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Abstract

The aim of this research work is to propose sky radiance and luminance distribution models for all sky conditions

from clear sky to overcast sky. The classification method of sky conditions is examined. Clear sky index is defined based

on the global irradiance. Cloudless index is defined based on the global irradiance and the diffuse irradiance. The sky

conditions are classified according to both indices. The data of the average sky radiance (luminance) distributions are

obtained based on the classified sky conditions. The average relative sky radiance distributions are compared with the

average relative sky luminance distributions. It has been confirmed that both radiance/luminance distributions can be

shown by the same equation.

An equation that shows the relative sky radiance (luminance) distribution for all sky conditions and equations that

show the zenith radiance and the zenith luminance are obtained. The absolute value of the sky radiance (luminance)

distribution is shown by multiplying the relative sky radiance (luminance) distribution and the zenith radiance

(luminance). The equations to show the absolute values of the sky radiance distribution called the All Sky Model-R and

the sky luminance distribution called the All Sky Model-L are proposed.

Both models are compared with the previous models based on the measurement distributions concerning the region

of sky vault and the sky conditions and good results are obtained. In addition, the vertical irradiance and illuminance

calculated by the proposed models and the previous models are compared with the measurements, and the proposed

models are confirmed their accuracy.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The meteorological data that can reproduce the

weather condition as accurately as possible is necessary

for the effective use of solar energy and the plan and
* Corresponding author. Tel.: +81-476-47-1700; fax: +81-

476-46-6688/+81-476-47-3080.

E-mail address: igawa.norio@takenaka.co.jp (N. Igawa).

0038-092X/$ - see front matter � 2004 Elsevier Ltd. All rights reserv

doi:10.1016/j.solener.2004.04.016
design of energy conservation in buildings. Data con-

cerning the solar radiation and daylight are the most

basic meteorological data. It is necessary to establish the

overall design technique for the thermal and luminous

environment to implement energy conservation and to

ensure the quality of the indoor environment. For this

purpose, detailed, realistic models for the solar radiation

and the daylight are indispensable. Till today, there are a

lot of considerations about modeling sky radiance and

luminance distributions. However, most of models do
ed.
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Nomenclature

A coefficient for the zenith radiance

(luminance)

a coefficient for the gradation function

B coefficient for the zenith radiance

(luminance)

b coefficient for the gradation function

C coefficient for the zenith radiance

(luminance)

c coefficient for the scattering indicatrix

function

Ce cloud ratio

Ces standard cloud ratio

Cle cloudless index

d coefficient for the scattering indicatrix

function

e coefficient for the scattering indicatrix

function

Eed diffuse irradiance (W/m2)

Eeg global irradiance (W/m2)

Eegcl global irradiance of clear sky (W/m2)

Eeo extraterrestrial direct normal irradiance

(W/m2)

Evd diffuse illuminance (lx)

f ðfÞ scattering indicatrix function

Kc clear sky index

Lclðcs; c; fÞ equivalent luminance of the sky element

of CIE Standard Clear Sky

LclRðcs; c; fÞ relative luminance of the sky element of

CIE Standard Clear Sky

Leðcs; c; fÞ relative sky radiance distribution

Leaðcs; c; fÞ sky radiance distribution (W/m2 sr)

LezðcsÞ zenith radiance (W/m2 sr)

Lvðcs; c; fÞ relative sky luminance distribution

Lvaðcs; c; fÞ sky luminance distribution (cd/m2)

LvzðcsÞ zenith luminance (cd/m2)

LzclðcsÞ equivalent zenith luminance of CIE Stan-

dard Clear Sky

LzEd inverse of the integration value of the rela-

tive sky radiance (luminance) distribution

m relative optical air mass

MBE mean bias error

RMSE root mean square error

Seeg standard global irradiance (W/m2)

Si sky index

TL Linke’s turbidity factor

Greek symbols

a azimuth angle of the sky element (rad)

as azimuth angle of the sun (rad)

c altitude of the sky element (rad)

cs solar altitude (rad)

csz zenith angle of the sun (deg)

f angular distance between the sun and the

sky element (rad)

gd diffuse luminous efficacy (lm/W)

/ðcÞ gradation function
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not explain continuously all sky conditions which fluc-

tuate from clear sky to overcast sky.

Harrison and Coombes (1988) and Harrison (1991)

proposed the sky radiance distribution model and the

sky luminance distribution model as a function of the

opaque cloud cover. Brunger and Hooper (1993) pro-

posed an equation of the sky radiance distribution from

clear sky to overcast sky as functions of the cloud ratio,

and the atmospheric clearness index. Grant et al. (1996)

proposed sky radiance distribution models of UVA

(320–400 nm), UVB (280–320 nm), and PAR (400–700

nm). Nakamura et al. (1997a,b,c) proposed a sky radi-

ance distribution model of the average sky based on the

measurement data of IDMP (International Daylighting

Measurement Programme) of CIE (Commission Inter-

nationale de l’�Eclairage) in Fukuoka. Nagata (1997)

proposed a numerical equation of sky radiance distri-

bution of overcast sky based on the measurement data in

Fukui.

Moon and Spencer (1942) surveyed and arranged

previous research works, and proposed a luminance
distribution model of overcast sky. This overcast sky

model was simplified a little, and has been recommended

as the CIE Standard Overcast Sky by CIE (1955). Kittler

(1967) proposed a luminance distribution model of clear

sky. This clear sky model has been recommended as the

CIE Standard Clear Sky (CIE, 1973). Littlefair (1981)

proposed an average sky luminance distribution model

called the BRE Average Sky. Nakamura et al. (1985,

1987) proposed the Intermediate Sky and an equation of

zenith luminance. Kittler (1985) proposed the Homo-

geneous Sky to show absolute values of sky luminance

distribution. Perraudeau (1988) classified all the skies

into five categories and proposed an equation of sky

luminance distribution. Perez et al. (1993) proposed the

All-weather Model as functions of Sky clearness and

Sky brightness by which all skies were classified into

eight categories. Kittler et al. (1997) classified all the sky

conditions into 15 categories, and proposed the numer-

ical equations to show these categorized sky luminance

distributions. Afterwards, CIE (2003) recommended this

model as the CIE Standard General Sky.



