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In this work, the performance of seventeen inclined diffuse illuminance models was 
tested against measured data at four solar radiation monitoring stations in Thailand namely, 
Chiang Mai (18.78°N, 98.98°E), Ubon Ratchathani (15.25°N, 104.87°E), Nakhon Pathom 
(13.82°N, 100.04°E) and Songkhla (7.2°N, 100.60°E). It was found that the Muneer model and 
Perez model with local coefficient at AIT performed better than the other models, with the 
discrepancy in terms of root mean square error (RMSE) in the range of 15-28%, depending on 
the orientation and inclined angle of surfaces. Afterward, a method for estimating diffuse 
illuminance on inclined surfaces by using a satellite-based sky luminance model was 
developed. The method was used to predict inclined diffuse illuminance measured Chiang Mai, 
Ubon Ratchathani and Songkhla. The RMSE between the measurement and prediction was in 
range of 10-19%. The advantage of this method is that it can be used to calculate inclined 
diffuse illuminance using only satellite data and geometrical parameters of the sun and inclined 
surfaces as input data. Finally, statistical characteristics of global and diffuse illuminances 
measured at the four stations were investigated. The results indicated that Thailand has 
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 (W/m
2
)=sky,dTI

dhI      =  (W/m
2
)

ghI      =  (W/m
2
)

i       =  ( )

sZ      =  ( )

       =  ( )

 Hay (1979)  2 

 (circumsolar)  2 

 (isotropic)  2.22

 weight  Anistropic  index ( )F

]}2/))cos(1)(F1[()sin(/)(cos(F{II sidhsky,dT              (2.25) 

ohbh I/IF                              (2.26) 
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sky,dTI  =  (W/m
2
)

dhI       =  (W/m
2
)

bhI        =  (W/m
2
)

ohI        =  (W/m
2
)

i         =  ( )

s        =  ( )

         =  ( )

1

2

 2.22  2  1 

 2  Hay (1979) 

 Wilmott (1982)  Hay  anisotropic index 

i

sc

bn
i cos

I

I
K      (2.27) 

=  solar constant (W/m
2
)scI

 (W/m
2
)=bnI
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  anisotropic 

s

i
dhani,d

Zcos

K
II      (2.28) 

 isotropic 

s

0

dhiso,d
Zcos

K
1CII     (2.29) 

iso,dani,dsky,dT III      (2.30) 

= anisotropic index  ( =0 ) 0K iK

   (2.31)
2080823.020293.00115.1C

C  wilmott’s isotropic reduction factor 

 Ma  Iqbal (1983) 

2  (circumsolar)  2 

)
2

(cos)M1(RMII 2

TbTdhsky,dT (2.32)

oh

gh

T
I

I
M            (2.33) 

 (W/m
2
)sky,dTI =

dhI      =  (W/m
2
)
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ghI      =  (W/m
2
)

ohI      =  (W/m
2
)

i        =  ( )

        =  ( )

  = geometric factor bR
s

i

Zcos

cos

 Skartveit  Olseth (1986) 

2

cos1
)CF1(cosCRFII bdhsky,dT       (2.34) 

)0,F23.0max(C         (2.35) 

 (W/m
2
)sky,dTI =

dhI      =  (W/m
2
)

bhI      =  (W/m
2
)

ohI      =  (W/m
2
)

C        = correction factor (-) 

i       =  ( )

       =  ( )

   = geometric factor bR
s

i

Zcos

cos

 Gueymard (1984) 

 ( )

 ( )

0dI

1dI
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)1INI)N1(II dG0dGdhsky,dT             (2.36) 

0),1,Ymin(maxNG          (2.37) 

227.0
I

I
4167.1

I

I
6667.6Y

gh

dh

gh

dh
       (2.38)

227

0

.0
I

I
1758.0

I

I
2121.1Y

gh

dh

gh

dh
        (2.39)

 ( )dI

                          (2.40))(G)(F)cosacosacosaaexp(I i

3

3i

2

2i100d

 =  ( )s s01.0

       (2.41)
32

0 909.1960.3364.3897.0a

      (2.42)
432

1 511.27784.48601.34962.12448.4a

     (2.43)
432

2 014.13776.23876.18164.9770.2a

       (2.44)
32

3 318.0805.0217.0312.0a

)2249.01(

))4sin(0342.0)2sin(1231.0sin2249.01(
)(F

2

      (2.45)

(2.46)
3

1

2 170.0384.0323.0408.0)h(G

 ( )dI
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b2

3
1

2

)cos1()sincos(

2

)cos1(
I 1d                             (2.47) 

  Reindl (1990)  3 

 Hay  (circumsolar) 

 2  3 

 (isotropic)  2.23  Reindl 

)]sin(/)(cos(F2/)cos(1[()2/(sinf1F1II s

3

dhsky,dT            (2.48)               

                                                             (2.49) ghbh I/If

ohbh I/IF                           (2.50) 

   =  (W/m
2
)sky,dTI

dhI         =  (W/m
2
)

i          =  ( )

s         =  ( )

          =  ( )

ghI        =  (W/m
2
)

bhI         =  (W/m
2
)

ohI        =  (W/m
2
)
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 2

 3

 1

 2.23  3  1 

 2  3 

 Reindl  (1990) 

 Muneer (1997)  (sunlit) 

 (shade) 

                                     (2.51) Fdhsky,dT TII

 Tilt factor FT

)2/(sincos(sin
)b23(

b2
)2/(cosT 22

F

)
Zcos

cos
(F)F1(TII

s

Fdhsky,dT                (2.52) 
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=  (W/m
2
)sky,dTI

dhI      =  (W/m
2
)

i       =  ( )

sZ      =  ( )

       =  ( )

FT      = Tilt factor (-) 

 b        = radiance distribution index (-) 

b  2.5  

 b 

2F026.2F82.004.0
)b23(

b2
               (2.53) 

 (irradiance) 

(illuminance)  b 

2F317.4F111.0
)b23(

b2
    (2.54) 



36

2

1

3

 2.24  3  1  2

 3 

 Perez et al. (1990) 

 Perez et al. (1990) 

 3 

 2.24

]sinF)a/a(F)F1)(cos1(5.0[II 22111dhsky,dT                             (2.55) 

    = max[0, cos ]                                  (2.56) 1a

   = max[cos85, cos ]                      (2.57) 2a sZ

    = max{0,[f11+f121F +f13*  (sZ /180)]}                   (2.58) 

    = [f21+f222F +f23*  (sZ /180)]}                    (2.59) 

  = sky,dTI  (W/m
2
)

dhI        =  (W/m
2
)

i          =  ( )

sZ         =  ( )
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s
        =  ( )

         =  ( )

