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In this work, semi-empirical models for estimating global horizontal, direct normal 
and diffuse horizontal solar irradiances under cloudless skies were developed. These models 
express the irradiances as functions of the Angstrom turbidity coefficient, Angstrom 
wavelength exponent, precipitable water and total column ozone. The formulations of these 
models were based on global, direct normal and diffuse irradiance data, aerosol data and 
precipitable water data collected at three solar monitoring stations : Chiang Mai (18.78 °N, 
98.98 °E), Nakhon Pathom (13.82 °N, 100.04 °E) and Songkhla (7.20 °N, 100.60 °E). The 
total column ozone at the positions of these stations were derived from AURA/OMI satellite. 
The model validations for global and diffuse components were carried out by using 
independent measurement data set from the three stations together with an independent data 
set collected at Ubon Ratchathani (15.25 °N, 104.87 °E). It was found that the global model 
predicted the global irradiance with the root mean square difference (RMSD) and mean bias 
difference (MBD) of 4.3% and -0.04%, respectively whereas the diffuse model showed an 
agreement with RMSD and MBD of 14.3% and 3.6%, respectively. The direct normal 
irradiance estimated from the model was compared with measurements at Chiang Mai, 
Nakhon Pathom and Songkhla and the results showed a good agreement with RMSD and 
MBD of 7.3% and 1.2%, respectively. The performance of global and direct models compared 
favorably when tested against other models. 
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 CO2 [-] 2COT

COT  CO [-] 

 NO2 [-] 2NOT

 CH4 [-] 4CHT

2OT  O2 [-] 

2COU , ,  , , COU
2NOU

4CHU
2OU  - 
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a, b, c  d  (Psiloglou, 2007) 

Ineichen (2008)  SOLIS  Mueller  (2004) 

s

B

B
oBN

sin
expII     (2.67) 

    

o0o)700(a1o

2

)700(a2oono P/Pln071.0IkIkIII    (2.68) 

0.0051

o0I 1.08w        (2.69) 

032.0

01 w97.0I        (2.70) 

56.0

02 w12.0I        (2.71) 

0Bp0B700a1BB P/Plnttkt      (2.72) 

wln0071.0wln056.082.1t 2

1B     (2.73) 

wln0096.0wln045.033.0t 2

0B     (2.74) 

13.0w0089.0tBp        (2.75) 

01 BwlnBB        (2.76) 

4557.0k5057.0k7565.0B 700a

2

700a0     (2.77) 

0172.0k0148.0k00925.0B 700a

2

700a1    (2.78) 

BNI

    (direct normal irradiance)[W/m
2
]

oI

    Ineichen (2008) 

onI

(extraterrestrial solar irradiance) [W/m2] 

700ak nm [-] 700

P  (local pressure) [mbar] 

oP  [1,013.25 mbar] 
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w  (precipitable water) [cm] 

B  Ineichen (2008) 

s  (solar elevation angle) [ ]

     sunphotometer 

 675 nm

675ak 700ak

2.5.2

    Haurwitz (1945) 

 11 

 Great Blue Hill (42 
0
12

/
44

//
 N,71 

0
6

/
53

//
 W) . . 1933-1943 

 ( )z

zzG cos/057.0expcos1098I    (2.79) 

 (global horizontal irradiance) [W/m
2
]GI

z  [ ]

Berlynd (1956) 

 (astronomical parameters)  

zzscG secf1/cosII     (2.80) 

 (global horizontal irradiance) [W/m
2
]GI

 [1366.1 W/m
2
]scI
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z  [ ]

 (albedo)  

 (Kondratyev, 1969)

f

Prltridge  Proctor (1976)  Daneshyar (1978)

dzBNG IcosII     (2.81) 

BN zI 950.0 1 exp 0.075 90     (2.82) 

zd 90475.3534.2I       (2.83) 

 (global horizontal irradiance) [W/m
2
]GI

BNI  (direct normal irradiance)

   [W/m2] 

 (diffuse irradiance) [W/m
2
]dI

z  [ ]

Berger  Duffie (1979) 

zG cos70.01350I     (2.84) 

 (global horizontal irradiance) [W/m
2
]GI

z  [ ]
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Adnote, Bourges, Campana  Gicquel (1979) 

      z

15.1

G cos39.951I    (2.85) 

 (global horizontal irradiance) [W/m
2
]GI

z  [ ]

Kasten  Czeplak (1980)  

 10 

. .1964-1973  Hamburg Fuhlsbuttel Airport  

30cos910I zG      (2.86) 

 (global horizontal irradiance) [W/m
2
]GI

z  [ ]

Robledo  Soler (2000)  luminous efficacy 

 luminous efficacy  illuminance  irradiance 

 luminous efficacy 

z

179.1

zG 900019.0expcos24.1159I  (2.87) 