N. Igawa et al. / Solar Energy 77 (2004) 137–157 139
Authors (Matsuzawa et al., 1997; Igawa et al., 1997,

2002; Igawa and Nakamura, 2001) have proposed the

sky luminance distribution model and the sky radiance

distribution model where all sky conditions were con-

tinuously shown based on the measurement data of

IDMP of CIE. This paper is the improvement and

integration of these sky luminance and radiance distri-

bution models.
2. Measurement of raw data

The raw data were gathered by the measurement

conforming to the guide of IDMP of CIE (1994). The

measurement data in Tokyo (35�400N, 139�490E) from

March 1992 to September 1993 and in Fukuoka

(33�310N, 130�280E) from January 1994 to December

1994 are used for this research work. The measuring

instrument of the sky radiance and luminance distribu-

tions is the sky scanner developed by Nakamura et al.

(1991). The angular aperture of the sensor for the radi-

ance and luminance is 11�, and the half angle is 5.5�. The
sky radiance and luminance distributions were measured

every 15 min in Tokyo and every 30 min in Fukuoka

from sunrise to sunset. The measurement points are 145

points on the sky vault. The sky radiance distribution

was measured simultaneously with the sky luminance

distribution. It took about three and a half minutes per

measurement. The global horizontal, direct normal,

diffuse horizontal and vertical (North, East, South,

West) irradiances and illuminances are measured at one-

minute interval. Matt black ground shields are attached

to vertical irradiance and illuminance sensors forming

an artificial horizon to screen ground-reflection. The

perpendicular distance between the sensor and the end
Fig. 1. The clear sky global irradiance measured of 2:5 < TL6 3:0 an

and the standard global irradiance.
of the ground shield is more than 10 times the diameter

of the cell. Upward reflection within the artificial hori-

zon is minimized by using a matt black punched plate.

Because the solar radiation is attenuated by scatter-

ing and absorption the in atmosphere, the relative

optical air mass produces a big influence on the surface

irradiance. The Relative optical air mass can be ex-

pressed as a function of solar altitude. Thus, all the ac-

quired data are sorted expediently by solar altitude in

five-degree intervals. The values of the radiance and

luminance at the symmetry positions to the sun meridian

are averaged. The lowest altitude of sky elements mea-

sured for sky radiance is 6�. Because surrounding

buildings influence data at the lowest altitude of sky

elements, 30 acquired data at this altitude are excluded

from the examination. And the data of sky elements of

which angular distance between the sun are smaller than

15� are excluded from the regression analysis, because

they are influenced by the direct solar beam. In this re-

search work, the data are used for all cases when the

solar altitude was higher than 5�.
3. Indices to classify sky conditions

A lot of indices are used to classify sky conditions for

modeling sky radiance or luminance distributions. Perez

et al. (1993) adopted the sky clearness and the sky

brightness and Brunger and Hooper (1993) adopted the

cloud ratio and the atmospheric clearness index for the

classification of sky conditions. Here, the method of

estimating sky conditions by the indices that can be

easily obtained is examined. Generally, it is difficult to

obtain the daylight data, though the solar radiation data

can be obtained comparatively easily in various sites.
d 3:0 < TL6 3:5 and the clear sky global irradiance calculated



Fig. 2. The clear sky index at various sites.

140 N. Igawa et al. / Solar Energy 77 (2004) 137–157
Therefore it is tried to classify sky conditions based on

the solar radiation data.

The global irradiance is considered to be a useful

index to classify sky conditions. However, the com-

position ratio of the direct irradiance and diffuse

irradiance is not always the same for the global irra-

diance. It is appropriate to use the global irradiance

together with the cloud ratio to classify sky conditions.

However, the characteristics of the global irradiance

and the cloud ratio depend on the solar altitude. The

new indices without dependency on the solar altitude

are examined based on the global irradiance and the

cloud ratio.

3.1. Global irradiance and clear sky index

When the global irradiance is divided by the maxi-

mum value of the global irradiance at the same solar

altitude, a new index without solar altitude dependency

is obtained. Usually the maximum value of the global

irradiance appears in the clear sky. Various models are

proposed about the clear sky irradiance.

Bourges (1979) proposed a simple equation of the

global irradiance. Kasten (1984) proposed the clear sky

global irradiance by the Linke’s turbidity factor and the

relative optical air mass. Bird (1984) proposed the direct

normal irradiance and the diffuse irradiance of the clear

sky and afterwards the program SPCTRAL2 was pre-

sented. Gueymard (1989) proposed the equations to

calculate the direct normal irradiance and the diffuse

irradiance of the clear sky by Angstrom’s turbidity

coefficient etc. and afterwards the program SMARTS2

was presented. Rigollir et al. (2000) proposed the

equations where the direct normal irradiance and the

diffuse irradiance were shown by Linke’s turbidity factor

for European Solar Radiation Atlas. Kondo (2000)

proposed a simple Basic program to calculate the clear

sky global irradiance by Angstrom’s turbidity coefficient

and so on. Yang et al. (2001) proposed the equations to

calculate the direct normal irradiance and the diffuse

irradiance of clear sky by Angstrom’s turbidity coeffi-

cient and so on.

Linke’s turbidity factor of the daylight in the CIE

Standard Clear Sky is assumed to be 2.45. The CIE

Standard Clear Sky is applied with the considerable

wide range of the turbidity factor. It is preferable that

the turbidity factor of the clear sky is smaller than or

equal to the turbidity factor of the CIE Standard Clear

Sky. Though the turbidity factor of daylight and the

turbidity factor of radiation is not the same, it is suitable

to examine the global irradiance of which Linke’s tur-

bidity factor (TL) is about 2.5. Since various parameters

are used in the above-mentioned equations, the param-

eter of each equation is set so that Linke’s turbidity

factor may become 2.5 equivalent. The global irradiance

of the clear sky estimated by above-mentioned equations
and the global irradiance by the measurement in the

range of 2:5 < TL6 3:0 and 3:0 < TL6 3:5 is shown in

Fig. 1. Each equation indicates a little different value

respectively. These equations are compared with the
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measurement values, and the equation by Kasten is se-

lected for its simplicity and arranged as follows:

Eegcl ¼ 0:84 � Eeo=m � expð�0:027 � TL � mÞ ð1Þ

where Eegcl is the global irradiance of clear sky (W/m2),

Eeo the extraterrestrial direct normal irradiance (1367

W/m2), TL Linke’s turbidity factor and m the relative

optical air mass (Kasten and Young, 1989).

