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ABSTRACT OF THE THESIS 

Aerosol effects on Red Blue Ratio of Clear Sky Images, and Impact on Solar Forecasting 

by 

Mohamed Sherif Ghonima 

Master of Science in Engineering Sciences (Mechanical Engineering) 

University of California, San Diego 2011 

Professor Jan Kleissl, Chair 

 

To address solar variability, ground based whole-sky imaging (WSI) techniques 

have been developed for solar forecasting.  In WSI the red-blue-ratio (RBR) from a few 

clear days is used as a reference to detect clouds in the imagery throughout the year. 

However, due to changes in atmospheric aerosol concentration (parameterized by 

Aerosol Optical Thickness, AOT) and size distribution (parameterized by Angstrom 

Parameter, AP), the solar spectrum significantly varies between clear days.  As a result, 

cloud detection methods are unable to distinguish optically thin clouds from clear skies 

with high aerosol content.  In this work we examine the correlation between RBR and 

AOT and AP for 18 clear days in San Diego, California. The AP was only weakly 

correlated to RBR, while a strong correlation to between RBR and AOT was observed. 

Consequently, AOT can be modeled based on sky imagery. Alternatively, RBR 

measurements can be auto-calibrated to yield better dynamic thresholds for cloud 

detection in WSI. 
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1. INTRODUCTION  

Ground based imagers have successfully been employed to forecast cloud cover 

30 seconds, 1 minute and 5 minutes ahead with less than 8.7%, 13% and 30% mean 

matching error respectively (Chow, et al. 2011) . In sky images, clouds are detected based 

on the ratio of the red channel of a RGB image of the sky to the blue channel, the red-

blue-ratio (RBR, Shields, et al. 2007,2009). Clouds are identified by comparing the RBR 

of a given day to that of a clear day (given the same pixel location in the image). Due to 

Rayleigh scattering on a clear day the blue intensity of a pixel is larger than the red 

intensity. As a result, the RBR will be low for clear skies. Clouds on the other hand 

scatter all wavelengths approximately equally, thus the RBR is closer to unity for cloudy 

pixel (Fig. 1.1).  

To ‘calibrate’ cloud detection, the RBR of a clear pixel is assumed to depend only 

on pixel location and Solar Zenith angle. A Clear Sky Library (CSL, Fig. 1.1(b)) is built 

that consists of average RBR from images of clear skies during a few days (Shields, et al. 

1998). The (static) CSL is used as a reference to threshold cloud detection throughout the 

year.  However, the properties of the clear atmosphere vary significantly due to 

continuous variations in atmospheric gases and aerosols (Charlson, et al. 1992).  As a 

result, the RBR of clear pixels varies significantly, which affects the detection and 

forecasting of clouds. It would be desirable to dynamically calibrate the CSL based on 

recently observed atmospheric properties. Hence, correlations were developed in this 

study between RBR and two atmospheric variables, Aerosol Optical Thickness (AOT), 

and Angstrom Parameter (AP). 
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Figure 1.1: Illustration of the cloud decision method for whole-sky imaging based on an image 

on October 4, 2009 at 15:45:30 PST. (a) Whole-sky Image of a partly cloudy sky  (b) Expected 

RBR  (threshold) for a clear sky based on measurements on a clear day (c) RBR of the image (d) 

Cloud decision image (green: cloudy, blue: clear). The figure was reproduced with permission 

from (Chow et al. 2011) 

Ground based WSI have been utilized for Aerosol characterization with high 

accuracy in previous studies (Cazorla, et al. 2008, 2009).  In the study performed by 

Cazorla, et al. the AOT at different wavelengths is computed from the WSI at the 

corresponding channel with a neural network and the results are then compared with 

measurments taken by a sun-photometer (Cazorla, et al. 2008).   

In this thesis the theory behind atmospheric properties such as Aerosol Optical 

Thickness and Angstrom parameter will be given in Section 2.  In Section 3, the 

experimental and analysis methods to find a correlation between RBR and atmospheric 
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properties will be explained. In Section 4 the results for correlation between RBR and 

atmospheric properties will be presented and in Section 5 we discuss these results. In 

Section 6 the conclusion will be presented.  
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2. THEORY 

The earth receives about 1.73  10
14

 kW or 342 Wm
-2

 of solar radiation annually; 

on a clear day 10-20% of radiation is diffused back through scattering by the atmosphere 

(Zekai 2008,Hill and Jones 2000). During clear sky conditions one of the most significant 

parameters affecting the scattering and absorption of solar radiation in the visible 

spectrum is the aerosol content.   