 (global horizontal irradiance) [W/m
2
]GI

z  [ ]
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2.5.3

     Dumortier (1995) 

zLood cos))2(T0646.0045.0(0065.0[EII

                    (2.88)]cos))2(T0327.0014.0( z

2

L

nnoL d
365

2
sinvd

365

2
cosuT2T     (2.89) 

 [W/m
2
]oI

oE  [-] 

z  [ ]

LT  Link turbidity factor for air mass  2 

, u 0T  v  site specific parameter 

nd  (  = 1  1 ) [-] nd

 (semi-empirical model) 
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 3 

3.1

 3.1.1 

 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)

 4  3.1 
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 3.1  4 

 (pyranometer)  CM21  Kipp & Zonen 

 Kipp & Zonen  CM11 

 CM121  Kipp & Zonen  (pyrheliometer) 

 CH 1  Kipp & Zonen   (sun tracker) 





36

 3.3

 3.4
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 3.5

 3.6
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 3.8
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 3.11

 3.12
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 3.13

 3.14
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 3.15

 3.16
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 3.1.2 

    

 1 10

        
S

V
I      (3.1) 

  I  [W/m
2
]

  V  [V] 

  S  sensitivity  [V/W m
-2
]

 3.1.3 

 sensitivity 

. .1994

 indoor calibration facility 

world pyrheliometric standard 

 1 

 11:00-15:00 .

 sensitivity 

1)  

 W/m
2
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2)   sensitivity 

 sensitivity (S) 

 (3.2) 

     =S   (3.2)  

 sensitivity  

 3.17– 3.20 

 4  3.21–3.24  sensitivity 

 3.1 

 3.17  2009 
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 3.18  2009 

 3.19  2010 
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 3.20  2009 

Global pyranometer 

20 2009
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Global pyranometer 

5 2009

y = 14.65x - 13.947

R2 = 0.9995
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Global pyranometer 

3 2010
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R2 = 0.9999
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Global pyranometer 

3 2009

y = 7.4913x + 2.8626

R2 = 0.9999
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2
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4.82

7.28

 sensitivity 

.

2007

 World Radiation Center  Davos 

 1 

 NIP  Eppley  
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 (diffuse irradiance) [W/m
2
]dI

  IG  (global horizontal irradiance) [W/m
2
]

  4)  diffuse fraction  clearness index 

 3.25 
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Clearness index

D
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 3.25 

 clearness index

 diffuse fraction  diffuse 

irradiance

(  3.25) 

 3.1.5 

 sunphotometer 

AERONET (The Aerosol Robotic Network) 

AERONET (aerosol)

 sunphotometer 

 AERONET 
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 3.27  sunphotometer 

 3.28  sunphotometer 
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 3.29  sunphotometer 

 4  (sky view) 

 3.30
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  3.31

 3.32 
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  3.33

 3.34  sky view 

 30  2008  12.00 .
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 3.35  sky view 

 1  2009   8.40 .

 3.36  sky view 

 2  2008   12.00 .
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 3.37  sky view 

 25  2008   10.00 .

3.2

 (Hammer et al., 2003) 

 (concentrating system) 

 3.2.1 

     

 (eccentricity correction factor) 

 (Angstrom turbidity coefficient)   (Angstrom wavelength 

exponent)   (precipitable water)  (total column 

ozone)  3.2
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 3.2 

 –  2007  –  2008 

 –  2007  –  2008 

 –  2007  –  2008 

-  2009 – 2010

  3.2.1.1 

 W/m
2

 sunphotometer 

 sunphotometer 

 3.38 – 3.41
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  3.2.1.2 

    3 

 3.42

 (Precipitable water , w )  

 3.43

 (3.5) 

 3.42 
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 3.43 

0

rdZM
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  Mr  mixing ratio  

     

Z

G

 cm  sunphotometer 

 3.44-3.47 

3.48-3.51
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  3.2.1.3 

   

(visible)  3.52 

 0.4-0.7 m

 2 

 Angstrom’s turbidity formula [Iqbal, 1983] 

ak                                                                 (3.6) 

 [-] ak

 [-] 

 [-] 

 3.52 

 sunphotometer 

 ( ) ( )  single scattering ak
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  3.2.1.4 

    

 290 nm  610  4,800  

9,600  13,000-15,000  nm  

 3.77

STP ( )  (cm) 

- -  (m-atm-cm)

1 m-atm-cm = 1 DU 

       = 10
-5

 m 

       = 10
-3
 cm  STP 
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3.2.2

a1mB

1G eAI            (3.7) 

1b

zsco11 )(cosIEaA     (3.8)

111111 gwfedcB   (3.9) 

