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Staff Paper #41 

THE COST OF DELIVERY OF IRRIGATION WATER 

Raymond L. Ande~son 

Introduction 

An irrigation system is a very complex organism designed to reduce the 

uncertainty that nature presents to human settlement in an inhospitable, arid 

environment. To succeed for any length of time, to capture and distribute 

available water and to control the amount of land placed under irrigation, 

farmers must develop self discipline and a high level of community organiza- 

tion. To do this for the length of time that farmers have irrigated lands 

along the Nile attests to a high degree of discipline and knowledge. But as 

times change, population grows and technology advances, irrigation communities 

also have to evolve new ways of operating to meet the increasing demands placed 

on them. 

Modernization--building of large storage projects, rebuilding and lining 

main canals and restructuring and lining farm canals--requires new ways of de- 

livering irrigation water and finding means to pay for reconstruction, opera- 

tion, and maintenance. As with any project built by humans, it is possible 

to live only for a time on the labor and investment of past generations. Sooner 

or later, each generation of users must invest their labor, talents and capital 

in maintaining and improving the systems handed down to them by their fathers. 

Charging money for the delivery of irrigation water is the traditional way 

that the costs of operating and maintaining the systems are met and the money 

to pay for capital investments in irrigation systems is raised. 

Setting fees to cover the cost of irrigation water delivery is one of the 

difficult but very important functions of a well-run irrigation system. Irri- 

gation farmers have long regarded water as free. And in many places such as 

the American West and Spain, the water is indeed free. It belongs to whoever 



cap tu re s  i t .  But f o r  an  i r r i g a t i o n  system t o  func t ion  e f f e c t i v e l y ,  i t  is  neces- ! 

s a r y  t o  r a i s e  money t o  pay t h e  people who keep t h e  r eco rds ,  d e l i v e r  water ,  and 

r e p a i r  and maintain the  cana l s .  I r r i g a t o r s  who pay t h e i r  own c o s t s  a l s o  c o n t r o l  

cond i t i ons  of water d e l i v e r y .  These c o s t s  a r e  t y p i c a l l y  borne by t h e  water us- 

ers. Inasmuch a s  water supply is normally q u i t e  l i m i t e d ,  t he  amount of water 

de l ive red  t o  i r r i g a t o r s  u sua l ly  v a r i e s  by s i z e  of farm, s o i l  type  and crops I 

grown. Charges a r e  normally l e v i e d  according t o  t h e  amount of water delivered-- 

those  who r ece ive  t h e  most water pay t h e  most money. 

Water Fees 

By f e e s  is  meant t h e  money c o l l e c t e d  from farmers  f o r  t h e  d e l i v e r y  of ir- 

r i g a t i o n  water .  The l e v e l  of f e e s  o r  charges v a r i e s  according t o  t h e  l e v e l  of 

development of t h e  i r r i g a t i o n  system t h a t  d e l i v e r s  water  t o  farmers .  A very  

rudimentary system with unl ined d i t c h e s  and few employees, d e l i v e r i n g  an  un- 
, 

dependable,  e r r a t i c  water supply,  u sua l ly  has  lower charges than one t h a t  is 
! 

w e l l  b u i l t ,  w e l l  maintained,  has  ope ra t ing  personnel ,  and d e l i v e r s  s p e c i f i e d  , 
I 

q u a n t i t i e s  of water t o  farmers  a t  t imes needed by t h e  c rops .  
, 
I 
I 

I n  o the r  words, f e e s  charged f o r  water t y p i c a l l y  r e f l e c t  t h e  l e v e l  of s e r -  

v i c e  provided by t h e  i r r i g a t i o n  system. It should go without  saying t h a t  a  sys- 
I 

tem t h a t  d e l i v e r s  adequate water on a  dependable b a s i s  is much more va luab le  

t o  farmers  than one t h a t  d e l i v e r s  a  poor water supply i n  a  haphazard manner. 

Since I know very l i t t l e  about i r r i g a t i o n  i n  Egypt, i t  would be presmp-  

tuous t o  advocate  changes i n  your systems without  a  f a i r l y  complete knowledge 

of how the  systems opera te .  It might be i n s t r u c t i v e  i f  I descr ibed i n  some 

d e t a i l  how s e v e r a l  systems i n  t he  U.S. and Spain go about t he  ve ry  d i f f i c u l t  

job of d i s t r i b u t i n g  water t o  i r r i g a t i o n  farmers  and what f e e s  a r e  charged f o r  

providing t h i s  s e r v i c e .  



I n  most systems, American and Spanish, t h e  water  i s  d i v e r t e d  from 

s t reams i n t o  t h e  i r r i g a t i o n  works of t h e  system. Water is d ive r t ed  on t h e  

b a s i s  of long-es tab l i shed  r i g h t s .  Even when someone buys a  r i g h t ,  t h e  payment 

is  t o  t h e  ho lder  of t h e  water  r i g h t  r a t h e r  t han  f o r  water  i t s e l f .  I n  Colo- 

rado ,  no t  on ly  i s  t h e  water  f r e e ,  t h e  r i v e r  commissioner, t h e  man who admin- 

i s t e r s  t h e  d i v e r s i o n  of water  t o  t h e  c a n a l s  of t h e  v a r i o u s  r i g h t  h o l d e r s ,  i s  

pa id  w i th  p u b l i c  funds .  

The systems t h a t  I w i l l  d e sc r ibe  w i l l  be mostly farmer-owned mutual (coop- 

e r a t i v e )  d i t c h  companies. These companies a r e  owned and opera ted  by fa rmers  

served by t h e  d i t c h e s .  Farmers own s h a r e s  of s t o c k  i n  t h e  d i t c h  company. The 

s h a r e s  of s t o c k  determine t h e  amount of  water  each farmer r e c e i v e s .  The water  

d e l i v e r e d  i n  a  season is  d iv ided  by t h e  s h a r e s  of s t o c k ,  each s h a r e  being a l l o -  

ca t ed  a  p ropor t i ona t e  s h a r e  of t h e  water  supply.  For i n s t a n c e ,  10,000 A.F. 

d iv ided  by 500 s h a r e s  of s t o c k  = 20 A.F. of water  pe r  s h a r e .  A farmer owning 

f i v e  s h a r e s  would be e n t i t l e d  t o  100 A.F. of water  dur ing  t h e  season.  Some 

systems r e q u i r e  each s tockholder  t o  t ake  a  c e r t a i n  amount of water  each t i m e  . 
I ,  

t h e  cana l  i s  run.  Others  a l l ow  fa rmers  t o  o r d e r  water  when they  want d e l i v e r y .  

Another t ype  of system inc ludes  government-sponsored and b u i l t  i r r i g a t i o n  

systems (U.S. Bureau of Reclamation p r o j e c t s ) .  These systems a r e  u s u a l l y  

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

of water  t o  t h e  land .  The government b u i l d s  t h e  e n t i r e  system and, i n s o m e  

cases ,  a l l o c a t e d  l a n d s  t o  farmers .  Farmers do not  own s h a r e s ,  bu t  a  c e r t a i n  

q u a n t i t y  of water  is  a l l o t t e d  p e r  a c r e .  Farmers t y p i c a l l y  can o rde r  water  a s  

needed because most of t h e  supply i s  s t o r e d  i n  r e s e r v o i r s .  

A t h i r d  type  of system is  a  government-sponsored p r o j e c t  t h a t  b u i l d s  reser- 

v o i r s  and d e l i v e r s  water  t o  farmer-owned i r r i g a t i o n  cana l s .  The governmental 



func t ion  does not  extend i n t o  zhe farmer-owned system. The government's 

only func t ion  is t o  d e l i v e r  water  a s  ordered by t h e  farmer-owned companies. 

The Colorado-Big Thompson p r o j e c t  is  an  example of t h i s  type of p r o j e c t .  

Regardless  of t h e  type of i r r i g a t i o n  system, t h e r e  a r e  two major types  

of c o s t s  o r  charges t h a t  must be paid on a l l  i r r i g a t i o n  systems. These a r e :  

Fixed c o s t s .  These occur  whether t h e  system i s  opera ted  o r  n o t .  Gen- 

e r a l l y ,  f i x e d  c o s t s  r e f e r s  t o  t h e  repayment of  c a p i t a l  investment i n  t h e  ir- 

r i g a t i o n  system and i n t e r e s t  charges i f  t h e s e  a r e  a s s o c i a t e d  wi th  t h e  p ro j -  

e c t s .  USBR p r o j e c t s  pay no i n t e r e s t  on t h e  i r r i g a t i o n  p a r t  of water  p r o j e c t s .  

C a p i t a l  investment can be f o r  o r i g i n a l  cons t ruc t ion  o r ,  more commonly, im-  

provement and expansion of t h e  system. Old, e s t a b l i s h e d  systems may be  i n  

a s i t u a t i o n  where t h e r e  a r e  very low f i x e d  charges.  A l l  borrowed c a p i t a l  has  

been repa id ;  only improvements need t o  be paid f o r .  

The o t h e r  type of c o s t s  a r e  v a r i a b l e  c o s t s ,  t hose  expenses t h a t  a r e  in-  

cur red  from ope ra t ing  and maintaining the  system (0  & M c o s t s ) .  These in-  

c lude  such th ings  a s  wages of t h e  d i t c h  r i d e r  o r  d i t c h  tender  who handles  
a ,  

water  d e l i v e r y  t o  farmers ,  t h e  super in tendent  who oversees  ope ra t ions  and re-  

p a i r s  on t h e  system, and t h e  s e c r e t a r y  who t a k e s  water  o r d e r s ,  c o l l e c t s  f e e s ,  

pays b i l l s ,  and o t h e r  workers on the  system. Operat ion of  equipment, l a b o r ,  

and m a t e r i a l s  used on t h e  system must be pa id .  What t h e  l e v e l  of t h e s e  charges 

a r e  t o  t h e  water  u s e r s  depends on how e l a b o r a t e  t h e  d e l i v e r y  system i s  and t h e  

amount of s e r v i c e s  provided t o  t he  water u se r .  If t he  farmers  do much of t h e  

work t o  main ta in  and r e p a i r  t h e  system and only a few people a r e  h i r e d  t o  work 

f o r  t h e  system, c o s t s  could be low. I f  t h e  system is complex, w i th  h igh  main- 

tenance c o s t s  and a l a r g e  number of ope ra t ing  personnel ,  t he  c o s t s  would be 

h igher .  



Typical expenses of an irrigation system include: 

Fixed costs 

Repayment of loan 

Interest on loans 

Taxes 

Depreciation on eqilipment 

Variable costs (maintenance and operating expenses) 0 ti M costs 

Maintenance 

Labor 

Material 

Repair of equipment 

Operation of equipment 

Permanent employees (salaries, wages, other costs) 

Superintendent 

Secretary 

Ditch riders and tenders 

Reservoir tenders 

Office expenses 

Telephone 

Attorneys 

Social Security tax 

Off ice machines 

Other 

Car and truck maintenance 

Two-way radios, etc. 

This is a partial list of expenses of running a canal system and as in any 

business, they constitute the cost of operation. Table 1 shows an accounting 

of fees and expenses of a mutual ditch company in Colorado. 



T a b l e  1--Statement of income and expenses  of  t h e  North Poudre I r r i g a t i o n  Company, n o r t h e a s t  Colorado, f o r  
t h e  y e a r s  1976, 1977,  and 1978 

NORTH POUDRE IRR IGAT ION CO. N O R T H  POUDRE IRR IGAT ION CO. 