Aerosols are small particles in the atmosphere that scatter and absorb incoming 

direct solar radiation. They include dust, sea salt, and sulfate and carbon particles. The 

radiative effects of aerosols, such as absorption and scattering, are difficult to measure 

because aerosols are chemically heterogeneous and their number concentration varies 

significantly both in time and space ; other uncertainties include the aerosol’s optical 

properties and the short life time of aerosols (5-10 days) (Kaskaoutis et al. 2007, Yu 

2006, Morgan, Adams and Keith 2006, Smirnovet al. 2002). The characteristics of 

aerosols in the atmosphere are usually measured using two parameters: the aerosol optical 

thickness and the Angstrom parameter.  

2.1. Scattering and absorption of light due to aerosols   

There are two main interactions between the atmosphere and incoming light. The 

first is light absorption which converts the light energy into internal energy of the 

molecules, and the second is light scattering with redirects the incoming light energy into 

the atmosphere; aerosols in the atmosphere play a large part in the absorptions and 

scattering of solar energy in the visible region (Horvath 1993).   For this paper we will 
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concentrate on the scattering of light due to aerosols, as we are studying their effect on 

the RBR measured at the earth’s surface. 

Typically aerosols particle sizes are of the same order as the wavelength of the 

incoming light, giving rise to Mie scattering. As a result, the particles scatter light 

approximately equally in all wavelengths resulting in white or greyish light.  In Mie 

scattering, the scattering in the forward direction is the dominant.  

In an atmosphere with low AOT, molecular or Rayleigh scattering dominates.  

The molecules, which are much smaller than the wavelength of the light, scatter light at 

shorter wavelengths more than light at higher wavelengths.  This is why the sky appears 

blue, as blue light has a short wavelength and is predominately scattered by the molecules 

in the atmosphere.  The magnitude of Rayleigh scattering in the front and back lobe is 

equal.  

For atmospheres with high aerosol content the incoming light is scattered equally 

across all wavelengths thus the RBR should be higher than a day with low aerosol 

content. On the other hand, for atmospheres with low aerosol content the blue light is 

predominately scattered thus the RBR should be relatively low. Our analysis will 

quantify whether this relationship is observed in the data. 

2.2. Aerosol Optical Thickness 

Aerosol Optical Thickness (AOT), also known as Aerosol Optical Depth, is 

defined as the integral of the light extinction within an atmospheric column (Bergin 
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2000). The AOT of the atmospheric column on a clear day depends on the type and 

concentration of aerosols. 

A sun photometer measures the spectral extinction of the direct beam as a 

function of wavelengths based on the Beer–Lambert–Bouguer law (Holben, et al. 1998): 

        
            

   is the voltage output by the sensor measuring at wavelength  ,    is the extraterrestrial 

voltage based on the solar constant, m is the optical mass,   is the total optical depth and 

d is the sun-earth distance correction to the extraterrestrial voltage as the ratio of the 

average to the current Earth-Sun distance. 

Other atmospheric constituents can also absorb or scatter incoming light. Thus in 

order for the optical thickness due to aerosols to be calculated, the contributions to the 

optical depth from Rayleigh scattering, NO2 and ozone are subtracted (Schmid 2001): 

        =                   
    

 

2.3. Angstrom Parameter  

The Angstrom parameter (AP) is a dimensionless parameter that is used as an 

indicator of aerosol particle size (Kaskaoutis et al. 2007).It is based on the power law 

relationship (Angstrom 1929): 
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   is the turbidity coefficient which is the approximated AOT at wavelength 1 m, and   

is the Angstrom parameter. 

An Angstrom parameter less than 2 indicates that the size distribution of aerosols 

is dominated by coarse mode types such as dust and sea salt, which have radii greater 

than 0.5  m (Schuster et al. 2006). An Angstrom parameter greater than 2 indicates fine 

mode aerosols, which have radii less than 0.5  m and include biomass burning and urban 

pollution (Schuster et al. 2006).  

The Angstrom parameter can be calculated from aerosol optical depth ( ) 

measurements at two or more wavelengths (typically between 440 nm and 870 nm) using 

a least squares fit (Eck et al. 1999). 

