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Abstract: 

Many solar forecast algorithms based on ground based sky imagery apply the red-blue 5 

ratio (RBR) method to classify image pixels as clear or cloudy, by comparing the current 6 

image with the corresponding image from a clear sky library (CSL). The CSL needs to be 7 

updated regularly due to changes in clear sky readings over time caused by aerosols and 8 

imager dome properties. This clear sky library is typically created by visually scrutinizing 9 

daily sky videos and selecting appropriate clear sky periods. This practice takes a 10 

significant amount of time and manual intervention can result in human errors. To avoid 11 

this, an automated CSL algorithm (ACSL) was developed which filters each image for clear 12 

sky features including maximum green pixel brightness, average RBR, and red channel 13 

difference by pixel with respect to the previous image. The root mean square difference 14 

(RMSD) between the image RBR of the manually created CSL and the ACSL for November 15 

and April 2013 at UC San Diego were observed to be less than 6% over the full range of 16 

solar zenith angles. The ACSL was found to be more representative of clear conditions than 17 

its manual counterpart.  18 
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1. Introduction 19 

Various cloud detection and solar forecast algorithms applied to ground based sky 20 

imagery use a clear sky library (CSL) for cloud detection, which is generally created by 21 

visual inspection of sky images. After visually scrutinizing the images for clear sky periods, 22 

the periods chosen as clear sky are passed on to the CSL, which stores the red blue ratio 23 

(RBR) for each image pixel in a look-up table as a function of sun pixel angle (SPA), image 24 

zenith angle (IZA), and solar zenith angle (SZA) [1, 2]. IZA is the angle between any pixel 25 

projected on the dome and the vertical line drawn from the center of the imager, whereas 26 

SPA represents the angular distance from the sun [3]. These stored RBR values serve as a 27 

reference for classifying current image pixels as clear, thin, or thick clouds. But these RBR 28 

values change with time due to natural events such as changes in aerosol concentration or 29 

size distribution in the atmosphere, or instrument properties such as scratches or soiling 30 

on the imager dome [4]. For accurate cloud detection the CSL should therefore be as recent 31 

as possible, which is why the CSL needs to be updated regularly. Updating the CSL can 32 

consume significant time and introduce human errors. For example, reviewing daily sky 33 
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image videos takes several minutes per day and requires great attention of the viewer, but 34 

still small clouds around the horizon or near the sun are missed. Also, since the manual CSL 35 

cannot be created in real-time, there is a lag between when a sky imager is installed and 36 

when it can be used for forecasting. To avoid these issues, an automated clear sky library 37 

(ACSL) was developed (Section 2). ACSL images for November and April 2013 are 38 

compared against manual selection to test the proposed methodology (Section 3). 39 

Conclusions are provided in Section 4.  40 

 41 

2. ACSL Methodology 42 

In the remote sensing community, researchers have been using several variants of color 43 

channels to distinguish clear sky and cloud pixels [5]. In this work, the ACSL methodology 44 

establishes four multispectral tests to check for clouds in sky images; if all tests are 45 

satisfied a measurement period is classified as clear sky and stored in the CSL. The first two 46 

tests consider single images and analyze the maximum green value and mean RBR. The 47 

other two tests take advantage of the fact that cloud advection causes pixel in successive 48 

images with clouds to differ in their red channel values.  49 

2.1. Single Image Tests 50 

Test 1: The circumsolar region (SPA<15°) may confuse the algorithm because pixels in 51 

this area can be saturated due to forward scattering by aerosols and clouds [6]. Before 52 

removing the circumsolar region, the first ACSL test checks for clouds in the circumsolar 53 

region using the maximum green pixel value in the image. If the maximum green value is 54 

less than a threshold (15,000 counts), the sun is assumed to be obscured by a cloud and the 55 

image is classified as cloudy. This threshold was selected empirically by analyzing images 56 

from a UCSD Sky Imager (USI) camera with a full range of 49065 counts. The green pixel 57 

value is used over the RBR because the RBR luminous distribution is noisier and the 58 

brightness difference between clear sky and clouds is smaller as compared to individual 59 

