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Abstract 8 

Mathematical models for the estimation of the angular distribution of diffuse 9 

radiance/luminance in the sky describe the anisotropic character of diffuse solar 10 

radiation and daylight in the sky vault. In most of these models the radiance/luminance 11 

of a sky point is determined by the product of the indicatrix function and the gradation 12 

function. When developing and/or calibrating these models, it is typical to consider 13 

separately the dispersion effects in the direction of the sun’s rays and the gradation from 14 

the zenith towards the horizon. To do this, the sky is divided into a number of 15 

concentric spherical zones around the sun and a number of concentric spherical zones 16 

around the zenith. The intersection between both sets of zones delimits a series of sky 17 

elements. Unfortunately, these sky elements do not correspond to the 145 patches of sky 18 

vault recommended by the International Commission on Illumination (CIE), which are 19 

routinely scanned by the existing commercial sky scanners. The identification of the sky 20 

elements, geometrically different from those observed by commercial sky scanners, and 21 

the assignation of the radiance/luminance values registered by such sky scanners are not 22 

analytically trivial tasks. A GIS-based methodology is presented in this work to 23 

undertake these goals. 24 
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Nomenclature 27 

Z = zenith angle of a sky vault point  28 

ZS = zenith angle of the sun 29 

Ze = zenith angle of an EoSS 30 

Zp = zenith angle of a CIE sky patch 31 

γ = azimuth angle of a sky vault point measured from the south 32 

γS = azimuth angle of the sun 33 

γe = azimuth angle of an EoSS 34 

γp = azimuth angle of a CIE sky patch 35 

γtosun = azimuth angle of a sky vault point measured from the solar meridian 36 

χ = angle between the sun and the sky vault point 37 

cp-e = angle between the centroid of the patch and the centroid of an EoSS 38 

L = absolute radiance/luminance of any sky point given by its coordinates (Z,γ) 39 

LZ = zenith radiance/luminance 40 

Le = absolute radiance/luminance of an EoSS 41 

Lp = absolute radiance/luminance of a CIE sky patch 42 

l = radiance/luminance relative to zenith of any point given by its coordinates (Z,γ) 43 

f = indicatrix function 44 

φ = gradation function 45 

SSS = spherical segment of scattering 46 

SSG = spherical segment of gradation 47 

EoSS = element of spherical surface 48 

n = cloud index  49 
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1. Introduction 50 

A precise knowledge of the angular distribution of radiance and luminance in the sky 51 

vault is required when to accurately estimate the diffuse irradiance and illuminance 52 

incident on a plane of interest. The accuracy of such calculations determines the 53 

estimation reliability of the energy produced by the active solar energy conversion 54 

devices and the efficiency of the passive uses of this energy, or that of the design of 55 

lighting systems. Because sky radiance and luminance have the same origin and their 56 

angular distributions are similar, many of the proposed angular distribution models are 57 

typically used interchangeably for the two variables. In fact, their diffuse component is 58 

a consequence of the interaction between solar radiation and the atmosphere. In 59 

complex environments, such as cities, it is also the result of the interaction of solar 60 

radiation with existing obstacles. Such a diffuse component is especially important at 61 

high latitudes, where the optical path traveled by the sun’s rays is long, or at the lower 62 

floors of buildings located in highly urbanized cities. Notwithstanding, this component 63 

is also significant in other locations. 64 

Unfortunately, there are only a small number of locations in the world where the 65 

angular distribution of radiance/luminance measurements exist. Therefore, in most 66 

cases, mathematical models of different complexity are used to estimate these values. 67 

For example, the libRadtran software package for radiative transfer calculations in the 68 

Earth's atmosphere [1] allows the estimation of the radiance of a sky element located at 69 

a given position. In regard to solving the problem in clear sky conditions, this model 70 

does not require many input variables, but the situation is greatly complicated by the 71 

presence of clouds. 72 

The work of Kocifaj [2] is an interesting advance in the theoretical modeling of real 73 

(non-homogeneous) skies as it considers the effects that the inclusion of different cloud 74 