        = sky  brightness (-) 

         = sky  clearness (-)  

   = 
on

dh

a
I

I
m                          (2.60) 

   = )Z10535.51/(]Z10535.5
I

II
[ 3

s
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s

6

dh

bhdh                   (2.61) 

   = air mass (-) am

    = dhI  (W/m
2
)

    = onI  (W/m
2
)

    = bhI  (W/m
2
)

 f11,  f12,  f13,  f21,  f22  f23  sky  clearness ( )  2.1 

 2.1  Perez et al. (1990)

bin ( ) upper limit f11 f12 f13 f21 f22 f23

1 1.065 0.0113 0.5707 -0.0820 -0.0947 0.1579 -0.0177

2 1.230 0.4296 0.3634 -0.3066 0.0499 0.0080 -0.0650

3 1.500 0.8093 -0.0535 -0.4422 0.1809 -0.1686 -0.0918

4 1.950 1.0141 -0.2522 -0.5311 0.2750 -0.3498 -0.0957

5 2.800 1.2818 -0.4205 -0.6888 0.3802 -0.5586 -0.1144

6 4.500 1.4257 -0.6533 -0.7789 0.4247 -0.7851 -0.0966

7 6.200 1.4848 -1.2139 -0.7837 0.4111 -0.6292 -0.0822

8 - 1.1695 -0.2998 -0.6149 0.5180 -1.8924 -0.0511
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 2.1  Perez 

 Perez 

 Robledo  Soler (1998)  Perez 

 2 

1F

 Perez 

Chirarattananon  (2006)  (irradiance) 

 (illuminance)  4  Asian Institute of Technology  

(AIT)  3  1)  AIT0a   2) 

 AIT0b 

  3)  AIT25  AIT0a 

(circumsolar)  25  3 

 (illuminance)  2.2-2.5 

 2.2  Perez et al. 

 AIT0a 

bin ( ) upper limit f11 f12 f13 f21 f22 f23

1 1.065 0.1870 0.5780 -0.2120 0.1310 -0.0810 -0.1390

2 1.230 0.5830 0.1760 -0.3560 0.2720 -0.2060 -0.1920

3 1.500 0.6370 0.1620 -0.3660 0.3030 -0.2060 -0.2060

4 1.950 1.0860 -0.5100 -0.4710 0.4640 -0.4010 -0.2640

5 2.800 1.3790 -1.0510 -0.5850 0.6520 -0.6850 -0.3500

6 4.500 1.4030 -1.0180 -0.7270 0.8120 -0.9460 -0.4720

7 6.200 3.8840 -10.7870 -1.8250 2.3150 -7.0590 -1.0420

8 - 2.3500 -1.3650 -2.3770 1.9510 -4.9170 -1.4030
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 2.3  Perez et al. 

        AIT0b 

bin ( ) upper limit f11 f12 f13 f21 f22 f23

1 1.065 0.1560 0.4910 -0.1780 0.0710 -0.0280 -0.0740

2 1.230 0.4340 0.1300 -0.2570 0.1810 -0.1850 -0.0550

3 1.500 0.4150 0.1250 -0.2250 0.1930 -0.2020 -0.0250

4 1.950 0.6720 -0.3680 -0.2500 0.3620 -0.4970 -0.0260

5 2.800 0.6800 -0.5540 -0.2550 0.5020 -0.8320 -0.0050

6 4.500 0.2960 0.1760 -0.1960 0.5620 -1.1080 0.0310

7 6.200 -0.6250 4.5810 -0.1870 0.5940 -1.1880 0.0240

8 - 0.1070 3.1570 -0.9270 1.2710 -4.4610 -0.3360

 2.4  Perez et al. 

 AIT0b 

bin ( ) upper limit f11 f12 f13 f21 f22 f23

1 1.065 - - - 0.0660 -0.4260 -0.0490

2 1.230 - - - 0.0000 -0.3280 -0.0390

3 1.500 - - - -0.0040 -0.3140 -0.0490

4 1.950 - - - -0.1120 -0.0980 -0.0440

5 2.800 - - - -0.1120 -0.0320 -0.0610

6 4.500 - - - -0.0240 -0.1620 -0.0840

7 6.200 - - - 0.0790 -0.3230 -0.1270

8 - - - - 0.5130 -3.0140 -0.1810
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 2.5  Perez et al. 

 AIT25 

bin ( ) upper limit f11 f12 f13 f21 f22 f23

1 1.065 0.0680 0.7790 -0.1490 0.0820 -0.0480 -0.1000

2 1.230 0.5240 0.2490 -0.2950 0.2310 -0.2110 -0.1460

3 1.500 0.6300 0.1860 -0.3340 0.2740 -0.2180 -0.1700

4 1.950 1.1570 -0.5700 -0.4810 0.4420 -0.4120 -0.2350

5 2.800 1.5050 -1.0920 -0.6690 0.6320 -0.6630 -0.3340

6 4.500 1.6160 -1.0980 -0.9070 0.8130 -0.9290 -0.4770

7 6.200 1.7670 -0.1100 -1.4680 1.0710 -1.1380 -0.7880

8 - 3.1450 -2.9550 -3.1190 2.0690 -5.1800 -1.5040

 (irradiance) 

 (illuminance) 

 diffuse 

illuminance  90  45 



 3 

 diffuse illuminance 

diffuse illuminance  (sky 

luminance)

3.1

 global illuminance 

 45  diffuse illuminance 

 4 

 1)  

 (18.78 N, 98.98 E)

 2)  

 (15.25 N, 104.87 E)

 3)  

 (13.82 N, 100.04 E)

 4)  

 (7.2 N, 100.6 E)

 1)   global illuminance 

 30×30×30 .

 global illuminance 

 (horizontal plane)  4  global illuminance 

(vertical plane)  1 

41
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 2)   global illuminance  45 

 30×45 .

 45 

 30 .