NORTH POUDRE IRRISATI3K COXPXNY 
W e l l i n g t c n ,  C o l o r z t s  

S t a c e ~ e n t  of 3se:3=13-= ..- 
F o r  The Y e a r s  Ended Decenser 31, i 9 7 8  and 1977 

1 
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O p e r a t i n g  R e v e ~ u e  
Assessmeri t  
Water  S a l e s  
L e a s e s  - H u n t i n a ,  P a s t u r e ,  E t c .  
S t o c k  T r a n s f e r  F e e s  
E a s e m e n t s  and  M i s c e l l a n e o u s  
Buckeye Rei rbursernent  
G r a b l e  . Reinb=sement  
D i s a s t e r  Aid 

T o t a  1 O p e r a t i n g  Revenue 

O p e r a t i n g  E q e n s e  
R e p a i r s  a n d  Y a r n t e n a n c e  - B u i l d i n g s  3 ,668  
R e p a i r s  and  Y a i n t e n a n c e  - D i t c h e s  and C a n a l s  40 ,979  
R e p a i r s  a n d  M a i n t e n a n c e  - # 3  R e s e r v c i r  41 ,743  
R e p a i r s  a n d  M a i n t e n a n c e  - Equipment 28 ,036  
B o x e l d e r  F l o o d  C o n t r o l  6 , 1 7 5  
Machine H i r e  2  8  9  
Gas a n d  O i l  1 1 , 9 1 7  
weed C o n t r o l  4 , 5 1 2  
Water  P u r c h a s e d  a n d  A s s e s s c e n t s  66,607 
E n g i n e e r ~ z g  F e e s  8 , 5 6 7  
S a l a r i e s  and  Xages 114 ,513  
P a y r o l l  T a x e s  9 , 6 3 6  
I n s u r a n c e  8 , 9 1 8  
D i t c h  R i d e r s  Ex?ense 5 , 1 9 5  
O f f i c e  and O t h e r  E x p e n s e  8 , 3 7 2  
L e g a l  a n d  O t h e r  F e e s  - Marcy S u i t  - 
D i r e c t o r s  F e e s  a n d  E x p e n s e  6 , 4 7 5  
U t i l i t i e s  and  T e l e p h o n e  5 , 3 5 0  
M i l e a g e  6 , 6 2 2  
L e q a l  a n d  A c c o u n t i n g  14.66 1 
E n p l o y e e  B e n e f r t s  1 , 9 5 1  
D e p r e c r a t i o n  63.760 

T o t a l  O p e r a t i n g  E x p e n s e  

Margin  o n  O p e r a t i o n s  29 ,694  

O t h e r  Income 
Gala i r o n  S a l s  o f  A s s e t s  
I n t e r e s t  Income 
D i v i d e n d  Income ( O i l  a n d  Gas U n i t s )  

T o t a l  O t h e r  Income rn 
O t h e r  E x p e n s e  

I n t e r e s t  

Revenues  i n  E x c e s s  of E x o e n d i r ~ r e s  65 ,522  142 ,642  

The accompanying  n o t e s  a r e  a n  i n t e q r s l  p a r t  o f  t h e  f i n a n c i a l  s t a t e m e n t s .  



Mutual I r r i g a t i o n  Companies 

An example of t h e  way water  f e e s  a r e  a s se s sed  on t h e  North Poudre Irri- 

g a t i o n  Company i n  Colorado is shown i n  t a b l e  2. Under a  mutual i r r i g a t i o n  

company, on ly  t hose  farmers  owning sha re s  i n  t h e  company w i l l  r e c e i v e  water .  

Even though a  cana l  could s e r v e  a  farm, t hose  who do no t  own s h a r e s  w i l l  

no t  be  se rved .  The amount t h a t  each sha re  must pay of t h e  major expenses borne 

by t h e  company is  l i s t e d ,  t h e  t i m e  t h a t  payments must be  made i s  i n d i c a t e d  a s  

w e l l  a s  t h e  i n t e r e s t  charged on de l inquen t  accounts .  Note t h a t  company p o l i c y  

s t a t e s  t h a t  f e e s  due must be  pa id  be fo re  water  i s  d e l i v e r e d  t o  any fa rmer .  This  

company purchases  p a r t  of i t s  water  supply from t h e  Colorado-Big Thompson p ro j -  

e c t ,  t h e  rest i t  d i v e r t s  from t h e  r i v e r .  

A b r i e f  survey of water  charges  by mutual i r r i g a t i o n  companies f o r  1978 

and 1979 is  shown i n  t a b l e  3 .  The c o s t  of water  t o  fa rmers  ranges from s l i g h t -  

l y  over  $1 pe r  acre- foot  t o  a  l i t t l e  over $8/AF. Water d e l i v e r e d  by t h e  C-BT 

. l i  I 

system, r USBR p r o j e c t  t h a t  s u p p l i e s  supplemental water ,  c o s t s  about $2/AF p l u s  

a  d e l i v e r y  charge  i n  t h e  company of $1 per  AP = $3/AF. Data from Arizona show . I 

water  d e l i v e r y  charges f o r  s u r f a c e  i r r i g a t i o n  systems ranging around $6/AF. 

One c r i t i c a l  problem is  how t o  b i l l  t h e  water  u s e r s .  This  could be on an  

acreage  b a s i s  o r  a  water  d e l i v e r y  b a s i s .  Most of t h e  s u c c e s s f u l  mutual irri- 

g a t i o n  companies i s s u e  s h a r e s  of s t o c k  t o  water  u s e r s  ( i r r i g a t o r s )  t o  e s t a b l i s h  

e a h w a t e r  u s e r ' s  i n t e r e s t  i n  t h e  i r r i g a t i o n  system. I s su ing  sha re s  has  two 

very  s t r o n g  p o i n t s  t o  recommend i t .  

1. It determines the  e n t i t l e m e n t  of t h e  i r r i g a t o r  t o  t h e  water  supply.  

I f  a  water  u s e r  ho lds  5 pe rcen t  of t h e  s t o c k  i n  t h e  system, he i s  

e n t i t l e d  t o  5 percent  of t h e  water  supply .  

2.  Shares  of s t o c k  a l s o  determine t h e  p ropor t i on  of c o s t  t o  be pa id  by 

t h e  water u s e r .  I f  t h e  i r r i g a t o r  owns 5 percent  of t h e  s t o c k ,  he 



Tabie  2--Water a s s e s s m e n t s  and o t h e r  f e e s  charged t o  s t o c k h o l d e r s  of  t h e  
North Poudre I r r i g a t i o n  Company, 1978 and 1979 

Recommended Budget f o r  1978 
Charge I tems p e r  s h a r e  
D o l l a r s  

For w a t e r  a s s e s s m e n t s  
For o p e r a t i o n  and maintenance and weed c o n t r o l  
For l o a n  r e t i r e m e n t  
For  new equipment 
For r ight-of-way a c q u i s i t i o n  
For  r e s e r v o i r  r e h a b i l i t a t i o n  

$30.00 p e r  s h a r e  due and p a y a b l e  A p r i l  1, 1978, i n t e r e s t  @ 1 . 5  p e r c e n t  p e r  
month charged  a f t e r  May 1, 1978. 

$15.00 p e r  s h a r e  due and p a y a b l e  October  1, 1978,  i n t e r e s t  @ 1 . 5  p e r c e n t  p e r  
monthcharged a f t e r  November 1, 1978. 

T o t a l  amount owing must be p a i d  p r i o r  t o  w a t e r  d e l i v e r y .  

T o t a l  a s s e s s m e n t s  of $45.00 p e r  s h a r e  due A p r i l  1, 1978,  on  two s h a r e s  o r  
l e s s .  

~ecommended Budget f o r  1979 
I t ems  p e r  s h a r e  

,> 

For  w a t e r  a s s e s s m e n t s  
For o p e r a t i o n  and maintenance and weed c o n t r o l  
For  l o a n  r e t i r e m e n t  
For new equipment 
For  r ight-of-way a c q u i s i t i o n  
For r e s e r v o i r  r e h a b i l i t a t i o n  

$30.00 p e r  s h a r e  clue and p a y a b l e  A p r i l  1, 1979,  i n t e r e s t  a t  1 . 5  p e r c e n t  p e r  
month charged a f t e r  May 1, 1979.  

$15.00 p e r  s h a r e  due and p a y a b l e  October  1, 1979, i n t e r e s t  a t  1 . 5  p e r c e n t  p e r  
month charged a f t e r  November 1, 1979. 

T o t a l  amount owing must be  pa id  p r i o r  t o  wa te r  delivery. 

T o t a l  a s s e s s m e n t s  of $45.00 p e r  s h a r e  due  A p r i l  1, 1979,  on  two s h a r e s  o r  
l e s s .  



Table 3 - - I r r iga t ion  company water charges,  cos t  of water  t o  fa rmers ,  
Cache La Poudre River ,  Colorado, 1978 and 1979 

: Assessment : Fees charged 
per  s h a r e  : Yield : per  A.F. 

Company : 1978' : 1979 : per  sha re  : 1978 : 1979 
Do l l a r s  Acre-f eet Do l l a r s  

Arthur Di tch  Company 6 5 4 + 1.50 1.25 

Lake Canal . __ 45 41.0 -- 1.10 

Larimer 6 Weld I r r i g a t i o n  Co.. : -- 10 42 (? )  -- .24 

New Cache La Poudre I r r i g a t -  : 
i n s  Co. : 25 35 24.2 1.04 1.45 

New Mercer : 80 110 30.23 2.64 3.64 

North Poudre I r r i g a t i o n  Co. : 45 45 5 .5  8.18 8.18 

Pleasant  Valley and Lake : 110 8 0 55 .O 2.00 1.45 

Water Supply and Storage Co. : 460 400 107.0 4.30 3.74 



w i l l  have t o  pay 5  percent  of t h e  c o s t  of ope ra t i ng  t h e  system. 

I r r i g a t i o n  D i s t r i c t s  

I r r i g a t i o n  d i s t r i c t s  do no t  i s s u e  sha re s  of s t o c k  a s  do mutual i r r i g a -  

t i o n  companies. I n s t ead ,  water  s e r v i c e  is based upon land  being inc luded  

wi th in  t h e  boundaries  of an i r r i g a t i o n  d i s t r i c t .  The revenue t o  o p e r a t e  i rr i-  

g a t i o n  d i s t r i c t s  i s  t y p i c a l l y  der ived  from a  t a x  on each i r r i g a t e d  a c r e  and 

a  charge  o r  f e e  f o r  each acre- foot  of water  d e l i v e r e d  t o  a  farm. Some d i s -  

t r i c t s  o p e r a t e  exc lus ive ly  on a  t a x  while  o t h e r s  u s e  bo th  a  t a x  and water  de- 

l i v e r y  f e e s .  Some d i s t r i c t s  d e r i v e  revenue from s e l l i n g  water  t o  o t h e r  organ- 

i z a t i o n s  o r  from o t h e r  sources  such a s  o i l  o r  gas  r o y a l t i e s ,  r e c r e a t i o n  r e n t a l  

of r e s e r v o i r s  and so  on. I f  a  landowner does no t  want water  s e r v i c e ,  h i s  l and  

can be  excluded from t h e  d i s t r i c t .  He w i l l  then  no t  have t o  pay a n  annual  t a x  

per  a c r e ,  bu t  he w i l l  no t  be  e n t i t l e d  t o  i r r i g a t i o n  water .  

Within i r r i g a t i o n  d i s t r i c t s ,  t h e  amount of water  d e l i v e r e d  f r e q u e n t l y  w i l l n o t  

be equa l  t o  a l l  a c r e s .  Where crop water  needs a r e  g r e a t l y  d i f f e r e n t ,  such a s  

. 
smal l  g r a i n  compared t o  orchards  o r  v ineyards ,  then t o t a l  f e e s  charged f o r  de- 

l i v e r i e s  would be h igher  f o r  high-water-using c rops  than  For low-water-using 

c rops .  Where s o i l  types  make a  d i f f e r e n c e  i n  water  d e l i v e r y  requi rements ,  then  

water  f e e s  a l s o  may vary .  