The calculation value of Eq. (1) when TL¼ 2.5 is

assumed to be the maximum global irradiance. The

maximum global irradiance is almost equal to the

measurement value of the global irradiance of TL¼ 2.5.

Therefore, Eq. (1) with TL¼ 2.5 is defined as the stan-

dard global irradiance.

Seeg ¼ 0:84 � Eeo=m � expð�0:0675 � mÞ ð2Þ

where Seeg is the standard global irradiance (W/m2), m
the relative optical air mass (Kasten and Young, 1989).

The value of the global irradiance divided by the stan-

dard global irradiance is defined as the clear sky index.

Kc ¼ Eeg

Seeg
ð3Þ

where Kc is the clear sky index.

The clear sky index calculated by Eq. (3) based on the

measurement data of IDMP (Tokyo and Fukuoka) and

the measurement data from 1995 to 2001 of the Japan

Meteorological Agency, 1995-2001 in Ishigakijima

(124�100E, 24�200N), Kagoshima (130�330E, 31�330N),

Yonago (133�210E, 35�260N) and Wajima (136�540E,
37�230N) are shown in Fig. 2. Most of the clear sky in-

dexes are laid from 1 to 0, that is, from clear sky to

overcast sky. The clear sky index can be used as an index

without dependency of the solar altitude to classify sky

conditions.
Fig. 3. The clear sky cloud ratio measured of 2:5 < TL6 3:0 and 3

standard cloud ratio.
3.2. Cloud ratio and cloudless index

Since the lower bound values of the cloud ratio ap-

pear in the clear sky and depend on the solar altitude, an

index without solar altitude dependency is examined

based on the cloud ratio. The diffuse irradiance divided

by the global irradiance is defined as the cloud ratio

Ce ¼ Eed

Eeg
ð4Þ

where Ce is the cloud ratio, Eed the diffuse irradiance

(W/m2) and Eeg the global irradiance (W/m2).

Because Linke’s turbidity factor of the standard

global irradiance was indicated by 2.5, the cloud ratio of

TL¼ 2.5 is obtained by the regression analysis based on

the measurement cloud ratio data as the lower bound

value and called the standard cloud ratio as follows:

Ces ¼ 0:01299þ 0:07698 � m� 0:003857 � m2

þ 0:0001054 � m3 � 0:000001031 � m4 ð5Þ

where Ces is the standard cloud ratio.

The cloud ratios measured of 2:5 < TL6 3:0 and

3:0 < TL6 3:5 and the cloud ratios calculated based on

the above-mentioned clear sky irradiance models and

the standard cloud ratio are shown in Fig. 3. The stan-

dard cloud ratio is almost equal to the minimum values

of the cloud ratio measured and is near the mean value

of the calculation values. The following value is defined

as the cloudless index.

Cle ¼ 1� Ce

1� Ces
ð6Þ

where Cle is the cloudless index.

The cloudless index calculated by Eq. (6) based on

the measurement data is shown in Fig. 4. The cloudless
:0 < TL6 3:5 and the clear sky cloud ratio calculated and the



Fig. 4. The cloudless index at various sites.
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indices of all the solar altitude are almost in the range

from 1 to 0 though they vary a little when the solar

altitude is low. The cloudless index proposed here can be

used as the index without solar altitude dependency to

classify sky conditions from clear sky to overcast sky.
3.3. Classification of sky conditions

The clear sky index and the cloudless index are

suitable to classify the outline of sky conditions. In

addition, the sky condition can be classified in detail by

combining both indices like the matrix. Here, it is tried

to classify all the sky conditions from clear sky to

overcast sky, and to obtain the classified average sky

radiance (luminance) distribution data as the following

procedure.

(1) Data concerning the sky radiance distribution, the

sky luminance distribution and the irradiances ac-

quired by the measurement are arranged at solar

altitude of 5� intervals.
(2) The clear sky index and the cloudless index are com-

bined as the matrix, and all the sky conditions are

classified by dividing both indices into every 0.1

intervals, respectively, in each solar altitude band.

(3) The measurement data of Tokyo and Fukuoka are

classified according to the above-mentioned proce-

dure.

(4) The average sky radiance (luminance) distributions

for all the classified sky conditions are obtained at

both sites, and these are assumed to be the basic

sky radiance (luminance) distribution data for the

formulation.

(5) The contour diagrams of the relative sky radiance

distribution and the relative sky luminance distribu-

tion are obtained.

The coefficients of correlation between the relative

sky radiance distributions and the relative sky lumi-

nance distributions in Tokyo and Fukuoka are shown

in Fig. 5. Very high correlations are found between the

relative sky radiance distributions and the relative sky

luminance distributions in most sky conditions. The

relative sky radiance distributions and the relative sky

luminance distributions in Tokyo and Fukuoka are

illustrated in Fig. 6. When the values of the clear sky

index and the cloudless index increase, the sky condi-

tion indicates the tendency to change from overcast sky

to clear sky. Because the differences between the rela-

tive sky radiance distributions and the relative sky

luminance distributions are small, both are drawn quite

similarly on the contour diagrams. Therefore, it is

appropriate to show the relative sky radiance distri-

bution and the relative sky luminance distribution by

the same equation.
4. Formulation of sky radiance and luminance distribu-

tions

It is convenient that the sky radiance distribution

and the sky luminance distribution can be shown



Fig. 5. The coefficients of correlation between the relative sky radiance distributions and the relative sky luminance distributions in

Tokyo and Fukuoka. The sky index is defined as the sum of the clear sky index and the root of cloudless index.

Fig. 6. An example of the relationship between the clear sky

index and the root of cloudless index (Kagoshima 1995/1–2001/

12).
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continuously for all sky conditions. It is already con-

firmed that the sky radiance distribution of the clear

sky and the overcast sky can be shown by the equa-

tions similar to the CIE Standard Clear Sky and the

CIE Standard Overcast Sky, respectively. Therefore,

referring to the equations of the sky luminance distri-

bution, the basic equation to show the sky radiance

distribution and the sky luminance distribution for all

sky conditions is selected. All the coefficients of the

equation are decided after the regression analysis

based on the basic sky radiance distribution data for

the formulation of Tokyo. After the equation of

the relative sky radiance distribution is fixed, this

equation is applied to the relative sky luminance dis-

tribution.
4.1. Formulation of sky radiance distribution

The sky luminance distribution of CIE Standard

Clear Sky is shown as follows as the product of the

scattering indicatrix function f ðfÞ and the gradation

function uðcÞ.

