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Abstract: The effective use of daylight is a function of the luminance of the sky exposed to the
glazing system. Therefore, accurate data about the luminance distribution of the sky are necessary
for the optimum use of daylight. This paper compares seven models for estimating the angular sky
luminance distribution. They were selected based on the ability to be used with all sky conditions
and to determine the luminance of the sky from solar radiation. Measurements of solar radiation,
sky luminance, and sky radiance were taken in a “maritime desert region” in Saudi Arabia. The results
showed that the “Perez 93” model performed better than the other models tested, but there is a need
for more studies to identify more accurate models for use in similar climatic conditions.
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1. Introduction

The use of daylight in buildings can be attributed to different conditions and varying design
criteria. One major benefit of using daylight is that it reduces energy consumption [1-3]. Other design
criteria related to the use of daylight in buildings are its physiological and psychological impact on
people and the satisfaction of the occupant [4-8]. These valuable effects make daylight an aesthetic
tool for the architect and a qualitative asset for the users of a building. The effective use of daylight is
mainly a function of the luminance of the sky exposed to the glazing system. Therefore, accurate data
about the luminance distribution of the sky are needed for the use of daylight.

In 2003, in order to help make better use of daylight, the International Commission on Illumination
(CIE) proposed a general sky model [9,10] which is now known as the “ISO/CIE Standard General
Skies” [11]. This standard defines the sky luminance distribution into conditions that range from
overcast to clear sky. Several methods have been proposed in order to fit a sky into one (or more) of
theses 15 sky types [12-16]. However, to fit a sky into one of the CIE skies, measurements of luminance
are needed. Such data are not available in many regions of the world, so sky models that estimate
the luminance distribution of the sky from measurements of the available solar radiation seem to be
a very helpful option. Several sky luminance models that are based on insolation condition have
been proposed. However, the accuracy of these models varies because of the assumptions they use
and the differences in climatic conditions from one site to another [15,17-23]. These sky models have
been used in computer programs, in which daylight simulation can be used to evaluate the daylight
performance of a proposed or existing building for any period of time. Such evaluation can be based
on several criteria. These include visual comfort [24-27], energy performance [25,27], and adequacy of
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internal lighting conditions [28,29]. However, different sky models can lead to different quantitative
and qualitative results [30-32].

The aim of this paper is to evaluate some of these sky models using luminance and solar radiation
measurements taken in a maritime desert region in Saudi Arabia.

2. All Sky Luminance Distribution Models

For this study, seven sky luminance distribution models were selected. These models have been
investigated in previous studies under different climatic conditions [21,23,33-35]. The reason for
selecting these models is that they can estimate the luminance distribution for any sky conditions based
on available solar radiation data. Descriptions of the models are presented in the following sections.

2.1. Perraudeau Model

One of the earliest models that relates sky luminance to solar radiations was proposed by
Perraudeau in 1988 [36]. This model calculates the sky luminance based on the diffuse horizontal
irradiance. The luminance of a sky element is a product of three functions, depending on the angular
distance to the sun, the angle between the zenith and the sky point, and the zenith angle of the sun

(Figure 1):
Lv = Eed f'(x) g'(2) h'(Zs) @D
where
/() = a1 + by exp (=3x) + ¢ cos® X )
g'(Z) = ap + by (cos Z)* )
h'(Zs) = a3 + b3 cos Zs + c3 sin Zs (4)

where ai, bi, and ci are adjustable coefficients for each of the five sky conditions (overcast to clear)
proposed by this model and defined by a cloud index, which is a normalized cloud ratio.

| —
\ |_— \ /

~< \ -

— \ _-—P”f

Figure 1. Angles that define the position of the sun and a sky point.

2.2. Brunger Model

The Brunger model estimates radiance rather than luminance [37]. However, luminance and
radiance have nearly identical relative distributions [38]. The luminance of a sky point (Lv) can be
found from the following:

Lv =Eed [ag + a; siny + ay exp (-a3 x)]

[t(ag +2a1/3) + 2 a, [ (Zs, a3)] 5)
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where ap, aj, ap, and a3 are the adjustable coefficients based on the ratio of global irradiance to
extraterrestrial irradiance and the ratio of diffuse irradiance to global irradiance. I (Zs, a3) is a
normalizing function.