 45 

(a)

(b)

 3.1  global illuminance  (a)

 45  (b)
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 3)   diffuse illuminance 

 diffuse illuminance 

 Kipp-Zonen  CM 121  3.2 

 3.2  diffuse illuminance 

 EKO 

ML-020S-O  0-20 mV 

 Data collector  Yokogawa  DC 100 

 3.3-3.4



44

 3.3 

 3.4 



45

 global illuminance 

diffuse illuminance . . 2002 

 ( . . 2008)  global illuminance 

45  4  16 . . 2006, 

 8 . . 2006,  9 . . 2006  9 . . 2007

 global illuminance  45 

 10 . . 2007

 global illuminance  diffuse illuminance  global 

illuminance  45 

 3.1

 3.1 

global

illuminance

horizontal

diffuse

illuminance

horizontal

global

illuminance

vertical

(N-E-W-S) 

global

illuminance

inclined-45

(S)

global

illuminance

inclined-45

(N-E-W) 

2003-2008 2003-2008 2003-2008 2007-2008 -

2003-2008 2003-2008 2003-2008 2007-2008 -

2003-2008 2003-2008 2003-2008 2007-2008 2008

2003-2008 2003-2008 2003-2008 2007-2008 -
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 4 

 3.5

(13.82 N, 100.04 E)

(18.78 N, 98.98 E) (15.25 N, 104.87 E)

(7.2 N, 100.6 E)

 3.5  4 
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 3.6  global illuminance  4 

 3.7 global illuminance  45 
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 3.8  diffuse illuminance 

 3.9  global illuminance  4 
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 3.10  global illuminance  45 

 3.11  diffuse illuminance 
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 3.12  global illuminance  4 

 3.13  diffuse illuminance 
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(a)      (b) 

   (c)         (d) 

 3.14  global illuminance  45  (a)  (b)

 (c)  (d)
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 3.15  global illuminance  4 

 3.16  global illuminance  45 
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 3.17  diffuse illuminance 

3.2

 illuminance 

  sensitivity

 1-2 

 data logger  1 

 sensitivity 
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 1)  illuminance  lux 

 3.18

 2)  sensitivity 

 ( lux )

(V
o

lt
) 

 3.18 

 sensitivity  2-5% 

 3.19-3.26 

 sensitivity 
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 3.19 

 3.20 

     



56

 3.21 

 3.22 
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 12  2550

y = 0.1739x + 102.7
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 3.23  illuminance 

 17  2550
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 1  2550

y = 0.1506x - 107.57

R
2
 = 0.9994
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 3.25  illuminance 

 23  2550
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3.3

 global  diffuse illuminance 

 global illuminance  4  45 

 (Data quality control) 

1)  5 

 error  Cosine response 

 8.30 – 16.30 .

2)  global illuminance  diffuse illuminance  diffuse illuminance 

 global illuminance 

ghdh EE       (3.1) 

= global illuminance  (klux) ghE

 = diffuse illuminance dhE  (klux)

 3)  global illuminance 

(Extraterrestrial illuminance)  global illuminance  Extraterrestrial illuminance 

ohgh EE       (3.2) 

=  (klux) ohE

 = global illuminance ghE  (klux) 

 4)  3 

 Diffuse fraction  Clearness index 



60

gh

dh

E

E
fractionDiffuse      (3.3) 

oh

gh

E

E
indexClearness       (3.4) 

 3.27 

 Clearness index 

 Diffuse fraction  diffuse illuminance 

 3.27 
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3.4  diffuse illuminance 

 illuminance 

 90 

 global illuminance 

 global illuminance  ( )  direct illuminance 

( )  diffuse illuminance ( )  global illuminance 

 direct illuminance  diffuse illuminance 

 direct illuminance  direct 

illuminance  (  2.8) 

 diffuse illuminance 

 diffuse illuminance 

 (anisotropic) 

 diffuse illuminance 

 diffuse illuminance  diffuse illuminance 

ghE

bhE dhE

bR

 20  diffuse illuminance 

 (irradiance)  diffuse 

illuminance

 (isotropic)  Lui and Jordan (1960) 

 anisotropic  Klucher (1997), Hay (1979), Reindl (1990)  Perez et al. 

(1990)
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 (irradiance) 

 (Danny H.W. Li and Joseph C. Lam) 

 2.5 

diffuse illuminance  90  45 

 4 

 (I)  (E) 

 Isotropic  Anisotropic 

 3.2  Isotropic

 Isutropic 

Lui and Jordan (1960) )cos1(E
2

1
E dhd

Koronakis (1986) )cos2(E
3

1
E dhd

Tain (2001) )
180

1(EE dhd

Badescu (2002) )
4

)2cos(3
(EE dhd

 3.3  Anisotropic

 Anisotropic 

Bugler (1977) cosE05.0]
2

cos1
)

Zcos

E
05.0E[(E bT

s

bT
dhd

Temps and Coulson (1977) )Zsincos1()
2

(sin1)cos1(E
2

1
E s

3

i

23

dhd

Klucher (1979) )]}Z)(sin(cosF1][2/sinF1][2/)cos1{[(EE 323

sidhd ghdh

, 2)E/E(1F

Hay (1979) ]}2/))cos(1)(F1[()sin(/)(cos(F{EE sidhd ohbh
,        I/IF

Wilmott (1982) 
scbnsscibndhd E/E1(C)ZcosE/()cosE(EE 080823.020293.00115.1, C 2
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 3.4  Anisotropic ( )

Ma and Igbal (1983) )2/(cos)M1(RMEE 2

TbTdhd ohghT
 , E/EM

Skartveit and Olseth (1986) 2/)cos1)(ZF1(cosZRFEE bdhd
, ]0),F23.0max[(C

Gueymart (1987) 

)RNR)N1(EE 1dG0dGdhd

)(G)(F)cosacosacosaaexp(R i

3

3i

2

2i100d

b2

3
1/

2

)cos1()sincos(

2

)cos1(
R 1d

Reindl (1990) )]sin(/)(cos(F2/)cos(1()2/(sinf1F1EE 3

sdhd ghbh
 , I/If

Perez et al. (1990) ]sinF)a/a(F)F1)(cos1(5.0[EE 22111dhd

Muneer (1990) 

)
Zcos

cos
(F)F1(TEE

s

Fdhd

)2/(sincos(sin
)b23(

b2
)2/(cosT 22

F

AIT0a (Chirarattananon et al.) ]sinF)a/a(F)F1)(cos1(5.0[EE 22111dhd

AIT0b (Chirarattananon et al.) ]sinF)a/a(F)F1)(cos1(5.0[EE 22111dhd

 AIT0a  AIT0b  Perez   

 AIT0a  AIT0b 

 Asian Institute of Technology  (AIT) 

Chirarattananon  (2006)  AIT0a 

regression  AIT0b 

 Perez 

 2  AIT0a  AIT0b



64

 3.4.1 

 diffuse illuminance  4 

 1. diffuse illuminance  (North-90)  2003-2008 

2. diffuse illuminance  (South-90)    2003-2008 

3. diffuse illuminance  (East-90)  2003-2008

4. diffuse illuminance  (West-90)  2003-2008 

 5. diffuse illuminance  45  (South-45)  2007-2008

 5 

 45  (North-45)  (East-45) 

 (West-45)  2008 

 diffuse illuminance 

 3.1 

global illuminance  ( )  ( E )  45 

 diffuse illuminance  ( )

diffuse illuminance  ( )

ghE g

dhE

dE

 1)  direct illuminance   global illuminance 

 diffuse illuminance 

dhghbh EEE        (3.5) 