 4 

configurations implies. This theoretical development, which is based on the principles 75 

of radiative transfer, contemplates the first and second scattering order, cloud 76 

reflectance and the interactions between ground reflections and the atmosphere. The 77 

developed version of the software, which is available on the web, performs a spectral 78 

analysis. Though, a new version is planned that addresses broadband 79 

radiance/luminance. The model requires, as radiative transfer codes, a significant 80 

number of input variables. Particularly, those related to clouds: cloud fraction, optical 81 

thickness, reflectance, shape, size and altitude, that may not be available in most 82 

locations. This compromises the applicability of the procedure, although it should be 83 

noted that some default values are proposed. No experimental validation is presented in 84 

the paper. 85 

In the field of engineering, it is more common to use simpler models that have 86 

evolved from those that are applicable only to certain sky types to others suitable to all 87 

sky types. Within the first group are the Moon and Spencer [3] model for overcast skies 88 

and the Kittler [4] model for clear skies. These models resulted in two International 89 

Commission on Illumination (CIE) standards [5,6]. Meanwhile, the models developed 90 

by Perraudeau [7], Matsuura and Iwata [8], Perez et al. [9], Brunger and Hooper [10], 91 

Perez et al. [11], Igawa et al. [12], Igawa [13], as well as the CIE standard general sky 92 

[14], can be applicable to all sky conditions. In this study, we will only consider the 93 

second group of models. 94 

When obtaining the radiance/luminance L(Z,g) of a sky point defined by the zenith 95 

angle Z and azimuth g (see Fig. 1), it is common for models to consider separately the 96 

dispersion of the solar radiation with respect to the direction of the sun beams and the 97 

sky brightness variation from the zenith to the horizon. These two phenomena are 98 

usually modeled by means of the indicatrix f(c) and gradation j(Z) functions, 99 
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respectively. As a result, the basic expression used by numerous models to calculate the 100 

radiance/luminance of a sky point is that described in Equation (1). 101 

 102 

Fig. 1. Angles defining the position of the sun and a sky point. 103 

 (1) 

Additionally, it is frequent to work with relative values of angular distribution, 104 

rather than absolute values. The relative radiance/luminance at a sky point l(Z,g) results 105 

from the ratio between its absolute radiance/luminance value and that of a reference 106 

point, as expressed in Equation (2). In this case, as usual, the reference point is the 107 

zenith. 108 

 
(2) 

In practice, the formulation of the indicatrix and gradation functions and their 109 

coefficients vary among the different models. Such coefficients are related to the 110 

different indicators used to characterize the sky conditions under analysis. For example, 111 

in Perez et al. [11], the gradation and indicatrix functions included two and three 112 

different coefficients, respectively. The value of these coefficients is a function of the 113 

three indicators used to characterize the sky condition, namely, the solar zenith angle, 114 

the sky brightness and the clearness index. 115 

The indicatrix function provides the same result for all those points of the sky vault 116 

with the same angular distance to the sun (c) at any given time and under certain sky 117 
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conditions. These points result from the intersection of the sky vault with circles of 118 

increasing radius located on planes perpendicular to the direction of the solar beams 119 

(see Fig. 2.a). Meanwhile, all those points that have the same zenith angle (Z) and, 120 

therefore, belong to the same almucantar, have the same value of the gradation function. 121 

The almucantars were obtained from the intersection between the sky vault and circles 122 

of decreasing radius from the horizon to the zenith, located on planes parallel to the 123 

horizontal plane (see Fig. 2.b). Because an infinite number of circumferences could be 124 

considered, the spherical zones of the spherical segments between two successive 125 

circumferences concentric with the sun’s rays (SSS) and the spherical zones of the 126 

spherical segments between successive almucantars (SSG) were actually used (see Fig. 127 

2). 128 

 129 

Fig. 2. Circles concentric to the sun’s rays on which the indicatrix function remains constant for a Zs of 55° (a), and 130 

circles concentric with the zenith direction (almucantars) on which the gradation function remains constant (b). A 131 

spherical segment is generated between any two circles of (a) and (b). 132 

The size of the SSSs or SSGs will depend on the angular amplitude chosen in each 133 

case (e.g., 5º in Fig. 2). The intersection of a given SSS and a given SSG delimits an 134 

element of spherical surface (EoSS) with a shape and size dependent on the SSS and 135 

SSG considered. Some examples can be seen in the shaded areas of Fig. 3. 136 
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 137 

Fig. 3. Spherical surface elements (EoSS) obtained as a result of the intersection between different SSSs and SSGs. 138 

