅m− 2 +110 MJ⋅m− 2

Fig. 6. Time series of 2-m average temperature (T2) from the BASE, NoADE, and NoCRE simulations during March 2019.

Fig. 7. Hourly average occurrence frequencies of stratus and cumulus clouds observed at meteorological stations (indicated in Fig. 1) from 2009 to 2023.
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frequency starting at approximately 03:00 LST, peaking at 08:00 LST, 
and then gradually decrease. In contrast, cumulus clouds begin to in
crease in frequency around 11:00 LST, reaching their maximum at 14:00 
LST. These differences in cloud type mechanisms and timings indicate 
that stratus and cumulus clouds distinctly affect solar radiation 
throughout the day. Understanding these differences is essential to 
interpret the impacts of ADE and CRE.

3.6.2. Spatial and temporal variability in cloud occurrence and its influence 
on ADE and CRE

Cloud formation varies not only temporally but also owing to 
regional topographical and geographical characteristics. In this section, 
we analyze the spatial and temporal differences in ADE and CRE, along 
with their impacts on solar radiation. To better understand this, we 
categorized our analysis based on the time of day when stratus clouds 
(07:00–09:00 LST) and cumulus clouds (14:00–16:00 LST) were most 

frequent. As the total amount of solar radiation varies depending on both 
the time and location of cloud formation, we calculated the contribu
tions of ADE and CRE during these periods across different regions to 
compare their spatial and temporal effects. The contributions were 
determined using the following equation: 

Contribution =
SW − SWi

SW
×100(%)

Where SW refers to the average solar radiation from the BASE 
simulation, and SWi represents the daytime-averaged solar radiation 
from the NoADE and NoCRE simulations. Since this equation yields 
negative values to represent the reduction in solar radiation, all 
contribution values were presented as absolute values to emphasize the 
magnitude of the reduction and to enhance visual clarity. This approach 
allows for a clearer comparison of how ADE and CRE influence solar 
radiation at different times of the day.

Fig. 8. Mean contributions of the aerosol direct effect (ADE) and cloud radiative effect (CRE) to the reduction in surface solar radiation during the daytime 
(07:00–17:00 LST), morning (07:00–09:00 LST), and afternoon (14:00–16:00 LST) in March 2019, across five regions: the Seoul Metropolitan Area (SMA), Gangwon 
(GW), Central, East, and West.
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Fig. 8 illustrates the regional contributions of ADE and CRE to solar 
radiation during the daytime period (07:00–19:00 LST), the morning 
(07:00–09:00 LST) when stratus clouds were most prevalent, and the 
afternoon (14:00–16:00 LST) when cumulus clouds were most frequent. 
Significant reductions in solar radiation were observed across all pe
riods, with the largest impacts in the SMA region, where ADE and CRE 
contributed 14 % and 27 %, respectively, indicating stronger attenua
tion of solar radiation compared to other regions.

In the SMA, the CRE contribution was greater in the morning (32 %) 
than in the afternoon (27 %). Conversely, in the GW region, the CRE 
contribution was greater in the afternoon (24 %) than in the morning 
(19 %). Although stratus clouds exhibited higher absolute frequency 
than cumulus clouds even in the afternoon (Fig. 7), the stronger 

afternoon CRE in the GW region is likely due to the presence of optically 
thicker cumulus clouds. These clouds are formed through enhanced 
convective activity driven by surface heating over mountainous terrain, 
which is characteristic of the GW region. According to Demko et al. 
(2009), cumulus clouds tend to form more frequently around midday in 
mountainous areas due to terrain-induced circulation. Therefore, when 
interpreting CRE, it is essential to consider cloud type and optical 
properties, not just occurrence frequency. The ADE contribution was 
approximately 4 % greater in the morning than in the afternoon in both 
the SMA and western regions. This was linked to higher AOD concen
trations during the morning, particularly in the SMA, where maximum 
AOD levels occurred in the early hours (Fig. S4), resulting in more 
substantial ADE-induced attenuation of solar radiation.