LclRðcs; c; fÞ ¼
Lclðcs; c; fÞ
LzclðcsÞ

¼ f ðfÞ � /ðcÞ
f ðp=2� csÞ � /ðp=2Þ

ð7Þ

where LclRðcs; c; fÞ is the relative luminance of the sky

element of CIE Standard Clear Sky, Lclðcs; c; fÞ the

equivalent luminance of the sky element of CIE Stan-

dard Clear Sky, LzclðcsÞ the equivalent zenith luminance

of CIE Standard Clear Sky, f ðfÞ ¼ 0:91þ 10�
expð�3 � fÞ þ 0:45 � cos2 f the scattering indicatrix func-

tion, /ðcÞ ¼ 1� expð�0:32= sin cÞ the gradation func-

tion, cs the solar altitude (rad), c the altitude of the sky

element (rad) and f the angular distance between the sun

and the sky element (rad).

Following the CIE Standard Clear Sky, the basic

equation of the relative sky radiance distribution for all

sky conditions is decided as follows:

Leðcs; c; fÞ ¼
Lðc; fÞ

Lðp=2; p=2� csÞ
ð8Þ

where Leðcs; c; fÞ is the relative sky radiance of sky ele-

ment, Lðc; fÞ ¼ /ðcÞ � f ðfÞ the equivalent radiance of sky
element, Lðp=2; p=2� csÞ ¼ /ðp=2Þ � f ðp=2� csÞ the

equivalent zenith radiance, f ðfÞ ¼ 1þ c � fexpðd � fÞ�
expðd � p=2Þg þ e � cos2 f the scattering indicatrix func-

tion, /ðcÞ ¼ 1þ a � expðb= sin cÞ the gradation function

and a, b, c, d, e the coefficients.

The altitudes of the sky elements measured con-

cerning the sky radiance and luminance distribution are

6�, 18�, 30�, 42�, 54�, 66�, 78� and 90�. Because the



Fig. 7. The relative sky radiance distributions and the relative sky luminance distributions in Tokyo and Fukuoka.
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measurement number of the sky elements at high alti-

tude is few, the altitudes of the sky element from 18� to
54� are given priority for the regression analysis to fix
the coefficients. Coefficients a, b, c, d, and e are obtained
by the regression analysis by Eq. (8) based on the basic

sky radiance distribution data for the formulation of



Fig. 8. LzEds for clear sky index and cloudless index.
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Tokyo. Fig. 7 shows an example of the relationship

between the clear sky index and the root of cloudless

index in Kagoshima (1995/1–2001/12). The primary

relationship is found between them. The sum of the clear

sky index and root of cloudless index is defined as the

sky index (Si). Coefficients a, b, c, d and e are obtained

as a function of the sky index.

The sky radiance distribution shown in absolute value

for all sky conditions referred to hereafter as the All Sky

Model-R is composed by multiplying the relative sky

radiance distribution and the zenith radiance as follows:

Leaðcs; c; fÞ ¼ LezðcsÞ � Leðcs; c; fÞ

¼ LezðcsÞ �
/ðcÞ � f ðfÞ

/ðp=2Þ � f ðp=2� csÞ
ð9Þ

where

Leaðcs; c; fÞ is the sky radiance distribution of the All

Sky Model-R (W/m2 sr),

LezðcsÞ the zenith radiance (W/m2 sr),

Leðcs; c; fÞ the relative sky radiance distribution,

/ðcÞ ¼ 1þ a � expðb= sin cÞ the gradation function,

f ðfÞ ¼ 1þ c � ½expðd � fÞ � expðd � p=2Þ� þ e � cos2 f
the scattering indicatrix function,
a ¼ 4:5=½1þ 0:15 � expð3:4 � SiÞ� � 1:04,
b ¼ �1=½1þ 0:17 � expð1:3 � SiÞ� � 0:05,
c ¼ 1:77 � ð1:22 � SiÞ3:56 � expð0:2 � SiÞ � ð2:1� SiÞ0:8,
d ¼ �3:05=½1þ 10:6 � expð�3:4 � SiÞ�,
e ¼ 0:48=½1þ 245 � expð�4:13 � SiÞ�,
Si ¼ Kcþ Cle0:5 the sky index,

Kc¼Eeg/Seeg the clear sky index,

Eeg the global irradiance (W/m2),

Seeg ¼ 0:84 � Eeo=m � expð�0:0675 � mÞ the standard

global irradiance (W/m2),

m ¼ 1=½cos csz þ 0:50572 � ð96:07995� cszÞ
�1:6364� the

relative optical air mass,

csz the zenith angle of the sun (deg),

Cle ¼ ð1� CeÞ=ð1� CesÞ the cloudless index,

Ce¼Eed/Eeg the cloud ratio,

Eed the diffuse irradiance (W/m2),

Ces¼0:01299þ0:07698�m�0:003857�m2þ0:0001054 �
m3�0:000001031�m4 the standard cloud ratio,

cs the solar altitude (rad),

c the altitude of the sky element (rad),

f ¼ arccosðsin cs � sin cþ cos cs � cos c � cos jas � ajÞ
the angular distance between the sun and the sky ele-

ment (rad),

as the azimuth angle of the sun (rad),

a the azimuth angle of the sky element (rad).