 =  
  (

     
     

)

  (
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3. METHODOLOGY 

3.1. Total Sky Imager (TSI) 

Two instruments were utilized in the study, a Total Sky Imager (TSI, Fig 3.1.1 

(a)) which is used to capture images of the sky and AERONET photometer used to 

measure the atmospheric properties such as AOT and AP.  The  TSI is set up on the 

RIMAC rooftop at the University of California, San Diego campus (32.885°N, 

117.240°W, 124 m MSL) and the AERONET photometer is set up on the Nierenberg 

Hall rooftop at Scripps Institute of Oceanography, UCSD (32.86970°N, 117.25000°W, 

115 m MSL). The distance between the two instruments is less than 2 miles, which is 

within the TSI’s image radius (Fig. 3.1.1(b)).  

The images of the clear sky are based on a Yankee Environmental System (YES) 

Total Sky Imager 440A which captures images at 30 second intervals. The TSI consists 

of a camera that looks down on a hemispherical mirror which reflects the sky. The mirror 

contains a plastic shadowband which tracks the sun in order to prevent the direct beam 

reflection from damaging the camera sensor. The image captured by the TSI is 640  480 

pixels of which the hemispherical mirror occupies 480   480 pixels. The captured image 

is then converted by the YES acquisition software to 24-bit compressed JPG (Chow et al. 

2011).   
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Figure 3.1.1: (a) Total Sky Imager 440A (TSI) located at RIMAC on the UCSD campus. The 

figure was reproduced with permission from (Chow et al. 2011) (b) Map of UCSD showing the 

locations of the TSI and the AERONET photometer. © Google Maps, 2011 

       

A total of 18 clear days between January and May 2011 were captured by the TSI. 

Images were collected 30 second intervals from 9:00 am to 3:00pm PST (17:00 – 23:00 

GMT.) The time period was selected to avoid large solar zenith angles, which may cause 

errors in the RBR collected from the images, as the choice of sun-pixel angles with valid 

data is limited (Fig. 3.1.2).  

   

Figure 3.1.2: RBR image [colorbar] captured at 15:59 PST on January 17. X and Y axis shows 

pixel number. Half of the area with a given sun-pixel angle is below the horizon of the TSI 
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3.2. AERONET sun photometer 

The atmospheric properties (AOT and AP) are collected by AERONET’s CIMEL 

Electronique 318A spectral radiometer which is a robotically pointed sun (AERONET 

2011).  According to a preprogramed sequence, the radiometer makes two measurements, 

one directed at the sun and the second at the sky, starting in the morning and ending in 

the evening. Measurements of the sun are made at eight wavelengths:  340, 380, 440, 

500, 670, 870, 940 and 1020 nm. At time of large air mass, measurements are made at 

0.25 air mass intervals; at lower air mass, measurements are taken every 15 minutes 

(AERONET 2011).  

Temporal variations of optical depths due to clouds are greater than optical depths 

changes of clear skies (Holben, et al. 1998). In order to screen for clouds, triplet 

measurements are taken, for each wavelength, which consist of 3 readings taken 30 

second apart. If the AOT calculated from the triplet measurements for all wavelengths is 

found to vary by less than 0.02 then the atmospheric column is assumed to be cloud free 

(Smirnovet al. 2000).  

The AERONET data is automatically cloud screened (level 1.5). However; further 

manual quality control is not conducted. Therefore, we inspected the data for spikes and 

irregularities. Fig. 3.2.1 (a) and (b) show the frequency distribution of AOT and AP 

respectively measured from the clear days in the study. The mean and standard deviation 

(STD) for the AOT measured is 0.06 and 0.05 respectively. These values are close to 

those in a review of maritime aerosols measurements (AOT mean=0.07, AOT STD=0.05, 

   500nm, Smirnovet al. 2002). The mean and STD for the measured AEORONET AP 
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at    500nm is 1.2 and 0.5 respectively. Comparing the data collected with the data 

published by Smirnov et al. (2002) (AP mean=0.74, AP STD=0.37,    500nm) the aerosols 

at La Jolla are smaller. 

 

 

Figure 3.2.1: (a) Frequency distribution of AOT, at 500nm wavelength, measured at UCSD for 

the 18 clear days in the study (b) Frequency distribution of AP, at 500nm wavelength, measured 

at UCSD for the 18 clear days in the study 

RBR estimated=-0.6659 RBRmeasured+0.1449 

vv0000.4610.14610.3609 
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3.3. Selection of Clear Days 

Clear days were chosen based on visual inspection for clouds of the images 

collected by the TSI between 09:00-15:00 PST. The images were then input into an 

algorithm developed by Chow et al. (2011), which first generates a mask to cover the 

shadowband, camera arm and pixels outside the hemispherical mirror (Fig. 3.3.1(a)). Fig. 