An example of f o u r  i r r i g a t i o n  d i s t r i c t s  i n  C a l i f o r n i a  w i l l  i l l u s t r a t e  how 

these  systems ope ra t e .  These d i s t r i c t s  d e l i v e r  betwecn 2.09 A.F. p e r  i r r i g a t e d  

a c r e  t o  4.08 AF/acre. Some water i s  used to rcclwr~:c  Lllc r , r o u ~ ~ t l w ~ ~ t c r  ncluifer 

on two systems,  r a i s i n g  d e l i v e r y  t o  2.57 AP/acrc and 2.93 AF/acre. One d i s -  

t r i c t  d e l i v e r s  33,000 ac re - f ee t  t o  o u t s i d e  u s e r s  ( t a b l e  4 ) .  

The c o s t  of s ecu r ing  water  through d i r e c t  d i v e r s i o n  from t h e  r i v e r ,  purchase 

from state-owned r e s e r v o i r s ,  o r  pumping groundwater ranges from 3 4 d a c r e - f o o t  



Table 4--Acreage, water supply,  and water de l ive ry  i n  fou r  i r r i g a t i o n  d i s t r i c t s  
i n  C a l i f o r n i a ,  1975 

:South San : : Lower Tule 
Item :Joaquin I D  : Merced I D  : Tulare I D  : River I D  

: 
I r r i g a t e d  acreage : 65,008 115,336 62,400 87,690 

Water obtained - AF : 319,600 688,100 232,000 268,000 

Water de l ive red  t o  farmers - AF : 265,800 432,000 140,800 183,900 

Water so ld  - AF -- 33,300 -- -- 

Water used t o  recharge - AF -- -- 42,200 42,100 
(assume one-half of l o s s  is  : 
recharge)  

Adjusted de l ive ry  - AF : 265,800 432,000 183,000 226,000 

Average de l ive ry  - AF/acre 4.08 3.74 2.25 2.09 

with recharge - AF/acre -- -- 2.93 2.57 



t o  $1.98/acre-foot .  On a de l ive red  b a s i s ,  because of l o s s e s ,  the  c o s t  of water 

rises from 54c/AF t o  $2.35/AF ( t a b l e  5 ) .  There i s  cons iderab le  v a r i a t i o n  i n  

t h e  c o s t  of ope ra t i ng  and main ta in ing  t h e s e  d i s t r i c t s ,  bu t  i n  t h e  agg rega t e ,  

c o s t s  a r e  reasonably c l o s e ,  ranging from $4.26 t o  $5.35 pe r  acre- foot  of 

water  de l ive red .  Notice t h a t  t h e  c o s t  of t ransmiss ion  and d i s t r i b u t i o n  of 

t h e  water  supply ranges from 47 c e n t s  t o  $1.29 pe r  acre- foot  and t h a t  t h e  

d i s t r i c t  wi th  h ighes t  d i s t r i b u t i o n  c o s t s  has  t h e  next  t o  lowest  0 .  & M.  c o s t  

on c a n a l s  and equipment. The i r r i g a t i o n  systems t h a t  o b t a i n  water  a t  t h e  

l e a s t  c o s t  tend t o  spend more money on ope ra t i ons  such a s  a d m i n i s t r a t i o n  and 

d i s t r i b u t i n g  water ,  while  those  t h a t  have l a r g e r  expenses i n  pumping o r  pur- 

chasing water  c u t  down on a d m i n i s t r a t i v e  and d i s t r i b u t i o n  c o s t s .  A r e l a t i v e l y  

l a r g e  water  supply a l lows  t h e  d i s t r i c t  wi th  t h e  h i g h e s t  average d e l i v e r y  per  

a c r e  t o  have t h e  lowest  cos t  pe r  acre-foot  d e l i v e r e d .  However, t h e  d i s t r i c t  

wi th  t h e  lowest  d e l i v e r y  pe r  a c r e  has  t h e  second iowest  c o s t  per  acre-foot--  

only 11 c e n t s  per  acre- foot  more. The d i s t r i c t  wi th  t h e  next  t o  t h e  lowest  

d e l i v e r y  per  a c r e  has  c o s t s  of a d o l l a r  an acre- foot  h ighe r  than  t h e  lowest  . 
c o s t  d i s t r i c t .  Overhead c o s t s  remain even when water  d e l i v e r i e s  a r e  q u i t e  low. 

water  
The systems wi th  t he  h i g h e s t / d e l i v e r y  have the  h ighes t  c o s t  per  a c r e  whi le  t h e  

water  
lowest  c o s t  per  a c r e  is a s s o c i a t e d  wi th  t h e  d i s t r i c t  t h a t  has  t h e  lowest/de- 

l i v e r y  per  a c r e  i f  water  used f o r  groundwater recharge  i s  included.  

Sources of revenue f o r  t h e  i r r i g a t i o n  d i s t r i c t s  come from t a x e s ,  water  de- 

l i v e r y  f e e s  and s a l e s ,  and o t h e r  sources  ( t a b l e  6 ) .  The d i s t r i c t s  wi th  t h e  

h ighes t  water d e l i v e r i e s  r e l y  heav i ly  on proper ty  t axes .  One d i s t r i c t  charges  

no d e l i v e r y  f e e s  and t h e  o t h e r  on ly  31  c e n t s  per  acre- foot  de l i ve red .  The two 

d i s t r i c t s  wi th  lower water  d e l i v e r i e s  l evy  less proper ty  t axes  p e r  a c r e  and 

r e l y  more on water  d e l i v e r y  f e e s .  The reason  f o r  t h i s  i s  probably because 



Table 5--Cost of obtaining and del iver ing water and operation and maintenance i n  four 
i r r i ga t i on  d i s t r i c t s ,  California,  1975 

A. Total cos t s  of operation and maintenance 

: So. San : : Tulare : Lower Tule 
Cost :Joaquin I D  : Merced I D  : I D  : River I D  

: Dollars Dollars Dollars Dollars  
Administrative, supervision and engi- : 

neering cos t s  : 360,000 295,000 106,000 149,000 

Pumping o r  purchase of water cos t  : 171,000 235,000 ,423,000 531,000 

Transmission and d i s t r i bu t i on  cost  
(d i tch  r i de r s )  : 344,000 301,000 106,000 107,000 

Repair and maintenance of canals and 1 
equipment cost  : 258,000 711,000 217,000 176,000 

Other co s t s  . -- 504,000 127,000 48,000 

TOTAL : 1,133,000 2,046,000 979,000 1,011,000 

B. Costs per acre-foot and per ac re  of water delivery Per Acre-foot 

. 
Cost of securing t o t a l  supply .53 .34 1.82 1.98 

Cost of water delivered -64 .54 2.31 2.35 

Administrative, supervisory and engi- 1 
neering cost  1.35 .68 .58 .66 

Transmission and d i s t r i bu t i on  cost  
(d i tch  tenders, e t c . )  1.29 -70 .58 .47 

-0 , & M of canals and equipment -97 1.64 1.18 .78 

Other cos t s  -- 1 .17  .69 .21 - 
TOTAL COST PER ACRE-FOOT DELIVERED 4.26 4.73 6.97 5.51* 
*Including recharge 5.35* 4.47* 

Total cost  per ac re  served 

Per Acre 

17.43 17.74 15.69 11.53 

Average water delivered per ac re ,  acre- : 4.08 3.74 2 .25  2.09 
f e e t  with recharge -- -- 2.93 2.59 



Table 6--Sources of revenue f o r  four  i r r i g a t i o n  d i s t r i c t s ,  C a l i f o r n i a ,  1975 

: South San : : Lower Tule 
Item : Joaquin I D  : Merced I D  : Tulare I D  : River I D  

: Dol la r s  Do l l a r s  Do l l a r s  Dol la rs  . 
Taxes 780,000 2,022,000 474,000 419,000 

Water f e e s  (*includes 33,000 : 
AF s a l e s  ou t s ide )  0 147,000* 536,000- 736,0001' 

Other 267,000 44,000 80,000 75,000 

TOTAL : 1,047,000 2,213,000 1,090,000 1,230,000 

Taxes per  a c r e  12.00 17.53 7.60 4.78 

Water f e e s  per  AF del ivered  : 0 .31 3.80 4.00 

Tota l  revenue per  AF del ivered  : 3.94 5.12 5.95 5.44 

l/Includes recharge.  - 



water  d e l i v e r i e s  a r e  much more uneven i n  t h e  d i s t r i c t s  wi th  l e s s  water .  Some 

of t h e  farmers  r e l y  heav i ly  on p r i v a t e l y  owned w e l l s  f o r  a  p o r t i o n  of t h e i r  

i r r i g a t i o n  water .  Thus, t hose  r ece iv ing  l a r g e r  d e l i v e r i e s  through t h e  d i s -  

t r i c t  a r e  charged according t o  amount of water  de l ive red  t o  t h e i r  farms. 

Taxes on i r r i g a t e d  l a n d s  a r e  $12.00 t o  $17.53 p e r  a c r e  on t h e  high-del ivery 

companies, whi le  t h e  proper ty  t a x  i s  only  $4.78 and $7.60 p e r  a c r e  on t h e  d i s -  
average 

t r i c t s  wi th  lower /de l ivery .  Much of t h e  revenue i s  genera ted  through water  de- 

l i v e r y  f e e s  under t he se  d i s t r i c t s .  

These few examples i l l u s t r a t e  t h a t  t h e r e  is cons ide rab l e  v a r i a t i o n  i n  t h e  

way i r r i g a t i o n  o r g a n i z a t i o n s  r a i s e  revenue t o  pay f o r  t h e  ope ra t i on  and main- 

tenance of t h e i r  systems. 

The mutual companies simply d i v i d e  t h e  c o s t s  by t h e  sha re s  of s t o c k  and 

a s s e s s  each s h a r e  i t s  p ropor t i ona l  sha re .  I n  r e t u r n  f o r  t h e  payment of a s se s s -  

ments,  each s h a r e  r e c e i v e s  i t s  p ropor t i ona t e  s h a r e  of water .  

Under t h e  i r r i g a t i o n  d i s t r i c t s ,  some r a i s e  revenue by levying  a  t a x  on 

each i r r i g a t e d  a c r e  and d e l i v e r i n g  water  according t o  t a x  pa id .  Others  l evy  . 
a much lower t a x  p e r  a c r e  t o  pay p a r t  of t h e  c o s t  of ope ra t i ng  t h e  system and 

then charge a  water  d e l i v e r y  f e e  i n  o rde r  t o  o f f s e t  t h e  c o s t s  a s s o c i a t e d  wi th  

h igher  water  d e l i v e r i e s  t o  some lands .  

Water Cont ro l  

The most important  f e a t u r e  i n  making an  i r r i g a t i o n  system work is water  

c o n t r o l .  The i r r i g a t i o n  system must be designed s o  t h a t  t h e  o p e r a t o r s  can de- 

l i v e r  water  t o  farms i n  s p e c i f i e d  amounts. It is  even more d e s i r a b l e  t h a t  t h e  

d e l i v e r y  t ime be c o n t r o l l e d ,  making i t  p o s s i b l e  t o  d e l i v e r  water  t o  each i r r i -  

g a t o r  when he needs i t  t o  i r r i g a t e  crops.  