 = global illuminance  (klux) ghE

 = diffuse illuminance dhE  (klux) 

= direct illuminance bhE  (klux) 
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 2)  direct illuminance 

bbhb REE         (3.6) 

= direct illuminance  (klux)bE

 = bR  (-) 

s

i
b

Zcos

cos
R        (3.7) 

  =  ( )i

=sZ  ( )

 3)  diffuse illuminance  global illuminance 

 direct illuminance 

bgd EEE        (3.8) 

 = diffuse illuminance  (klux) dE

 = global illuminance gE  (klux) 

   = direct illuminance bE  (klux)
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 3.4.2  diffuse illuminance 

 diffuse illuminance 

 diffuse illuminance 

 2  Mean Bias Error 

(MBE)  Root Mean Square Error (RMSE) 

%100
E

)EE(
N

1

MBE
meas,d

N

1i

i,meas,di,elmod,d

    (3.9) 

%100
E

)EE(
N

1

RMSE
meas,d

N

1i

2

i,meas,di,elmod,d

(3.10)

  =  diffuse illuminance  (klux) i,elmod,dE

   = i,meas,dE  diffuse illuminance  (klux) 

meas,dE     =  diffuse illuminance  (klux)

     = N

 MBE 

 MBE 

 RMSE 

 diffuse illuminance 

 MBE  RMSE 

 diffuse illuminance  45 
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3.4.2.1

 3.5  RMSE (%)  MBE (%) 

 MBE (%) 12.20 -19.11 -8.47 -0.77 -16.35 -6.97

 RMSE (%) 27.97 37.39 40.80 36.55 26.81 34.74

 MBE (%) 49.60 7.85 22.04 32.31 -11.57 20.69

 RMSE (%) 60.39 37.84 49.26 53.66 24.62 45.74

 MBE (%) 12.20 -19.11 -8.47 -0.77 -26.50 -8.44

 RMSE (%) 27.97 37.39 40.80 36.55 33.67 35.73

 MBE (%) 12.20 -19.11 -8.47 -0.77 -26.50 -8.44

 RMSE (%) 27.97 37.39 40.80 36.55 33.67 35.73

 MBE (%) 12.04 -20.24 -9.09 -1.71 -18.61 -7.94

 RMSE (%) 28.11 38.48 41.61 37.44 28.87 35.69

 MBE (%) 52.07 14.52 31.30 43.15 -0.69 28.63

 RMSE (%) 62.73 36.70 49.88 57.02 16.74 45.56

 MBE (%) 36.29 1.47 14.69 25.09 -6.38 14.35

 RMSE (%) 47.02 28.87 39.44 42.25 17.08 35.50

 MBE (%) -21.14 -21.29 -20.37 -10.34 -12.21 -17.53

 RMSE (%) 37.98 32.30 37.57 34.44 18.92 32.99

 MBE (%) -22.35 -21.61 -21.21 -11.11 -16.48 -18.78

 RMSE (%) 38.23 32.33 37.95 35.05 21.69 33.65

 MBE (%) -59.60 -28.30 -30.10 -19.43 -9.75 -29.89

 RMSE (%) 67.89 42.03 53.16 58.82 15.92 48.80

 MBE (%) -26.31 -25.00 -24.55 -14.90 -12.93 -21.35

 RMSE (%) 38.31 32.78 37.99 34.10 18.98 33.20

 MBE (%) 2.15 -14.31 -7.55 1.73 -11.66 -6.20

 RMSE (%) 22.55 24.47 29.44 25.38 18.89 24.60

 MBE (%) -6.08 -10.42 -8.08 2.98 -10.40 -6.40

 RMSE (%) 34.00 26.75 33.25 33.75 17.79 29.62

 MBE (%) -31.46 -19.60 -18.21 -9.47 -6.60 -17.51

 RMSE (%) 43.18 29.04 33.98 33.53 12.65 31.23

 MBE (%) -4.72 -0.73 -2.35 10.22 -4.28 -0.10

 RMSE (%) 19.25 18.31 20.53 28.64 13.78 20.41

 MBE (%) -13.51 -8.58 -4.38 5.04 -2.09 -4.85

 RMSE (%) 22.19 18.56 20.70 22.95 13.40 19.83

 MBE (%) -13.43 -6.33 -5.95 4.00 -3.39 -5.01

 RMSE (%) 21.46 18.83 19.50 21.83 14.79 19.48

15824 15821 15682 15633 5733 68693

MODELS

 Badescu (3D)

 Tain

 Koronakis

 Lui and Jordan

West-90 South-45

 AIT0b (Chirarattananon et al.)

 AIT0a (Chirarattananon et al.)

 Muneer 

 Perez et al. 

 Reindl

 Gueymard 

 Skartveit and Olseth

Number of data

North-90 South-90 East-90
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3.4.2.2