The measurement of angular distribution of diffuse radiance and/or luminance in the 139 

sky vault is usually carried out by so-called sky scanners. On some occasions, these 140 

devices are prototypes built to be used in specific studies, as is the case of the study by 141 

Perez et al. [9]. Also, in the field of experimental devices, it is worth mentioning the 142 

portable sky scanner for measuring extremely low night-sky brightness (PePSS) 143 

described by Kocifaj et al. [15]. This system, developed by Slovak Academy of 144 

Sciences and Comenius University, allows adjusting the field of view (FOV) and 145 

programming the scanning mode. However, commercial sky scanners are the most 146 

widely used. Fig. 4 shows the commercial sky scanners manufactured by EKO and PRC 147 

Krochmann. These latest devices measure the radiance/luminance corresponding to the 148 

145 patches of sky hemisphere shown in Fig. 5, according to the CIE Guide [16]. 149 

 150 

Fig. 4. Images of (a) Sky Scanner EKO, model MS-321LR, installed at Public University of Navarre and (b) Sky 151 

Scanner PRC Krochmann (photo courtesy of Dr. Pierre Ineichen). 152 



 8 

 153 

Fig. 5. Subdivision of the sky hemisphere into 145 patches according to CIE [16]. 154 

For the development and calibration of mathematical models for the estimation of 155 

the angular distribution of diffuse sky radiance/luminance, it is necessary to determine 156 

the measured values of these variables for each of the EoSS. For example, Janjai et al. 157 

[17] and Janjai [18] carried out this determination when modeling the indicatrix and 158 

gradation functions. Regarding the indicatrix function, the luminance values of the 159 

EoSSs with the same c were determined while the luminance of the EoSSs belonging to 160 

the same almucantar was determined for the case of the gradation function. This 161 

procedure is described in the Appendix A. Given the variability of shapes of EoSSs and 162 

their dependence on the position of the sun at each moment, these sky elements do not 163 

correspond to the 145 established patches of sky vault measured by the sky scanners. 164 

Thus, to find the radiance/luminance corresponding to each EoSS at a given time, it is 165 

necessary to overlap the sky vault partition shown in Fig. 3 with that in Fig. 5. Given 166 

that an EoSS can contain portions of several sky patches, a possible approach is to 167 

assign to the EoSS the radiance/luminance resulting from the weighted mean of the 168 

radiance/luminance of the affected patches. 169 

Unfortunately, no procedure was found in the literature for performing the two tasks 170 

previously mentioned, i.e., the delimitation of the EoSSs for each solar zenith angle and 171 

the assignation of the radiance/luminance experimental values observed in the 145 172 

routinely registered positions of the commercial sky scanners to each of the different 173 
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EoSSs. This is not an analytically trivial procedure; thus, the objective of this work was 174 

to present a methodology that allows for the completion of the two tasks mentioned and 175 

the subsequent assignation of radiance/luminance to each EoSS using Geographical 176 

Information Systems (GIS). The purpose of this methodology is the assignment of 177 

radiance/luminance values measured by commercial sky scanners (at established sky 178 

sky positions and with a fixed FOV) to sky areas whose geometry is different from that 179 

of the sky patches observed by such sky scanners. The ultimate goal of this assignment 180 

is to model the angular distribution of radiance/luminance in the sky according to the 181 

procedure included in the Appendix A. 182 

The procedure proposed in the next section is an easy-to-use, easily automated and 183 

versatile alternative for research in the field of angular distribution of radiance and 184 

luminance in the sky. In addition, it allows to observe the graphical evolution of the 185 

calculations, so that at any moment it is possible to visualize the patches or sectors of 186 

sky involved. 187 

2. Methodology 188 

A methodology based on the geometric analysis capability of GIS was developed as part 189 

of the present study. GIS tools have great potential for the analysis of geometric entities 190 

with associated numerical information. 191 

Despite their numerous advantages, working with GIS presents two special features 192 

that condition the methodology shown below. First, the geometries corresponding to the 193 

different sky elements must be topologically correct to ensure the quality of subsequent 194 

data analyses. For example, there should be no open polygons, spaces (see Fig. 6a) or 195 

overlaps (see Fig. 6b) between adjacent polygons. 196 
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 197 

Fig. 6. Two of the most common errors in the generation of polygon geometry: holes (a) and overlaps (b). 198 

