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REFERENCE CROP EVAPOTRANSPIRATION FROM AMBIENT A I R  TEMPERATURE 

George H.  H a r g r e a v e s l ,  Zohrab A. samani2 

I n t r o d u c t i o n  
i 

The c r o p  water  r equ i rements  a r e  u s u a l l y  e s t i m a t e d  by c a l c u -  

l a t i n g  a  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  (ETP) of a  r e f e r e n c e  c r o p  which 

can  b e  e i t h e r  g r a s s  o r  a l f a l f a  and t h e n  m u l t i p l y i n g  by a  c r o p  

c o e f f i c i e n t  (Kc). Many e q u a t i o n s  have been developed t o  e s t i m a t e  t h e  

p o t e n t i a l  e v a p o t r a n s p i r a t i o n  o f  t h e  r e f e r e n c e  c r o p .  T h e  main  

problems a s s o c i a t e d  w i t h  most  of t h e s e  methods a r e  t h e  a v a i l a b i l i t y  

of t h e  c l i m a t o l o g i c a l  d a t a  and t h e  n e c e s s i t y  f o r  l o c a l  c a l i b r a t i o n .  

I n  many d e v e l o p i n g  c o u n t r i e s  , t h e  c l i m a t o l o g i c a l  d a t a  a r e  o f  t e n  

incomplete  and i n a c c u r a t e .  T h e  o b j e c t i v e  a t  t h e  I n t e r n a t i o n a l  

I r r i g a t i o n  C e n t e r  is t o  develop s i m p l e  and p r a c t i c a l  methods t o  

e s t i m a t e  c rop  water  r e q u i r e m e n t  wi th  minimum c l i m a t o l o g i c a l  d a t a .  -4 

procedure  based on a l m o s t  u n i v e r s a l l y  a v a i l a b l e  d a t a  is p r e s e n t e d  

h e r e  and is recommended f o r  g e n e r a l  use.  T h i s  procedure  r e q u i r e s  

l i t t l e  o r  no l o c a l  c a l i b r a t i o n  and uses  o n l y  measurements of maximum 

and minimum tempera tu re .  

Development of t h e  Method 

The method is based  o n  t h e  o r i g i n a l  Hargreaves  e q u a t i o n  (1975, 

1982) which can be d e s c r i b e d  a s :  

ETP = Kg x R s  (Tc + 17..8) 
I 

i n  which ETP ( p o t e n t i a l  e v a p o t r a n s p i r a t i o n  of g r a s s )  and R s  ( s o l a r  

r a d i a t i o n ) ,  a r e  i n  t h e  same u n i t s  and TCO is mean t e m p e r a t u r e  i n  

degrees  C e l c i u s ,  and Kg is t h e  c a l i b r a t i o n  c o e f f i c i e n t .  Hargreaves  

D i r e c t o r  of Resea rch ,  I n t e r n a t i o n a l  I r r i g a t i o n  C e n t e r ,  Department of 
A g r i c u l t u r a l  and I r r i g a t i o n  E n g i n e e r i n g ,  U t a h  S t a t e  U n i v e r s i t y ,  
Logan, Utah,  84322. 

2 ~ e s e a r c h  Engineer  ,' I n t e r n a t i o n a l  I r r i g a t i o n  Cen te r .  



a n d  Samani  ( 1 9 8 2 )  p r e s e n t e d  a n  e q u a t i o n  f o r  e s t i m a t i n g  R s  from 

e x t r a t e r r e s t r i a l  r a d i a t i o n ,  R A ,  and t h e  measured t e m p e r a t u r e  r a n g e .  

The e q u a t i o n  is: 

i n  which RS and RA a r e  i n  t h e  same u n i t s .  KRS is a  c a l i b r a t i o n  

c o e f f i c i e n t  and TD is mean maximum minus mean minimum t e m p e r a t u r e .  

Combining e q u a t i o n s  ( 1 )  and ( 2 )  r e s u l t s  in :  

ETP = KET x RA x T D O . ~  ( T C O  + 17 .8 )  ( 3  

E i g h t  y e a r s  of d a t a  f o r  A l t a  f e s c u e  g r a s s  e v a p o t r a n s p i r a t i o n  from t h e  

29 m 2  weighing l y s i m e t e r s  a t  Dav i s ,  C a l i f o r n i a  were  used t o  c a l i b r a t e  

t h e  v a l u e s  of KEt  i n  e q u a t i o n  ( 3 )  g iv ing :  

ETP = 0.0023 x R A  x T D O . ~  ( T C O  + 17.8)  (4  

i n  w h i c h  ETo and  R A  a r e  i n  t h e  s a n e  u n i t s  of e q u i v a l e n t  water  

e v a p o r a t i o n  and TD is i n  C O .  