Table 1

Coefficients for LzEd

k j i

5 4 3 2 1 0

4 6 )79.2551 181.5249 )178.8391 86.4222 13.7469 )9.3016
5 259.0233 )599.2154 558.7982 )273.5933 )28.3222 36.8154

4 )323.9300 758.4764 )665.1001 327.9505 2.5328 )52.2028
3 178.5947 )422.7656 343.9805 )171.1919 27.4527 32.8606

2 )34.0204 80.2519 )57.2731 28.9888 )17.6413 )8.0731
1 )0.9299 2.9337 )2.7390 2.0469 1.9924 )0.1519
0 )0.0673 0.1200 )0.5003 )0.0077 0.2274 0.1944

3 6 178.9761 )414.3978 382.3517 )189.0674 )19.1604 26.7019

5 )585.76778 1369.3651 )1197.9089 597.8211 18.6492 )98.6168
4 719.1565 )1698.4940 1398.0054 )701.8434 57.7891 133.1647

3 )377.9488 899.2027 )681.3328 345.6662 )99.9641 )79.6806
2 63.7066 )149.2886 93.5278 )47.5262 47.1414 17.6094

1 2.2956 )7.2571 6.1345 )5.5006 )4.1306 1.0003

0 0.4479 )1.0320 1.7185 )0.3234 )0.5077 )0.3754

2 6 )140.1650 329.5323 )283.3008 142.5802 0.0588 )24.2309
5 450.5763 )1067.6426 872.1058 )442.3932 38.0638 85.2745

4 )530.7575 1266.6167 )971.1740 496.1507 )112.2037 )109.9849
3 258.3140 )617.6864 428.3022 )220.7694 112.7302 61.4569

2 )37.2452 86.0313 )44.2429 20.6861 )41.5866 )11.1184
1 )1.1026 3.9671 )2.6865 3.9616 2.8287 )1.2699
0 )0.3572 0.8603 )1.0970 0.3359 0.3435 0.0863

1 6 41.7667 )101.3222 83.3628 )44.0612 8.0616 7.8350

5 )128.3895 313.3116 )245.8816 131.5008 )38.0729 )26.2167
4 140.6794 )344.9908 254.2300 )137.6762 64.8618 31.5218

3 )61.5252 150.9138 )100.4209 54.5553 )48.3263 )15.2722
2 7.8043 )18.4959 9.7897 )3.9888 14.3852 1.6549

1 0.1990 )0.7237 0.3678 )0.8060 )0.8417 0.2509

0 0.0888 )0.2173 0.2446 )0.0842 )0.0767 )0.0509

0 6 )2.3236 3.8397 1.3678 )2.8773 0.5302 )0.9167
5 5.9466 )8.4370 )8.4637 11.3017 )0.8960 2.7842

4 )4.8599 4.1516 15.9467 )16.8828 0.0930 )2.8711
3 1.1362 1.8522 )12.3903 11.6859 0.3772 1.0626

2 0.2833 )1.9825 4.3546 )3.7111 )0.0829 )0.1460
1 )0.0817 0.3300 )0.4699 0.4062 )0.0316 )0.0564
0 )0.0068 0.0177 )0.0200 0.0090 0.0044 0.4015
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The zenith radiance can be shown by dividing the

diffuse irradiance by the integration value of the relative

sky radiance distribution.

LezðcsÞ ¼
Eed

R p=2
c¼0

R 2p
a¼0

Leðcs; c; fÞ � sin c � cos c � dc � da
ð10Þ

If the integration value of the relative sky radiance

distribution is prepared, the zenith radiance is easily

calculated. The zenith radiance is shown as functions of

the solar altitude, the clear sky index and the cloudless

index as follows:

Lezðc ;Kc;CleÞ ¼ Eed � LzEd ð11Þ
s
where Lezðcs;Kc;CleÞ is the zenith radiance of the All

Sky Model-R (W/m2 sr),

LzEd ¼ 1
R p=2
c¼0

R 2p
a¼0

Leðcs; c; fÞ � sin c � cos c � dc � da
:

LzEds are calculated in all the classified sky conditions.

The examples of LzEd when the solar altitudes are 17.5�,
32.5�, 47.5� and 62.5� are shown in Fig. 8. LzEd seems to

be shown as functions of Kc, Cle and the solar altitude.

LzEd obtained by the calculation is analyzed by the

next equation as a function of Kc.

LzEd ¼
X4

k¼0

½AðkÞ �Kck � ð12Þ

Að0Þ � Að4Þ coefficients.



Fig. 9. The zenith radiance measured and calculated.

Fig. 10. The zenith luminance measured and calculated.
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Subsequently, AðkÞ is analyzed by the next equation

as a function of Cle.

AðkÞ ¼
X6

j¼0

½Bðj; kÞ � Cle0:5�j� ð13Þ

Bð0; kÞ � Bð6; kÞ coefficients.

In addition, Bðj; kÞ is analyzed by the next equation

as a function of the solar altitude

Bðj; kÞ ¼
X5

i¼0

½Cði; j; kÞ � cis� ð14Þ

Cð0; j; kÞ � Cð5; j; kÞ coefficients. Here, substituting

Cði; j; kÞ for Eq. (14), Bðj; kÞ is obtained. And, substi-

tuting Bðj; kÞ for Eq. (13), AðkÞ is obtained and Að4Þ is
fixed. Moreover, repeating a similar method, all the

coefficients are fixed. Finally, LzEd is shown as follows:

LzEd ¼
X4

k¼0

½AðkÞ �Kck � ð15Þ

With AðkÞ¼
P6

j¼0½Bðj;kÞ�Cle
0:5�j�, Bðj;kÞ¼

P5

i¼0½Cði;j;kÞ�
cis�.

The coefficient Cði; j; kÞ for LzEd is shown in Table 1.

LzEd will be calculated in a short time because the

integration of Eq. (10) is not necessary. The zenith

radiance is shown as follows:

Lezðcs;Kc;CleÞ ¼ Eed � LzEd ¼ Eed �
X4

k¼0

½AðkÞ �Kck �:

ð16Þ

The relation between the measurement value of the ze-

nith radiance in Tokyo and the calculation value by Eq.

(16) is shown in Fig. 9. A good result is obtained as the

estimation value of the zenith radiance with 17.69 W/

m2 sr of RMSE and 3.62 W/m2 sr of MSE.

4.2. Formulation of sky luminance distribution

Following the relative sky luminance distribution, the

sky luminance distribution shown in absolute value for

all sky conditions referred to hereafter as the All Sky

Model-L can be composed as follows:

Lvaðcs; c; fÞ ¼ LvzðcsÞ � Lvðcs; c; fÞ

¼ LvzðcsÞ �
/ðcÞ � f ðfÞ

/ðp=2Þ � f ðp=2� csÞ
ð17Þ

where Lvaðcs; c; fÞ is the sky luminance distribution of

the All Sky Model-L (cd/m2), LvzðcsÞ the zenith lumi-

nance (cd/m2) and Lvðcs; c; fÞ the relative sky luminance

distribution (¼ Leðcs; c; fÞ).
The zenith luminance can be shown by composition

similar to the zenith radiance as follows:

LvzðcsÞ ¼
Evd

R p=2
c¼0

R 2p
a¼0

Lvðcs; c; fÞ � sin c � cos c � dc � da
ð18Þ

where Evd is the diffuse illuminance (lx).