Given the discrete nature of the sky elements used, their representations can be stored as 199 

vectors. Of all the geometric entities that the vector files can utilize to determine the 200 

variability and characteristics of the environment, the most relevant entity to the present 201 

study is the polygon since the EoSSs and sky patches are polygons. 202 

The topology generation process involves the detection and correction of the 203 

topological errors in the initial geometric representation. Certain computer-aided design 204 

(CAD) programs and GIS allow for establishing a series of topological rules that set the 205 

spatial constraints among the elements of a plane. The elements that do not meet these 206 

constraints are highlighted by the program. In general, the intervention of a human 207 

expert is required to evaluate errors indicated by the program and implement any 208 

corrections. Topological errors are commonplace; however, a careful review of the 209 

models minimizes these errors and facilitates the topology generation process. 210 

After the eventual geometrical correction, each polygon (EoSS or sky patch) 211 

constituted a unique graphical entity (spatial component) with associated alphanumeric 212 

information (thematic component). Thus, a unique identifier can be added to each sky 213 

element, regardless of its shape, along with a value of radiance or luminance. The 214 

generated polygons are stored in a vector file. The shapefile (SHP) vector format has 215 

been used in this work, given that its widespread use has led it to become a de facto 216 

standard. 217 

The other particular feature of working in most GIS environments (especially in 218 

open source GIS) is the impossibility of applying its geoprocessing or vector analysis 219 
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tools to polygons located in 3D-space. Although some GIS allow for the visualization 220 

and analysis of vector models in 3D, they do not provide geoprocessing for polygons 221 

located in 3D-space. Because only 2D-files can be used, the surfaces must be projected 222 

onto a plane. In the present study, we used equisolid projection over the horizontal 223 

plane of the sky vault. This projection preserves the solid angle of the sky spherical 224 

elements (EoSS and patches). Additionally, the spatial correspondence is maintained 225 

among the different sky segmentations. Therefore, if an EoSS covers more than one 226 

patch, it is possible to determine the solid angle proportion of the EoSS corresponding 227 

to each sky patch and calculate the radiance or luminance of this EoSS as the average of 228 

the radiance/luminance of the patches involved, proportionally weighted. 229 

The methodology proposed encompasses six stages. The graphical results of the 230 

methodology for a ZS of 55° can be observed in Fig. 7. For each SSG and SSS, 231 

corresponding to a solar elevation based on the establish intervals, the steps were as 232 

follows: 233 

1. 3D-modeling of the different sky vault divisions with a CAD program. This includes 234 

the following: 235 

• Generate the SSSs in which the indicatrix function is constant. The geometry of 236 

these spherical segments depends on the sun’s position. Thus, it is necessary to 237 

develop a model for each defined solar elevation (Fig. 7a). 238 

• Generate the SSGs in which the gradation function is constant in accordance 239 

with the desired angular increments of the spherical sector (Fig. 7b). 240 

• Generate the 145 sky patches proposed in the CIE standards (Fig. 7c). 241 

2. Generate the orthographic projection over the horizontal plane of each model with a 242 

CAD program (Fig. 7d-Fig. 7f) to create a 2D-vector file that can be processed by 243 

GIS. The orthographic projection of the hemisphere alters the shape and area of the 244 
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geometric entities. Therefore, they should then be re-projected to an equisolid 245 

projection. 246 

3. Generate the polygon topology for each projection along with its topological 247 

correction using a CAD program or GIS. This stage concludes with the generation 248 

of a series of shapefile files for subsequent analysis in GIS. 249 

4. Re-project the geometric entities contained in each shapefile from orthographic to 250 

equisolid projection by means of GIS (Fig. 7g-Fig. 7i). 251 

5. Use of the intersection geoprocessing tool provided by GIS for the graphic 252 

delimitation of the different EoSSs corresponding to each of the considered solar 253 

zenith angles. The SSG and SSS vector files generated in the previous stage act as 254 

input layers to GIS geoprocessing. The result of this operation (Fig. 7j) is a new 255 

shapefile comprising all EoSSs. Each generated EoSS also includes the 256 

alphanumeric information associated with each of the entities (SSGs and SSSs) that 257 

gave rise to the geometry. 258 

6. Superpose the patches and EoSSs for each solar zenith angle by GIS. The 259 

intersection tool is applied again, and as in the previous case, the newly generated 260 

geometric entities (Fig. 7k) conserve the attributes of both input layers. Here, the 261 