T e s t i n g  the-Method 

I n  o r d e r  t o  e v a l u a t e  t h e  a p p l i c a b i l i t y  o f  t h e  new method f o r  

d i f f e r e n t  p a r t s  of t h e  wor ld ,  t h e  method was compared wi th  o t h e r  

methods i n  H a i t i ,  Bangladesh,  A u s t r a l i a  and t h e  Uni ted  S t a t e s .  I n  

H a i t i ,  e q u a t i o n  ( 4 )  was comiared w i t h  s e v e n  o t h e r  methods (Hargreaves  

and  Samani ,  1985). The r a t i o  of t h e  e s t i m a t e d  va lues  of ETP t o  

a c t u a l  l y s i m e t e r  measured d a t a  was e q u a l  t o  0.94 wi th  a  s t a n d a r d  

d e v i a t i o n  of  3.6 pe rcen t  compared t o  an average  r a t i o  of 0.91 and 

s t a n d a r d  d e v i a t i o n  of 6.9 f o r  " a l l  o t h e r  methods. I n  Bangladesh,  t h e  

average r a t i o  of e s t i m a t e d  v a l u e s  from e q u a t i o n  ( 4 )  t o  t h e  Penman 

e q u a t i o n  f o r  s i x t e e n  s t a t i o n s  was e q u a l  t o  1 - 0 2  w i t h  a  s t a n d a r d  

d e v i a t i o n  o f  10 .4  p e r c e n t .  

F i g u r e s  1 , 2 ,  a n d  3  c o m p a r e  m e a s u r e d  l y s i m e t e r  d a t a  w i t h  
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Figure  1 .  Measured and e s t ima t ed  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  
a t  l spenda l e ,  A u s t r a l i a .  ( F i g .  7.1,  J ensen )  
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F i g u r e  2. Neasu-ed and  e s t i m a t e d  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  
a t  Lompc,  C a l i f o r n i a .  ( F i g .  7.31, J e n s e n )  
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Figure 3. Measured and estimated potential evapotranspiration 
at Seabrook, New Jersey. (Fig. 7-31. Jensen) 



e s t i m a t e d  v a l u e s  from e q u a t i o n  ( 4 1 ,  and  t h e  m o d i f i e d  Penman method 

( J e n s e n ,  1974) .  The compar i sons  show t h a t  e q u a t i o n  ( 4 )  c a n  be  used  

w i t h  r e a s o n a b l e  a c c u r a c y  t o  estimate t h e  r e f e r e n c e  c r o p  e v a p o t r a n s -  

p i r a t i o n .  C o n s i d e r i n g  t h e  p a u c i t y  o f  t h e  c l i m a t o l o g i c a l  d a t a  i n  most  

p a r t s  o f  t h e  wor ld  and t h e  l a c k  o f  knowledge and  f a c i l i t i e s  t o  u s e  

more s o p h i s t i c a t e d  methods i n  e s t i m a t i n g  ETP, t h e  t e m p e r a t u r e  method 

is recommended as a s i m p l e  and  p r a c t i c a l  method f o r  e s t i m a t i n g  t h e  

r e f e r e n c e  c r o p  e v a p o t r a n s p i r a t i o n .  

F u r t h e r  S i m p l i f i c a t i o n  

I n  areas i n  which t h e  v a l u e s  o f  maximum and  minimum tempera-  

t u r e s  are r e l a t i v e l y  c o n s t a n t ,  e q u a t i o n  ( 4 )  c a n  be f u r t h e r  s i m p l i f i e d  

and shown as: 

ETP = KR x R A  

i n  which  KR is a c o e f f i c i e n t  t h a t  v a r i e s  somewhat w i t h  r a i n f a l l  and  

a1 ti t u d e .  Harg reaves  ( 1985)  c a l c u l a t e d  t h e  a v e r a g e  weekly  v a l u e s  

of KR f o r  Mahaweli P r o j e c t  i n  S r i  Lanka as f o l l o w s :  

KR = 0.36  f o r  w e e k s  w i t h o u t  r a i n f a l l  

KR = 0.33  f o r  w e e k s  w i t h  r a i n f a l l  less t h a n  50 mm 

KR = 0.29  f o r  weeks w i t h  r a i n f a l l  greater t h a n  50 mm 

The r e s u l t s  from e q u a t i o n  ( 5 )  were c l o s e  e n o u g h  t o  t h o s e  f r o m  

e q u a t i o n  ( 4 )  s u c h  t h a t  e q u a t i o n  ( 5 )  was q u i t e  s a t i s f a c t o r y  f o r  

i r r i g a t i o n  s c h e d u l i n g  and f o r  - e v a l u a t i n g  t h e  p o t e n t i a l  f o r  r a i n f e d  

a g r i c u l t u r e .  

