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Abstract—This study investigates the impact of atmospheric clouds on surface solar radiation and the performance of photovoltaic (PV) panels in Asian countries. Using remote sensing data from the MODIS satellite and the Copernicus Atmosphere Monitoring Service (CAMS), the changes in total cloud cover (TCC), low (LCC), middle (MCC) , and high (HCC) clouds, global horizontal irradiance (GHI) and direct Normal irradiance (DNI) are investigated between 2016 and 2024. For this purpose, regions such as Pakistan, Aksai Chin, Jammu and Kashmir, Timor-Leste, Kazakhstan, Taiwan, Malaysia, Hong Kong, Kuril Islands, Macau, Laos, Vietnam, and Sri Lanka in Asian regions are analyzed. The results show a significant increase in total cloud cover in Pakistan (from 0.14 to 0.88), Aksai Chin (from 0.24 to 0.88), and Jammu and Kashmir (from 0.36 to 0.94), resulting in a decrease in GHI and DNI. Low cloud cover increased in Aksai Chin (an increase of 0.36) and Taiwan (0.33), while mid-level cloud cover increased in Aksai Chin (0.40) but decreased in Macau and Hong Kong. High cloud cover also increased in Jammu and Kashmir (0.72) and Pakistan (0.67), but showed a sharp decrease in the Kuril Islands. 
Keywords—Cloud cover, solar radiation, solar panels, GHI, DNI, climate change, remote sensing.
Introduction 
Renewable energies have become one of the main focuses of global scientific research and policymaking in recent decades due to their vital role in reducing dependence on fossil fuels and combating climate change [1], [2]. Among these resources, solar energy has a special place due to its abundance, sustainability, and high potential for producing clean electricity [3],[4]. Photovoltaic (PV) panels, as one of the leading technologies, have enabled the direct conversion of solar radiation into electricity [5], [6]. It is regarded as clean energy technology that significantly participates in energy development and developing countries progress [7], [8]. This technology is not only used for commercial and industrial electricity generation, but also contributes to sustainable development by reducing greenhouse gas emissions, improving air quality, and enhancing energy security [9].
In developing Asian countries facing rapid population growth, urbanization, and industrialization, solar energy plays a key role as a sustainable alternative to meet the increasing energy needs [10], [11]. Furthermore, accurate mapping of solar resources and assessment of power generation potential at local and regional scales is essential not only for energy generation but also for applications such as agriculture, water resources management, and environmental pollution monitoring. However, the efficiency of photovoltaic systems depends on several factors, including regional climatic and atmospheric conditions. A detailed study of these factors, especially in regions with high climatic variability such as Asia, is crucial for optimizing the performance of solar panels and increasing energy efficiency [12], [13], [14]. 
The efficiency of photovoltaic panels is strongly influenced by climatic parameters such as cloud cover, aerosols, dust, and atmospheric humidity [15]. Clouds, as one of the main barriers to solar radiation, can reduce up to 60–70% of global horizontal irradiance (GHI) and direct Normal irradiance (DNI) by absorbing and scattering shortwave radiation and reflecting longwave radiation  [16], [17]. This reduction has significant effects, especially in concentrated solar power (CSP) technologies that rely heavily on direct radiation [18]. In addition to clouds, aerosols and dust also affect the Earth’s surface radiation budget by scattering and absorbing solar radiation and disrupting hydrological and climate cycles [19], [20].  In Asian regions, especially in South Asia, high aerosol loads from local sources such as biomass burning, industrial activities and dust storms exacerbate these effects [21]. 
These factors not only reduce solar radiation, but also affect the lifetime and type of clouds by changing the microphysical properties of clouds. These factors also indirectly affect solar energy production [22]. For example, in regions such as Pakistan and Aksai Chin, increased cloud cover and aerosols have led to a significant decrease in GHI and DNI. While oceanic regions such as the Paracel Islands have seen an increase in these parameters due to clearer atmospheric conditions [21]. This climatic variability highlights the need for detailed and regional studies to optimize the deployment of solar panels [23]. High atmospheric humidity and seasonal rainfall, especially in tropical regions such as Malaysia, can also have negative effects on solar panel efficiency by increasing the formation of thick clouds.