Since the diffuse illuminance is calculated by multi-

plying the diffuse luminous efficacy and diffuse irradi-

ance, the zenith luminance can be obtained by the same

composition to Eq. (16) as follows:

Lvzðcs;Kc;CleÞ ¼ Evd � LzEd

¼ gd � Eed �
X4

k¼0

½AðkÞ �Kck � ð19Þ

where gd is the diffuse luminous efficacy (lm/W).



Fig. 11. Comparison of the relative sky radiance distribution between the All Sky Model-R and measurements in Tokyo and Fukuoka.
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The relation between the measurement values of the

zenith luminance in Tokyo and the calculation values by

Eq. (19) is shown in Fig. 10 with 2.15 kcd/m2 of RMSE

and 0.63 kcd/m2 of MBE.
5. Validation of ‘‘All Sky Model’’

The examples of the relationship of the relative sky

radiance distribution at 32.5� of the solar altitude be-
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tween the calculation values of the All Sky Model-R

and the measurement values in Tokyo and Fukuoka

are shown in Fig. 11 where the validation in Tokyo

is not entirely independent. The measurements and

the calculations are corresponding very well. A similar

tendency is shown in other solar altitudes. Moreover,

a similar result is obtained in the comparison

between the All Sky Model-L and the measurement

value concerning the relative sky luminance distribu-

tion.

As shown in Fig. 12, the sky conditions are ten-

tatively classified into five categories: (1) clear sky

conditions ðSiP 1:7Þ, (2) near clear sky condi-

tions ð1:7P Si > 1:5Þ, (3) intermediate sky conditions

ð1:5P Si > 0:6Þ, (4) near overcast sky conditions ð0:6P
Si > 0:3Þ, and (5) overcast sky conditions ðSi6 0:3Þ. And

the sky vault is divided into four regions: (a) the zenith

region: the sky element of which altitude is higher than

60� above the horizon, (b) the south region: the region in

the direction of the sun (azimuth< 45� and alti-

tude< 60�), (c) the north region: the region opposite to

the sun region (azimuth> 135� and altitude< 60�), (d)
the east–west region: the region on the both sides of the

sun (45�<azimuth<135� and altitude < 60�).
Based on the basic data for the formulation of sky

radiance and luminance distributions at solar altitude

from 20� to 70 �, MBE and RMSE are calculated be-
Fig. 12. Classification of sky conditions for Si. (The
tween the estimation values of All Sky Model-R, All Sky

Model-L, Perez Model (1993); Brunger Model (1993);

Harrison Model (1991); Kittler Model (1986); and Per-

raudeau Model (1988) where the validation of the All

Sky Model-R in Tokyo is not entirely independent. For

the Harrison model the difference between one and

cloudless index was assumed to be the opaque cloud

cover. The data of the sky elements at 6� altitude are

excluded. The data of which the angular distance be-

tween the sun and the sky element is smaller than 15

degrees are excluded. Because the angular distance be-

tween the sun and the zenith is small when the solar

altitude is higher than 70�, the accuracy of measure-

ments of the zenith radiance (luminance) cannot be se-

cured and the data are excluded.

The results of the model validation of sky radiance

and luminance distributions are shown in Tables 2 and

3. The summary of model validation of radiance dis-

tributions is shown in Table 4 and Fig. 13. The sum-

mary of model validation of luminance distributions is

shown in Table 5 and Fig. 14. In all the model vali-

dation, All Sky Model-R and All Sky Model-L are

found to have good accuracy for the sky radiance and

luminance distributions. Perez Model and Brunger

Model are also found of their good accuracy. In all the

sky conditions except the near clear sky, All Sky

Model-R and All Sky Model-L obtained the best
values in the figure indicate the sky index Si.)