3.3.1(b) illustrates an RBR image, of the clear sky, where the RBR near the sun is close 

to 1 as the forward portion of Mie scattering is dominant and light in all wavelengths is 

scattered equally.  Further away from the sun, Rayleigh scattering dominates which 

mainly scatters light with shorter wavelengths, thus the RBR is lower. The RBR images 

of the specified time period are also inspected for any clouds or abnormalities before 

being used in the study. 

                

Figure 3.3.1: (a) Sample image of a clear sky captured by the TSI (b) Corresponding RBR of the 

clear sky and colorbar taken at 09:00 PST, February 10, 2011 

3.4. RBR at different sun-pixel angles 

The different geometrical terms used in the study are shown in Fig. 3.4.1. RBR 

may be affected by other variables such the sun’s position relative to the TSI.  Extracting 

the RBR at certain sun-pixel angles indirectly accounts for variations in the position of 

a) b) 
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the sun as the sun-pixel angle band is moving with the sun through the TSI hemispherical 

mirror. The sun-pixel angle is defined as the angle between any pixel in the image and 

the sun.  

 

Figure 3.4.1: The different angles as they appear on the TSI's hemispherical mirror 

The temporal resolution of the TSI (2 Images min 
-1

) is much higher than the 

timescale of aerosols variability. For instance, on February 12, 2011, the coefficient 

of variation of AOT (standard deviation divided by mean) was 0.1.  Thus, the RBR 

extracted at each image at a certain SZA is collected then averaged. As a result, for 

each SZA there will be two sets of averaged RBR corresponding to the morning and 

afternoon period. 

The RBR for each pixel is extracted for sun-pixel angle bands of: 30  to 35 , 

40  to 45 , and 40  to 80  (Fig. 3.4.2). RBR is not extracted at 0 to 30  sun-pixel 

angles to avoid solar beam radiation since the pixels in this area tend to be saturated. 

The sun-pixel angle band of 30° to 35  is representative of the near circumsolar 

region. The 40  to 80  band is chosen to study the effect of extracting RBR from a 
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larger band away from the circumsolar region. The 40  to 45  band is an intermediate 

choice, used to determine whether using a larger band would decrease the correlation 

of the model.  The mean and standard deviation is then calculated to yield the RBR 

(SZA).  Pixels within the mask area and for an image zenith angle greater than 70° 

are rejected due to large uncertainties in the measurement. Pixels collected at image 

zenith angle greater than 70° are usually contaminated with dirt and have irregular 

boundaries due to the application of the mask.  

                    

Figure 3.4.2: RBR image for 12:00 PST, April 15 2011, with solar zenith angle of 23°  The 

brown ring marks the areas with 30° to 35° and 40° to 45° sun-pixel angle (a) and at 40° to 80° 

sun-pixel angle (b) that are used for further analysis. 

3.5. Modeling RBR Using Aerosol Optical Thickness and Angstrom Parameter 

The data collected by the AERONET is associated to the RBR at corresponding 

SZA (Fig. 3.5.1).  Each measurement (AOT, AP) taken by the AERONET photometer at 

a certain SZA is associated to the mean of the RBR extracted from all the images taken 
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by the TSI at the corresponding SZA. 

 

Figure 3.5.1 Illustration of the associations for the data collected by the AERONET photometer 

(6 readings) and the TSI (120 images) on January 18 2011 between 09:00 and 10:00 (PST). 

We studied 3 linear models that predict RBR based on different atmospheric 

parameters: RBR = a1 AOT + a0; RBR = b1 AP + b0; RBR = c1 AOT + c2 AP + c0. The 

third model tests whether a multivariate linear fit using both atmospheric parameters 

improves the model accuracy. All models are fit for each of the 3 sun-pixel angle bands.  

The data set is divided into a training set and a validation set. The training set 

consists of images collected in the following days in 2011: January 17,18,21,22,23,27,28, 

February 03, 09,10,11,12 and April 14, 15 (269 images). The validation set consisted of 

images collected in April 27, 28 and May 03, 04 2011(77 images).  