   (3.10) 
2sin000077.02cos000719.0

sin001280.0cos034221.0000110.1Eo

       (3.11) 365/)1d(2 n

       (3.12) ora P/Pmm

      (3.13) h0001184.0expP/P o

    (3.14) 
1253.1

zzr ])885.93(15.0[cosm

(global horizontal irradiance) [W/m
2
]GI

 [1366.1 W/m
2
]scI

am  (relative optical air mass) [-] 

    (Angstrom turbidity coefficient) [-] 

    (Angstrom exponent) [-] 

 (precipitable water)[cm] w

   (total column ozone) [cm] 

 [-] oE
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   h  [m] 

P  [mbar] 

 [1013.25 mbar] oP

nd  (dn = 1  1 ) [-] 

z  [ ]

  a1 , b1, c1, d1, e1, f 1  g1

 ( )

 ( )  ( )  A1

 a1  b1  (3.8) 

 B1  (3.7)  B1

 ( )  ( )  (w)

 ( )  (3.9)   multiple regression  

c1, d1, e1, f1  g1  3.3 

z

oE am

 3.3

t- statistic

a1 0.80 -

b1 1.15 -

c1 -0.032270 -1.80

d1 0.403457 37.77

e1 0.018740 8.34

f1 0.003025 3.44

g1 0.093532 1.20

R
2
 = 0.64 - -

N = 899 - -
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 3.3 

 0.05

0.2t

3.2.3

     

 3.7-3.9  ( )

 ( )  ( )

 ( )  ( )  (w)

( )  4  (  3.2)  (independent data)  

 2   root mean square difference (RMSD)  

 mean bias difference (MBD)  3.15  3.16 

 3.84-3.88 
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o aE m
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MBD
N
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meas,G
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 3.4  root mean square difference (RMSD)  mean bias difference (MBD) 

RMSD (%) MBD (%) 

6.0 1.0

3.1 0.6

3.4 0.1

3.5 -2.0

4.3 -0.04

 3.84 – 3.88  3.4 

 RMSD 

 3.1 – 6.0 %  MBD  -2.0 - 1.0 %

 RMSD = 4.3 %  MBD =- 0.04 %
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 (  3.5) 

RMSD  MBD  3.89-3.95  3.6 

 3.5 

1. Haurwitz zcos/057.0

zG ecos1098I

2. Daneshyar-Paltridge-Proctor
z

90075.0

G 90475.3534.2e10.950I z

3. Berger-Duffie 
zG cos70.01350I

4. Adnote- Bourges-Campana-

    Gicquel 

z

15.1

G cos39.951I

5. Kasten-Czeplak 30cos910I zG

6. Robledo-Soler z900019.0179.1

zG ecos24.1159I

7. Berlynd 
zzscG secf1/cosII
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 Berlynd 

 3.6  RMSD (%)  MBD (%)  4 

Chiang Mai Ubon Ratchathani Nakhon Pathom Songkhla total

Model RMSD

(%)

MBD

(%)

RMSD

(%)

MBD

(%)

RMSD

(%)

MBD

 (%) 

RMSD

(%)

MBD

(%)

RMSD

(%)

MBD

(%)

Proposed Model 6.0 1.0 3.1 0.6 3.4 0.1 3.5 -2.0 4.3 -0.04

Haurwitz 16.2 11.8 9.6 6.8 15.3 13.4 5.5 3.5 12.4 9.1

Daneshyar-

Paltridge-Proctor 88.1 86.0 75.0 73.4 90.2 88.0 53.5 50.6 77.9 75.6

Berger - Duffie 13.3 6.0 9.2 0.8 12.5 7.5 8.7 -3.6 11.1 3.0

Adnote-Bourges-

Campana-Gicquel 11.4 -0.1 9.5 -4.7 8.6 1.4 8.8 -6.6 9.8 -2.3

Kasten-Czeplak 13.1 -3.7 12.9 -8.2 11.4 -2.4 14.5 -11.4 13.2 -6.2

Robledo - Soler 14.8 10.3 8.8 5.5 13.9 11.8 5.5 1.1 11.4 7.4

Berlynd 39.6 36.5 35.8 34.0 40.9 38.4 20.3 18.7 35.0 32.4
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 3.88-3.95  3.6

 Haurwitz  Berger– Duffie  

 Adnote-Bourges-Campana-Gicquel  Kasten-Czeplak

Robledo-Soler  RMSD  4.3 %  13.2 %   MBD  -6.2 %  9.1 

%  Berlynd  Daneshyar-Paltridge-Proctor  

 RMSD  4.3 %  

MBD  -0.04 %

 (semi-empirical model) 

(empirical model)  7 
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3.3

3.3.1

 sunphotometer  

 (  3.6)

 Ozone Monitoring Instrument (OMI)  AURA

 3.7 

 3.7 

 –  2008  –  2009 

 –  2008  –  2009 

 –  2008  –  2009 

 W/m
2

 (pyrheliometer) 
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3.3.2

a2mB

2BN eAI             (3.17) 