RGB channels. Also, the color filter array (CFA) in digital cameras causes green pixel 60 

intensity to be about twice that of red or blue pixels [7].  61 

Test 2: If the circumsolar region is clear, it is removed from the image, and cloudy 62 

conditions are tested by checking the average RBR of the remaining image pixels. If the 63 

mean RBR of the remaining pixels is greater than 0.6 the image is defined as cloudy 64 

following [8]. If the circumsolar region is cloudy or the mean RBR of pixels outside the 65 

circumsolar region is larger than 0.6, the image is not included in the CSL. Example full day 66 

results for both single image tests are illustrated in Appendix A. 67 

2.2. Multiple Image Test on Red Channel Difference 68 

2.2.1 Red Channel Difference 69 
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Images are grouped into sets of 11 images capturing 5 minutes of sky conditions. Since 70 

clouds affect the red channel the most [9] a Red Channel Difference (RCD) check is applied. 71 

ACSL calculates RCD between consecutive images as,  72 

𝑅𝐶𝐷𝑖(𝑝, 𝑞) = 𝑅𝐶𝑖(𝑝, 𝑞) − 𝑅𝐶𝑖−1 (𝑝, 𝑞); i = [2:M],                                    (1) 73 

where, p = 1:X, q = 1:Y are the pixel indices, i is the current time step, 𝑀 =
𝑁

𝐼
+ 1, N = 5 min, 74 

I = 0.5 min, and RCD is measured in counts. 75 

The RCD matrix contains X x Y = 1691 pixels x 1691 pixels = 2.86 x 106 pixels and M = 11 76 

such matrices exist for one set.1 77 

2.2.2. Test 3: Image excluding the horizon 78 

Let P be the fraction of pixels with an RCD value greater than a threshold (here RCDt = 79 

50 counts). Excluding the circumsolar and horizon region (see section 2.2.3), if P (RCDi > 50 80 

counts) > 0.06% the image is declared as cloudy (test 3). The value 50 (corresponding to 81 

0.10% of the full range of 49065 counts) and the fraction 0.06% were chosen empirically. 82 

In a clear image without optical defects the fraction of pixels that differs by 50 counts 83 

should be zero. In real images, small areas can have difference above 50 counts due to 84 

optical effects of the imager dome such as sun glint. To understand how RCD is affected by 85 

varying sky conditions refer to Figure 1 (raw images are shown in Appendix A). Figure 1a 86 

was selected as clear sky whereas the other two images were discarded because they failed 87 

the clear sky checks. In Fig. 1a, the time sets were formed such that 15:05 to 15:10 is one 88 

group of images and i = 2 for the pair of images in Fig. 1a. 89 

 90 

 91 

Figure 1 RCD between images from Nov 2, 2013 at a) 15:05:00 and 15:05:30 UTC. This image was 92 
classified as clear sky as P(RCDi >50 counts) = 0.005% (< 0.06%); b) 17:10:00 and 17:10:30 UTC. This 93 
image was not selected as P(RCDi >50 counts) = 0.152% (>0.06%) due to thin clouds; c) at 21:30:00 94 

and 21:30:30 UTC. This image was not selected as clear sky, as the fraction is 16.9% due to widespread 95 
thick cloud cover. The white border line represents the geographical horizon. 96 

 97 

                                                             
1 Note that the sky area represents only 1.94 x 106 pixels out of 2.86 x 106 total pixels, but the remaining non-sky 
pixels were included in the count for simplicity. Since these black pixels will never show a RCD above the threshold, 
the fractions in this paper have be to be adjusted for use with other camera systems. 
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Sample distributions of P as a function of RCDt in the set of sky images presented in 98 

Figure 1 are shown in Figure 2a. Since the distribution for image 1a crosses the difference 99 

between consecutive images of 50 counts below the threshold of 0.06% image 1a passes 100 

the test. On the other hand, image 1b and 1c are rejected, because they are located above 101 

the horizontal dashed line for RCDt = 50 counts, i.e. images 1b and 1c contain too many 102 

pixels that changed by more than 50 counts between two consecutive images.  103 

 104 

 105 

Figure 2 Distribution of P for IZA <80° (a) and IZA > 80° (b) for the 3 sky images in Figure 1. The 106 
dashed vertical line marks the chosen threshold for the red channel value difference between two 107 

consecutive images (RCDt = 50). The dashed horizontal line marks the associated P threshold (0.06%).  108 