Table 2

Model validation of sky radiance distributions

Entire Zenith South North East-West

MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE

Clear sky conditions

All Sky Model-R 0.19 8.46 0.47 7.53 1.73 15.35 )1.51 4.97 0.34 5.11

Perez 0.35 8.46 0.21 7.39 )4.53 15.18 2.28 5.36 1.63 5.20

Brunger )0.38 9.50 0.95 9.06 )4.82 17.11 1.18 5.41 0.29 5.61

Harrison 0.14 10.99 0.89 8.49 )11.15 20.14 4.96 8.32 2.45 5.78

Kittler )0.26 9.42 2.20 8.65 )6.65 17.65 1.02 4.92 1.07 4.98

Perraudeau 0.50 11.75 )1.31 10.39 )5.74 21.73 2.93 6.78 2.83 6.59

Mean radiance 33.14 28.58 69.56 18.81 25.86

Number of data 18,846 3140 3666 4472 7568

Number of sets 172

Near clear sky conditions

All Sky Model-R 0.64 11.70 0.18 10.51 5.00 21.22 )1.57 6.58 0.01 7.13

Perez 0.83 10.93 )0.92 10.63 )4.79 18.40 4.15 7.37 2.32 7.37

Brunger )0.17 12.70 1.15 12.26 )7.80 22.26 4.12 7.84 0.46 7.90

Harrison 0.53 17.27 0.99 13.94 )20.95 31.18 10.91 13.45 4.63 9.12

Kittler )0.04 16.96 1.05 14.95 )19.83 30.84 8.82 11.84 3.90 8.90

Perraudeau 1.66 18.73 )5.28 17.41 )14.78 31.66 10.83 14.20 7.10 11.92

Mean radiance 53.15 50.57 108.45 28.74 41.78

Number of data 17,543 2922 3421 4160 7040

Number of sets 160

Intermediate sky conditions

All Sky Model-R 0.76 13.75 1.11 12.35 0.59 23.57 )0.13 8.90 1.23 9.53

Perez 2.02 16.77 )3.41 14.56 11.58 29.48 )0.50 10.67 1.11 11.10

Brunger 0.22 17.51 2.01 19.54 3.43 29.01 )1.09 11.36 )1.32 10.97

Harrison 0.88 17.61 0.98 14.67 )17.20 30.68 10.04 13.43 4.23 10.91

Kittler 0.72 26.20 )2.21 23.30 )33.08 44.73 18.57 21.82 7.83 15.20

Perraudeau 4.50 22.62 )12.29 20.96 )2.00 32.89 12.47 19.88 9.92 18.26

Mean radiance 71.48 77.60 119.59 46.92 60.04

Number of data 33,219 5524 6485 7878 13,332

Number of sets 303

Near overcast sky conditions

All Sky Model-R 0.16 8.69 )0.29 8.51 )4.23 12.75 2.90 7.15 0.86 6.99

Perez 1.28 8.83 )3.50 8.82 3.15 12.56 0.99 6.71 2.53 7.66

Brunger 0.22 9.34 0.49 8.60 1.06 13.51 )0.63 7.43 0.20 8.08

Harrison 1.18 10.84 )2.12 9.95 9.68 17.46 )1.38 8.26 )0.08 7.94

Kittler )0.07 10.53 0.01 10.19 )8.93 15.95 5.53 9.29 0.89 7.66

Perraudeau 4.36 16.62 )11.83 16.10 6.03 18.82 8.69 16.31 7.69 15.85

Mean radiance 57.81 71.02 64.69 50.20 53.48

Number of data 14,143 2354 2759 3354 5676

Number of sets 129

Overcast sky conditions

All Sky Model-R )0.34 3.71 0.79 3.13 )0.24 3.88 )0.65 3.95 )0.68 3.70

Perez 0.45 3.82 )1.50 3.42 1.74 4.62 0.06 3.62 0.86 3.66

Brunger 0.20 3.53 )0.31 3.06 0.46 3.94 0.19 3.53 0.30 3.49

Harrison 0.33 6.85 )0.44 6.06 8.38 11.04 )3.65 6.00 )0.92 4.57

Kittler )0.41 3.81 1.35 3.47 )0.61 3.89 )0.74 4.02 )0.85 3.77

Perraudeau 1.86 7.01 )5.07 6.50 6.07 9.07 1.46 5.91 2.90 6.64

Mean radiance 27.70 33.42 26.62 26.91 26.32

Number of data 7125 1181 1394 1690 2860

Number of sets 65
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Table 3

Model validation of sky luminance distributions

Entire Zenith South North East-West

MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE

Clear sky conditions

All Sky Model-L )22 809 134 858 64 1464 )177 401 )36 435

Perez 1 873 91 840 )699 1606 299 494 128 457

Brunger )94 1081 198 1071 )751 2005 160 487 )46 587

Harrison )26 1280 177 1029 )1510 2410 620 903 226 585

Kittler )77 1038 345 1035 )972 1979 139 459 55 462

Perraudeau 8 1346 )99 1244 )864 2521 364 743 264 681

Mean luminance 4167 3498 8779 2326 3295

Number of data 19,285 3212 3753 4576 7744

Number of sets 176

Near clear sky conditions

All Sky Model-L 38 1230 78 1219 521 2223 )184 669 )82 695

Perez 70 1172 )79 1233 )698 1938 553 833 220 746

Brunger )64 1527 208 1526 )1078 2700 535 895 )38 912

Harrison 29 2081 164 1703 )2732 3780 1397 1626 510 1033

Kittler )45 2058 181 1836 )2623 3737 1143 1466 415 1044

Perraudeau 192 2257 )613 2158 )1922 3786 1401 1754 840 1405

Mean luminance 6844 6456 13,939 3661 5433

Number of data 17,762 2953 3469 4212 7128

Number of sets 162

Intermediate sky conditions

All Sky Model-L 44 1263 203 1223 99 2147 )50 831 8 838

Perez 207 1701 )360 1515 1361 3021 )40 1096 25 1053

Brunger )20 1924 309 2219 458 3197 )168 1219 )302 1153

Harrison 60 1876 185 1577 )2044 3297 1178 1494 372 1063

Kittler 41 2975 )205 2644 )3965 5085 2216 2552 808 1652

Perraudeau 498 2436 )1422 2336 )212 3457 1471 2251 1063 1928

Mean luminance 8724 9358 14,476 5731 7429

Number of data 33,438 5555 6533 7930 13,420

Number of sets 305

Near overcast sky conditions

All Sky Model-L )27 902 34 864 )486 1357 263 740 0 705

Perez 95 907 )311 896 322 1351 43 666 184 753

Brunger )18 984 124 897 147 1399 )156 820 )76 856

Harrison 97 1201 )186 1118 1219 2006 )265 895 )118 803

Kittler )55 1145 67 1071 )1059 1777 585 1007 4 808

Perraudeau 488 1860 )1382 1824 789 2147 965 1830 836 1737

Mean luminance 7136 8634 7902 6250 6665

Number of data 14,143 2354 2759 3354 5676

Number of sets 129

Overcast sky conditions

All Sky Model-L )58 444 109 360 )47 468 )92 470 )112 446

Perez 46 429 )191 389 207 538 3 401 90 400

Brunger 13 391 )33 339 43 452 17 386 15 380

Harrison 30 857 )50 778 1078 1402 )486 745 )144 543

Kittler )67 459 179 415 )95 472 )103 481 )133 457

Perraudeau 229 845 )656 807 111 1123 183 693 356 783

Mean luminance 3637 4361 3503 3530 3468

Number of data 7236 1200 1416 1716 2904

Number of sets 66
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Table 4

Summary of model validations of radiance distributions: mean bias errors, root mean square errors, and mean sky radiance [W/m2sr]

Whole sky Clear sky Near clear sky Intermediate sky Near overcast sky Overcast sky

MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE

All Sky

Model-R

0.44 11.10 0.19 8.46 0.64 11.70 0.76 13.75 0.16 8.69 )0.34 3.71

Perez 1.21 12.41 0.35 8.46 0.83 10.93 2.02 16.77 1.28 8.83 0.45 3.82

Brunger 0.02 13.29 )0.38 9.50 )0.17 12.70 0.22 17.51 0.22 9.34 0.20 3.53

Harrison 0.66 14.76 0.14 10.99 0.53 17.27 0.88 17.61 1.18 10.84 0.33 6.85

Kittler 0.16 18.53 )0.26 9.42 )0.04 16.96 0.72 26.20 )0.07 10.53 )0.41 3.81

Perraudeau 2.89 18.17 0.50 11.75 1.66 18.73 4.50 22.62 4.36 16.62 1.86 7.01

Mean

radiance

54.43 33.14 53.15 71.48 57.81 27.70

Number of

data

90,876 18,846 17,543 33,219 14,143 7125

Number of

sets

829 172 160 303 129 65

Fig. 13. Comparison of models for sky radiance distributions.
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results. Though Perez Model obtained the best results

in the near clear sky, the differences with All Sky

Models are very small.

