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            Abstract
          
        

        
          Satellite-derived solar irradiance was evaluated against four ground observations for clear and cloudy skies. The solar irradiance estimated by the CLAVR-x model was positively biased for clear sky and the error metrics increased when clouds exist. The COMS operational products include the solar insolation, which is underestimated when comparing with the clear sky solar irradiance measured at ground stations. The biases for clear sky were correlated with the solar zenith angle and therefore correction factor was formulated as a function of the cosine of the solar zenith angle. After the correction, the solar irradiance estimates were consistent with the observed solar irradiance. For cloudy sky, the CLAVR-x model failed to detect the cloudy pixel for shallow clouds.
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      1. Introduction
      Solar power generation plays a substantial role as a clean energy all over the world.[1] Solar resource assessment has to be made before building solar power plant. Although the in situ measurements at the ground stations are the best way to assess solar resource, there is still limitation for employing ground observations because of spatial distribution. Satellite imagery is a good alternative to avoid the spatial limitation. Geostationary satellite can be monitoring the atmospheric state and cloud cover for all day and on spatial resolution up to several hundred meters.[2,3]

      There have been several studies to derive the solar irradiance from the satellite based on statistical and physical models.[4,5,6,7] For example, Kim et al.[7] developed the University of Arizona Solar Irradiance Based on Satellite (UASIBS) model to derive the solar irradiance over Southwestern U.S. including Arizona, Nevada and California by using Geostationary Operational Environmental Satellite-15 (GOES-15) products and look-up tables that are precompiled by radiative transfer model. They found that the UASIBS estimates are well-consistent with solar irradiance observed at three ground stations.

      In Korea, several attempts have been made to derive solar irradiance from satellite imagery since Communication, Ocean and Meteorology Satellite (COMS) was launched at 128.2 oE in longitude in 2011.[8,9,10] The Korea Meteorological Administration (KMA) generates the solar irradiance as operational products every fifteen minute. In addition, Cooperative Institute for Meteorological Satellite Studies at the University of Wisconsin Madison collects COMS data and then produces the solar irradiance over East Asia as a project of the Clouds from AVHRR Extended System (CLAVR-x). This study aims at evaluating solar irradiance estimates from CLAVR-x model and COMS products against in situ measurements at the ground stations. Section 2 introduces the data employed in this study. Results are given in Section 3 and then discussed in following section. Section 5 is conclusion.

    

    

  
    
      2. Data
      
        2.1 Ground Observation
        Four ground observation stations provide Global Horizontal Irradiance (GHI) measured every minute. These include the Korea Institute of Energy Research ground stations located at Seoul, Jeju, Buan and Yangyang (Fig. 1). GHI at these stations is measured using Kipp & Zonen Model CMP22, Kipp & Zonen Model CM3 and Precision Spectral pyranometers, respectively.

        
          
          

          Fig. 1. 
				
          

          
            Map for CLAVR-x model and COMS-INS GHI estimates. Cross, triangle, reverse triangle and rectangle marks indicate the ground stations at Seoul, Buan, Yangyang and Jeju, respectively.
          
          

          

        

      

      
        2.2 CLAVR-x model
        The CLAVR-x model ingests the COMS Level-1B data and then produces the cloud microphysical parameters as well as GHI by using physical algorithms with ancillary data for 4 × 4 km2 grid cell. The detailed characteristics of CLAVR-x model are given in Heidinger et al.[11] and therefore we introduce the main algorithm briefly. The first step is to detect the cloudy pixel by Heidinger et al.[12] that employs twelve Bayesian classifiers computed for seven separate surface types. Then, cloudy pixel is classified into one of eight categories based on major findings from Pavolonis et al.[13]’s study; 1-fog, 2-liquid water cloud, 3-supercooled water cloud, 4-mixed 5-opaque ice, 6-cirrus, 7-multilayer cirrus and 8-deep cumulus. After classification of cloudy pixel, cloud optical depth and effective radius are retrieved for daytime observations by an optical estimation approach using the 0.63 and 3.75 μm channels.[14] Final step is to derive GHI by using the retrieved cloud optical depth and effective radius. The current version of CLAVR-x model with COMS Level-1B data does not take into account aerosol optical depth in retrieving GHI. This study collected CLAVR-x estimates every hour during daytime hours (0900 –1800 LST = UTC + 9) from January 1 to February 29, 2016 for the analysis.

      

      
        2.3 COMS-INS
        KMA generates the GHI as an operational product every fifteen minute. This study names the GHI produced by KMA as COMS-INS. The COMS-INS is derived by using Kawamura Model,[15] which is optimized for East Asia.[16] After cloud masking, GHI is calculated for clear and cloudy sky, separately. Ozone and water vapor mixing ratio are major contributors to Rayleigh scattering. COMS-INS employs the OMI ozone global daily input and Total Precipitable Water product from COMS Level-2 for ozone and water vapor mixing ratio, respectively. When deriving GHI for cloudy sky, the incoming solar irradiance is reduced by the scattering and absorption due to cloud drops. Kawai and Kawamura[17] provides the look-up table for extinction coefficient of solar irradiance with respect to cloud albedo and brightness temperature. For 4 × 4 km2 grid cell, COMS-INS data collected every fifteen minute are used to evaluate against ground observation during daytime hours (0900 –1800 LST) from January 1 to February 29, 2016.