Fig. 9. Spatial distributions of the contributions of the aerosol direct effect (ADE) and cloud radiative effect (CRE) to the reduction in the surface solar radiation 
during the daytime (07:00–17:00 LST), morning (07:00–09:00 LST), and afternoon (14:00–16:00 LST) in March 2019, across five regions: the Seoul Metropolitan 
Area (SMA), Gangwon (GW), Central, West, and East.
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Consequently, both aerosols and clouds contributed to the reduction 
in surface solar radiation, with their impacts exhibiting distinct spatial 
and temporal variations (Fig. 9). The highest contributions of both ADE 
and CRE were observed in the SMA region, which also exhibited the 
greatest population density and AOD levels. Temporally, their influence 
in the SMA was more pronounced in the morning (07:00–09:00 LST), 
aligning with the higher frequency of stratus clouds. In contrast, in the 
GW region, characterized by complex mountainous terrain, cumulus 
clouds were more frequent in the afternoon (14:00–16:00 LST), leading 
to a stronger CRE impact during that period. The orographic features 
and elevated topography of the region enhance surface heating and 
promote convective uplift, which are favorable conditions for afternoon 
cumulus cloud development.

Given these spatial and temporal differences, variability in aerosols 
and clouds can cause imbalances in solar energy generation, potentially 
intensifying the Duck Curve phenomenon. For instance, in the SMA re
gion, the frequent occurrence of stratus clouds in the morning may 
suppress solar power output, complicating efforts to manage midday 
electricity surplus. Conversely, in the GW region, afternoon cumulus 
development leads to increased solar radiation variability, contributing 
to greater uncertainty in solar power forecasts. Consequently, under
standing the spatiotemporal impacts of ADE and CRE can enhance the 
accuracy of solar power generation forecasts and provide valuable in
sights for optimal site selection in solar energy planning.

4. Conclusion

In this study, we analyzed long-term observational data (1994–2023) 
to confirm the negative correlation among PM10 concentrations, solar 
radiation, and sunshine duration across the Korean Peninsula. This 
finding indicates that solar radiation can vary with the aerosol con
centration (PM10, PM2.5, and AOD). We focused on March 2019, a month 
characterized by high PM10 and PM2.5 levels, to quantitatively assess the 
impacts of ADE and CRE on solar radiation using the WRF-CMAQ 
coupled model. Overall, the analysis revealed that both ADE and CRE 
contributed to a decrease in solar radiation and direct solar radiation 
while increasing diffused solar radiation. Notably, in the NoCRE simu
lation, nighttime temperatures were the lowest, which was attributed to 
greater cooling of the surface due to the absence of clouds compared 
with other simulations. Regionally, the effects of ADE and CRE were 
more pronounced in the SMA, where high population density and sig
nificant anthropogenic emissions led to marked reductions in solar ra
diation, particularly in the morning (07:00–09:00 LST), when AOD 
concentrations were elevated. In contrast, the GW region, characterized 
by higher elevation and mountainous terrain, exhibited the greatest 
influence of the CRE in the afternoon (14:00–16:00 LST), when cumulus 
cloud formation was frequent. These results suggest that the contribu
tions of ADE and CRE to solar radiation can vary significantly based on 
topographical features and spatial and temporal distributions of aerosols 
and clouds.

This study provides critical insights into the spatial and temporal 
effects of aerosols and clouds on solar radiation using a meteorological- 
air quality coupled model, offering valuable implications for solar en
ergy forecasting and site selection. By quantifying the contributions of 
ADE and CRE, this study assessed the atmospheric and meteorological 
suitability of various regions for solar energy deployment from an 
environmental perspective. However, practical solar energy site selec
tion must also consider additional factors, including terrain, population 
density, grid infrastructure, and land-use constraints. As such, this study 
does not aim to directly recommend specific sites, but rather provides a 
scientific foundation for considering environmental factors in solar 
development planning.

Furthermore, while this study focused on a short-term simulation 
period due to computational limitations, it highlights the importance of 
long-term assessments that encompass seasonal and interannual vari
ability. Future research should aim to conduct long-term simulations 

considering annual and seasonal variations, and incorporate aerosol 
indirect effects to enable a more comprehensive assessment of aerosol- 
cloud-radiation interactions and their influence on surface solar 
radiation.
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