A un ique  c o n d i t i o n  e x i s t s  f o r  t h e  c o u n t r y  o f  E l  S a l v a d o r  i n  

which  maximum and minimum t e m p e r a t u r e s  are s t r o n g l y  c o r r e l a t e d  t o  

e l e v a t i o n  ( F i g u r e  4 ) .  Combining e q u a t i o n s  d e s c r i b e d  i n  f i g u r e  ( 4 )  

w i t h  e q u a t i o n  ( 4 )  t h e  r e s u l t i n g  e q u a t i o n  f o r  ETP would be: 

ETP = RA x [0.-348 - 5 x  10-5 x   lev] x  (1 - 0.0002 x  ~ l e v ) ~ . 5  ( 6 )  



E L E V A T I O N  I N  M E T E R S  
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TEMPERATURE FOR E L  SA 1.VAOOR 



i n  which by knowing o n l y  t h e  e l e v a t i o n ,  t h e  c rop  wate r  r e q u i r e m e n t  

can be  e s t i m a t e d .  For e l e v a t i o n s  c l o s e  t o  z e r o ,  e q u a t i o n  ( 6 )  can 

be s i m p l i f i e d  to :  

ETP = 0.348 x RA ( 7 )  

which is s i m i l a r  t o  t h e  c a l i b r a t e d  e q a t i o n  f o r  S r i  Lanka. 

C a l c u l a t i n g  R A  

The d a i l y  and monthly va lues  of e x t r a t e r r e s t r i a l  r a d i a t i o n  can  

be c a l c u l a t e d  by knowing t h e  l a t i t u d e  of t h e  s t a t i o n .  The a t t a c h e d  

computer programs (Program I and Program 1 1 )  d e s c r i b e  t h e  methods t o  

c a l c u l a t e  d a i l y  and monthly va lues  of RA. 

Summary and Conclusion 

A method f o r  e s t i m a t i n g  r e f e r e n c e  c r o p  e v a p o t r a n s p i r a t i o n ,  ETo 

from measured temperature  a l o n e  is presen ted  and compared w i t h  o t h e r  

methods  o f  e s t i m a t i n g  ETP a n d  w i t h  a c t u a l  measured d a t a .  The 

e s t i m a t e d  va lues  of ETP from equa t ion  ( 4 )  p resen ted  h e r e i n  compared 

f a v o r a b l y  w i t h  t h o s e  of o t h e r  methods or  l y s i m e t e r  d a t a .  

A more s i m p l i f i e d  form of equa t ion  ( 4 )  is pres.ented f o r  a r e a s  

of E l  Sa lvador  and S r i  Lanka. Consider ing t h e  problems a s s o c i a t e d  

w i t h  t h e  a v a i l a b i l i t y  and r e l i a b i l i t y  of c l i m a t o l o g i c a l  d a t a  i n  t h e  

world and t h e  p o s s i b l e  e r r o r s  i n  t h e  more s o p h i s t i c a t e d  methods f o r  

e s t i m a t i n g  c r o p  water  requ i rements ,  t h e  t empera tu re  method p r e s e n t e d  

h e r e i n  is recommended a s  t h e  most s imple  and p r a c t i c a l  method f o r  

e s t i m a t i n g  r e f e r e n c e  c rop  e v a p o t r a n s p i r a t i o n .  



I 8  REM B A S I C  COMPUTER PROGRAM FOR E S T I M A T I N G  D A I L Y  RA  V A L U E S  
20 REM D = J U L I A N  Ci6Y ( JANUARY 1 = 1  ) 

2 1  REM D E C = D E C L I N A T I O N  O F  T H E  SUN I N  R A D I A N S  
30 REM ES=MEAN MONTHLY D I S T A N C E  O F  T H E  S U N  T O  T H E  E A R T H  D i V I O E D  BY T H E  M E A N  A N N U  
A L  D I S T A N C E  