It is  a l s o  n e c e s s a r y  t h a t  t h e  sys tem b e  a b l e  t o  c o n t r o l  d e l i v e r i e s  s o  t h a t  

w a t e r  s u p p l y  i s  n o t  e x c e s s i v e  a t  some farms and d e f i c i e n t  a t  o t h e r s .  The a b i l -  

i t y  t o  c o n t r o l  t ime and amount of d e l i v e r i e s  l e a d s  t o  more e f f i c i e n t  u s e  of 

wa te r  i n  c r o p  p r o d u c t i o n  and h i g h e r  y i e l d s .  Also,  t h e  a b i l i t y  t o  c o n t r o l  w a t e r  

means t h a t  w a t e r  can be w i t h h e l d ,  t h u s  i n s u r i n g  t h a t  f a r m e r s  w i l l  pay f o r  t h e  

wa te r  d e l i v e r e d .  Most U.S. sys tems r e q u i r e  payment o r  p a r t  payment f o r  w a t e r  

b e f o r e  t h e  season  starts. I r r i g a t i o n  o f f i c i a l s  have d i s c o v e r e d  i t  is v e r y  

d i f f i c u l t  t o  c o l l e c t  once t h e  w a t e r  is used .  

Water c o n t r o l  is b e s t  achieved by d e s i g n i n g  t h e  sys tem s o  t h a t  a  d i t c h  

t e n d e r  o r  r i d e r  c a n  s u p e r v i s e  water d e l i v e r y  ( i . e . ,  open and c l o s e  t h e  headga te )  

t o  each i n d i v i d u a l  w a t e r  u s e r .  I n  many systems o n l y  t h e  d i t c h  r i d e r  i s  al lowed 

t o  open and c l o s e  headga tes  which a r e  t h e n  l o c k e d .  Farmers can  o r d e r  t h e  

w a t e r  needed each  week o r  each  t i m e  w a t e r  is r u n  i n  t h e  c a n a l .  One of t h e  

p r a c t i c a l  r e a s o n s  f o r  r e q u i r i n g  w a t e r  o r d e r s  and a l l o w i n g  o n l y  t h e  d i t c h  t e n d e r  

t o  open and c l o s e  h e a d g a t e s  is t o  m a i n t a i n  o r d e r l y  c o n t r o l  o v e r  d i s t r i b u t i o n  

of w a t e r  i n  t h e  c a n a l .  The c a n a l  o p e r a t o r s  need t o  know how many i r r i g a t o r s  

wish t o  be se rved  a l o n g  each  s e c t i o n  of c a n a l  s o  t h e y  can  a d j u s t  t h e  f l o w  i n  

t h e  c a n a l  o r  a d j u s t  number of u s e r s  t o  match t h e  f low.  They a l s o  can  de te rmine  

when each of t h e  h e a d g a t e s  shou ld  be  opened and c l o s e d  i n  o r d e r  t o  d e l i v e r  t h e  

r e q u i r e d  amount of w a t e r .  

Headgate c o n t r o l  is a l s o  n e c e s s a r y  t o  a c h i e v e  o r  e n f o r c e  e q u i t y .  No w a t e r  

u s e r  shou ld  g e t  more than  h i s  e n t i t l e m e n t  ( s h a r e )  n o r  skiould any u s e r  g e t  less 

t h a n  h i s  e n t i t l e m e n t .  I f  abundant w a t e r  o c c u r s ,  a l l  should  s h a r e ;  s i m i l a r l y ,  

i n  times of s h o r t a g e ,  a l l  shou ld  b e a r  t h e  s h o r t a g e  a c c o r d i n g  t o  t h e  r u l e s  of 

t h e  sys tem.  

I n  some i r r i g a t i o n  o r g a n i z a t i o n s ,  t h e  w a t e r  u s e r  is n o t i f i e d  of t h e  

amount of w a t e r  he  i s  e n t i t l e d  t o  r e c e i v e  b e f o r e  t h e  s e a s o n  starts. T h i s  i s  



set up a s  an account  s i m i l a r  t o  a  bank account ,  s u b j e c t  t o  d e l i v e r y  of so  much 

water  per  i r r i g a t i o n  per iod  o r  t h e  water  can be drawn a s  needed when t h e  sup- 
i f  

p l y  i s  s t o r e d  i n  a  r e s e r v o i r .  On pro-rata  systems/the farmer does n o t  want 

water  dur ing  any p a r t i c u l a r  run  of t h e  cana l ,  he must inform the  d i t c h  tender  

no t  t o  d e l i v e r  water .  On s to rage  systems, t he  farmer must p l ace  an o rde r  when 

he wants water  de l ive red  a t  h i s  headgate;  u s u a l l y  he w i l l  s p e c i f y  amount of 

f low along wi th  t h e  l e n g t h  of time he wants water ,  normally one o r  more days. 

A l l  water  d e l i v e r i e s  a r e  charged t o  t h e  water  u s e r ' s  account s o  t h a t  t h e  

amount de l ive red  t o  a  water u se r  w i l l  n o t  exceed t h e  water  a l l o c a t e d  t o  t h e  

use r .  A system such a s  t h i s  can prevent  over-watering, i f  t h i s  i s  a problem, 

but  it can a l s o  encourage t r ad ing  of water among farmers  on a  system, i f  some 

farmers  have more than needed a t  t i m e s  and o t h e r s  can use  more water .  Farmers 

can pay each o t h e r  f o r  water  t raded  o r  can r ep lace  t h e  water a t  another  t i m e .  

Trading is advantageous because i t  can lend f l e x i b i l i t y  i n  water  d e l i v e r i e s  and 

i t  can a l s o  encourage water  d e l i v e r i e s  t o  farmers  who r a i s e  h igher  va lue  crops.  

I f  a  farmer uses  excess  water  on a  c rop ,  he w i l l  fo rgo  the  r e t u r n  he could re-  . ' I 

ce ive  from s e l l i n g  some of h i s  water  t o  another  farmer.  

Renting o r  s e l l i n g  water a s  descr ibed  above is q u i t e  common i n  some a r e a s  

of t h e  western United S t a t e s .  Farmers own s h a r e s  i n  t h e  i r r i g a t i o n  cana l  com- 

pany, they pay t h e  c o s t  of ope ra t ing  t h e  system, t h e  water  supply rece ived  by 

each farmer depends upon t h e  number of sha re s  owned. A l l  water d e l i v e r i e s  a r e  

sub t r ac t ed  from t h e i r  water  accounts ,  and t h e  farmers  t r a d e  (buy and s e l l )  water 

when i t  is  advantageous t o  do so .  One Spanish i r r i g a t i o n  cana l  company holds  

an auc t ion  where t h e  company sells water  be fo re  each run  and farmers  buy and 

sel l  water they own among themselves each t i m e w a t e r  i s  de l ive red  i n  t h e  cana l .  



With a  c o n t r o l l e d  water  supply such a s  t h e  High Dam a t  Aswan c r e a t e s  f o r  

t h e  N i l e ,  i t  should be p o s s i b l e  t o  c o n t r o l  water  d i v e r s i o n s  t o  v a r i o u s  irri- 

ga t ion  d i s t r i c t s .  The d i s t r i c t s  should be a b l e  t o  s e t  up a  program of water  

a l l o c a t i o n  t o  farmers  based on farm s i z e  and c rops .  Each farmer could be 

a l l o t t e d  a  s p e c i f i c  q u a n t i t y  of water  f o r  a  crop season ,  d e l i v e r i e s  t o  be made 

a s  c rops  need water .  Where two o r  t h r e e  c rops  a  year  a r e  grown, a  water  a l l o -  

c a t i o n  f o r  each season would be most a p p r o p r i a t e .  Then week by week o r  r o t a -  

t i o n  by r o t a t i o n ,  water  could be  d e l i v e r e d  and charged t o  each f a rmer ' s  ac- 

count .  I n  t h i s  manner, water  a p p l i c a t i o n  r a t e s  could be c o n t r o l l e d .  I f  t h e  

fa rmers  a r e  t o  be charged f o r  water  d e l i v e r y ,  then no water  should be  d e l i v e r e d  

u n t i l  payment is  made. 

The b igges t  problem t h a t  I see i n  b r ing ing  more e f f i c i e n t  i r r i g a t i o n  t o  

Egyptian a g r i c u l t u r e  is  d e l i v e r y  below f i e l d  l e v e l ,  p a r t i c u l a r l y  when s e v e r a l  

farmers  pump o r  r a i s e  water  from t h e  same segment of cana l .  This  system i s  

enormously i n e f f i c i e n t  i n  terms of energy and manpower. I n  an energy-short  

world,  where manpower and animal power tend t o  be s c a r c e  o r  c o s t l y ,  r a i s i n g  
t I I 

water  i s  an o u t r i g h t  waste  of s c a r c e  r e sou rces .  

It a l s o  makes i t  very  d i f f i c u l t  f o r  t h e  o p e r a t o r s  of t h e  system t o  c o n t r o l  

water d e l i v e r i e s  t o  i n d i v i d u a l  f a r m e r ~ .  For when a l l  a r e  l i f t i n g  water  from 

below t h e  f i e l d ,  t h e  farmer w i th  t h e  most r e sou rces ,  energy,  manpower, mechan- 

i c a l  o r  animal power, can g e t  a  l a r g e r  sha re  of t h e  wa te r .  

Envision how much b e t t e r  i t  would be i f  t h e  c a n a l  were above t h e  f i e l d s  

and a d i t c h  t ende r  came by on t h e  appointed morning and opened, s e t  and locked 

a headgate  f o r  a c e r t a i n  flow f o r  a  s e t  per iod .  Tllc farmer would know how much 

water he was t o  g e t  and the o p e r a t o r s  of the i r r i g o ~ i o n  system would a l s o  know. 

Each farmer would g e t  h i s  s h a r e  and t h e  d ive r s ion  i n t o  t h e  main cana l s  could 



be set t o  supply a  s p e c i f i c  q u a n t i t y  of water t o  t h e  farms to  be se rved  t h a t  

day on each cana l  s e c t o r .  On l a r g e  systems a  s t anda rd  r o t a t i o n  could be  used: 

3 days on,  6 days o f f ,  s i m i l a r  t o  t h e  c u r r e n t  p r a c t i c e .  Cont ro l  of wate r  de- 

l i v e r i e s  would be  p o s s i b l e ,  and f a m e r s  would be r e l i e v e d  of t h e  burden of 

l i f t i n g  wate r  t o  t h e i r  f i e l d s .  The amount of wate r  pu t  on t h e  land  could be  

c o n t r o l l e d  by d e l i v e r i e s ,  and exces s ive  i r r i g a t i o n  could be  c o n t r o l l e d .  Those 

who i n s i s t e d  on more wa te r  would be charged f o r  e x t r a  d e l i v e r i e s .  Those farm- 

e r s  who d id  n o t  use  t h e i r  e n t i t l e m e n t  cou ld  s e l l  i t  t o  o t h e r  fa rmers  and co l -  

l e c t  f o r  t h e  wate r  d e l i v e r e d  t o  ano the r  u s e r .  
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INTRODUCTION 

The following paper was developed by the author in cooperation with 

other project personnel while on assignment with the USAID Egypt Water Use 

Project (EWUP) during December-January 1979-80. The main obj ective of 

this paper is to specify recommendations for the location and instrumentation 

of agrometeorological stations. The objective is further defined by the 

fact that the data collected will be used to estimate crop water requirements 

using the most applicable methods for computing reference evapotranspiration. 

Consideration was made in the development of this paper of local conditions 

found at the EWUP field sites. This includes the consideration that auto- 

matic recording instruments may not always have dependable power sources 

nor will personnel trained in the maintenance and operation of such instru- 

ments always be available. It is believed that the establishment of 

reliable and accurate instrumentation at agrometeorological stations at 

the three field sites will allow for the collection of a meaningful data 

base upon which to evaluate the efficiency of irrigation systems in meeting 

crop water requirements and to use as the basis for future planning. 