 109 

2.2.3 Test 4: Horizon 110 

The horizon is represented by the image area with IZA > 80° [1, 3]. The horizon 111 

requires special treatment, because clouds there move only a few pixels per image due to 112 

the optical perspective. In other words, given a cloud with certain velocity, it will affect 113 

more pixels in a particular time span if it is near the center of the image as compared to 114 

when it is near the horizon. Appendix B shows that cloud pixel speed is proportional to the 115 

cosine of IZA. In the horizon ring (consisting of 104,286 pixels or 5.4% of all pixels for the 116 

images in Figure 1) the change in the fraction of pixels between two consecutive images 117 

having a larger difference than the RCD threshold (here 50) has to be < 0.04% to classify 118 

the image as clear sky. The threshold for this test was also obtained empirically. Figure 2b 119 

shows the P distribution for three single images and results for a full day are presented in 120 

Appendix A. Figure 2b shows that clouds within the horizon region of images 1b and 1c 121 

caused P to be larger than the threshold 0.04% at RCDt = 50 and both images are not 122 

classified as clear sky by test 4. Since image 1a does not contain clouds in the horizon 123 

region, its P distribution in Figure 2b decreases faster than the other two images, crossing 124 

RCDt = 50 counts under 0.04%, and passing test 4.  125 

2.3. Threshold selection 126 
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To implement the ACSL algorithm, five thresholds are needed. Four of them are chosen 127 

empirically (one for test 1, and three for tests 3, and 4, which share the RCDt threshold) and 128 

one is obtained from [8] (test 2). The thresholds need to be recalculated when the 129 

algorithm is applied at other locations or for different camera configurations. In this section 130 

we discuss how to choose the thresholds to allow other users to customize the clear sky 131 

image detection to their needs. 132 

The thresholds for single image tests only require simple refinements. The threshold for 133 

the maximum green pixel value test is a function of the camera count range. For most 134 

cameras, the maximum green pixels values are either the maximum number of counts 135 

(image saturated due to an unobscured sun) or less than the 30% of that magnitude (sun 136 

covered by the sun). For other cameras, we recommend specifying the threshold for test 1 137 

as 30% of the saturation value for the green channel. For the average RBR test, the 138 

threshold was obtained following [8]. The threshold can be modified using samples of 139 

manually selected clear sky images.  140 

The multiple image test thresholds need to be tuned for different cameras and even 141 

different locations. We recommend the following approach: (1) Calculate P(RCDi > RCDt, 142 

RCDt = 50 counts) for both the entire image without the horizon and the horizon ring, using 143 

data from at least one entire clear sky day that was selected manually. (2) Average P(RCDi > 144 

RCDt) over the day. (3) Define the thresholds by multiplying that average by a scale factor 145 

(for example 2).  146 

RCDt may also have to be adjusted, but it depends on the thresholds for P. Therefore, if 147 

an improvement were to be attempted, we recommend selecting a RCDt, P(RCDi > RCDt) 148 

pair based on a graph similar to Figure 2. The objective would be to select a RCDt for which 149 

P(RCDi > RCDt) is sensitive to the clearness of the sky image. 150 

P was observed to be a (weak) function of solar zenith angle and the thresholds could 151 

be further refined to vary with solar zenith angle. Future work will target the development 152 

of a self-calibrating algorithm and consider incorporating additional tests into ACSL, such 153 

as (R-B)/(B+R) and saturation value S as suggested in [5]. 154 

2.4 Validation 155 

A manually created CSL (MCSL) was generated by the authors by scrutinizing videos 156 

with a play back speed of around 20 minutes of clear sky data per second, i.e. 40 images/s. 157 

To prevent misclassification, the selected periods were double checked visually and by 158 

inspecting image RBR timeseries (as shown in Figure 7b later). The minimum time period 159 

chosen as clear sky manually was 35 minutes.  160 

 161 

The Root Mean Squared Difference (RMSD) quantifies the agreement between 162 

automatic and manual clear sky libraries and is calculated as 163 

𝑅𝐵𝑅𝑑𝑖𝑓𝑓(𝑝, 𝑞) = 𝑅𝐵𝑅𝐴𝐶𝑆𝐿(𝑝, 𝑞) − 𝑅𝐵𝑅𝑀𝐶𝑆𝐿(𝑝, 𝑞);                                            (2) 164 
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𝑅𝑀𝑆𝐷 =
√∑ ∑ (𝑅𝐵𝑅𝑑𝑖𝑓𝑓(𝑝, 𝑞))𝑄

