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ABSTRACT 
The Penman-Monteith (P-M) equation is widely applied in evapotranspiration 

estimation in the world. The local parameters of the insolation-sunshine correlation in the 
P-M equation were thoroughly discussed by many researchers, and suggested to be 
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applied to appropriate locations with different calculating time period for different field’s 
purposes. The applicability of various local parameters were examined and evaluated in 
this paper for Taiwan. Three objective statistical indexes, root mean square error (RMSE), 
coefficient of correlation (R2), and coefficient of efficiency (CE) were used to compare 
the results for all suggested parameters. 

Using data measured in 2000 or 2001, the evaluation results indicated that the 
parameters suggested by Angstrom(1924), Penman(1948), Black et al.(1954), ICID(1994), 
FAO(1998), Yen(1974), Tang(1979), Huang & Shu(1982), Shu & Sung(1987), Shih & 
Huang(1987) and have been applied in Taiwan in the past, had unsatisfactory results 
without regard of the time period of daily, 10days or monthly. The parameters established 
by Huang(2003) and Huang & Sung(2003) yielded the least RMSE, R2 more than 0.95 
and the highest CE. In other words, it performed better than all other parameters. It was 
concluded that the local parameters recommended by Huang(2003) and Huang & 
Sung(2003) should be applied in Taiwan. 
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Penman-Monteith (Allen et al., 1994
1998) 1994
(International Commission on Irrigation and 
Drainage ICID)
(Food and Agricultural Organization of the United 
Nations FAO) 1975

1977 (Doorenbos  Pruitt, 
1975 1977) (crop 
canopy resistance) (aerodynamic 
resistance) (Monteith 1981 1990) 1998

(evapotranspiration)
ETrad

ETaero  

ETO=ETrad + ETaero 

=
a nl aero

2

0.408 n((1 )(a b )R R S) ET
(1 0.34u ) N

∆
−α + − − +

∆ + γ +
 

 ....................................(1) 

ETO

(reference crop water requirement)
(slope of saturated vapor pressure 

curve) (psychrometric constant)

u2 2 (wind speed) α

(albedo) R 1n S (soil 
heat flux) Ra (extraterrestrial)

n (actual sunshine hours)
N (potential or theoretical 
sunshine hours) (day length) a b

-  

( )
(photosynthesis)

(cloud cover)
(Iqbal 1983)
(Iziomon & Mayer 2001) (1)
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1  - )]
N
n(ba[RR as += a b  

        
( ) a b    

    
      

Angstrom 
(1924) 

0.25 0.75 - -  Stockholm (Sweden) 59.4 N 1922 1923 
Stockholm 
(Sweden) 

Penman 
(1948) 

0.18 0.55 - -  Rothamsted (England) 51.8 N 1931 1940 
Rothamsted 
(England) 

Black et al. 
(1954) 0.23 0.48 - -  

Java, India, Hawaii, USA, 
Australia, Canada, France, 
Germany, Alaska…etc, 32 

locations 

6.3 ~7.0 S 
18.5 ~64.8 N 1923 1951 - 

FAO(1975) 
(1977) 

0.25 0.50 -    
1 ~36 S 
1 ~65 N 

- - 

FAO(1998) 0.25 0.50     
1 ~36 S 
1 ~65 N 

- - 

ICID(1994) 0.25 0.50     - - - 
0.37 0.37 - -  ( ) 25°02' N ( ) 
0.11 0.43 - -  ( ) 23°58' N ( ) 

 
(1974) 

0.34 0.39 - -  ( ) 24°46' N 
1961 1970 

( ) 
 

(1979) 
0.2745 1.0665 - -  ( ) 23°00' N 1967 1977 ( ) 

0.1974 0.5625 - -  ( ) 25°02' N ( ) 
0.2028 0.5786 - -  ( ) 24°09' N ( ) 
0.2004 0.2018 - -  ( ) 23°30' N ( ) 
0.1853 0.6153 - -  ( ) 23°00' N ( ) 
0.2686 0.6550 - -  ( ) 22°45' N ( ) 
0.2866 0.5543 - -  ( ) 22°00' N ( ) 
0.1982 0.8146 - -  ( ) 23°58' N ( ) 

 
 

(1982) 