 3.6  RMSE (%)  MBE (%) 

 MBE (%) -1.37 -24.24 -17.28 -8.46 -21.41 -14.80

 RMSE (%) 26.16 40.99 47.66 31.93 29.04 36.18

 MBE (%) 31.50 1.01 10.30 22.05 -16.91 10.53

 RMSE (%) 44.93 37.60 48.96 42.69 26.20 40.94

 MBE (%) -1.37 -24.24 -17.28 -8.46 -30.94 -16.15

 RMSE (%) 26.16 40.99 47.66 31.93 36.47 37.23

 MBE (%) -1.37 -24.24 -17.28 -8.46 -30.94 -16.15

 RMSE (%) 26.16 40.99 47.66 31.93 36.47 37.23

 MBE (%) -1.65 -25.11 -17.77 -9.23 -23.22 -15.59

 RMSE (%) 26.53 41.94 48.43 32.54 30.65 37.01

 MBE (%) 33.80 5.89 16.68 33.78 -7.96 17.22

 RMSE (%) 46.75 35.84 46.27 46.51 18.71 39.95

 MBE (%) 21.25 -4.74 4.25 17.27 -12.76 5.46

 RMSE (%) 35.54 31.29 41.17 34.50 20.55 33.43

 MBE (%) -32.65 -31.58 -30.80 -17.56 -19.26 -27.03

 RMSE (%) 44.50 40.23 45.01 35.88 24.20 38.96

 MBE (%) -33.66 -31.84 -31.49 -17.88 -22.27 -27.93

 RMSE (%) 44.93 40.29 45.40 36.90 26.42 39.66

 MBE (%) -65.40 -42.61 -44.56 -20.78 -18.33 -39.48

 RMSE (%) 73.25 51.53 56.31 64.31 23.02 55.22

 MBE (%) -36.03 -34.17 -33.63 -20.68 -19.78 -29.64

 RMSE (%) 45.23 40.78 45.39 36.53 24.40 39.47

 MBE (%) -9.17 -21.41 -16.56 -4.48 -18.11 -14.14

 RMSE (%) 25.32 30.39 36.22 23.55 23.28 28.36

 MBE (%) -19.53 -21.50 -19.79 -5.37 -17.56 -16.93

 RMSE (%) 36.71 33.47 39.02 32.46 22.88 33.62

 MBE (%) -39.33 -31.05 -30.01 -13.66 -14.53 -26.53

 RMSE (%) 49.36 36.85 39.94 35.59 18.61 37.06

 MBE (%) -12.63 -10.23 -11.57 6.00 -11.18 -7.84

 RMSE (%) 22.25 19.36 23.78 30.88 17.16 22.91

 MBE (%) -21.31 -19.13 -16.35 1.14 -10.17 -13.56

 RMSE (%) 28.85 24.12 27.15 21.52 15.51 23.95

 MBE (%) -19.91 -16.50 -17.62 1.55 -10.65 -12.92

 RMSE (%) 26.31 23.90 27.10 22.50 17.17 23.83
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3.4.2.3

 3.7  RMSE (%)  MBE (%) 

 MBE (%) -6.61 -15.44 -10.80 -7.40 -18.67 -11.40

 RMSE (%) 30.09 36.54 40.62 38.27 28.96 35.37

 MBE (%) 24.52 12.75 18.94 23.47 -14.02 14.94

 RMSE (%) 43.04 39.85 47.75 48.80 26.33 42.15

 MBE (%) -6.61 -15.44 -10.80 -7.40 -28.54 -12.81

 RMSE (%) 30.09 36.54 40.62 38.27 36.23 36.41

 MBE (%) -6.61 -15.44 -10.80 -7.40 -28.54 -12.81

 RMSE (%) 30.09 36.54 40.62 38.27 36.23 36.41

 MBE (%) -7.11 -16.12 -11.24 -7.95 -20.54 -12.14

 RMSE (%) 30.83 37.42 41.15 38.90 30.35 36.17

 MBE (%) 27.15 16.54 27.82 33.25 -6.93 21.30

 RMSE (%) 44.57 40.25 47.80 51.11 21.93 42.42

 MBE (%) 13.89 3.95 12.32 16.54 -11.79 8.19

 RMSE (%) 33.26 32.11 37.66 38.79 22.83 33.61

 MBE (%) -31.06 -31.73 -21.23 -19.68 -20.53 -25.23

 RMSE (%) 43.74 43.14 37.48 39.05 27.54 38.98

 MBE (%) -32.02 -32.12 -21.98 -20.35 -23.62 -26.26

 RMSE (%) 44.10 43.27 37.76 39.44 29.59 39.52

 MBE (%) -57.74 -49.72 -31.25 -29.59 -22.45 -39.33

 RMSE (%) 64.91 58.37 53.87 63.12 28.74 55.53

 MBE (%) -35.31 -35.52 -25.18 -23.80 -21.22 -28.78

 RMSE (%) 44.26 43.87 37.74 39.48 27.71 39.42

 MBE (%) -12.86 -17.91 -8.87 -6.53 -18.21 -12.59

 RMSE (%) 26.84 29.84 28.20 27.79 25.22 27.79

 MBE (%) -19.17 -20.96 -9.85 -7.88 -18.88 -15.18

 RMSE (%) 37.57 37.01 33.49 35.70 26.31 34.57

 MBE (%) -35.23 -33.19 -19.13 -19.18 -17.12 -25.38

 RMSE (%) 42.18 39.63 33.66 37.23 22.38 35.92

 MBE (%) -10.73 -11.89 -0.97 1.56 -11.94 -6.51

 RMSE (%) 19.95 21.25 22.22 26.00 19.72 21.96

 MBE (%) -18.29 -18.32 -4.07 -3.02 -10.54 -10.96

 RMSE (%) 25.25 24.39 18.98 22.03 15.42 21.64

 MBE (%) -15.44 -15.45 -6.75 -2.09 -8.78 -9.85

 RMSE (%) 21.84 23.62 20.72 23.74 16.32 21.61

13545 13563 13533 13510 4999 59150
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3.4.2.4