𝑞=1
𝑃
𝑝=1

2

𝑇
,                                                   (3) 165 

where T = 1.94 x 106 is the number of pixels representing the actual sky area (including 166 

circumsolar region and horizon). 167 

The relative root mean square deviation (rRMSD) was calculated by dividing the RMSD 168 

by the mean RBR. 169 

 170 

3. Results and Discussion 171 

If a 5 min sequence of image passes all four clear sky checks described in Section 2, the 172 

RBR of these images are added to the CSL. The ACSL was run for November and April 2013 173 

which represent the winter and summer seasons that dominate the San Diego climate. For 174 

the same time period clear sky images were selected manually and added to a separate 175 

manual CSL (MCSL). The total number of clear sky images selected was 3,839 (3,224 for 176 

November + 615 for April) for the MCSL and 4,838 (4,200 for November +638 for April) for 177 

the ACSL. ACSL selected more images than MCSL because it can capture shorter coherent 178 

time periods (as short as 5 min) which are time-consuming to capture in the manual 179 

process.  180 

 181 

 182 
Figure 3: Comparison of mean RBR versus SZA for ACSL and MCSL for a) November & b) April 183 

2013. RBR values are averaged over the entire image area for each SZA. 184 

 185 

Mean RBR at different SZAs are compared in Figure 3 for both methods. The maximum 186 

difference (equivalent to the bias) between the averaged RBR is 5% at a SZA of 58° for 187 

November 2013. Figure 4 shows the RBR difference between ACSL and MCSL by IZA and 188 

SPA averaged over a range of SZAs during midday and near sunrise and sunset for 189 

November 2013 (results for April are similar). In Figure 4a and 4b, the RBR of the ACSL is 190 

always smaller than or equal to the RBR of MCSL. The RBR of the MCSL is larger since hazy 191 

conditions or small clouds may have been overlooked during manual selection of clear sky 192 

images. On the other hand, hazy conditions or small clouds are captured by ACSL due to the 193 
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RCD process. Since clear sky has lower RBR than cloudy or hazy sky [10], the ACSL does not 194 

“pollute” the CSL with cloudy images which would elevate the RBR in the CSL and cause 195 

cloud detection errors.  196 

 197 

198 

 199 

Figure 4: RBR difference in % of the mean RBR between ACSL and MCSL for a) SZAs 48° to 57° and b) 200 
SZAs 74° to 80° for November 2013. 201 

 202 

Figure 5 shows pixel-by-pixel RMSD as a function of SZA. The RMSD between ACSL and 203 

MCSL ranges from 0.004 to 0.03 or 0.8 to 6% of the mean RBR.  204 

 205 
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 206 

Figure 5: RMSD between RBR of ACSL and MCSL (Section 2.3) for Nov & April 2013. Each marker 207 
represents the center of a bin spanning a SZA range of 5°, and the RBR values are averaged over these 208 

SZAs before calculating the RMSD. 209 

 210 

4. Conclusions 211 

The ACSL performs well for the selected months. The RMSD of the RBR between MCSL 212 

and ACSL was found to be in the range of 0.004 to 0.03. The mean RBR of the ACSL was 213 

found to be lower than that of MCSL, which suggests that the ACSL algorithm is superior 214 

than the manual process, considering that RBR is lower for clearer sky. The ACSL contained 215 

more clear sky images than the MCSL, which means that it generates a more statistically 216 

converged CSL over a shorter time span. In that way, the ACSL will reflect the latest sky and 217 

imager conditions, like aerosol effects or imager dome scratches. The ACSL is robust to 218 

slow variations in sky and imager conditions because it works on relative differences, i.e. it 219 

compares two subsequent images which would experience similar aerosol or imager 220 

properties. Thus ACSL can be applied to any sky imager in general. For other imagers, 221 

thresholds will need to be adjusted for optimal performance due to differences in camera 222 

exposure, sensor properties, and local cloud properties.  223 

For future work, tests 3 and 4 may be refined, as for clear days the P distribution 224 

depends on the solar zenith angle, which is not reflected in our fixed threshold. Defining 225 

thresholds as a function of the solar zenith angle may yield a more specific algorithm. Other 226 

cloud detection approaches in single sky images could also be applied.  A self-calibrating 227 

algorithm is desirable for application to other cameras. The library of clear sky images is 228 

available to other researchers on request.  229 

  230 
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Appendix A 233 

To illustrate the performance of the thresholds for each proposed test, additional 234 

details related to the examples contained in this paper are presented here. First, raw 235 

images of each example in Figure 1 are shown in Figure 6. Recall that only image 1a was 236 

classified as clear sky by ACSL. 237 

 238 

   239 

Figure 6 Image examples for November 2, 2013 with different sky conditions: (Left) Clear sky at 240 
15:05:30 UTC. (Center) Few clouds near the horizon at 17:10:30 UTC. (Right) Cloudy at 21:30:30 UTC. 241 