0.3222 0.5535 - -  ( ) 22°34' N 

1974 1980 

( ) 
0.1821 0.6418 - -  ( ) 25°02' N 1974 1985 ( ) 
0.2038 0.6111 - -  ( ) 24°09' N ( ) 
0.2755 0.5233 - -  ( ) 23°00' N ( ) 
0.3079 0.5140 - -  ( ) 22°00' N ( ) 

 
 

(1987) 
0.2002 0.7856 - -  ( ) 23°58' N 

1979 1985 

( ) 
 

 
(1987) 

0.20 0.43 -  - ( ) 23°00' N 1979 1983 ( ) 

 
 

(2003) 
0.2003 0.4135 -  - ( ) 23°00' N 1950 1999 ( ) 

0.1322 0.4315 -  - ( ) 25°02' N 1952 2000 ( ) 
0.1654 0.4895 -  - ( ) 24°09' N 1979 2000 ( ) 
0.1869 0.4265 -  - ( ) 23°30' N 1976 2000 ( ) 
0.1820 0.3788 -  - ( ) 22°00' N 1981 2000 ( ) 
0.1409 0.4582 -  - ( ) 23°58' N 1948 2000 ( ) 

 
(2003) 

0.1155 0.6739 -  - ( ) 24°46' N 1981 2000 ( ) 
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)]
N
n)(a1(a[RR cs −+= ..............................(2) 

sR cR (perfectly 
clear day) a Angstrom(1924) 

a=0.25

Prescott(1940) (2)  

)]
N
n(ba[RR as +=  ....................................(3) 

Penman(1948) Rothamsted
(combination approach)

(3) a b
(Penman, 1956 1963)

0.18 0.55 Black et al. (1954) 6.3o 

~ 7.0o 18.5o ~ 64.8o Java India
Hawaii USA Australia Canada France
Germany England 32

a b 0.19~0.40
0.280~0.613 a b
0.23 0.48 FAO((Doorenbos  Pruitt, 1975 1977)

1948~1971 -
52 65°~1°

36°~1°
a b 1975

1977
a b

0.25
0.50 1998

(Allen et al., 1998)
ICID(Allen et al., 1994)

a b 0.25
0.50

 
-

(1974)
a b 0.37 0.37 0.11

0.43 0.34 0.39 (1979)

a b 0.2745 1.0665
(1982)

a b 0.1853~0.3222
0.2018~0.8146 (1987)
Penman (1948)

- a b
0.1821~0.3079 0.5140~0.7856
(1987)

a b 0.2 0.43
(2003)

- 1950~1999
a b

0.2003 0.4135 (2003)

-
a b 0.1155~0.1869

0.3788~0.6739  
Penman-Monteith (Allen et 

al., 1994 1998) -
a b

(RMSE) (R2) (CE)
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-
(1) (3)

Ra (solar constant Isc )
(the eccentricity correction factor 

of the earth’s orbit, Eo) (declination δ)
(latitude, ϕ) (sunrise hour angle

Ws ) (Iqbal, 1983) 

a SC 0 S S
24R I E sin sin [( ) W tan W ]

180
π

= × × × δ ϕ× × −
π

(4) 

 
2.2 N  

- (1)
(3) N

(declination δ)  ϕ 
(Iqbal, 1983) 

12N cos ( tan tan )
15

−= − ϕ δ .............................(5) 

 
2.3  

(root mean square error, RMSE)

Pi

Oi ( i i=1~N
)

 

2
1
( )N

i ii
P O

RMSE
N

=
−

= ∑ ................................(6) 

(coefficient of correlation, R2)

Oi

Pi R2 0~1 (7)
P O  

2 1

2 2
1 1

( )( )

[ ( ) ][ ( ) ]

N
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R
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=
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=

− −

∑
∑ ∑

..........(7) 

(coefficient of efficiency, CE)
CE

(minus infinity)- ~1

Oi

Pi

(Nash & Sutcliffe, 1970 Legates & 
McCabe, 1999)  

2

1
2

1

( )
1.0

( )

N
i ii

N
ii

O P
CE

O O
=

=

−
= −

−
∑
∑

........................ (8) 

(rank of performance, rank)

rank RMSE R2 CE
CE RMSE

R2

rank1
rank2  

 
2.4  

( 46692
25°02' N) ( 46741 23°00' N)