 3.8  RMSE (%)  MBE (%) 

 MBE (%) -2.70 -30.74 -23.40 -8.19 -19.59 -27.27 -18.15 -26.41 -19.48

 RMSE (%) 27.91 44.27 47.99 37.07 29.50 37.43 31.09 32.21 37.99

 MBE (%) 29.73 -7.65 2.13 22.42 -14.99 -23.11 -13.47 -22.20 1.25

 RMSE (%) 44.97 34.85 44.78 45.36 26.71 34.50 28.60 28.81 38.40

 MBE (%) -2.70 -30.74 -23.40 -8.19 -29.34 -36.10 -28.08 -35.34 -22.17

 RMSE (%) 27.91 44.27 47.99 37.07 36.89 44.47 38.04 40.12 40.14

 MBE (%) -2.70 -30.74 -23.40 -8.19 -29.34 -36.10 -28.08 -35.34 -22.17

 RMSE (%) 27.91 44.27 47.99 37.07 36.89 44.47 38.04 40.12 40.14

 MBE (%) -3.00 -31.52 -23.85 -8.83 -20.87 -28.39 -19.73 -28.34 -20.33

 RMSE (%) 28.33 45.11 48.57 37.58 30.79 38.72 32.59 33.93 38.85

 MBE (%) 32.00 -3.00 9.45 31.96 -12.10 -14.84 -2.99 -13.28 7.76

 RMSE (%) 46.65 32.13 41.49 48.43 24.41 25.39 21.55 20.87 35.95

 MBE (%) 20.05 -12.49 -2.41 17.34 -15.03 -19.88 -9.15 -17.73 -1.95

 RMSE (%) 35.98 31.48 38.89 38.34 25.62 28.91 23.09 23.31 32.77

 MBE (%) -32.81 -37.74 -34.34 -18.83 -29.87 -31.09 -20.40 -24.57 -30.02

 RMSE (%) 45.08 45.63 47.99 40.88 35.27 35.87 27.10 28.72 41.09

 MBE (%) -33.90 -38.04 -35.04 -19.10 -33.39 -34.09 -23.75 -27.21 -31.30

 RMSE (%) 45.50 46.00 48.42 41.55 38.02 38.37 29.65 30.95 42.13

 MBE (%) -63.58 -45.68 -43.09 -27.37 -42.38 -35.03 -22.84 -22.56 -40.24

 RMSE (%) 69.89 53.71 57.36 63.62 45.49 39.27 32.72 27.75 52.94

 MBE (%) -35.81 -39.83 -36.72 -21.67 -30.40 -31.57 -20.93 -24.93 -31.94

 RMSE (%) 45.78 46.32 48.56 41.51 35.49 36.09 27.35 28.89 41.61

 MBE (%) -10.12 -27.88 -21.25 -5.14 -24.52 -27.66 -17.69 -23.00 -19.01

 RMSE (%) 26.89 35.99 38.65 30.43 30.30 33.40 25.16 26.97 32.13

 MBE (%) -19.34 -28.14 -23.75 -6.13 -28.10 -29.49 -18.60 -22.94 -21.45

 RMSE (%) 38.03 38.31 41.57 37.10 33.78 34.45 25.69 27.31 36.25

 MBE (%) -39.10 -34.90 -30.74 -16.96 -32.46 -29.20 -18.67 -19.14 -28.72

 RMSE (%) 47.49 40.60 42.27 40.41 35.91 32.28 23.42 22.84 38.18

 MBE (%) -14.19 -18.40 -16.75 3.15 -21.41 -22.45 -11.23 -16.35 -13.83

 RMSE (%) 24.35 25.50 30.07 32.33 26.51 27.97 19.85 20.47 26.62

 MBE (%) -20.67 -23.14 -16.62 -0.91 -26.55 -24.40 -13.58 -14.60 -16.79

 RMSE (%) 28.11 28.05 28.48 25.54 28.86 27.03 17.20 18.35 26.03

 MBE (%) -19.30 -20.18 -18.25 0.54 -18.74 -21.23 -10.20 -14.47 -15.17

 RMSE (%) 26.64 27.32 29.63 27.24 24.05 25.94 17.69 19.29 25.93

14339 14428 14244 14283 2603 2603 2603 4667 69770

West-90

  Lui and Jordan

  Koronakis

  Tain

MODELS North-90 South-90 East-90

  Badescu (3D)

  Bugler

  Temps and Coulson

  Klucher

  Hay

  Wilmott

  Ma and Igbal

  Skartveit and Olseth

  Gueymard 

  Reindl

  Perez et al. 

  Muneer 

  AIT0a (Chirarattananon et al.)

  AIT0b (Chirarattananon et al.)

Number of data

North-45 East-45 West-45 South-45 All surfaces
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 diffuse illuminance 

 45  4 

1)

 diffuse illuminance 

 4  45 

 diffuse illuminance  Muneer 

 (  RMSE = 19.25%, MBE = -4.72  RMSE = 18.31% , MBE =       

-0.73)

 AIT0b 

AIT (  RMSE = 19.50%, MBE = -5.95  RMSE = 21.83%, MBE = 4.00)  

 45  Perez 

 (RMSE = 12.65%, MBE = -6.60%) 

 diffuse illuminance  45  RMSE 

 30% (  Tain  Badescu)  

 MBE 

 Koronakis, Temps and Coulson  Klucher 

 isotropic  Lui and Jordan, Tain 

 Badescu  RMSE  30% 

-

 (circumsolar)  isotropic 

 diffuse illuminance 

 (All surfaces) 

 Muneer, AIT0a  AIT0b 

 RMSE  19.48-20.41%  AIT0b 
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 Gueymard  RMSE 

 24.60%  isotropic  Lui and Jordan, Tain  Badescu 

 anisotropic  Bugler  Klucher 

 RMSE  34-35% 

 Koronakis, Temps and Coulson  Ma and Igbal

2)

 diffuse illuminance 

 45 

diffuse illuminance 

 Muneer  RMSE  19-23% 

 MBE  -10.23%  -12.63%

 45 

 AIT0a 

 RMSE = 21.52%, MBE = 1.14%  45 

RMSE = 15.51%, MBE = -10.17%  AIT0b 

 AIT0a  45 

 (  Tain, Badescu ,Bugler)  RMSE  30% 

 isotropic  Lui and Jordan, Tain  Badescu 

 diffuse illuminance  (All 

surfaces)  Muneer, AIT0a  AIT0b 

 RMSE  22.91-23.95% 

 Muneer 

 Gueymard, Reindl  Klucher  RMSE  28-33% 
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 Lui and Jordan, Tain, Badescu, Bugler, Temps and 

Coulson, Hay, wilmott, Skartveit and Olseth  Perez  RMSE 

 36-40% 

 Ma and Igbal  RMSE  55.22% 

3)

 diffuse illuminance 

 Muneer 

 RMSE = 19.95%, MBE = -10.73%  

 RMSE = 21.25%, MBE = -11.89%    

 45 

AIT0a (  RMSE = 18.98%, MBE = -4.07%  RMSE = 22.03%, MBE =          

-3.02%  45  RMSE = 15.42%, MBE = -10.54%) 

AIT0b  AIT0a  isotropic 

 RMSE  diffuse illuminance 

 diffuse illuminance 

(All surfaces)  Muneer, AIT0a  AIT0b 

 RMSE  21% 

 Gueymard, Klucher  Reindl  RMSE  27-

34%  isotropic  Lui and Jordan, Tain  Badescu 

 anisotropic  Bugler  Perez 

 RMSE  35-36%
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4)

 diffuse illuminance 

 4  45 

4

)

 diffuse illuminance 

 diffuse illuminance 

 Muneer 

 (  RMSE=24.35%, MBE=-

14.19%  RMSE=25.50%, MBE= -18.40%)

AIT0a  RMSE  28.48%  MBE 

 -16.62%  RMSE  25.54%  MBE  -0.91%

)  45 

 diffuse illuminance  45 

 AIT0b  RMSE  24.05% 

 MBE  -18.74%  Temps and Coulson 

 RMSE  25.39%  MBE  -14.84% 

 AIT0a  RMSE  17.20%  MBE 

-13.58%  RMSE  18.35%  MBE  -14.60% 

 45 

 diffuse 

illuminance  (All surfaces)  45 

 Muneer, AIT0a  AIT0b 
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 RMSE  25.93-26.62%  AIT0b 

Gueymard  Klucher  RMSE  32% 

Ma and Igbal  RMSE  52.94%
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3.5  Diffuse illuminance  Sky luminance distribution 

 diffuse illuminance 

 diffuse illuminance  diffuse illuminance 

 (sky luminance)  sky 

luminance  Sky scanner 

 (sky luminance model)  sky luminance 

model  illuminance 

 2 

Horizontal illuminance measurement

Sky luminance 

distribution

Diffuse illuminance on inclined surface

Slope

illuminance models

Sky luminance 

models

Sky luminance 

integration

 3.38  diffuse illuminance 
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Zenith

n

Sky element

 3.39  sky element 

 diffuse illuminance ( )  (sky 

element)  luminance ( )  sky element

d

L

Ed

),(

dcos),(LEd d      (3.11) 