3.6. Validation of RBR models 

The model’s performance was tested by evaluating the coefficient of 

determination, mean bias error and mean absolute deviation. In order to determine the 
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goodness of fit measure for the model, the coefficient of determination (COD) was 

calculated as follows: 

COD   
∑ (    ̂ )

  
   

∑      ̅   
   

   (0        

   is the measurment value,  ̂  is the model estimate,  ̅ is the mean of the measured 

values 

The mean bias error (MBE) is determined in order to measure the overall trend of 

the model. The mean absolute deviation (MAD) is calculated to evaluate the performance 

of the model at each sample: 

MBE= 
 

 
∑                                 

 
    

MAD= 
 

 
∑ |                              |
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4. RESULTS  

4.1. Diurnal Variation of RBR  

 

Figure 4.1.1: RBR vs. Time for April 14, 15, 27 2011 for sun-pixel angle 40°-80° 

As a subsample of the entire dataset, Fig.4.1.1 shows the time series of RBR at 

sun-pixel angles of 40  to 80  for all time steps during 3 clear days in April 2011.  The 

mean was calculated for the RBR for each day as well as the standard deviation (STD), 

there is significant variation between mean RBR for the 3 days due to changes occurring 

0.35

0.37

0.39

0.41

0.43

0.45

0.47

0.49

0.51

0.53

0.55

0.57

17:00:00 18:12:00 19:24:00 20:36:00 21:48:00 23:00:00

RBR [-] 

Time (GMT) 

4/14/2011

4/15/2011

4/27/2011

 April 14: RBR mean =0.5049, RBR STD= 0.0206 
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 April 27: RBR mean =0.3966, RBR STD= 0.0161 
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in the atmospheric composition. The low intra-day STD indicates that there is typically 

little variation for RBR during each day. 

This subsample was chosen in particular because April 14, 15 were days with 

high concentration of particulate matter less than 2.5 μm as measured at a ground sampler 

(PM2.5=49, 71 respectively, Air Now 2011). Back-trajectory analysis showed that the air 

at the AERONET instrument originated from the north and moved along the California 

coast over major cities (refer to appendix for figure).  

4.2. Dependence of RBR on Aerosol properties 

We studied how RBR is correlated with different atmospheric parameter in 

order;to build a model to predict how the clear sky RBR varies due to changing 

atmospheric conditions.  Scatter graphs were constructed based on  RBR collected from 

different sun-pixel angles  and atmospheric parameters AOT and AP. Fig. 4.2.1 (a) shows 

an example of a scatter graph for RBR and AOT and (b) for RBR and AP where least 

square linear regression were fitted. We also performed a multivariate linear regression to 

study the correlation between RBR and both variables Fig. 4.2.1(c).  
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Figure 4.2.1:  Scatter graphs and linear regression fit lines for the 14 day training data, all solar 

zenith angle within the time period, set and sun-pixel angles 40°to 80° (a) RBR vs. AOT (b) RBR 

vs. AP (c) RBR vs. AOT, AP 

RBR model=0.746 AOT+0.000 AP+ 0.392 

c) 

RBR model=-0.0416 AP+ 0.488 

b) 

a) 

RBR model=0.746 AOT+ 0.392 
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Table 4.2.1: Linear regression and multivariate linear regression fit for RBR versus AOT and 

AP, AOT range between 0.0.0139 and 0.2675 and AP range between 0.4971 and 3.8414. 

  
RBR vs. AOT RBR vs. AP RBR vs. AOT,AP 

Sun-pixel 

Angle Bin 

30˚ to 35˚ 

RBR Range 

0.4131-0.6452 

Model Equation RBR= 1.120 AOT+0.371 RBR= -0.0544 AP+0.5037 RBR=1.175AOT+0.0111AP+0.353 

COD 0.788 0.166 0.793 

MBE -0.0000488 -0.00000679 -0.0000183 

MAD 0. 0266 0. 0527 0.0262 

Sun-pixel 

Angle Bin 

40˚ to 45˚ 

RBR Range 

0.3607-0.6077 

 

Model Equation RBR= 0.893 AOT+0.387 RBR= -0.0421 AP+0.492 RBR= 0.945AOT+0.0106AP+0.371 

COD 0.754 0.149 0.769 

MBE -0.0000492 -0.00000762 -0.00000346 

MAD 0. 0235 0.0454 0.0231 

Sun-pixel 

Angle Bin 

40˚ to 80˚ 

RBR Range 

0.3215-0.5613 

 

Model Equation RBR= 0.746 AOT+0.392 RBR= -0.0416 AP+ 0.488 RBR=0.746AOT-0.000AP+0.392 

COD 0.792 0.219 0.792 

MBE -0.0000416 0.00000145 0.00000359 

MAD 0.0173 0. 0359 0.0173 

 

Comparing AOT and AP, AOT is the better predictor of RBR, with a coefficient 

of determination greater than 0.7, while AP shows only a weak correlation with RBR 

(Table 4.2.1).  Thus, the wavelength-dependent scattering of light is more dependent on 

the amount of aerosols in a column of atmosphere, than the aerosol size distribution, at 

least for the range of conditions found in our data.   