2.3. Harrison Model

Harrison proposed two equations for estimating the luminance distribution of overcast sky (Lvo)
and clear sky (Lvc) [39]. Based on opaque cloud cover, the luminance of a sky element (Lv) can be
found through a linear combination of the two equations:

Lv=CLo+(1-C)Lvc (6)
where
Lo=04+0212Zs+0.27 cos Z + 1.45 exp (-2.14 %)
Lvc =[1.28 + 147 exp (—11.1x) + 4.58 cos2 x cos Zs] (7)
[1 — exp (—0.42/cos Z)] [1 — exp (—0.67/cos Zs)] (8)

In this study, the ratio of horizontal sky irradiance to global horizontal irradiance (C) is used
instead opaque of cloud cover [22].

2.4. Matsuura Model

This model uses the CIE standard sky types; clear, intermediate, and overcast [40]. The governing
parameter in this model is the ratio of horizontal sky illuminance to the global horizontal illuminance.
In this study, the ratio of horizontal sky irradiance to global horizontal irradiance is used instead:

Lv=aq Lcie_cl + ain Lcie_in +aov L cie_ov )

where
Leie-c1 is sky luminance from the CIE clear sky model [41];

Leie_a/Lz = f(x) ©(2)/f(Zs) ¢(90°) (10)
f(x)=1+c{exp (dx) —exp (d m)} + e cos2 x) (11)
@(y) =1+ aexp (b/siny) (12)

Leie-ov is sky luminance from the CIE overcast sky model [42];

Lgie-in is sky luminance from Nakamura’s sky model [43].

The adjustable coefficients (ag, ajn, and aoy) are based on three ranges of illuminance cloud ratio
(diffuse horizontal sky illuminance to global illuminance).

2.5. ASRC-CIE Model (Pereze90)

This model uses the same approach used in the Matsuura model. However, in this model, four CIE
sky models and three ranges of sky conditions are used [22,44]. The CIE skies are the clear sky [41],
the intermediate sky [43], the overcast sky [42], and the high turbidity clear sky models [43]. The ratio
of the luminance of an arbitrary sky element to the zenith luminance, is given by:

Lv =Lz (bg Leie o + bet Leie ct + bi Leie_in + boy Leie ov) (13)
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Sky condition is based on a clearness index (¢) and sky brightness index (A) which is used to
decide on the contribution from each of the four CIE sky models through the adjustable coefficients
(bcll bctr bir and bOV):

Eedifes 1 1.041 73

£ = 14
1+ 1.041 Zs® 14)
Eed
A=m—— 1
m Eeo (15)

The luminance at the zenith can be assumed with any value. This is because this study will
evaluate the relative distribution rather than dealing with absolute values.

2.6. Perez Model (Perez 93)

The CIE clear sky [41] is used in this model [45]. It is based on five adjustable coefficients which
account for luminance distributions ranging from totally overcast to very clear:

(a) Darkening or brightening at the horizon.
(b) Luminance gradient near the horizon.

(c) Relative intensity of the circumsolar region.
(d) Width of the circumsolar region.

(e) The relative backscattered light.

The values of these coefficients are chosen as a function of sky condition, identified by the values
of Perez’s clearness index (&) and the sky brightness index (A) used [44].

Lv/Lz = f(x) ©(2)/f(Zs) ¢(0°) (16)
f(x)=1+c{exp (dx) —exp (d )} + e cos2 x) 17)
@(y) =1+ aexp (b/sinvy) (18)

2.7. Igawa Model

Igawa proposed what he called the improved All-Sky model (i-As) [46]. Like Perez, he used the
same the CIE clear sky model [41]. However, Igawa proposes a different approach for estimating the
five coefficients of the model (a, b, ¢, d, and e) that are a function of “Cloudless index” and “Clear sky
index”.

3. Luminance and Solar Radiation Measurements

Data were collected for this study at a measuring station located on the roof of the College of
Architecture and Planning, Imam Abdulrahman Bin Faisal University in Dammam (26°30" N, 50°09” E)
(Figure 2). Dammam is located on the east coast of Saudi Arabia. Most of the coast is classified as a
hot-dry climate zone [47]. However, because Dammam is located on the shore of the Gulf, the relative
humidity is high and the area may be classified as a hot-dry maritime desert [47].

Data used in this study were collected from two sources:

1. A solar monitor station operated (Figure 2), maintained, and calibrated by King Abdullah City for
Atomic and Renewable Energy [48]. The data collected from this station include: direct normal
irradiance where the measurements are done with a pyrheliometer mounted in an automatic solar
tracker (Solys 2—Kipp and Zonene); diffuse horizontal irradiance where the measurements are
done with a shaded pyranometer (Kipp and Zonene), and global horizontal irradiance measured
with an unshaded pyranometer (Kipp and Zonene).