SITE SELECTION 

The selection of an agrometeorological station site will require a 

balance between features to be found at the "optimum" site and the land 

which is available to the project for the construction of a station. As 

much as possible, the site should represent the topography and climate of 

the irrigation project area. Ideally the site should be located directly in 

and surrounded by an irrigated field planted to berseem (alfalfa), grass or 

other low level crop, which is kept in a well watered condition throughout 

the year. If the wind has a prcdominant direction, the irrigated field 

should have the longest dimension in thc upwind direction. The site should 

not be located ncar an abrupt change in type of vcgetstion nor ncar a 

change from vegetated to arid soil surfaccs. Vegetation surroundirlg thc 

site should be low, less than 0.5 m if possible, and there should be no 

interference at the site in terms of shading or wind blockage from 

buildings or trees. The horizontal distance between the site and any 

building or trees affecting wind patterns should be five to preferrably 



t en  times t h e  he ight  of t h e  structure o r  t r e e .  The agrometeorological s i t e  

should not be located near  l a r g e  bodies of water, including lakes ,  ponds o r  

swampy a r e a s .  I t  i s  not bel ieved t h a t  l oca t ing  t h e  s i t e  near  small cana l s  

o r  mescas ( f i e l d  d i t ches )  is a  problem. 

The main c r i t e r i a  f o r  s i t e  s e l e c t i o n  a r e  t h a t  t h e  s i t e  should represent  

t h e  p r o j e c t  topography and c l imate  a s  much a s  poss ib l e .  I t  should be loca ted  

well within and surrounded by an i r r i g a t e d  a rea  and well away from a reas  

a f f e c t e d  by bui ld ings  o r  t r e e s .  I t  should not  be located near  l a r g e  bodies 

of water.  A f i n a l  poin t  i s  t h a t  t h e  agrometeorological s t a t i o n  should be 

placed in  an a r e a  which is not sub jec t  t o  f u t u r e  development which w i l l  

n e c e s s i t a t e  moving t h e  s i t e .  Any f u t u r e  change in  s t a t i o n  loca t ion  w i l l  

d i s r u p t  t h e  c o n t i n u i t y  of da t a  heing c o l l e c t e d  and bring i n t o  ques t ion  t h e  

consis tency of recorded values a t  a  new loca t ion .  If a  s t a t i o n  does have t o  

be moved, i t  is recommended t h a t  t h e  new s t a t i o n  be e s t ab l i shed  while t h e  

o r i g i n a l  one i s  s t i l l  in  opera t ion  and t h a t  records be kept a t  both s t a t i o n s  

f o r  a  period of one year  i f  poss ib l e .  I f  t h e r e  i s  a  c o n s i s t e n t  d i f f e r e n c e  

i n  a  measured parameter during t h i s  per iod  of  overlapping opera t ion ,  it i s  

suggested t h a t  t h e  o r i g i n a l  da t a  be ad jus t ed  t o  conform t o  t h e  da ta  a t  t h e  

new s i t e .  

The s t a t i o n  should be fenced t o  keep out animals and i n t r u d e r s .  A 

fence which does not r e s t r i c t  a i r  movement should be used and a wire mesh 

fence  with 5 cm ( 2  i n )  diagonal openings i s  recommended. The fence should 

have a  g a t e  which can be kept locked when t h e  instruments  a r e  not  being 

read .  An cxample of such a  s t a t i o n  i s  indica ted  i n  Figure 1. 

INSTRlJblENTATION 

Tllc most uscfu l  instrumcnts  f o r  t h e  EWUP p r o j e c t  a r e  those  which do not  

r equ i re  a  powcr source f o r  opera t ion .  The bas i c  l i m i t a t i o n s  of  such i n s t r u -  

ments i s  t h a t  they gene ra l ly  record d a t a  a s soc ia t ed  with a  p a r t i c u l a r  poin t  

i n  time, e i t h e r  a  maximum o r  minimum reading o r  reading a t  t h e  time of 

observa t ion .  The next l eve l  of instrumcntat ion i s  t h a t  which g ives  a  con- 

t inuous  record of t he  parameter being measured and i s  operated by 1 .5  v o l t  

D c e l l  ( " f l a sh l igh t1*)  b a t t e r i e s .  A numbcr of usefu l  instrumcnts  can bc 

operated from such a  source of power. F ina l ly ,  recording u n i t s  which opc ra t c  

with a  12 vo l t  DC powcr sourcc ( c a r  1);rttcrics) c;in he used t o  con t i t~ t~o t i s ly  

c o l l e c t  important d a t a .  
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The data collected at the agrometeorological station will be used to 

compute theoretical crop water requirements. The type of data to be 

collected, frequency of measurement and required accuracy should therefore 

be made with reference to the methods applied to compute reference evapo- 

transpiration. As will be indicated in a future paper, the methods to 

be applied include the Blaney-Criddle, Makkink radiation, pan evaporation, 

and Penman methods, all with recommended modifications to account for local 

climatic conditions (Doorenbos and Pruit, 1977). Therefore the data 

requirements for each of these methods will be analyzed. (The relative 

merits of each method will not be discussed here but are left for a future 

paper 

Blaney-Criddle Method 

The FA0 modification of the Blaney-Criddle method requires measured 

mean daily air temperature and estimated values of minimum relative humidity, 

sunshine hours and daytime wind velocities. Mean daily temperature requires 

measurement of daily maximum (max) and minimum (min) air temperature. Such 

measurements are made by a max/min thermometer set with a mercury-in-glass 

maximum and spirit-in-glass minimum thermometer (see Figure 2) which is 

read once daily as soon after sunrise or close to 0800 hours as possible. 

More advanced instruments which require a power source are continuous 

recording mercury-in-steel or bimetallic thermographs which can be used with 

daily or weekly recording charts (see Figures 3 and 4). The second required 

parameter for the FA0 modification of the Blaney-Criddle is minimum relative 

humidity (IUlmin). This value need only be estimated in ranges of low, 

medium or high for application with the Blaney-Criddle method. Low indicates 

a Rllmin of less than 20 percent, medium from 20 to 50 percent, and high 

greater than 50 percent. The next parameter is the ratio of daily actual (n) 

to daily maximum possible (N) sunshine duration in hours. This estimate is 

also divided into three categories with low having n/N less than 0.6, 

medium for n/N from 0.6 to 0.8, and high for n/N greater than 0.8. The last 

parameter is daytime wind which is divided into the categories of zero to 

2 m/sec (6.5 ft/sec), 2 to 5 m/sec (6.5 to 16 ft/sec), and 5 to 8 m/sec 

(16 to 26 ft/sec). General monthly or seasonal conditions for all three of 

the variables used to adjust the FA0 Blaney-Criddle method may be estimated 

from published weather data, extrapolation from nearby areas, or from local 

information. Measured values for these parameters are superior to estimates 

and such measurements will be routinely made for some of the more sophisticated 



Figure 2. Maximum and minimum thermometer set. - 

Figure 3. Mercury-in-steel recording thermograph. 

Figure 4. Bi-metallic recording thermograph. 



methods of determining reference  evapot ranspi ra t ion .  

Makkink Radiation Method 

Requirements f o r  t h e  Makkink r a d i a t i o n  method inc lude  measured a i r  

temperature and sunshine, c loudiness  o r  r ad ia t ion ,  and est imated wind and 

humidity. Duration of b r igh t  sunshine can be made by observa t ion  o r  may 

be convenient ly measured by use of  a  sunshine recorder .  A t y p i c a l  sunshine 

recorder  is  t h a t  of t h e  Campbell-Stokes design shown i n  Figure 5, which 

uses  a  s o l i d  g l a s s  globe t o  focus  t h e  r ays  of t h e  sun onto a  s p e c i a l l y  

t r e a t e d  card which burns i n  response t o  b r igh t  sunshine. ~ r o m  t h e  mark 

made on t h e  cards,  t h e  hours of b r igh t  sunshine during t h e  day can be 

determined. 

The degree of cloud cover observed seve ra l  t imes during t h e  day is  

another  method t o  determine sunshine b r igh tness  which can be appl ied  t o  

formulae t o  c a l c u l a t e  s o l a r  r a d i a t i o n .  The recommended method is  t o  

i n d i c a t e  t h e  degree of cloud cover f o r  a r e a s  made up of  one e ighth  of 

t h e  t o t a l  sky a rea ,  c a l l e d  oktas .  The procedure i s  t o  d iv ide  t h e  sky i n t o  

f o u r  quadrants .  An es t imate  of t h e  cloud cover f o r  each quadrant,  given i n  

e igh ths ,  i s  made. A s  an example, i f  t h e  r i g h t  f r o n t  quadrant has one 

q u a r t e r  cloud cover, r i g h t  r e a r  quadrant,  t h r e e  q u a r t e r  cover, l e f t  r e a r  

quadrant s l i g h t l y  l e s s  than h a l f ,  and l e f t  f r o n t  quadrant no cloud cover ,  

t h e  cover i n  ok ta s  is: 

o r  approximately 3 o k t a s .  Traces of clouds a r e  r e g i s t e r e d  a s  1/8 o r  1 okta .  

An overcas t  with some openings i s  recorded a s  7/8 o r  7 ok ta s .  Fog which 

obscures t h e  sky t o  t h e  po in t  t h a t  clouds a r e  not v i s i b l e  i s  considered a s  

8 oktas .  I f  t h e  sun, but  no clouds, a r e  v i s i b l e  through fog,  it i s  ranked 

a s  zero ok ta s .  Observations should be made t h r e e  o r  p re fe rab ly  fou r  t imes 

p e r  day and t h e  time of observat ion noted. 

So la r  r a d i a t i o n  can be est imated using measured va lues  of b r igh t  sun- 

sh ine  dura t ion  o r  cloudiness.  A more accura t e  determinat ion of s o l a r  

r a d i a t i o n  can be made by spec ia l  instruments .  Such instruments  a r e  normally 

s e n s i t i v e ,  r equ i re  some s o r t  of  power source t o  ope ra t e  a  recorder  and 

r equ i re  c a l i b r a t i o n  a t  t h e  time of i n s t a l l a t i o n  and a t  l e a s t  once p e r  year  

a f t e r  t h a t .  One such instrument a v a i l a b l e  t o  t h e  Pro jec t  i s  a  thermo-e lec t r ic  



Figure 5. Campbell-Stokes r eco rde r  f o r  
a c t u a l  sunshine hours .  



pyranometer f o r  measuring s o l a r  r a d i a t i o n ,  shown i n  F igure  6. Such an 

instrument  conve r t s  thermal energy from s o l a r  r a d i a t i o n  t o  e l e c t r i c  c u r r e n t  

which is c a l i b r a t e d  t o  i n d i c a t e  t h e  amount o f  r a d i a t i o n  being rece ived .  

I f  a record ing  c h a r t  i s  made during t h e  day, t h e  t o t a l  amount o f  d a i l y  

r a d i a t i o n  is obta ined  by i n t e g r a t i n g  t h e  a r e a  under t h e  r a d i a t i o n  t r a c e  

us ing  a p lan imeter  o r  d i g i t i z i n g  u n i t .  I f  only p o i n t  measurements a r e  made 

it is  necessary  t o  i n t e g r a t e  g r a p h i c a l l y  under l i n e s  drawn through t h e  

measured p o i n t s  and t h e  a d d i t i o n a l  p o i n t s  o f  zero r a d i a t i o n  a t  t h e  t imes  

o f  s u n r i s e  and sunse t .  An example is  given i n  F igure  7. 