attributes of the EoSSs and patches are conserved; thus, each of the generated 262 

polygons contains the identifier of the EoSS and the corresponding patch. In this 263 

manner, it is possible to determine the patch that corresponds to each EoSS. 264 

Furthermore, if an EoSS includes several patches, the EoSS proportion that 265 

corresponds to each patch is calculated to determine the mean weighted value of its 266 

corresponding radiance/luminance. 267 

Once the EoSS files for the different solar elevations have been generated, as well as the 268 

shapefile corresponding to the sky scanner measurements distribution, they can be used 269 
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as many times as desired. That is, for as many moments as necessary. Consequently, the 270 

steps detailed until point 5 of the procedure only have to be performed once. 271 

 272 

Fig. 7. Graphical representation of the methodology. 273 

Detailed results obtained after the application of the described methodology considering 274 

a ZS of 55° are presented in Fig. 8. Specifically, this figure shows the overlap between 275 

an EoSS and four sky patches. The luminance corresponding to the EoSS in Fig. 8 is 276 
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calculated as the weighted mean of the luminance of each of the four patches, according 277 

to the proportion of the EoSS that encompasses each one. 278 

 279 

Fig. 8. Detail of an EoSS with four patches. The EoSS luminance is determined by a weighted measurement of the 280 

luminance of each patch. 281 

3. Comparison between GIS-based method and spatial interpolation 282 

As explained in the introduction, no conveniently detailed procedure for the assignation 283 

of the radiance/luminance experimental values measured by commercial sky scanners to 284 

of the different EoSSs has been found in the literature. However, some proposals exist 285 

for radiance/luminance determination of a certain point in the sky as the one presented 286 

by Kómar et al. [19]. In this work, the gradation and indicatrix functions from the two 287 

parts of sky vault divided by solar meridian are analyzed from the measurements of a 288 

self-constructed prototype of a portable sky scanner with calibrated spectroradiometer. 289 

For the determination of the radiance/luminance of a certain sky element defined by its 290 

zenith angle and its angular distance to the sun, a linear interpolation between four 291 

points measured by the scanner which enclose required sky element is proposed. 292 

In order to assess the suitability of the GIS-based procedure proposed in this work it 293 

was performed a comparison between the radiance obtained by interpolation and that 294 

determined by the GIS-based procedure proposed in this paper. Thus, the inverse 295 
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distance weighting (IDW) interpolation method has been applied. The application of 296 

this method requires a metric operator to consider the distance between the points of 297 

known radiance and the sky element of interest. In this case, the angular distance 298 

between the centroid of the patch and that of the EoSS (cp-e), calculated according to 299 

Equation (3), has been chosen. 300 

 (3) 

The power parameter, that controls the significance of measured radiance/luminance 301 

values on the interpolated value, was set equal to two. So, the EoSS radiance/luminance 302 

(Le) can be determined by IDW interpolation according to Equation (4). 303 

 
(4) 

Fig. 9a shows the radiance distribution in the sky vault measured at the Public 304 

University of Navarre station (Pamplona, Spain) on 05-08-2007 at 14:00 UTC. This 305 

distribution corresponds to a standard sky type 8 according to the CIE classification 306 

[14]. This is the most frequent intermediate sky type in Pamplona, as shown in Torres et 307 

al. [20,21]. The measurements represented in Fig. 9 have been rotated to refer them to 308 

the solar meridian. The black lines superimposed on the patches represent the EoSS 309 

distribution corresponding to a solar zenith angle of 35º. 310 

Meanwhile, Figs. 9b to 9e correspond to the four EoSS, shaded in Fig. 9a, that have 311 

been taken as example. The colored sky patches in each figure are the four closest to the 312 

EoSS, i.e. those with the smallest angular distance to the centroid of the EoSS that will 313 

be used for the interpolation cited above. Patch centroids have been marked with a black 314 

dot in the different figures. 315 

χp−e = arccos(cosZe cosZp + sinZp sinZe cos |γp − γe|)

Le =
∑4

p=1 Lp(Zp,γp)/χ
2
p−e∑4

p=1 1/χ2
p−e
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 316 

Fig. 9. Sky radiance distribution measured by a Sky Scanner EKO at Public University of Navarre station and EoSS’s 317 

distribution (a). CIE sky patches involved in the radiance estimation of the four EoSS shaded in Fig. 9a (b-e). 318 