=  luminance  sky element (candela/m
2
)),(L

    =  sky element ( )

=  sky element ( )

  =  sky element  ( )

  =  sky element ( )

        

( )  sky element 

coscossinsincoscos     (3.12) 

ddcosd       (3.13) 

NorthdEd
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 =  ( )

 =  Azimuth  ( )

 (3.11)-(3.13)  diffuse illuminance 

 ( )  ( )  sky element dEd

ddcoscoscossinsincos),(LEd   (3.14) 

 =  diffuse illuminance  (klux) dE

 ( = 0)  (3.14) 

ddcossin),(LEdh     (3.15) 

    =  diffuse illuminance  (klux)dhE

 (analytical) 

 sky luminance distribution ( )

 (numerical method) 

 (3.14)  summation 

),(L

i

iiid cosLE       (3.16) 

  =  diffuse illuminance  (klux) dE

 = iL  luminance  sky element  i (candela/m
2
)

=i  sky element  i ( )

 = i  sky element  i ( )
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 (3.16)  diffuse illuminance 

,   sky element 

145  (145 sky element)  sky scanner 

luminance  sky element  diffuse 

illuminance  3.40 

iL icos i

 3.40  145 

            Sky scanner 

 145  ( )

 6  12   6, 18, 30, 

42, 54, 66, 78  90  ( )

 6  18 

 12  30  42  15 
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 54  20  66  30 

78  60  90  360 

sky element  3.9 

 3.9  sky element  sky element 

          

Solid angle

    (Sr) 

 3.5.1   (Sky luminance model)

 diffuse illuminance 

 sky luminance  sky luminance 

 (sky luminance model) 

 Janjai 

(2007)

 (Z)  (ZS)

 (  )  3.41 
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North

 3.41  (P) 

                    Z  ZS

                  

S                  
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 (zenith luminance)  2 
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3

s3

2

s2s10

3

3

2

210

s2

2

ZbZbZbb

bbbb

)Z(F

)(F
     (3.19) 

      =  (sky element) ( KCd/ m
2
)L

     = ZL  (zenith luminance) (KCd/ m
2

       = 1F

       = 2F

                  

    = Z  (sky element) ( )

      = sZ  ( )

        =  ( )

 a, b 

 (Earth-atmospheric reflectivity, )

 a0,…, a15  b0, b1 , b2, b3

 3.10-3.12 

EA

EA

 3.10   a0,…, a7

EA 0a
1a 2a 3a

4a 5a 6a 7a

0.05 < 0.15EA  1.00 0.15  0.06 -0.66 -0.09  0.29  0.03 -0.73

0.15 < 0.25EA 1.00 -0.07 0.40 -0.22 -1.11  0.06  0.65 -0.55

0.25 < 0.35EA 1.00 -0.46 0.06 -0.24 -0.22  0.28  0.13 0.90

0.35 EA 1.00 -1.91 0.40 1.47 -1.20 -0.44  0.71 4.86
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 3.11   a8,…, a15

EA 8a 9a 10a
11a 12a 13a

14a 15a

0.05 < 0.15EA 1.48 -0.59  2.54 1.24 -1.89 -1.44  0.26  0.07 

0.15 < 0.25EA 1.06 -0.03  2.30 0.13 -0.97 -1.28  0.16  0.21 

0.25 < 0.35EA 0.00 -0.54  1.43 1.70 -1.65 -0.69  0.21 -0.23

0.35 EA -3.87 -3.43  5.25 -3.61 1.43 -0.02 -0.10  0.55 

 3.12   b0, b1 , b2, b3

    

EA 0b
1b 2b 3b

0.05 < 0.15EA  3.13 -3.09  1.15 -0.14

0.15 < 0.25EA 3.12 -2.98 1.01 -0.11

0.25 < 0.35EA 2.48 -1.95 0.54 -0.04

0.35 EA 2.36 -1.80 0.54 -0.05

   

 diffuse illuminance 

 sky luminance  sky luminance model 

 9.30 – 15.30 .
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 3.5.2 

 (sky luminance model) 

 ( )

 input 

( )  ( )

 ( )

EA

EA

sZ Z

 8 

 (0.55-0.90 m)  3 3

 satellite projection 

 3.1

 cylindrical projection 

 process 

 3.42-3.43 

    

 3.42  satellite projection 
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 3.43  cylindrical projection 

 pixel  8 

 grey level  0  255  grey level 

 (Pseudo-

reflectivity , )  (Marshall, 1993) 

 3.44 

pseu
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 3.44  grey level  Pseudo-reflectivity 

    1

2   

 Pseudo-reflectivity 

 cosine 

pseu

EA

s

pseu

EA
Zcos

                                                             (3.20) 

  = EA

 (0.55-0.90 m) (-) 

          = Pseudo-reflectivity (-) pseu

    = sZ  ( )

 9.30-15.30 .EA
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 sky luminance model  luminance 

luminance  diffuse illuminance 

 3.5.3 Normalization Ratio (NR) 

 (sky luminance 

model)  diffuse illuminance  (relative 

luminance)  ( )

 diffuse illuminance  sky luminance 

 diffuse illuminance 

 normalization ratio (NR)  diffuse illuminance 

 sky luminance  ( =0 )

ZL/L

ddcossin),(l

E
NR

v

dh     (3.21) 

         =  diffuse illuminance  (klux) dhE

= relative sky luminance model ),(lv

 diffuse illuminance  sky 

luminance  sky luminance model  diffuse illuminance 

 diffuse illuminance 

   i

i

ii,vd coslNRE      (3.22) 

 =  relative luminance ( )  sky element  i i,vl ZL/L

=i  sky element  i

 = i  sky element  i

NR = normalization ratio 
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 diffuse 

illuminance  diffuse illuminance 

sky luminance model 

luminance  diffuse illuminance 

 NR  (ZS)

 3.5.4  Normalization Ratio (NR) 

 normalization ratio (NR)  diffuse 

illuminance  2005  4 

diffuse illuminance  2007  NR 

 diffuse illuminance  2005  diffuse 

illuminance  4  (  )

 9.30-15.30 .