2. A newly installed EKO sky scanner model MS 321 LR (Figure 3) was used for sky luminance
measurements.
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Figure 2. Solar monitoring station on the roof of the College of Architecture and Planning,
Imam Abdulrahman Bin Faisal University, Dammam, Saudi Arabia.

Figure 3. The sky scanner, on the roof of the College of Architecture and Planning, Imam Abdulrahman
Bin Faisal University, Dammam, Saudi Arabia.

The solar radiation measurements are based on one-minute intervals. Such raw data were tested
to eliminate inaccurate measurements. This was done through the following steps [20,49]:

1.  Rejecting readings of global horizontal radiation greater than 1.2 times the corresponding
extraterrestrial horizontal radiation.

2. Rejecting readings of horizontal sky radiation greater than 0.8 times the corresponding
extraterrestrial horizontal radiation.

3. Rejecting all readings when the solar altitude is less than five degrees.

4.  Rejecting all data when the direct normal exceeds the corresponding extraterrestrial solar component.

Data from the sky scanner were obtained in 10-min intervals during daylight, from 4 April 2019
until the end of January 2020 (each scan takes up to 4.5 min). The measurements were taken at 145
different points distributed over the sky dome. The sky scanner can measure within a range of 0 to
50 Kcd/m?. Therefore, measurements for points close to the position of the sun are affected by direct
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sunlight, resulting in high readings (Figure 4). For that reason, readings above 50 are always replaced
by a reading of 50 Kcd/m?.

Sky Scanner MS—-321LR Sky Luminance distributions

[ked/m"2]
500
300
200
150

100

Figure 4. An example of sky luminance distribution measurements, showing the problem of
high readings.

4. Results and Analysis

To evaluate the models, the luminance of a sky point was normalized to the corresponding
horizontal diffuse illuminance estimated from the current scan. Sky illuminance on a horizontal surface
(Ev) was estimated as follows [50,51]:

145
Ev = Z . Lvi sin vy . spherical area of sky element (i) (19)

where Lvi is the luminance of sky point i at an altitude of y.

This approach is used because we are interested in evaluating the sky luminance distribution of
the different models.

Each model was evaluated using two statistical quantities—the mean bias difference (MBD) and
the root mean square difference (RMSD):

Lpredi — Lmeasi

MBE = 100% Z ( )/N (20)

Lmeasi
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o Lpredi — Lmeasi 2
RMSE = 100% ) _( \/ v WA\ (21)
Lpredi = Lpi/Edvp (22)
Lmeasri = Lmi/Edvm (23)

The mean bias difference provides information on the long-term performance of the modeled
regression equations. The root mean square difference gives information on short-term performance
and it shows the scattering of data around the modeled regression equations. A high root mean square
error (RMSE) indicates general inaccuracy in predicting the measured values.

RMSE and mean bias errors (MBE) were calculated for each sky model. Figure 5 summarizes all
the mean bias errors (MBE) and root mean square errors (RMSE) for all scans done during the study
period. The results show that four models had close results, Perez 93, Perez 90, Brunger, and Igawa.
Perez 93 showed the lowest RMSE (25.5), followed by Perez 90 at 28.35, Brunger at 29.26, and Igawa
at 30.52. All models overestimated sky luminance, except the Brunger model, which has a low MBE
(0.93).

RMSE
MBE

sl

Brunger Harison Matsuura Pereze 80

Figure 5. Root mean square errors (RMSE) and mean bias errors (MBE) for the investigated models
(April 2019-January 2020).

To analyze the models according to the sky condition, results are assembled according to sky
type. By using the sky ratio, which is the ratio of horizontal sky irradiance to the global horizontal
irradiance [52], Dammam’s sky condition for the studied period was classified. Table 1 gives the
frequency of occurrence of the different sky types.

Table 1. Frequency of occurrence of the different sky types for Dammam area.