      

    

    

  
    
      3. Results
      The error metrics are calculated for the objective evalution; MBE, rMBE, RMSE and rRMSE, which are defined by Eq. 1–Eq. 4, respectively.
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      where N is number of samples, and E and O indicate the estimate and observation, respectively.

      
        3.1 Evaluation of CLAVR-x model
        For the purpose of comparing instantaneous GHI estimated by the CLAVR-x model to ground observations with 1 minute resolution, we averaged ground observations over 10 minute intervals centered on the acquisition time of the COMS Meteorological Imager because sensor usually takes 30 minutes to scan the whole disk of the Earth. In addition, GHI estimated from the CLAVR-x model is evaluated for clear and cloudy skies separately because GHI errors under clear sky are much lower than errors for cloudy sky. In classifying estimates, we employ clear sky index, which is defined as ratio of GHI estimates to those as clear sky. All estimates is divided into clear sky when clear sky index is higher than 0.9. Otherwise, a pixel is set as being cloudy sky. During investigation period, there are 966, 237 and 719 estimates for all, clear and cloudy sky, respectively.

        Figure 2 shows scatter plot of the CLAVR-x GHI estimates against the observed at all stations for clear sky. Correlation coefficient (R2) is given in Fig. 2 together with slope and intercept of linear regression line. R2 is 0.79, which is relatively lower because of the negatively biased outliers. These negative biases might be due to small clouds that cannot be resolved at current horizontal resolution of 4 km. Without outliers, all estimates are positively biased and the magnitude increases with the observed GHI as well. This might be because aerosol optical depth is not considered in the current version of CLAVR-x model. Table 1 lists the MBE, rMBE, RMSE and rRMSE for clear sky. The CLAVR-x model overestimates the GHI: MBE and rMBE are 37.5 W m−2 and 7.5%, respectively. RMSE is 65.1 W m−2 and then normalized to the observation as 13.1%. All estimates are illustrated against the observed GHI for cloudy sky in Fig. 3. The correlation coefficient is lower, comparing with that for clear sky. When looking at the error metrics for cloudy sky, MBE and RMSE are larger than those for clear sky; 101.0 W m−2 for MBE and 149.8 W m−2 for RMSE (Table 1). MBE and RMSE increased for cloudy sky indicate that there is still limitation for estimating cloud optical properties in the current version of CLAVR-x model. All skies combining clear and cloudy skies yields that the normalized RMSE is 41.9%.

        
          
          

          Fig. 2. 
				
          

          
            Scatter plot of estimated GHI from CLAVR-x model with observed GHI for clear sky. Correlation coefficient, and slope and intercept of linear regression line are given in the plot. Dashed line indicates the reference line.
          
          

          

        

        
          
          

          Fig. 3. 
				
          

          
            Same as Fig. 2 except for cloudy sky
          
          

          

        

        
          Table 1. 
				
          

          
            Error metrics for CLAVR-x GHI estimates
          
          

        

        
          
            
              	
              	MBE W m-2
              	rMBE %
              	RMSE W m-2
              	rRMSE %
            

          
          
            	Clear
            	37.5
            	7.5
            	65.1
            	13.1
          

          
            	Cloudy
            	101.0
            	39.0
            	149.8
            	57.9
          

        

        

      

      
        3.2 Evaluation of COMS-INS
        Evaluation is done in same way as CLAVR-x model: ground observations are averaged over 10 minute intervals centered on the acquisition time of the COMS Meteorological Imager. All, clear and cloudy sky are 1886, 565, 1321, respectively, from January to February, 2016. Figure 4 shows that all estimations are negatively biased with outliers for clear skies. R2 is 0.74 and the slope of linear regression line is 0.62, which indicates that rMBE is −34% (Table 2). When comparing with CLAVR-x model, rRMSE is much smaller in COMS-INS (13.1% vs. 36%).

        
          
          

          Fig. 4. 
				
          

          
            Same as Fig. 2 except from COMS-INS estimates
          
          

          

        

        
          Table 2. 
				
          

          
            Error metrics for COMS-INS estimates
          
          

        

        
          
            
              	
              	MBE W m-2
              	rMBE %
              	RMSE W m-2
              	rRMSE %
            

          
          
            	Clear
            	-173.2
            	-34.0
            	183.8
            	36.0
          

          
            	Cloudy
            	-64.2
            	-26.0
            	104.0
            	42.1
          

        

        

        Figure 5 is the scatter plot of GHI between COMS-INS estimation and observation when a pixel is classified as being cloudy sky. The COMS-INS overestimates the smaller GHI than 100 W m−2 but opposite is true for larger GHI than 100 W m−2, which means that cloud optical depth is overestimated for relatively shallow clouds. Baek et al.[18] presented similar error metrics: the COMS-INS estimates are smaller than the observed GHI at two flux towers during the investigation period from April 1 to October 31, 2011. Table 2 lists that the normalized RMSE is 42.1% for cloudy sky, which is lower than CLAVR-x model.