The main objective of this study is to comprehensively investigate the relationship between cloud cover and solar radiation (GHI and DNI) in Asian countries using remote sensing data from MODIS [24] and the Copernicus Atmosphere Monitoring Service (CAMS) from 2016 to 2024.The study analyzes the temporal and spatial variations in total cloud cover (TCC), low cloud cover (LCC), mid-level cloud cover (MCC), and high cloud cover (HCC). Another key objective is to apply regression models to quantify the relationship between cloud cover and solar radiation reduction to enable more accurate predictions of weather impacts on photovoltaic panel efficiency. The study also compares weather conditions in continental and oceanic regions and examines the effects of regional weather factors, such as increased atmospheric humidity and changing weather patterns, on solar energy production. This research not only increases understanding of the complex interactions between atmospheric factors and solar energy, but also supports the development of sustainable strategies for renewable energy exploitation in Asia.
Data
This study used ground-based, modeled, and satellite data to investigate the impact of cloud cover on solar radiation in Asia (2016–2024). AERONET data were collected from stations such as ARIES (Nainital, India) to measure AOD (aerosol optical depth) with an accuracy of ±0.01 at λ>400 nm [48, 50]. CAMS (Copernicus Atmosphere Monitoring Service) provided AOD and cloud cover forecasts with a resolution of 1 h and 0.4° [57, 58]. Satellite data included MODIS (Terra and Aqua) with a 6.1 level 3 suite (1° × 1° resolution) for AOD550 and MSG (Meteosat) with SARAH data for GHI, DNI, and COT (3 km resolution, hourly) [59, 63]. The geographical extent of the study covers 60°E to 150°E and 0°N to 50°N. Data processing was performed with Python (xarray, matplotlib, cartopy libraries) to extract NetCDF from the ZIP file and produce raster maps for cloud cover (TCC, LCC, MCC, HCC) and radiation (GHI, DNI) at pressure levels of 850, 925 and 1000 hPa. These data enabled the analysis of temporal and spatial variations for solar energy optimization.
methodology
Data Processing and Radiation Calculation
Solar irradiances are calculated with the function calculate_solar_irradiances for GHI equivalent to SSRD (surface shortwave radiation downward) and DNI/BHI equivalent to FDIR (surface shortwave direct radiation). Key inputs include solar zenith angle (SZA), cloud optical thickness (COT) and aerosol optical depth (AOD) from CAMS and MODIS. For cloudy conditions, the effects of WCOT (water clouds) and ICOT (ice clouds) are considered and the outputs are simulated in the wavelength range 285–2700 nm. The basic formulation for the GHI decomposition into components is:

Cloud modification factor (CMF) and aerosol modification factor (AMF) are calculated to quantify effects (1):
			(2)
			(3)		
where, is the maximum cloud optical thickness, and is the air mass.
Statistical Analysis and Mapping
Temporal changes are analyzed using boxplot statistics (minimum, Q1, median Q2, Q3, maximum) for cloud cover and radiation. Median changes are examined between 2016 and 2024. Linear and quadratic regression models quantify the relationship between cloud cover (e.g., TCC) and radiation (GHI/DNI). The regression formulations for the relationship between cloud cover and solar radiation are:
		
where, β0, β1, and β2 are regression coefficients. These models enable correlation quantification.
Results
Cloud Cover Changes
Since clouds absorb and scatter incoming solar radiation in the visible (0.38-0.78 μm) and infrared spectrums, the amount of solar energy entering the solar cell is lost in the reception of incoming radiation. The results show that 30% of the total energy received from the sun is reflected or absorbed by clouds, oceans, and land. Scattered solar radiation (which is attributed to absorption, reflection, or refraction) produces a lower percentage of photoelectricity than direct radiation for solar panels. For this purpose, in this section, the amount of cloud cover in different months in 2024 and its impact on the amount of energy production in parts of East and South Asia were examined. An example of the maps prepared with different cloud percentages is shown in Fig. 1. As shown in Fig. 1, the amount of cloud cover in parts of South Asia has the highest value.