Clear (sky ratio < 0.3): 22%
Partly Cloudy (0.3 < sky ratio < 0.8) 62%
Overcast (0.8 > sky ratio): 16%

From Figure 6, all models produce lower RMSE for clear sky conditions compared to the RMSE for
all sky conditions. Perez 93 has the lowest RMSE (22.23) for the clear sky condition. The partly cloudy
sky condition accounted for about 62% of the sky condition during the studied period. MBE and RMSE
values under partly cloudy conditions are similar to the results for all sky conditions (Figure 7). Again,
Perez 93 has the lowest RMSE with a value of 24.38.
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Figure 6. RMSE and MBE for the investigated models (clear s

RMSE
” MBE

%
Lid
[=1

| s |

gawa Matsuura Pereze 90 Pereze 93

-

erraudeau

Figure 7. RMSE and MBE for the investigated models (partly cloudy sky).

For overcast sky conditions, all models show an RMSE near or above 40. The lowest RMSE value
this time came from the Igawa model at 39.88 and then Perez 93 at 40.12 (Figure 8).

N RMSE

&0

3 MBE
ot

10 %

Brunger Harison gana Matsuura Pereze 90

Figure 8. RMSE and MBE for the investigated models (overcast sky).

To further investigate the accuracy of the selected models, the angular distance between the sky
point and the sun location (x) was investigated. Four segments were chosen:
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Sky points within an angular distance of 45° or less from the sun.
Sky points within an angular distance between 45° and 90° from the sun.
Sky points within an angular distance between 90° and 135° from the sun.

Sky points within an angular distance of more than 135° from the sun.

Figures 9 and 10 present the RSME as a function of the angular distance between the sky point
and the sun (x). Perez 93 has the lowest RMSE for x < 90°. When  is greater than 90°, Perez 90 has the
lowest RMSE, and when x is greater than 135°, Perez 93 produces the lowest RMSE.

A=10-45
50 ” 7
BEll=45-%0

%
g
_

Brunger Harison gawa Matsuura Pereze 93 Perraudeau

Figure 9. RMSE of the investigated models as a function of the angular distance between the sky point
and sun, x (0° to 90°).
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Figure 10. RMSE of the investigated models as a function of the angular distance between the sky point
and sun, x (90° to 180°).

The results showed that the Perez 93, Perez 90, Igawa, and Brunger models estimate luminance
for sky points away from the sun better than when sky points are closer to the sun.

These results show that Perez 93 produces the lowest RMSE and the results for Perez 90 are
nearly as low. However, the Igawa and Brunger models are other options for such climates. It is very
interesting to see that the Brunger model, which was designed for radiance rather than luminance
distribution, produces results similar to other models that were designed to model luminance.

5. Conclusions

This study evaluated seven sky models that can estimate sky luminance distribution through the
use of horizontal sky irradiance, global horizontal irradiance, and direct normal irradiance. The study
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was based on real measurements of solar radiation and luminance of the sky. These measurements
were carried out in a hot-dry maritime desert region. The measurements were taken between April
2019 and January 2020. The results show the need for more study to attain more accurate sky models
for similar climatic conditions. The findings illustrate that the Perez 93 model produces the best
results. However, the Perez 90, Igawa, and Brunger models provide acceptable accuracy. All models
perform better with clear sky conditions, while the worst results came during overcast sky conditions.
In addition, Perez 93, Perez 90, Igawa, Matsuura, and Brunger perform better for sky points at an
angular distance of more than 90° from the sun. It is very interesting to see that the Brunger model,
which was designed for radiance rather than luminance distribution, produces results similar to other
models that were designed to model luminance.
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Nomenclature
C ratio of horizontal sky radiance to global horizontal irradiance.
Eed diffuse horizontal irradiance (w/m?2)

Edvm  horizontal sky illuminance calculated from the measured 145 scan points (lux)
Edvp  horizontal sky illuminance calculated from the predicted 145 scan points (Iux)
Ees normal irradiance (w/m?)

Eeo extraterrestrial normal irradiance.

Leie @ luminance at considered point using CIE standard clear sky (Kcd/m?)

Lege ¢ luminance at considered point using CIE standard clear-turbid sky (Ked/m?)
Lee in luminance at considered point using CIE standard intermediate Sky (Kcd/m?)
L ge ov luminance at considered point using CIE standard overcast Sky (Kcd/m?)

Lmi measured luminance for scan point i (Ked/m?)
Lpi calculated luminance for scan point i (Ked/m?)
Lv luminance of a sky element (Kcd/m?).

Lz zenith luminance (Kcd/m?)

m optical mass

N total number of scan point 145

X angle between the sun and the sky point.

Z angle between the zenith and the sky point.
Zs angle between the zenith and the sun.

Y the altitude of sky point.

vs the altitude of sun.
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