 242 

The first test is the maximum green value within each image which equals 49,065 243 

(corresponding to a saturated pixel) for all three images, because the sun is not covered by 244 

clouds. Timeseries for November 2, 2013 are shown in Figure 7a, where 1,099 images pass 245 

the first test (82% of all images collected). Only images obtained before the sun entered the 246 

image (around 14:37 UTC), and images towards the end of the day, when the sun is covered 247 

by clouds (Figure 6c), are rejected by test 1.  248 

The second test calculates the average RBR value of pixels located outside the 249 

circumsolar region (SPA>15°). For the images presented in Figure 6, the RBRs are 0.51 at 250 

15:05:30 UTC, 0.52 at 17:10:30 UTC and 0.82 at 21:30:30 UTC. The complete time series for 251 

November 2, 2013 is presented in Figure 7b. 603 images pass test 2 (45% of all images 252 

collected). Images close to 00:00 UTC pass test 2 even though the sun is covered by clouds 253 

(as indicated in Figure 7a). This counterintuitive result can be explained by thick clouds 254 

covering the sun which reduces RBR below the threshold (0.6). See [11] for an analysis of 255 

RBR with cloud optical depth. 256 

 257 
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258 

 259 

Figure 7 Full day timeseries of the maximum green channel fraction (a, test 1), Mean RBR (b, test 2), 260 
P(RCD>50) (c, test 3) and P(RCD>50) horizon (d, test 4) tests for November 2, 2013. The red dashed 261 

lines indicate the thresholds in each case.  262 

 263 

RCD results for November 2, 2013 are presented in Figures 7c and 7d. 349 images pass 264 

test 3 and 263 pass test 4 (26% and 20% of all images obtained, correspondingly). In 265 

particular, images collected between 16:04:00 and 16:33:30 UTC have P(RCD>50) < 0.06% 266 

(pass test 3) in the center of the image, but P(RCD>50) > 0.04% in the horizon (fail test 4). 267 

From 16:34:00 UTC onwards images are rejected by both tests 3 and 4. The period from 268 

16:04:00 to 16:33:30 marks a transition from clear conditions to clouds moving in from 269 

afar. 270 

Considering all tests, the ACSL algorithm applied to images obtained on November 2, 271 

2013 classified 146 images as clear sky (10.9% of all images), and all these images were 272 

taken between 14:37:30 UTC and 16:03:30 UTC.  273 

  274 
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Appendix B 275 

 276 

Figure 8: Schematic representation of an image for a fisheye lens. 277 

 278 

Figure 8 shows the lens projection diagram for an object point O in space. For an 279 

equisolid angle projection, which is used for UCSD Sky Imager, the radial distance of the 280 

image point from the image center I is given by [12] 281 

                                                                      𝑟 = 2𝑓𝑠𝑖𝑛 (
𝜃

2
) ,                                                            (4) 282 

where θ is the IZA in radians and f is the focal length. Equation (4) can be derived from lens 283 

projection diagram and using simple trigonometry relations. 284 

θ is computed from cloud base height h and the horizontal distance measured from the 285 

optical center x’ as  286 

                                                                    𝜃 = arctan (
𝑥′

ℎ
)                                                            (5) 287 

Assuming constant cloud speed at v = dx/dt the velocity of an image point can then be 288 

written as, 289 

                                                                      
𝜕𝑟

𝜕𝑡
=

𝜕𝑟

𝜕𝜃

𝜕𝜃

𝜕𝑥

𝑑𝑥

𝑑𝑡
                                                              (6) 290 

Simplification of the above equations gives, 291 

                                                                
𝜕𝑟

𝜕𝑡
=

𝑣𝑓

ℎ2
𝑐𝑜𝑠2𝜃 cos (

𝜃

2
)                                                       (7)  292 

Thus, it can be seen that the image point velocity, which will be proportional to the 293 

pixel velocity (pixels/s) in the image area, is proportional to the cosine of the IZA. Thus, for 294 
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a given cloud the number of pixels affected will be less if the cloud is near the horizon 295 

(larger IZA) as compared to if it was near the center of the image (lower IZAs).  296 