Fig. 2 also shows the GHI and DNI values for different parts of Asia in 2024. The results show that the peaks of GHI and DNI are highest in the deserts located in China (southeast China).[image: ]
Fig. 1. Cloud cover status in countries across parts of Asia

Total Cloud Cover Changes and Their Relation to Solar Radiation
Statistical analysis shows a significant increase in TCC in several Asian countries between 2016 and 2024. In Pakistan, the median TCC increased from 0.14 to 0.88, indicating a transition from low cloud conditions to high cloud cover, and this change can be attributed to increased atmospheric humidity or weather patterns due to climate change. Similarly, in Aksai Chin, the median increased from 0.24 to 0.88, and in Jammu and Kashmir, it increased from 0.36 to 0.94, with this trend more pronounced in mountainous regions and may be related to increased rainfall or more intense weather activities. In Timor-Leste and Kazakhstan, increases were also observed from 0.30 to 0.65 and from 0.02 to 0.39, respectively, indicating an expansion of cloudy days. This increase in TCC is directly correlated with a decrease in solar radiation, as clouds absorb or reflect radiation, leading to a decrease in GHI and DNI. For example, in Pakistan and Aksai Chin, these changes have been associated with significant decreases in GHI and DNI, which can affect the efficiency of solar panels.[image: ]
Fig. 2. GHI and DNI values in parts of South and East Asia

Low Cloud Cover Changes and Their Impact on Solar Radiation 
LCC has increased in most of the Asian countries studied. In Aksai Chin, the median LCC increased from 0.00 to 0.36, showing the largest change, and this increase could indicate higher humidity and a greater chance of precipitation. However, in the Kuril Islands, a decrease from 1.00 to 0.73 was seen, which could indicate a shift towards drier conditions or a transition to higher clouds. LCC, due to its greater thickness, has a stronger effect on reducing DNI because it blocks direct radiation, while also affecting GHI. For example, increasing LCC in Aksai Chin is consistent with decreasing DNI and GHI, which could limit concentrated solar power generation, while decreasing in the Kuril Islands may help improve radiation.
D. Mid-Level Cloud Cover Changes and Their Impact on Solar Radiation 
MCC shows contrasting changes in Asian countries. In Aksai Chin, the median MCC increased from 0.18 to 0.58, the only significant increase, which can be attributed to greater atmospheric activity or local climate change. In contrast, decreases were observed in Macau from 0.34 to 0.04, in Hong Kong from 0.32 to 0.04, and in Laos from 0.37 to 0.12, indicating greater atmospheric stability or reduced frontal activity. MCC has a moderate impact on solar radiation because it is semi-thick and can reduce GHI and DNI. The increase in MCC in Aksai Chin is consistent with a decrease in GHI and DNI and may affect the efficiency of solar systems. While reductions in Macau, Hong Kong and Laos could lead to a relative increase in radiation, providing better opportunities for energy production.
E. High Cloud Cover Changes and Their Impact on Solar Radiation 
HCC shows diverse changes in Asian countries between 2016 and 2024. In the Kuril Islands, the median HCC has decreased sharply from 0.93 to 0.00, which can be attributed to clearer weather conditions and reduced moisture in the upper atmosphere. In contrast, increases are observed in Jammu and Kashmir from 0.03 to 0.75, in Pakistan from 0.01 to 0.67, and in East Timor from 0.02 to 0.62. These results indicate increased atmospheric activities in the upper layers. HCC has a smaller impact on GHI due to its thinness, but can reduce DNI to some extent. For example, increases in HCC in Pakistan and Jammu and Kashmir are associated with decreases in GHI and DNI, while decreases in the Kuril Islands may help improve radiation, and these changes could have implications for solar energy strategies.
F. Global Horizontal Irradiance Changes and Their Relation to Cloud Cover 
Global horizontal radiation (GHI or SSRD), (total surface solar radiation) shows different changes in Asian countries between 2016 and 2024. In the Paracel Islands and Vietnam, GHI has increased significantly, which is likely attributed to a decrease in total cloud cover or improved weather conditions, enhancing the potential for photovoltaic energy generation. In contrast, in Aksai Chin, Pakistan, GHI has decreased, consistent with an increase in total cloud cover. This decrease in GHI, caused by the absorption and scattering of radiation by clouds, can reduce the efficiency of photovoltaic panels by 20-30%. While the increase in GHI in tropical regions such as Vietnam provides more opportunities for solar energy development (Figs. 3 and 4).
G. Direct Normal Irradiance Changes and Their Relation to Cloud Cover 
Direct solar irradiance (DNI or FDIR) shows diverse trends across Asian countries. In the Paracel Islands and Palau, DNI has increased significantly, reflecting clearer weather conditions and possibly a decrease in thick cloud cover. In contrast, in Pakistan, Aksai Chin, DNI has decreased, consistent with an increase in total cloud cover. DNI is sensitive to thick clouds, and is affected by increased cloud cover, which can limit the production of concentrated solar systems by up to 40%. While the increase in DNI in oceanic regions creates great potential for these technologies.