2b

zsco22 )(cosIEaA     (3.18) 

222222 gwfedcB    (3.19) 

 (direct normal irradiance)BNI

  [W/m
2
]

 [1366.1 W/m
2
]scI

 (relative optical air mass) [-] am

  

   (Angstrom turbidity coefficient) [-] 

   (Angstrom exponent) [-] 

w  (precipitable water) [cm] 



100

   (total ozone column) [cm] 

  oE  [-] 

z  [ ]

  a2 , b2, c2, d2, e2, f 2  g2

 ( )

 ( )  ( )  A2

 a2  b2  (3.18) 

 B2  (3.17)  B2

 ( )  ( )  (w) 

 ( )  (3.19)  multiple regression  

 c2, d2, e2, f2  g2  3.8 

z

oE am

 3.8 

t- statistic

a2 0.70 -

b2 0.25 -

c2 -0.102073 -3.84

d2 1.421569 111.85

e2 0.080228 18.98

f2 0.011522 8.36

g2 -0.208154 -1.79

R
2
 = 0.89 - -

N = 1573 - -

 3.8 

 0.05

0.2t
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 3.3.3 

   

 3  (  3.7)  (independent data)

 ( )

 ( )  ( m )

 ( )  ( )  (w)

( )  3.17-3.19

 3 

 RMSD  MBD  (3.20)  (3.21) 

 3.99 -3.102  3.9 
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 3.9  root mean square difference (RMSD)  mean bias difference (MBD) 

RMSD (%) MBD (%)

7.7 0.3

4.7 0.8

9.3 4.1

7.3 1.2

 3.99 - 3.102  3.9 

  root mean square difference (RMSD)  4.7 – 9.3 %  mean bias 

difference (MBD)   0.3 - 4.1 %   3 

 RMSD  7.3 %   MBD  1.2 %

 6 

 2 

 RMSD  MBD  3.11 

 3.10 

1. Marjumdar et al., (1972)
25.0

rr wm1000/Pm

BN 8507.08644.00.1331I

2. Paltridge and Platt (1976) 
awroscBN TaTTII

3. Hoyt (1978) and Sasamori  et al., (1972) 
asr

4

1i

iscBN TTa1II

4. Bird and Hulstrom (1981) awgoronBN TTTTTI9662.0I

5. Psiloglou et al., (2007) agorwonBN TTTTTII

6. Ineichen (2008) 

s

B

B
oBN

sin
expII
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 3.11  RMSD (%)  MBD (%)  3 

Chiang Mai Nakhon Pathom Songkhla total

Model RMSD

(%)

MBD

(%)

RMSD

(%)

MBD

 (%) 

RMSD

(%)

MBD

(%)

RMSD

(%)

MBD

(%)

Proposed model 7.7 0.3 4.7 0.8 9.3 4.1 7.3 1.2

Marjumdar et al., (1972)   59.8 54.2 42.5 37.5 20.3 16.6 48.4 42.2

Paltridge and Platt (1976) 7.9 3.3 7.8 4.3 14.3 11.9 9.5 5.1

Hoyt (1978) and Sasamori

et al., (1972) 9.6 5.6 7.1 3.8 11.2 8.2 9.3 5.5

Bird and Hulstrom (1981) 53.3 -48.9 37.4 -31.7 9.4 -3.8 42.4 -35.4

Psiloglou et al., (2007) 32.1 20.9 21.6 8.9 15.1 -8.4 26.1 11.9

Ineichen (2008) 7.5 -2.7 5.5 0.4 9.9 6.2 7.5 -0.2

 3.103-3.108  3.11  Marjumdar et al.(1972)  

 Bird and Hulstrom (1981)  Psiloglou et al.,(2007) 

 RMSD  26.1 %  48.4 %   MBD

-35.4 %   42.2 %  

 Marjumdar et al., (1972) 

 Psiloglou et al., (2007)  (Meteorological Radiation 

Model; MRM)  

 Bird and Hulstrom (1981)  

 Paltridge and Platt (1976)   Hoyt (1978) and Sasamori et al., (1972)  

 Ineichen (2008)   RMSD  7.5 %  9.5 %  MBD 
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 3.14  root mean square difference (RMSD)  mean bias difference (MBD) 

RMSD (%) MBD (%)

14.0 2.9

13.6 3.8

14.0 2.8

19.4 9.3

14.3 3.6

 3.113 - 3.117  3.14 

  root mean square difference (RMSD)  13.6-

19.4%  mean bias difference (MBD)   2.8 - 9.3 %  

 4  RMSD  14.3 %   MBD  3.6 % 
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2) Abbot Silver-Disk Pyrheliometer Abbot Water-Flow Pyrheliometer 
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A1.2 The Aerosol Robotic Network (AERONET) 
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