By applying multivariate regression it is shown that the model only improved 

slightly from the single variable (AOT) regression analysis.  Thus, the single variable 

AOT model is chosen to determine RBR as it requires less measurements and offers 

correlation almost as good as the two variable model.   
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4.3. RBR models based on AOT 

A model for RBR based on AOT would allow for a dynamic calibration of a clear 

sky library for cloud detection if collocated AOT measurements were available.  In the 

validation set, we used the AOT model to predict RBR. The estimated RBR is then 

compared to the measured RBR to determine the accuracy of the model. RBR estimate is 

plotted against RBR measured to determine how well the model predicts the variability of 

clear sky RBR (Fig. 4.3.1). The RBR estimate is determined based on the model equations 

given in (Table 4.2.1) applied to the AOT measurements for the days in the validation set. 

RBR measured are the readings obtained by the TSI during the validation data set.  The 

COD, MBE and MAD are then calculated to evaluate the model (Table 4.3.1).  

 

Figure 4.3.1: Scatter plot of estimate vs. measured value for RBR at sun-pixel angle 40  to 80  
for the 4 day validation set 

 

 

 

RBR estimated=0.691 RBR measured+0.154 

vv0000.4610.14610.3609 
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Table 4.3.1: COD, MBE and MAD for RBR estimate vs. RBR measured for the different sun-pixel 

angles 

Sun-pixel 

Angle Bin 

Mean 

RBR measured 

STD 

RBR measured 
COD MBE MAD 

30-35˚ 0.4952 0.0262 0.4372 0.0164 0. 0237 

40-45˚ 0.4690 0.0221 0.7091 -0.0040 0.0100 

40-80˚ 0.4488 0.0225 0.8475 -0.0149 0.0162 

  

The MBE is small (less than 0.017) which means that the model predicts the 

general magnitude of RBR correctly. MAD is also small; however, it is of the same order 

of the standard deviation (STD), for small sun-pixel angle bands. The model for the 40-

80˚ sun-pixel angle band shows the largest COD and the smallest errors. 
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5. DISCUSSION OF RESULTS 

We were able to determine that the correlation between AOT and RBR is larger 

than for AP and RBR.  The AP of the aerosols utilized in our study is on average less 

than 2 indicating aerosol radii greater than 0.5 m. As a result, most of the aerosols are of 

the same size or larger than the wavelength of light in the visible spectrum. Thus, for the 

majority of aerosols Mie scattering dominates causing little variation in RBR as a 

function of AP. On the other hand the quantities of aerosols present in a column of 

atmosphere (the AOT) dictates whether Rayleigh or Mie scattering is dominant. 

Consequently, the RBR is strongly correlated to the AOT. 

This model can be improved by using RBR data collected from a more accurate 

TSI. The present TSI 440 instrument outputs compressed JPG images which causes 

smearing of the data by image zenith angle.  The camera auto-adjusts the gain based on 

brightness of the reflection from the TSI housing. Consequently, the brightness of each 

channel is not in reference to a consistent baseline which affects the ratio of two 

channels. A new TSI is currently under development, which is based on an upward facing 

camera coupled with a fish eye lens.  The new instrument will address issues with the 

previous TSI such as the compression algorithm for the images and gain adjustments. 

Since the span of time over which the data was collected was limited at 5 months, 

potential seasonal changes of aerosol composition and size distribution could not be 

evaluated. There were only two days with high AOT content (April 14,15) in the data set, 

thus the model might not work as well in predicting RBR with high AOT input.  A larger 

data set with more AOT variability would improve the model’s accuracy and robustness.  
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Another error source is the lack of quality assurance of the AERONET data. 

However, the measurements used in the study were compared to data taken in similar 

environment and the AOT reading compared well (Smirnov et al. 2002). 