H. Regression Analysis of Cloud Cover and Solar Radiation 
The formulations for each type of cloud cover and their effects on radiation and solar energy production are explained below:
For TCC and GHI, the linear formulation with , and the polynomial formulation is with  have been calculated. These formulations show that with increasing TCC, GHI decreases linearly and nonlinearly, such that increasing TCC from 0 to 1 can reduce GHI. This decrease in countries such as Pakistan and Aksai Chin, with TCC increasing from 0.14 to 0.88 and from 0.24 to 0.88, respectively, has reduced the efficiency of photovoltaic panels by 20-30%. These increased values highlight the need for compensatory strategies such as the use of bi-directional panels.[image: ]
[image: A screenshot of a graph  AI-generated content may be incorrect.]
Fig. 3. Cloud cover values in countries with the greatest changes in 2016 and 2024 in Asia

For LCC and DNI, the linear formulation with , and the polynomial formulation is with  are extracted. These relationships confirm that LCC has a stronger effect on DNI due to the thickness of clouds and that the increase in LCC in Aksai Chin (from 0.00 to 0.36) is accompanied by a decrease in DNI. This increase can reduce CSP generation by up to 40%. In the Kuril Islands, the reduction of LCC from 1.00 to 0.73 may have created better conditions for DNI.
For MCC and GHI, the linear formulation with , and the polynomial formulation is  were calculated. These formulations indicate the average effect of MCC on GHI due to semi-thick middle clouds. The increase in MCC in Aksai Chin (from 0.18 to 0.58) is consistent with the decrease in GHI, while the decrease in MCC in Macau and Hong Kong (to 0.04) can lead to a relative increase in GHI and improve photovoltaic power generation.
For high cloud cover (HCC) and DNI, the linear formulation with , and the polynomial formulation is with  are obtained. HCC has a smaller effect on DNI due to the thinness of clouds, but its increase in Pakistan (from 0.01 to 0.67) is associated with a decrease in DNI.
These increased values could limit CSP production by 10-30%. The decrease in HCC in the Kuril Islands (from 0.93 to 0.00) has probably created better conditions for direct radiation. Regression formulations confirm that increased cloud cover, especially TCC and LCC, is associated with a significant decrease in GHI and DNI, and this effect is more pronounced in continental regions such as Pakistan and Aksai Chin. In contrast, oceanic regions such as the Paracel Islands and Palau show an increase in GHI and a higher potential for solar power generation. Low R2 values indicate the complexity of the relationships and the influence of other factors such as aerosols and solar zenith angle.[image: ]
Fig. 4. GHI and DNI values in countries with the greatest changes in 2016 and 2024 in Asia

Conclusion 
This study investigated the impact of cloud cover changes on solar radiation and photovoltaic panel performance in Asian countries from 2016 to 2024 using remote sensing data (MODIS and CAMS) and statistical analysis. Results showed a significant increase in TCC in continental regions such as Pakistan (from 0.14 to 0.88), China (from 0.24 to 0.88), and Jammu and Kashmir (from 0.36 to 0.94). This increase reduced GHI and direct normal irradiance (DNI), lowering solar panel efficiency by 30–50%. LCC increased in China, significantly reducing DNI due to thick clouds, which poses challenges for CSP systems. Oceanic regions exhibited high potential for solar energy production with increased GHI and DNI. Linear and polynomial regression models (with between 0.03 and 0.08) confirmed that increased TCC and LCC have a stronger impact on reducing radiation, while HCC has a lesser effect. These changes, likely driven by increased atmospheric humidity and climate patterns, emphasize the need for compensatory technologies like bifacial panels and energy storage in cloudy regions. Further research on accurate cloud cover forecasting and adapting technologies to regional conditions is recommended to optimize solar energy in Asia. Also integrating smart grid framework can enhance energy storage and distribution effectively [25].
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Low Cloud Cover (fraction) Comparison for Top 5 Regions (2016 vs 2024)
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Low Cloud Cover (fraction) Comparison for Top 5 Regions (2016 vs 2024)
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1 DNI ()/m?) Comparison for Top 5 Regions (2016 vs 2024)
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