For t h e  FA0 mod i f i ca t i on  o f  t h e  Makkink method, e s t i m a t e s  a r e  a l s o  

needed f o r  mean r e l a t i v e  humidity (RH ) and daytime wind. The mean 
mean 

r e l a t i v e  humidity ranges from low, l e s s  than  40 pe rcen t ,  t o  medium-low, 

40 t o  55 pe rcen t ,  t o  medium-high, 55-70 pe rcen t ,  and high,  g r e a t e r  than  

70 pe rcen t .  Est imates  o f  daytime wind v e l o c i t y  a r e  t h e  same a s  f o r  t h e  

modified Blaney-Criddle except  t h a t  t h e  ca tegory  o f  ve ry  s t rong ,  g r e a t e r  

than  8 m/sec, is inc luded .  

Pan Evaporation 

To determine r e f e r e n c e  evapo t r ansp i r a t i on  us ing  t h e  FA0 recommendations 

wi th  pan evapora t ion  r e q u i r e s  e s t i m a t e s  of  mean r e l a t i v e  humidity,  24 hour 

wind run, and information about t h e  pan environment i n  a d d i t i o n  t o  measured 

pan evapora t ion .  The recommended pan is t h e  c l a s s  A pan which i s  c i r c u l a r  and 

120.7 cm (4 f t )  i n  diameter  and 25 cm (10 inch)  i n  depth.  I t  is u s u a l l y  

made o f  galvanized i r o n  (22 gauge o r  0.8 mm) and mounted on a wooden open 

frame platform 15 cm (6  inch) above ground l e v e l  with s o i l  b u i l t  up t o  

with in  5 cm ( 2  inch)  o f  t h e  pan bottom ( see  F igure  8 ) .  The water  l e v e l  i n  

t h e  pan must be maintained between 5 cm (2 i n )  and 7.5 cm ( 3  i n )  below t h e  

pan r i m .  Readings a r e  made once d a i l y ,  a s  nea r  t o  0900 hours  a s  p o s s i b l e .  

Using a s t i l l i n g  wel l  with a f i x e d  po in t  o r  hook gauge, read ings  may 

be made t o  0.005 cm us ing  t h e  gauge micrometer ( s ee  F igure  9!. 

The pan s i t e  is p r e f e r a b l y  i n  g r a s s  o f  about 5 cm (2 i n )  he igh t  and a 

t o t a l  a r e a  o f  20 m by 20 m (60 f t ) .  The pan a r e a  should be open and permit  

f r e e  c i r c u l a t i o n  o f  a i r .  I n  o t h e r  r e s p e c t s ,  t h e  l o c a t i o n  o f  t h e  pan should 

conform t o  o t h e r  recommendations f o r  t h e  s t a t i o n  s i t e .  Screens  over  t h e  

pan should not  o r d i n a r i l y  be used un le s s  t h e r e  i s  a problem caused by b i r d s  

o r  animals  dr ink ing  from t h e  pan. I f  such n problem e x i s t s ,  t h e  s c r een  



Figure 6. Thermo-electric pyronometer for solar and 
scattered radiation (global radiation). 



TIME, hrs 

Figure 7. Example of graphical integration for daily total solar radiation from 
point measurements. 



Figure 8. Class A evaporation pan shown with instruments for water 
temperature and wind speed at pan height. 



Figure 9. Hook gauge with micrometer and 
lowered into stilling well. 



should be made of the finest size wire and of a design as opcn as possible 

so as to cause minimum interference with natural air flows or solar 

radiation. It is recommended that comparative observations between an 

unscreened and a screened pan be made for as long a time period as possible, 

up to onc year, to determine the effects of screening. 

Penman Method 

The FA0 modification of the Penman method requires the most intensive 

data collection of the four methods suggested, and should therefore produce 

the most accurate monitoring of the microclimate. This method requires 

daily input of temperature, humidity, wind, and sunshine duration or net 

radiation. The following section describes instrumentation for humidity, 

wind, and net radiation measurements. 

A number of methods of expressing humidity are used. The most applicable 

for use with the Penman equation is the relative humidity defined as the 

actual amount of water vapor of the air relative to the water vapor content 

when the air is saturated at the same temperature. One means of measuring 

this relative humidity is by aspirated (i.e. forced circulation) dry and wet 

bulb thermometers. Such thermometers are combined into what is called the 

Assmann type aspirated psychometer shown in Figure'lO. This consists of two 

mercury-in-glass thermometers, one of which has the bulb covered by a wet 

wick. A windup spring-driven fan ventilates air around the thermometer bulbs 

at a speed of about 5 m/sec (16 ft/sec). The difference in reading between 

the dry and wet bulb thermometers is termed the wet-bulb depression. Tables 

for converting wet-bulb depression to values of relative humidity are 

generally available from the instrument manufacturer. Readings and calibra- 

tion of both thermometers must be to the nearest 0.1' (0.2"F). Readings 

are made by wetting the wick with distilled water or rainwater and winding 

up the fan. After the wet bulb temperature becomes constant, usually in 

about two or three minutes, both thermometers are read, recorded and checked. 

The wick has to be replaced every two weeks, or sooner if dust or dirt is 

visible. 

A similar device in principle is the sling psychrometer which uses dry 

and wet l>iilb thermometers placed in a fra111c with a handle around which the 

thermometers may rotate (shown in Figure 11). The wick is wet and the thermo- 

meter holder is whirled about the handle for 60 revolutions at the rate of about 

two revolutions per second. The same procedure for reading, calibration, and 



Figure 10. Assmann type aspirated 
psychrometer. 

Figure 11. Sling psychrometer with - wet and dry bulb thermometers. 



maintenance is followed as for the fan aspirated psychrometer. The speed of 

whirling increases the wet bulb depression so care must be takcn to 

consistcntly use the prcscribed method. 

Automated, continuous recording of humidity is normally accomplished 

by use of an instrumcnt which combines a hair hygrograph for relative 

humidity and a thcrmograph for temperature measurements. Such an instrument 

is shown in Figure 12. Human hair, which changes length in response to 

the moisture content of the air, is connected to the pen arm by a system of 

levers. The hair bundles should receive daily attention and be washed using 

distilled or rain water and an artist's soft paint brush at least once each 

week or sooner if dusty. The accuracy of this instrumcnt for humidity is 

2 5  percent orbetter. Accurate control of the recording chart can be made 

by using wet and dry bulb thermometers. There is a loss of sensitivity in 

the instrument at both very high and very low humidity ranges. The recording 

charts may operate for a period of up to three months. 

Wind is generally measured by freely rotating cup anemometers supported 

on a vertical axis as shown in Figure 13. Readings of wind velocity may be 

made on an instantaneous basis using a meter or by measuring the total 

distance of air which passes the anemometer on a 12 or 24 hour basis using 

a counter calibrated to give the distance of anemometer travel. The second 

type of record is more common and more useful. Continuous measurement 

of wind movement may also be made on charts by recorders which require a 

power source. The total wind run for a 12 or 24 hour period is determined 

by integrating the arca below the recorded wind velocity. If instantaneous 

velocity measurements are made, they must be plotted and integrated in a 

similar fashion as previously described for measurements of solar radiation. 

Wind velocity may be estimated by use of the approximate Beaufort 

Scale applicable when the surroundings are flat, open terrain. The scale 

is as follows: 

Velocity 
m/sec Condition 

- - 

Smoke rises vertically 

Somc smoke drifts, no movement on wind vane 

Wind felt on face, leaves rustle, wind vane 
moves 

Leaves and small twigs move, wind extends 
light flag 



Figure 12. Recording hygrothermograph for temperature and 
relative humidity. 
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Figure 13.  Cup anemometer f o r  wind v e l o c i t y  
o r  wind run over  a given t ime pe r iod .  



Velocity 
m/sec Condition 

5.5-7.9 Dust raised, small branches move, paper 
blows away 

Small trees sway, crested waves on inland 
water 

Large branches move, whistling in power 
lines, umbrella difficult to use 

Whole trees in motion, difficulty when 
walking 

17.2-20.7 Twigs break off 

20.8-24.4 Chimneys and slates fall 

24.5-28.4 Trees uproot, considerable damage 

>28.5 Widespread damage 

Wind is generally measured at 2 m (6.6 ft) height and this is the 

recomnended height if only one measurement is made. Wind is also some- 

times measured at a distance of 5 to 10 cm (13 to 25 in) above the rim of 

a class A evaporation pan and at a height of 5 m (16 ft). The latter 

height is probably more useful for long term climatological data analysis. 

Wind direction is designated as the direction from which the wind is 

blowing. It may be conveniently measured on an instantaneous basis by 

using a wind vane on which the main directions of north, south, east, and 

west are permanently fixed (see Figure 14). Wind direction is generally 

given in tcrms of the sixteen point compass indicated in Figure 15. 

Recorders for both wind velocity and direction which require a power 

source are available. 

The Penman equation also requires measurements of net radiation. Net 

radiation is defined as the difference between all incoming radiation, 

generally shortwave solar, and all outgoing radiation, generally longwave 

terrestrial. Net radiation can be measured directly over a cropped surface 

by using two radiation sensors, one directed upward to measure incoming 

solar radiation and another downward ovcr the crop to measure outgoing 

terrestrial radiation. Instruments to measure net radiation are generally 

expensive and require a power source for recording and ventilation of the 

measuring equipment. Some sets of relatively small thermo-electric pyrano- 

meters can be used in both an upward facing and downward facing position 

over a cropped surface to measure net radiation. 



-- 

Figure 14.  Wind,vane f o r  d i r e c t i o n  of wind. 

N N E  NNW , 
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F i g u r e  15. Sixteen point compass t o  
dcsc r ibe  d i r e c t i o n  of  wind. 



Net radiation can also be approximated using measured solar radiation 

or estimated solar radiation and reflectance (albedo) and measured cloud 

cover. The terrestrial longwave radiation must be estimated as a function 

of measured temperature, vapor pressure, and cloud cover. No instruments 

other than those already mentioned are required. 

Additional Information 

An additional climatological parameter which must be considered is 

precipitation. Considering the EWLlP project locations, only rainfall will 

be considered. Rainfall is measured by totaling or recording-instruments. 

Recording instruments can be used to determine rainfall intensity which is 

useful in soil erosion studies, and have been adapted for use with spring 

driven clocks or low voltage battery operated recorders. A number of 

nonrecording raingauges have been developed and all have similar physical 

characteristics. They are cylindrical in shape and have a funnel shaped 

collector which leads into a smaller diameter measurement cylinder (see 

Figure 16). Such gauges generally have a receiving area of 200 to 500 cm 2 

2 (31 to 77.5 in ) and have a height of exposure of about 30 cm (76 in). 

Exposure heights above about 30 cm (76 in) are not recommended due to wind 

effects on gauge catch. Raingauge siting recommendations are the same as 

those for general station siting. Measurements of total rainfall catch 

should be made at the same time each day, preferrably 0800 hours in the 

morning, using specially calibrated measuring devices supplied with the 

instrument. Calibrated graduated cylinders are recommended over graduated 

dip-sticks, but in any case equipment conforming to that already in use 

within the country should be utilized since catch will vary with instrument 

type. Rainfall should be observed in units of 0.1 mm (0.01 in). Amounts 

less than 0.05 mm (0.005 in) should be recorded as "trace". 

Recording raingauges come in various designs (see Figure 17). Their 

chief advantage is that they may be used to determine rainfall intensity 

which is a necessary factor in determinations of runoff and potential for 

soil erosion. Total rainfall can be determined directly from the rainfall 

trace on the chart but this total should always be checked against the 

readings of a nearby standard raingauge. The slope of the trace of recorded 

rainfall, indicating the change in depth of rainfall over an increment of 

time, represents the rainfall intensity. The intensity should be computed 

over periods with constant slope, i.e. constant intensity. The period of 

maximum slope represents the maximum intensity. 