Another shortcoming of the RBR model is its dependence on real time data 

obtained from a photometer. Photometers tend to be expensive, fragile and require 

constant calibration. Without a photometer, the CSL could be improved through an 

algorithm that automatically reads the RBR for a clear portion of the sky and then 

computes a correction factor that can be employed to modify each image to account for 

atmospheric changes. 
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6. CONCLUSION  

Clear sky RBR vary significantly because of changes in atmospheric composition. 

Hence, a static CSL to determine cloud cover for solar forecasting is insufficient as it 

results in misclassification of optically thin cloud or an atmosphere with high aerosol 

content.  

To quantify the variability in the clear sky RBR and how it is affected by 

atmospheric composition, we studied the effects of two different atmospheric parameters, 

AOT and AP. There is a high correlation between RBR and AOT; high aerosol content in 

the atmosphere causes high RBR. As aerosol content increases Mie scattering dominates 

over Rayleigh, thus light is scattered equally along all wavelengths resulting in a RBR 

that is closer to 1. Aerosol particle size, parameterized by the AP, seems to have little 

effect on the RBR. This is because most aerosols are of the same order of size or larger 

than the wavelength of incoming light. Therefore, light is scattered equally across all 

wavelengths in the visible spectrum.  Basing the model on both atmospheric parameters 

does not improve the correlation much. As a result, we propose a model that predicts the 

RBR based on AOT measurements.   

By developing a better CSL, we improve the accuracy of cloud detection 

techniques and solar forecasting. Therefore, issues with solar variability can be tackled 

and solar energy can become a dependable source of energy. 
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APPENDIX A 

Back Trajectory Analysis 

Back-Trajectory Analysis Performed on 2 days in the study with high pollution (April 

14,15). 

 

April 14 2011 back-trajectory of air present on the latitude/longitude (  5) of the 

AERONET photometer. 
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April 15 2011 back-trajectory of air present on the latitude/longitude (  5) of the 

AERONET photometer. 
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APPENDIX B 

Training set, to fit the linear RBR models 

• AOT Range: 0.0.0139-0.2675 

• Angstrom Parameter Range : 0.4971-3.8414 

30  to 35  Sun-pixel Angle    RBR Range: 0.3300-0.646 

 

RBR vs. AOT  

Model fit for the training dataset  

 

• RBR model= 1.120 AOT+ 0.371 

•    = 0.788 
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RBR vs. AP 

Model fit for the training dataset  

 

• RBR model = -0.0544 AP+ 0.504 

•   = 0.1656 

RBR vs. AOT vs. AP, Linear function: 

Model fit for the training dataset  

 

• RBR model =1.1749 AOT -0.011 AP +0.353 

•   = 0.793 

 

 

 



34 

 

 
 

40-45  Sun-pixel Angle    RBR Range: 0.3466-0.5913 

 

RBR vs. AOT 

Model fit for the training dataset  

 

• RBR model = 0.893 AOT+ 0.387 

•   = 0.754 

 

RBR vs. AP 

Model fit for the training dataset  

 

• RBR model = -0.0421  AP+ 0.492 

•   = 0.149 
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RBR vs. AOT vs. AP, Linear function: 

Model fit for the training dataset  

 

• RBR model = 0.945 AOT -0.0106 AP +0.371 

•   = 0.769 

40-80  Sun-pixel Angle    RBR Range: 0.3618-0.5683 

 

RBR vs. AOT 

Model fit for the training dataset  

 

• RBR model = 0.846 AOT+ 0.392 

•   = 0.7917 
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RBR vs. AP 

Model fit for the training dataset  

 

• RBR model =  -0.0416 AP+ 0.4876 

•   = 0.219  

 

RBR vs. AOT vs. AP, LINEAR function: 

Model fit for the training dataset  

 

• RBR model =0.746 AOT+0.000 AP+ 0.392 

•   = 0.792
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APPENIX C 

Validation set, to check the predicted RBR based on AOT measurement 

RBR estimate vs. RBR measured 

30-35  Sun-pixel Angle 

 

• RBR estimated=0.640  RBR measured+0.162 

•   = 0. 437 

40-45  Sun-pixel Angle 

 

• RBR estimated=0.769 RBR measured+0.113 

•   = 0. 709 
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40-80  Sun-pixel Angle 

 

• RBR estimated=0.691 RBR measured+0.154 

•   = 0. 8475 

 

 

 

 

 

 

 

 

 

 

 

 

 