The results obtained after the use of both procedures for the assignment of 319 

radiance/luminance to specific sky elements are shown in Table 1. As can be seen, the 320 

differences obtained for the four examples range between 5.27% and 9.59% (in absolute 321 

value). Regardless of the differences obtained, the application of both procedures 322 

reveals a series of advantages that the GIS-based method proposed in this paper presents 323 

as opposed to a spatial interpolation. 324 

The most evident is the fact that, while applying a spatial interpolation, such as 325 

IDW, it is necessary to previously establish the number of sky patches to be considered 326 

(four in this example), the proposed procedure automatically selects the patches 327 

involved, i.e., only those covered by the EoSS in question. As can be seen in Fig. 9, it is 328 

a variable number of sky patches. Also, the GIS-based procedure eliminates the source 329 
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of uncertainty involved in the selection of the IDW power parameter, or even the 330 

interpolation method to be used. 331 

Finally, the aforementioned automatic selection derived from the use of the GIS-332 

based method would lead to the fact that, when an EoSS is entirely within a single sky 333 

patch, it will take the radiance/luminance value of this patch. This is consistent with the 334 

assertion stated by Kobav et al. [22] that the value measured by a sky scanner represents 335 

the average value of luminance and radiance in the device FOV. However, if a spatial 336 

interpolation is applied, an interpolated value from the four closest patches will be 337 

assigned to the EoSS. 338 

4. Conclusion 339 

In this work, a GIS-based procedure has been proposed for the following: 340 

1. The identification of the different spherical zones (EoSSs) obtained by combining 341 

the constant gradation (SSG) and constant indicatrix (SSS) spherical sectors. 342 

Table 1. Differences between the radiance values assigned to four EoSS by IDW interpolation and by the GIS-based 
procedure proposed. 

EoSS Ze 
(º) 

c 
(º) Sky patch cp-e 

(º) 
Lp 

(W·m-2·sr-1) 
Le GIS 

(W·m-2·sr-1) 
Le IDW 

(W·m-2·sr-1) 
Dif. 
(%) 

a) (7.5-12.5) (40-45) 

1 11.09 89.97 

85.48 89.90 5.27 
2 2.00 79.59 
3 11.09 86.37 
4 10.00 103.69 

b) (27.5-32.5) (20-25) 

1 11.66 134.59 

203.96 188.06 7.79 
2 6.06 192.08 
3 7.93 232.46 
4 10.25 143.76 

c) (52.5-57.5) (40-45) 

1 9.91 97.46 

102.90 108.88 -5.82 
2 6.46 95.24 
3 7.96 119.85 
4 10.58 139.16 

d) (52.5-57.5) (25-30) 

1 11.01 175.52 

155.99 170.95 -9.59 
2 5.74 129.37 
3 7.47 198.55 
4 11.48 266.90 
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2. The assignation of the radiance/luminance experimental values observed in the 145 343 

routinely registered positions of the commercial sky scanners to each of the different 344 

EoSSs, corresponding to different solar elevations, whose geometry is different from 345 

that of the sky patches observed by such sky scanners. 346 

The proposed procedure is easily adaptable to different configurations of sky 347 

patches measured by both commercial and experimental sky scanners. Therefore, other 348 

configurations, adapted for other purposes, could be considered by the described 349 

methodology. This methodology can be used for the development and calibration of 350 

radiance/luminance angular distribution models based on ground-based measurements 351 

and satellite-derived data.  352 



 19 

Appendix A. Procedure for modeling the gradation and indicatrix functions 353 

To model gradation or indicatrix functions from a series of routine radiance/luminance 354 

angular distribution measurements, a similar methodology can be followed 355 

independently for each. 356 

Given that the aforementioned functions depend on the indicators used to 357 

characterize the different sky types under study, first intervals must be chosen in which 358 

the range of total variability for each of these indicators will be divided. For example, in 359 