. 
4 @  REM L D = L A T I T U D E S  I N  DEGREES 
50 REM LOM=t l INUTES OF L A T I T U D E S  
6 0  REM RA=MEAN MONTHLY E X T R A T E R R E S T R I A L  R A D I A T I O N  I N  MM/DAY 
70 REM RAL=MEAN MONTHLY E X T R A T E R R E S T R I A L  RADIATION I N  L A N G L E Y S / D A Y  
8 0  REM=MEAN D A I L Y  TEMPERATURE I N  DEGREE C E L S I U S  
1 8 0  REM P R I N T  THE H E A D L I N E  
1 1 0  L P R I N T  " D A Y "  , "Rh ,MPi/DA!"" 
1 2 0  I N P U T  " L A T I T U D E  GF T H E  S T A T I O N  I N  DEGREE A N D  M I N U T E  " ; L D , L D M  
1 3 0  @=O 
1 4 0  FOR I=? TO 355 
156 D=D+l  
1 6 0  Y=COS< . 0 1 7 2 ! i ? + ! @ + t  9?)) 
1 7 0  OEC=.408?6+Y  
1 8 8  ES=1 . 6 0 0 2 S + . 8 3 2 S 9 * Y  
190 X L R = i  L D M / 6 0 + t G  !/57.2555 
2 0 0  Z=-TAN( XLR ) * T A N (  DEC ) 
230 O M = - A T N ( Z / S Q E ! - Z * Z + I  ! >+3 .14159 /2  
250 REM C A L C U L A T E  THE D A I L Y  E X T R A T E R R E S T R I A L  R A D I A T I O N  I N  LANGLEYS/DAY 
255 DL=OM/ . I 3 0 9  
2 6 0  R A L = 1 2 0 * !  D L * S i N (  K L R  )*E.!PJ( GEC ) + 7 . 6 3 9 * C O S (  X L R  ) * C O S ( D E C  j *SIN(OI '1 )  ) /ES  
2 7 0  REM C A L C U L A T E  THE E X T G A T E R R E S T R I A L  R A D I A T I O N  I N  MM/DAY 
2 8 0  R A = R A L * 1 8 / ( 5 3 5 . 3 -  .55*TlC! 
2 9 8  L F R I N T  I ,RA 
3 8 8  NEXT I 
3 1 0  END 



PROGRAM I 1  

1 0  REM B A S I C  COMPUTER PROSRAM FOR E S T I M A T I N G  MONTHLY RA VALUES 
20 REM OEC=DECLINATION OF THE SUN I N  RADIANS 
30 REM ES=MEAN MONTHLY D I S T A N C E  O F  THE SUN TO THE EARTH D I V I D E 0  BY THE MEAN ANNU 
A L  D ISTANCE 
4 0  REM L D = L A T I T U D E S  I N  DEGREES 
58 REM LDM=MINUTES OF L A T I T U D E S  
60 REM RA=MEAN MONTHLY EXTRATERRESTRIAL  R A D I A T I O N  I N  HM/DhY 
78 REM RAL=MEAN MONTHLY EXTRATERRESTRIAL  R A D I A T I O N  I N  LANGLEYS/DAY 
80 SEN TC=NEAN MONTHLY TEMPERATURE I N  DEGREE C E L S I U S  
9 B  D I M  DEC( 12 ) ,ES( 1 Z 
1 0 0  REM P R I N T  THE H E A D L I N E  
1 1 0  L P R I N T  "HONTH","RH,MM/DAYu 
1 2 0  INPUT " L A T I T U D E  OF THE S T A T I O N  I N  DEGREE AND MINUTE " ; L D , L E M  
130 FOR 1-1 TO 12 
1 4 5  A=3 .14  1 5 9 2 6 5 # / 6  
IS0 B=2+A 
1 6 0  REM CALCULATE THE D E C L I N A T I O N  (ANGLE OF THE SUN)  I N  R A D I A N S  
1 7 0  DEC(Ii=-.08117-.40117*COS~A*I)-.Q42185*SIN~A*I~+.0~lE3*COS~0*I~+.B0288*5IN~B 
*I) 
1 8 0  REM CALCULATE THE R E L A T I V E  D I S T A N C E  UF THE Sl!N TO THE EARTH 
1 9 0  ES( I ) = I  . 0 0 Q 1 6 - . 0 3 2 1 2 6 * C O S ( A * I  j - . 0 a 3 3 5 3 5 + S I N i A * I  ) 

2 0 0  XLR=( LDM/60+LD )/57.295e 
2 1 0  Z = - T A N i X L R ) + T A N ( D E C ( I  ) )  

2 2 0  OM=-ATN(Z /SQR( -Z+Z+I  ) ) + 3 . 1 4 1 5 9 / 2  
2 3 0  REM CALCULATE THE D A I L Y  EXTRATERRESTRIAL  R A D I A T I O N  I N  LANGLEYS/DAY 
2 4 0  RAL=916.732*1Oh+SIN(.XLR ) + S I f i l ( D E C (  I ) )+COS(XLR j *COS(DEC( I ) ) + S I N ( O M ?  ) / E S (  I ) 
2 5 0  REM CALCULATE THE E X T R A T E R R E S T R I A L  R A D I A T I O N  I N  MM/DAY 
260 RA=RAL*l9/(595.9-.55*TC) 
270 L P R I N T  I ,RA 
288 NEXT I 
290 END 
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