 NR  (3.21)  NR 

 NR  ( )

( )  NR  ( )

 15 

 NR  4 

 NR    3.45 

HNR

sZ

VNR

sZ

sZ
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 3.46  fit  NR 

                    

 fit  NR 

 NR 

 NR  ( )

 NR   NR 

 diffuse illuminance  2005  4 

 2007  diffuse illuminance 

 45  NR 

sZ

 NR  2005  NR 

 ( )  sky 
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     (3.23) 
2

s3s21H ZcZccNR

, ,1c 2c 3c EA

 diffuse illuminance 

 45  2007  NR 

 NR 

 45  NR  45 

 NR  regression 

 NR 

   (3.24) )1Z265.0154.0586.0(NRNR s

2

H

 (3.24) 

= 0  (3.24) 

       (3.25) HNRNR

 (3.23)  (3.24)  normalization ratio (NR) 

      (3.26))1Z265.0154.0586.0()ZcZcc(NR s

22

s3s21

 , ,  3.13EA1c 2c 3c

 3.13  , ,  NR 3 EAc1c 2c

EA 1c 2c 3c 2R

0.05 > 0.15EA 39.12 -67.81 34.95 0.99

0.15 > 0.25 EA 30.25 -37.91 12.71 0.96

0.25 > 0.35 EA 35.49 -43.64 13.74 0.95

0.35 EA 52.03 -93.68 52.00 0.97
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 3.5.5  diffuse illuminance  sky luminance 

 (3.22)  NR  (  3.26)  diffuse illuminance 

 sky luminance  sky 

luminance model

)1Z265.0154.0586.0()cZcZc(coslE 2

32

2

1

i

iii,vd  (3.27) 

 diffuse illuminance  (3.27) 

 diffuse illuminance  2007  3 

 diffuse illuminance 

 4  45 

 MBE  RMSE 

)  (horizontal) 

 diffuse illuminance 

 2007  3  3.14

 3.14  diffuse illuminance 

        4 

MBE (%) RMSE (%) AVE (klux) N

4.84 10.78 33.73 80

3.42 12.55 34.70 81

6.41 10.49 35.28 75
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 diffuse illuminance 

 2007

 RMSE  10-12%  

 RMSE  MBE  diffuse illuminance 

 3 
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)  (inclined surface) 

 1)  

 diffuse illuminance 

 luminance  2007  3.15 

 3.15  diffuse illuminance 

        2007 

MBE (%) RMSE (%) AVE (klux) N

North-90 2.82 11.75 14.96 81

South-90 14.25 19.07 20.57 81

East-90 13.06 19.16 17.02 81

West-90 13.07 18.75 17.59 81

South-45 11.09 16.92 36.10 81

 diffuse illuminance 

 2007 

 RMSE  11-19% 

 MBE 

 3.48



105

Chiang Mai

North-90

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Measured diffuse Illuminance (klux)

C
al

cu
la

te
d

 d
if

fu
se

 I
ll

u
m

in
an

ce
 (

k
lu

x
)

AVE = 14.96   klux

MBE = 2.82        %

RMSE = 11.75   %

N = 81

Chiang Mai

South-90

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Measured diffuse Illuminance (klux)

C
al

cu
la

te
d

 d
if

fu
se

 I
ll

u
m

in
an

ce
 (

k
lu

x
)

AVE = 20.57   klux

MBE = 14.25     %

RMSE = 19.07   %

N = 81

Chiang Mai

East-90

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Measured diffuse Illuminance (klux)

C
al

cu
la

te
d

 d
if

fu
se

 I
ll

u
m

in
an

ce
 (

k
lu

x
)

AVE = 17.02   klux

MBE = 13.06     %

RMSE = 19.16   %

N = 81

Chiang Mai

West-90

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Measured diffuse Illuminance

C
al

cu
la

te
d

 d
if

fu
se

 I
ll

u
m

in
an

ce

AVE = 17.59   klux

MBE = 13.07     %

RMSE = 18.75   %

N = 81

Chiang Mai

South-45

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Measured diffuse Illuminance (klux)

C
al

cu
la

te
d

 d
if

fu
se

 I
ll

u
m

in
an

ce
 (

k
lu

x
)

AVE = 36.10   klux

MBE = 11.09     %

RMSE = 16.92   %

N = 81

 3.48  diffuse illuminance 



106

 2)  

 diffuse illuminance 

 2007  3.16 

 3.16  diffuse illuminance 

        2007

MBE (%) RMSE (%) AVE (klux) N

North-90 -3.73 11.62 16.90 82

South-90 -0.05 12.67 22.92 82

East-90 -9.63 17.14 20.59 82

West-90 9.62 15.89 19.11 80

South-45 5.44 10.97 38.15 76

 diffuse illuminance 

 2007  RMSE  10-17% 

 45  RMSE  10.97% 

MBE  diffuse 

illuminance

 45 

 diffuse illuminance 

 3.49
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 3)  

 diffuse illuminance 

 2007  3.17 

 3.17  diffuse illuminance 

        2007 

MBE (%) RMSE (%) AVE (klux) N

North-90 2.47 10.65 17.80 77

South-90 -5.13 17.47 22.47 77

East-90 11.17 16.58 17.56 75

West-90 4.76 14.73 19.69 77

South-45 -3.61 10.55 40.79 77

 diffuse illuminance  sky luminance 

 10-17% 

 45  RMSE  MBE 

 45 

 3.50
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 diffuse illuminance 
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3 Station
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3.6

  3.6.1  

 3.6.1.1   global illuminance 

 global illuminance  10.00 .

 global illuminance 

 global illuminance 

 3.57-3.60 

global illuminance 
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 global illuminance 

 80-105 k l u x  

global illuminance  70-105 klux 
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 80-120 klux  global illuminance 



115

January

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

) February

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

) March

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

)

April

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

)

May

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

)

June

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

)
July

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

) August

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

)

September

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

)

October

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

)

November

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

)

December

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
 (

kl
ux

)

 3.57  global illuminance 



116

January

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

February

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

March

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

April

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

May

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

June

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

July

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

August

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

September

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

October

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

November

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

December

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

 3.58  global illuminance 



117

January

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

February

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

March

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

April

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

May

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

June

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

July

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

August

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

September

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

October

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

November

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

December

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

 3.59  global illuminance 



118

January

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

February

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

March

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

April

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

May

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

June

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

July

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

August

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

September

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

October

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

November

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

December

0

20

40

60

80

100

120

140

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

G
lo

ba
l i

llu
m

in
an

ce
(k

lu
x)

 3.60  global illuminance 



119

3.6.1.2  diffuse illuminance

 diffuse 

illuminance  diffuse illuminance 

 3.61-3.64  diffuse illuminance 

 diffuse 
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 3.6.2  

 3.6.2.1   global illuminance

 global illuminance 

 global illuminance 

 3.65-3.68 
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 3.6.3  

3.6.3.1  global illuminance
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3.6.3.2  diffuse illuminance

 global illuminance 

 diffuse illuminance 

 diffuse illuminance 

 diffuse illuminance  5 klux 

 diffuse illuminance 

 3.81-3.84 

 diffuse illuminance 
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