Janjai et al. [17] and Janjai [18], the indicators are the solar zenith angle (Zs) and the 360 

satellite-derived cloud index (n). Consequently, if the number of intervals chosen for the 361 

first one is p and for the second one q, there would be a p·q number of sky conditions or 362 

types to consider. Further, the angular amplitude of the SSSs and SSGs must also be 363 

decided initially. In this way, the SSGs can be defined for all subsequent analyses, but 364 

not the SSSs because these will depend on the Zs. 365 

Then, the angular distribution data observed experimentally should be treated with 366 

the goal of having a single angular distribution, averaged and referred to the solar 367 

meridian, for each of the p·q established sky conditions. This process involves the 368 

following stages: 369 

a. Refer the 145 radiance/luminance measurements made by sky scanners at each 370 

moment to the corresponding solar meridian (see Fig. A.1). For this purpose, 371 

each patch measurement is rotated around the vertical direction, so that they are 372 

referenced to the solar meridian and not to the south at each moment, thus going 373 

from L(Z,g) to L(Z,gtosun). The results of this rotation constitute the database that 374 

will be used for the development and/or calibration of the model. 375 
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 376 

Fig. A.1. Rotation of the sky scanner measurements (referenced to the South) to referenced them to the solar 377 

meridian. 378 

b. Group the angular distribution measurements prepared in the previous point, that 379 

belong to each of the p·q sky conditions. In this way p·q subgroups are obtained. 380 

Within each of them there will be an m variable number of registered angular 381 

distributions of radiance/luminance. 382 

c. Average the m angular distributions within each of the p·q subgroups generated 383 

in the previous section. Thus, p·q average angular distributions of 384 

radiance/luminance are obtained (one for each subgroup). Each of them will 385 

have a certain Zs and n. 386 

The gradation function will include a series of coefficients depending on the sky 387 

conditions. Consequently, a recursive analysis of this function with respect to such 388 

conditions should be performed, as described below: 389 

1. Set the value of one of the two indicators considered, for example n, and take the 390 

corresponding p angular distributions from the database, each with a different Zs. 391 

2. Follow the next steps for each of the p distributions derived in the previous stage: 392 

2.1. Define the SSSs corresponding to the Zs of each of the p distributions 393 

contemplated, according to the angular amplitude chosen at the beginning of 394 

the process. 395 



 21 

2.2. Determine the EoSSs corresponding to the intersections of the different 396 

SSGs and SSSs. For this step, the methodology proposed in the present work 397 

can be used. 398 

2.3. Determine the radiance/luminance values corresponding to each of the 399 

EoSSs from the measured radiance/luminance values L(Z,gtosun) collected in 400 

the database. Again, the methodology proposed in the present study can be 401 

used for this purpose. 402 

2.4. Identify the v EoSSs belonging to each of the successive SSSs and collect 403 

their values L(Zi,c), with i from 1 to v. It should be remembered that c 404 

remains constant for each different SSS so that, for example, for the SSS 405 

corresponding to c = c1, the relationships included in the Equation (A.1) can 406 

be established. 407 

 (A.1) 

2.5. Divide each of the quotients obtained in the step 2.4 by any one taken as 408 

reference, whose position is given by the angle of zenith Zref. In this way, 409 

following the example of c = c1, the equalities included in the Equation 410 

(A.2) are obtained. 411 

 (A.2) 

A simple algebraic manipulation of Equation (A.2) leads to Equation (A.3). 412 

 (A.3) 

The values of the first members of the equalities contained in the Equation 413 

(A.3) are known, because they are in the database built from the routine 414 

measurements, therefore, the points (Zi , j(Zi)/ j(Zref)) are also known as well 415 
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as the curve that they define. If the process is repeated for c = c2, c = c3 … c 416 

= cs, a family of curves will be obtained. According to Janjai et al. [17] and 417 

Janjai [18], these curves are similar and can be summarized in a single, final 418 

curve for each Zs. 419 

2.6. Determine the intersection point of the final curve obtained in step 2.5 with 420 

the vertical axis and consequently the value of j(0)/j(Zref). 421 

2.7. Divide every quotient j(Zi)/j(Zref) by j(0)/j(Zref), thus obtaining the series of 422 

values defined in Equation (A.4), which correspond to the values of the 423 

relative gradation function corresponding to the Zs considered. 424 

 (A.4) 

By repeating the full procedure included in step 2 of the procedure for the p different Zs 425 

and, subsequently, doing the same for the q possible n, all the necessary data will be 426 

available to adjust the relative gradation function model. 427 

The process would be analogous for the indicatrix function. The difference is that, in 428 

this case, it would consider the different SSGs, in which the gradation function remains 429 

constant. Again, the methodology proposed in this paper would be necessary to 430 

complete the different steps of the aforementioned process. 431 
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