( 2001
2000

351 348
EPPLEY( ) Precision Spectral 

Pyranometer EKO( ), 
ms-091) a b

 

 

Angstrom(1924)
Penman(1948) Black et al.(1954) FAO (1998) & 
ICID (1994) (1974) (1979)

(1982) (1987)
(1987) (2003)

(2003) a b
(4) (5) N

Ra Rs n ( 2001
2000)

 

2 1  
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2 ( ) 

 
 
RMSE Angstrom(1924) 9.1299Mj/m2/day

(1974) 8.355
FAO(1998)&ICID(1994) 5.8464

(1987) 5.5305 Black et al.(1954) 4.9672
(1982) 4.9433 Penman(1948)

4.2476 (2003) 1.7699Mj/m2/day
R2

0.91 (1974)
0.9133 Angstrom(1924)

(1982) 0.9549 CE
-2.2589

-1.7292 -0.3363 -0.1958 0.0354 0.0446
0.2946 0.8775 Angstrom(1924)

(2003)  
(2003)

1 1
1 1 (overestimation)

(1974)
Angstrom (1924) RMSE R2 CE

1. 1
FAO 

(1998) & ICID (1994)
5.8464Mj/m2 

/day 0.9519 -0.3363 (2003)
1.7699Mj/m2/day 0.9547

0.8775 2.
(2003)

Angstrom(1924)  
3

2 RMSE
Angstrom(1924) 88.22Mj/m2/10days

(1974) 83.33 FAO(1998) & 
ICID(1994) 57.83 (1987)
52.41 Black et al.(1954) 48.76  
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2 (x ) (y ) ( Mj/m2/10days 1

1)  
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3  ( ) 

 
 

(1982) 47.75 Penman(1948) 40.51
(2003) 12.38Mj/m2/10days

R2 0.93
(1974) 0.9389

Black et al.(1954) 0.9716
CE

-7.0265 -6.1602 -2.4492 -1.8328 -1.4516
-1.3517 -0.6922 0.8420
Angstrom(1924) (2003)

(2003)
1 1

1 1
Angstrom(1924) (1974)

RMSE R2 CE
1

FAO (1998) & ICID (1994)
(2003)

(2003)
Angstrom(1924)

 
4

3 RMSE
Angstrom(1924) 261.18Mj/m2/month

(1974) 249.03 FAO 
(1998) & ICID (1994) 172.02
(1987) 153.941 Black et al.(1954) 144.76

(1982) 140.92 Penman (1948)
119.03 (2003) 33.07Mj/m2 /month

R2

0.95 (1974)
0.9557 Black et al.(1954) 0.9859

CE
-8.8240 -7.9318 -3.2616 -2.4130

-2.0179 -1.8601 -1.0404 0.8425
Angstrom(1924) (2003)

(2003)
1 1  
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4  ( ) 

 
 

5  ( ) 

 
 

1 1
Angstrom(1924) (1974)

RMSE R2 CE
1

(2003)  

5
RMSE CE 4 5  
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6  ( ) 
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RMSE

(2003) Angstrom (1924)
CE (2003)

Angstrom(1924) 2.
(2003) RMSE 0.95

R2 CE
rank1 rank2

Penman (1948) rank3 (1982)
rank4 Black et al.(1954) rank5

(1987) rank6 FAO (1998) & ICID(1994)
rank 7 (1974) Angstrom(1924)

rank8
3.

(2003) Rank1
Angstrom(1924) Rank8

 

6 RMSE CE
6 7 1.

RMSE
(2003) (1979)

CE (2003)
(1979) 2.

(2003) RMSE 0.95
R2 CE

rank1 rank2
(1987) rank3 Penman (1948) rank4

Black et al.(1954) rank5 FAO (1998) & ICID 
(1994) rank6 (1982) rank7

(1987) rank8
Angstrom(1924) (1979)
rank9

(
(1982) FAO(1998) & ICID(1994) ) 3.

(2003) Rank1
(1979) Rank9
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(2003) (2003)

RMSE 0.95 R2 CE

Angstrom(1924) Penman 
(1948) Black et al.(1954) FAO (1998) & ICID 
(1994)  
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