Figure Example of weighing bucket 
raingauge and recording device. 

Figure 16. Standard nonrecording 
raingauges. 



The most common recorders are the siphon, tilting siphon, tipping 

bucket and the weighing bucket type. Except for the tipping bucket type, 

rainfall amounts are recorded on a moving chart by a pen mechanically 

connected to a float in the collection reservoir or the movement of the 

weighing device. In the tipping bucket type, each movement of a set of 

symmetrical buckets about the fulcrum operates the recording pen. 

Instruments which totalize the rainfall amount, and do not return to zero 

at some specified lcvcl, as some siphon types do, are recommended. 

Recording devices which are operated by a spring driven clock type mechanism 

are preferred over those requiring a power source for this project. The 

tipping bucket type gauge has advantages of accuracy over the weighing 

bucket type and advantages in operation and maintenance over siphon type 

rainfall recorders. 

Soil temperature at various depths, although not used directly in the 

computation of reference evapotranspiration, may be an important factor in 

determining nitrification of organic material and therefore fertilizer 

requirements. Such measurements are normally made at depths of 5, 10, 20, 

50, and 100 cm (2,4,8,20 and 40 inches) under an unshaded grass or bare 

soil cover. Up to 30 cm (12 in) depth, mercury-in-glass thermometers may 

be used with the bulb placed at the required depth. For depths below 30 

cm (12 in), the typical mercury-in-glass thermometer must be suspended into 

a thin-walled plastic or metal tube with a sealed bottom placed at the 

required depth. The bulb of the thermometer itself is embedded in wax or 

other insulating material to delay temperature change as it is brought to 

the surface to be read. The tube is capped to keep water from entering. 

One additional requirement is that the thermometers used to record 

maximum and minimum temperature, and actual temperature if recorded, be 

housed in an appropriate shelter to keep them safe and out of the elements. 

Various types of thermometer shelters, shown in Figure 18,have been used. 

Basically it is a wooden, naturally ventilated structure, painted white and 

supported with base at about 1.5 m above the ground level. Any structure 

of this type which is naturally ventilated and protects the thermometers 
a 

from wind or rain is adequate. It is recommended that the shelter be 

locally made. An additional enclosed and lockable shelter for keeping spare 

parts and extra recording materials is also recommended. 



Figure 18. Examples of types of thermometer shelters which 
may also house hygrothermographs. 



STATION LAYOUT 

There is no standard layout recommended for field stations. The major 

requirement is that no instruments, instrument shelters, fence or fenceposts 

interfere with the measurements to be made. Instruments should be adequately 

spaced to avoid difficulty in making measurements and a recommended station 

area is 10 m by 10 m (33 ft). If it is felt that the station may eventually 

evolve into a major regional meteorological station with additional para- 

meters being measured, then adequate.space should be allocated at the 

initiation of the project. In this case an area of 20 m by 20 m (66 ft) 

would not be unreasonable. 

OBSERVATION PROCEDURES 

The observation procedures detailed in this section indicate the 

measurements to be made to use the FA0 modified Penman method and pan 

evaporation methods to determine reference ET. The measurements made for 

these methods will also allow for use of the Blaney-Criddle and Makkink 

radiation methods. 

Observations should be made at the same times each day. Most 

measurements are made in the morning and this should be done as near to 

0800 hours as possible. Other measurements made instantaneously throughout 

the day in lieu of automatic recording instruments should be made at about 

two hour intervals from the first morning measurement. If only two measure- 

ments are to be made daily, the second should take place at 1400 hours in 

the afternoon. The last measurement for instantaneous values should be made 

at about 1700 hours in the evcning. In any case, local customs must be 

accounted for and a reasonable pattern which can be followed everyday 

should be developed. Once this schedule is established, it should be main- 

tained consistently. The exact time of actual observation should be noted 

on daily record sheets based on a 24 hour clock. 

An observation sheet, an example of which follows, should be filled 

out on a daily basis. In addition to the specific information required on 

the shcets, it is extremely important that remarks be made regarding unusual 

or noteworthy climatic conditions, condition of the cropped area extending 

from the station, and the condition of the station and instruments. Examples 

might be whether there was dew or fog, if the surrounding crop land had 

been irrigated or harvested, and if the evaporation pan needed cleaning or 

the raingauge appeared to be leaking. This type of information is extremely 



valuable and should be noted daily. An indication should be made even if 

nothing remarkable is noticed to insure that the record is completely filled 

out. 

The procedure for reading the instruments is indicated with regards to 

instruments which arc available at EWUP project sites or those which are 

recommended for those sites. Reference should be made to the sample observa- 

tion sheet. The date, time of measurement and name of observer should be 

recorded. During the first measurement in the morning of each day, the 

temperatures in the instrument shelter should be recorded. This includes 

actual, maximum and minimum temperature, even though the maximum temperature 

pertains to the previous day. Next the wet and dry bulb thermometers for 

calculation of relative humidity should be read. The Assmann type aspirated 

psychrometer is recommended. The sling psychrometer should be used if no 

Assmann type is available or until one is available. In either case, the 

wick is wet and the instrument aspirated according to instructions given 

under the instrument description. At the end of the aspiration time, the 

dry and wet bulb temperatures are recorded. Wet bulb depressions should 

be computed at this time and also recorded. The reasonableness of the wet 

bulb depression should be checked by comparison with the previous day's 

reading. The wick should also be checked at this time for dust or dirt. 

This concludcs the tenlpcrature measurements. 

If a recording hygrothermograph is used, the date should be marked on 

the recording chart and the temperature should be checked daily for compari- 

son with the standard thermometers. The hygrothermograph should also be 

checked weekly for relative humidity against the psychrometer measurement. 

The hair bundle must be cleaned weekly according to the instructions given 

in the Instrumcntation section. It is important that the hair bundle is not 

touched by the fingers during the cleaning process. The hygrothermograph 

must be kept in the instrument shelter along with the thermometers. The 

chart paper and battery must be replaced according to the manufacturers 

instructions (at about 90 days for the project instruments). As soon as the 

chart is removed, it should be analyzed for dai ly maximum and nli~li~nurn 

relstivc h~rmidity and thc rest11 ts tal)~llatcd. Mc:ln t l i ~  i 1 y hu~aidj t y  sho111d 

;11so 1 ) ~  coinl)~rtccI ;kt tlli s t i IIIC. 'I'll i s III;I~ 1 ) ~  ~ O I W  I)y IIS i II~: tllc tli  gi tiz i.ng 

capabilities of thc 111' 9825 computer along with an averaging program. If tllc 

digitizing unit is used for mean relative humidity, it can also be programmed 

to output daily maximum and minimum relative humidity. 



SN1PLE F I E L D  BOOK SHEET 

Station Date 

Observer 

Remarks: (Note time preceeding each remark.) 

Instruments: 

Fields: 

Weather : 



Following humidity, the solar radiation should be measured using the 

thermo-electric pyranometer found at the field sites. The instruments 

available to the project have a built-in integrating circuit. This 

circuitry is used to automatically integrate the total amount of solar 

radiation measured by the instrument between any two time periods of 

measurement. IVhen the button on the front of the instrument is pushed, 

the light emitting dial indicates the current reading of the integrator. 

When the button is pushed a second time, say 24 hours later, the second 

reading should be recorded and subtracted from the first. The difference 

between these two readings is the integrated amount of solar radiation 

measured by the instrument in calories per square centimeter during the time 

between two successive readings. 

The instruments being used have a dessicant cartridge within them. This 

cartridge must be kept operational to insure satisfactory and accurate 

readings of the instrument. The humidity reading for the dessicant cartridge 

is located on the end of the cartridge in the back of the instrument on the 

lower left hand corner. The humidity reading is indicated by the dot in the 

center of the cartridge mounting. If the cartridge is in good condition the 

center dot is blue. When the cartridge needs to be reclaimed, the dot turns 

from blue to pink. Dessicant is reclaimed by removing it from the cartridge 

and baking it in a shallow pan at 17s°C (350°F) for about 10 minutes. The 

dessicant must be immediately placed within an airtight container upon 

removal from the oven. It should be transported to the field in the air- 

tight container and replaced in the cartridge which is placed back into the 

instrument. Moisture must not be allowed to condense inside the dome on top 

of the instrument. Such conditions may damage the electronic components 

of the instrument. For this reason, the dessicant must always be kept in 

good condition. 

Next the rainfall reading should be made. If it is raining while this 

measurement is being made, it should be noted and the reading made as 

quickly as possible. The windrun reading should be made and if a totalizing 

counter is used, the actual reading should be recorded and the run since 

the last reading should be calculated and recorded. Continually recorded 

wind speed must be analyzed by integrating the area under the curve to 

determine the total windrun as a function of time. For this project it is 



recommended that this analysis be made on a regular three month basis or 

sooner if the chart must be replaced more frequently. This should be done 

by using the digitizing capabilities of the I-IP 9825 and developing a 

computer program to output total windrun on each day from 0600 to 1800 

hours, from 1800 to 0600 hours of the next day, and the total 24 hour 

run from 0600 hours to 0600 hours of the next day. The total windrun for 

24 hours should then be checked with that recorded on the anemometer counter. 

Both instruments should have the same reading if at the same height. If 

set at different heights, the higher anemometer should always record a greater 

daily windrun. 

The next reading to be made is from the evaporation pan. This will 

normally be made using a hook gauge in a stilling well. The current reading 

should be made, subtracted from the previous reading and the difference 

recorded. This difference should be checked with the previous day's reading 

for reasonableness. The water level in the pans should next be checked. 

If it is estimated that the evaporation from an additional day will reduce 

the water level below 7.5 cm (3 in), the pan must be filled from a storage 

container, such as a large barrel, kept nearby. The water level must be 

measured with the hookgaugeimmediately following the pan filling and this 

reading recorded. The pan should also be checked for leaks and should be 

cleaned on a regular basis. The pan must be cleaned whenever the pan or 

water surface becomes so discolored as to change the reflective properties 

of the pan. 

The final reading to be made in the morning is for cloud cover. This 

will be done by observation using the method described under the radiation 

section to determine the number of oktas. If a Campbell-Stokes sunshine 

recorder is used, the card should be changed at this time and the instrument 

checked for adjustment. The card should be analyzed each day for actual 

bright sunshine hours and the value recorded. Visual observation of cloud 

cover should be continued even if a sunshine recorder or pyranometer is used. 

Readings made at other times during the day follow the same format as 

the morning reading except that fewer instruments are read. At any other 

time during the day, the time of observation should be noted and the following 

observations should be made: actual temperature, relative humidity, solar 

radiation, windrun, and cloud cover. Arrangements should be made to read the 

stations seven days per week. 



It is strongly recommended that at each of the three project sites, 

an engineer or agronomist be put in charge of the meteorological station and 

given full responsibility for its operation. This individual must carefully 

read the operation manual for every instrument and be familiar with its 

operation and maintenance. This individual should also go to the field the 

first day of each week along with the technician making the readings. At 

this time each instrument should be checked to see that it is operating 

properly and any necessary maintenance carried out in the field or the 

instrument should bc brought into the office for major maintenance or cali- 

bration. The technician's procedures should also be checked during this 

visit. Any required calculations using the data should be done on a regular 

basis upon return from the field the first day of the week. All operations 

with the previous week's data should be done on this day and any questionable 

trends in the data should be looked for. Such trends may indicate a mal- 

functioning instrument or poor recording procedures. 

Extra recording charts, recording ink, batteries, adjustment tools and 

spare parts should be kept on hand at each of the three field stations in a 

locked cabinet. When the extra material is put into operation in the field, 

replacement can be ordered from Cairo. The order should be processed upon 

arrival so that each field station has a complete set of equipment and parts 

to maintain daily operation of the field sites. 