        
          
          

          Fig. 5. 
				
          

          
            Same as Fig. 3 except from COMS-INS estimates
          
          

          

        

      

    

    

  
    
      4. Discussion
      As shown in Fig. 2, magnitude in bias is proportional to the observed GHI without outliers, which makes bias corrected by using cosine of solar zenith angle. Figure 6 is the bias as a function of cosine of solar zenith angle. Correlation coefficient is too small to build the correction factor. To facilitate the bias correction with respect to solar zenith angle, we average the biases over bin of cosine of solar zenith angle. The size of each bin is determined as 0.1 from 0.3; 0.3 –0.4, 0.4 –0.5, 0.5 –0.6, 0.6 –0.7. MBE for each bin is highly correlated with cosine of solar zenith angle and therefore it is enough to build the correction factor. With correction equation given inFig. 6, GHI estimates will be corrected as follows:

      
        
        

        Fig. 6. 
				
        

        
          Scatter plot of GHI biases and averaged GHI biases for bin of cosine of solar zenith angle from CLAVR-X model. Correlation coefficient and regression formula from averaged GHI bias are given as red color in the plot.
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      where SZA is solar zenith angle.

      The corrected GHI estimations from CLAVR-x model is well-consistent with the in situ measurement on the ground for clear sky after correction (Fig. 7). Correlation coefficient, rMBE and rRMSE are 0.97, 0.15% and 3.1%, respectively.

      
        
        

        Fig. 7. 
				
        

        
          Same as Fig. 2 except of corrected GHI
        
        

        

      

      COMS-INS GHI estimations would be improved in same way as CLAVR-x model estimates by using a single correction factor. Figure 8 shows the negative correlation between biases and solar zenith angle with large standard deviation, which implies that it is difficult to find the correction factor. For the sake of simplification, biases are averaged in similar manner to CLAVR-x model did. Contrary to CLAVR-x model, there is non-linear relationship between two variables, bias and cosine of solar zenith angle (Fig. 8). Through curve-fitting procedure, we yield correction equation as an exponential function with high correlation coefficient (0.99). As shown in Fig. 9, correcting biases makes it possible for COMS-INS estimates to be highly correlated with the observed GHI (R2=0.90). rMBE and rRMSE values are reduced to 0.13 and 7.1%, respectively.

      
        
        

        Fig. 8. 
				
        

        
          Same as Fig. 6 except from COMS-INS estimates
        
        

        

      

      
        
        

        Fig. 9. 
				
        

        
          Same as Fig. 4 except of corrected GHI
        
        

        

      

      A detailed analysis is made for all skies in Fig. 10, which is the MBE for each cloud classification from CLAVR-x model together with clear sky index. Both MBE and clear sky index are higher for clear sky and probable clear sky, which means that cloud detection procedure in CLAVR-x model fails to capture cloud when shallow clouds exist and therefore GHI is derived for clear sky conditions. It is interesting to see MBE for deep cumulus clouds. Although clear sky index is the smallest for this class, MBE is larger than 90 W m−2. This makes sense since cloud optical depth is underestimated.

      
        
        

        Fig. 10. 
				
        

        
          MBE and clear sky index for clear and cloud classes
from CLAVR-x model
        
        

        

      

    

    

  
    
      5. Conclusion
      Evaluation of GHI estimates from CLAVR-x model and COMS-INS was made against four ground observation. CLAVR-x model and COMS-INS employ the COMS Level-1B as input and then derive the GHI by using physical algorithm. In the evaluation, we divided the GHI estimates into clear and cloudy sky by using clear sky index. CLAVR-x model overestimated the GHI for clear sky but opposite is true for COMS-INS product. The magnitude in bias is proportional to the observed GHI and therefore correction factor was generated as a function of cosine of solar zenith angle. After correcting the estimates, CLAVR-x model and COMS-INS reduce the MBE and RMSE. When comparing with the observed GHI for cloudy sky, rRMSE is larger than 40% for two estimates. In the CLAVR-x model, a pixel over which shallow exist appears to be classified into clear pixel and therefore MBE is the largest among all cloud classes. The correction factors were derived from limited datasets but the algorithm for correcting biases will be extended to the other season.

    

    

  
    
      Nomenclature
      
        
          	
          	
        

        
          	
            N : 
          
          	
            number of samples
          
        

        
          	
            E : 
          
          	
            estimate
          
        

        
          	
            O : 
          
          	
            observation
          
        

        
          	
            R2 : 
          
          	
            correlation coefficient
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