For each classified area, coefficients of correlation

between the All Sky Model-L and 15 Types of the CIE

Standard General Sky are calculated. The Type of the

General Sky that shows the largest coefficient of corre-

lation is selected to compare with the All Sky Model-L.

The relative sky luminance distribution of the All Sky

Model-L and the most similar sky type of the CIE

Standard General Sky is shown in Fig. 15. The All Sky

Model-L is corresponding to Type 1 in the overcast sky,

and to Type 12 in the clear sky, which they are the

previous Standard Skies. In the All Sky Model-L, nei-

ther Type 5 nor Type 15 appears. Type 5 is the uniform
sky, and does not appear originally. Moreover, Type 15

is the special distribution, and scarcely appears actually.

Substantially, the All Sky Model-L contains the most

Types of the CIE Standard General Sky.

In addition, the measurement values and estimation

values by the All Sky Model-R, the Perez Model (1990),

and the Isotropic Model are compared for the vertical

irradiances on the north, the east, the south, and the

west surfaces. The sum of the calculated vertical diffuse

irradiance of each model and the vertical direct irradi-

ance calculated by the direct normal irradiance mea-

sured is assumed to be the estimation value of the

vertical irradiance. The examples of the comparison for

the clear sky days (November 23, 1992 June 10, 1993

and September 27) and the turbid sky day (November



Table 5

Summary of model validations of luminance distributions: mean bias errors, root mean square errors, andmean sky luminance [cd/m2]

Whole sky Clear sky Near clear sky Intermediate sky Near overcast sky Overcast sky

MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE

All Sky

Model-L

10 1073 )22 809 38 1230 44 1263 )27 902 )58 444

Perez 107 1273 1 873 70 1172 207 1701 95 907 46 429

Brunger )41 1485 )94 1081 )64 1527 )20 1924 )18 984 13 391

Harrison 39 1656 )26 1280 29 2081 60 1876 97 1201 30 857

Kittler )24 2118 )77 1038 )45 2058 41 2975 )55 1145 )67 459

Perraudeau 313 2028 8 1346 192 2257 498 2436 488 1860 229 845

Mean

luminance

6758 4167 6844 8724 7136 3637

Number of

data

91,864 19,285 17,762 33,438 14,143 7236

Number of

sets

838 176 162 305 129 66

Fig. 14. Comparison of models for sky luminance distributions.
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23, 1992) based on the measurement data in Tokyo are

shown in Fig. 16.

The estimation value of the Isotropic Model is dif-

ferent from an actual phenomenon. For instance, the

Isotropic Model presumes the vertical irradiance on

the East and West sides of June to be smaller than the

measurement value of 120 W/m2 or more. The Perez

Model agrees to the measurement values well, and is a

good slope irradiance model, though the error becomes

slightly large at no direct irradiance sky or turbid sky.

The estimation values of the All Sky Model-R agrees to

the measurement values very well regardless of the sky
conditions, the season, the azimuth or the time of day.

And the estimation method of the vertical irradiance

based on the sky radiance distribution is proper.

The estimation values of the vertical illuminance by

the All Sky Model-L are compared with the previous

models and measurements. The CIE Standard General

sky is not applied to this comparison since the selection

range of the Types is wide. Examples of the comparison

for the vertical illuminance between the calculated val-

ues by the All Sky Model-L, the All Weather Model of

Perez et al. (1993) and the Isotropic Model, and the

measurement values are shown in Fig. 17. The relation



Fig. 15. The relative sky luminance distributions of the All Sky Mode-L and the most similar sky type of the CIE Standard General

Sky.
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between the estimation luminance and the measurement

luminance indicates a tendency almost similar to the sky
radiance distribution. The values estimated by the All

Weather Model and the measurement values are



Fig. 16. Comparison of the vertical global irradiance between

estimations and measurements.
Fig. 17. Comparison of the vertical global illuminance between

estimations and measurements.
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resembled. Moreover, the estimation values of the All

Sky Model-L are corresponding to the measurement

values well.

The comparison of RMSE and MBE for the vertical

irradiance is shown in Fig. 18. RMSE and MBE of the

All Sky Model-R are smaller than those of the Perez

Model for the irradiance. And the comparison of RMSE

and MBE for the vertical illuminance is shown in Fig.
19. As for the daylight illuminance, RMSE and MBE of

the All Sky Model-L are smaller than those of the All

Weather Model. The Isotropic Model is greatly different

from an actual phenomenon. The accuracies of the

vertical irradiance by the All Sky Model-R and the

vertical illuminance by the All Sky Model-L are con-

sidered to be practicably enough.



Fig. 18. MBE and RMSE of vertical irradiances.

Fig. 19. MBE and RMSE of vertical illuminances.
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6. Conclusions

The overall design technique that integrates the

thermal environment and the luminous environment is

necessary for the energy conservation and ensuring the

quality of indoor environment. For the purpose, a

minute, realistic model concerning the radiation and the

daylight is required.

Ordinary, the daylight illuminance is not measured

though the solar radiation is daily measured in the

meteorological observatory. Therefore, it is reasonable

to estimate sky conditions from the data concerning the

solar radiation. That is, the method of classifying the sky

condition proposed here is appropriate. In this paper,

the method of classifying sky conditions from the solar

radiation data was developed. And the equations to

show sky radiance distribution and sky luminance dis-

tribution for all sky conditions called the All Sky Model-

R and the All Sky Model-L were proposed.

Based on the All Sky Model-R and the All Sky

Model-L, detailed meteorological data commonly used

for the plan and design of thermal and daylight envi-

ronment can be provided based on the global irradiance

by the help of a suitable method of converting the global
irradiance into the direct and diffuse irradiances and a

suitable luminous efficacy model.
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