Doorenbos, J. 1976. FA0 Irrigation and Drainage Paper 27, Agrometeorological 
Field Stations. United Nations, Rome, 94 pp. 

Doorenbos, J. and W.O. Pruitt. 1977. FA0 Irrigation and Drainage Paper 24 
revised, Crop Water Requirements. United Nations, Rome, 144 pp. 

Rosenberg, N.J. 1974. Microclimate: The Biological Environment. John 
Wiley and Sons, New York, 315 pp. 
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1. Introduction 

The Egypt Water Use and Management Project (EWUP) is a cooperative 

project between the governments of Egypt (GOE) and U.S.A. to improve 

the on-farm irrigation and agronomic management practices of the Egyp- 

tian small farmers. The project has three components: A) survey of 

the on-farm water and agronomic management practices and identification 

of the primary constraints to increased production and efficient water 

use, B) search for solution of the problems, and C) dissemination of 

the findings to the farmers through demonstration and extension methods. 

One of the subcomponents of A is the soil fertility survey. 

The objectives of the soil fertility survey were: 

i To obtain information on the present levels of plant 

nutrients in farm fields located in Abu Raya cooperative 

hods (large basins). 

i i) To obtain information on the variability in soil fertility 

among farms in the same hod. 

iii) To obtain information on the variability in soil fertility 

between hods. 

i v) To study the feasibility of soil testing for fertilizer 

recommendations in Kafr el Sheikh. 

V) To utilize the data obtained for designing soil sampling 

procedures. 



2. Background 

The Abu Raya cooperative in Kafr el Sheikh governorate has been 

selected as one of the three EWUP study sites. This selection was 

based on the agronomical, socioeconomical, and engineering considera- 

tions by the EWUP scientists. 

The GOE by law requires that each farmer in Abu Raya cooperative 

(and many other cooperatives) to plant his farm to cotton and rice in a 

2 year rotation. The Abu Raya cooperative has 5 hods (large basins) 

each following the government sepcified rotation. In the two year 

rotation, the summer crops are cotton and rice . Cotton 

is usually planted in March, picked in mid or late August, and the 

harvest is usually complete by the end of September. Rice is 

transplanted during June from nurseries which were planted in late 

April and May. Rice harvest starts in October and continues into 

November. Winter crops such as wheat, berseem, and flax are usually 

used in the rotation. The frequency and relative frequency of different 

rotations practiced in the farms sampled are given in the following table. 

Table 1. Frequency and Relative Frequency of rotations Used in the 

Farms Sampled 

- -- 

Cotton farms 

Rotat ion 

Rice - berseem - cotton 

Rice - fallow - cotton 
Rice - chickpeas - cotton 
Rice - onions - cotton 

Total 

Frequency Relative frequency 
% 



Rice farms 

Rotation 

Cotton - berseem - r i c e  

Cotton - f l a x  - r i c e  

Cotton - wheat - r i c e  

Cotton - bean - r i c e  

Total  

Frequency Rela t ive  frequency 
% 

I t  seems t h a t  followings crop of r i c e  and be fo re .p lan t ing  cot ton ,  a 

r e l a t i v e l y  l a rge  number of farms a r e  fallowed (18%). This information 

should be v e r i f i e d .  Egypt can not af ford  t o  fal low valuable  a g r i c u l t u r a l  

land. The reasons f o r  fallowing ( labor  a v a i l a b i l i t y ,  lack of  mechaniza- 

t i o n  e t c . )  i s  a v i t a l  a r e a  of  research f o r  Egypt. 

The farm s i z e  d i s t r i b u t i o n  histogram f o r  each hod i s  given i n  

t h e  appendix . 

3. Survey Method 

The s o i l  samples were obtained from t h e  bas ins  t o  be planted t o  

cotton o r  r i c e  within t h e  hods. Four ,hods were surveyed i n  t h e  Abu Rays 

cooperative: Matarine 1, Matarine 2, Bakir 1, and Bakir 2 with cu l t iva ted  

a reas  of 560, 335, 438, and 381 feddans re spec t ive ly .  The 1978 co t ton  

and r i c e  farms t o  be sampled were drawn a t  random from t h e  l i s t  of farms 

i n  each hod. The farms sampled represented about 10% of  t h e  t o t a l  

cot ton a rea  and 10% of  t h e  t o t a l  r i c e  a r e a  i n  each hod. Clean shovels 

were used t o  t ake  samples. Samples were obtained from 0 - 20 cm depth. 

Two sampling u n i t s  (sampling u n i t  = one shovel f u l l  of soi l)  were obtained 

from each farm measuring one feddan o r  l e s s .  I f  farms were g r e a t e r  

than one feddan i n  a r e a  then four  sampling u n i t s  obta ineddper  farm. 

Subsoil samples (20 - 40 and 40 - 60 cm) were obtained from a few farms 

(see t a b l e  A 1  and A2 i n  t h e  appendix f o r  infromation on t h e  s i z e  and 

crop r o t a t i o n o f t h e  farms sampled). 



4. Analytical Method 
! 
i 

The samples were air dried. Availability index for phosphorus was 

determined by extracting two subsamples from each sampling unit with 
- 

0.5N NaHC03 ( ) ,  and determining phosphorus by the blue (phosphomolybdo 

comp1ex)method using ascorbic acid as the reductant ( 1. . 
5. Statistical Analysis 

Histograms of the phosphorus values for each basin were prepared 

by usign the HP 9825 A computer to visually examine the normality of the 
i 

distributions*. If visual examination showed nonnormal distribution, 

then a log transfromation was used. The normality of nontransformed 

data was compared to that of the transformed data by using a quick test. 

The standard deviation of each observation was divided by the mean of 

deviations (sign ignored). This ratio is close to 1 . 2 5  for a near 

normal distribution ( ) Other transformations, inay have been used, 

but in, this study a logarithmic transformation was found adequate 
5 . 1 .  Within farm variability 

The paired plot technique ( ) was used to test the mean 

difference between the two sampling units (cores) taken per farm. 
I 
i 

The differences between pairs of cores were calculated (d values). . : 

Then the mean and the standard deviations of the d values were 

determined using the following formulae: 

~ - - 
"(xi - xd12 

- i=l s; - ( 2 )  

-- 
Xd = Mean ofdvalues 

cd = Sum of d values 

n = Number of cotton or rice farms sampled per hod. 

Sd = Standard error of d values - 
e(xi - xd12 = the sum of the squares of the deviations from 

the mean 

* The help of Mr. Helal for preparation of the histogramis acknowleged 
9 



Then t h e  s t u d e n t ' s  t test  was used t o  see i f  t h e  mean o f  t h e  d i f f e r e n c e s  

i n  p a i r s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  from zero u s ing  t h e  fo l lowing  

formula: 

Where a l l  t h e  symbols have a l r eady  been expla ined .  

The two- t a i l ed  t a b l e  wasentered  a t  t h e  5% p r o b a b i l i t y  l e v e l  and 

n-1 degrees  o f  freedom t o  determine t h e  s i g n i f i c a n c e  o f  t h e  t 

va lue .  

5.2. Analysis  o f  Variance 

I n  o r d e r  t o  determine i f  t h e  d i f f e r e n c e s  between s o i l  phosphorus 

l e v e l s  i n  d i f f e r e n t  farms i n  t h e  same summer c rop  and wi th in  t h e  

same hod were s i g n i f i c a n t  t h e  a n a l y s i s  o f  va r i ance  techniques  was 

used ( ) The 2 sampling u n i t s  t aken  from each farm were 

used a s  r e p l i c a t e s .  The t o t a l ,  farm and e r r o r  sums o f  squares ,  and 

mean squares  and F va lues  f o r  farms were c a l c u l a t e d .  

Samples from a l l  bas in s  (hods) wi th  t h e  same summer crop  were analyzed 

t o  determine i f  t h e  s o i l  f e r t i l i t y  o f  d i f f e r e n t  hods were s i g n i f i c a n t l y  

d i f f e r e n t .  

5.3. Sampling Plan and I n t e n s i t y  

Sampling p lan  i n d i c a t e s  how a sample should be  taken  (random, 

s t r a t i f i e d ,  o r  sy s t ema t i c ) .  The a n a l y s i s  o f  va r i ance  r e s u l t s  

were used t o  determine sampling p lan .  

Sampling i n t e n s i t y  determines how many sampling u n i t s  should be  taken  

from an a r e a .  

The number o f  sampling u n i t s  t h a t  w i l l  g ive  a 95% confidence i n t e r v a l  

o f  d i f f e r e n t  l eng ths  were determined by us ing  t h e  fo l lowing  formula: 



Where t is the t value at the 5% level of porbability and the 

degrees of freedom used to calculate s , s is the standard 
deviation and D is confidence interval desired. A t value of 

2.1 was used in this study. 

Results and Discussion 

The phosphorus distirubtion f or all cores taken from cotton farms 

(table 2) show that 18% of the soil surface samples tested low 

(0 - 4 PPM) in phosphorus, and 62% tested medium (4 - 8 PPM). In rice 

farms 6% of the cores tested between 0 and 4 PPM and 58% tested between 

4 and 8 PPM. 

In the rice and cotton field soil samples (table 3), 11% of all 

cores taken tested low (0 - 4 PPM), 60% medium (4 - 8 PPM), 24% high 

(8 - 12) and 5% very high in phosphorus. 

The deep samples showed that (table 4) mean phosphons values for 

cotton fields were 5.3, 5.1 and 8.5 PPM and for rice fields were 7.9, 

6.4 and 7.0 PPM in 0 - 20, 20 - 40, and 40 - 60 cm depth respectively 
(tables 4 6 5) 

The Abu Raya cooperative soils seem to be moderately well-supplied 

with phosphorus. Responses of crops to phosphorus have been in the order 
1 / of 10 to IS%.-- 

Histograms of soil cores (fipXlEA2, appendi* showed that the phosphorus 

distributions were not normal except for one case (bakir 2 cotton farm81 e 

A logarithmic transformation made the distributions look more normal 

(figs A1 6 A2 appendi*. The quick test for normality confirmed the observa- 
* 

tions (talbe 6). The logarithmic transformation reduced the coefficient 

of variability. 
- 

1 Personal communications with Dr. Serry, Director of Soil and Water 
Research Institute 

6% 



All the statistical analyses were performed on the transformed 

data. 

The results showed that the mean differences between the two cores 

taken per farm on the same hod were small and nonsignificant in 7 out 

of 8 basins. The mean core difference of one PPM was statistically 

significant for Bakir 2 cotton fields. However, for practical purposes 

the differences are small. 

The between farm differences in the mean phosphorus level..were 

not significant in 5 out of 8 basins 

The differences in phosphrus levels of different crop basins in 

the same hod were significant. 

6.1. Sampling Plan 

The question of sampling plan and strategy (how to take samples) 

needs a thorough discussion. The ideal sampling strategp'wbuld 

be to have each farmer take a soil sample from his farm'and have 

it analyzed. This plan can not be used in Egypt at this time due 

to the lack of funds, the necessary infrastructure and laboratory 

facilities. The economical feasibility of this ideal sampling 

plan should be studied. Since the average farm size in Egypt is 

small (about 2 F), the cost of soil sampling is relatively large. 

Considering that there are about 6,000,000 feddans of cultivated 

land in Egypt, 3,000,000 samples would be tested under the ideal 

soil sampling strategy discussed above, assuming annual sampling 

and testing. 

The second strategy is sampling each crop basin (cotton V.S. rice) 

in a hod and making fertilizer recommendations accordingly. The 

results of this study show that this strategy will help many farmers 

in the crop basin, but theoretically may penalize the farmers 

with very low and very high soil fertility compared to the fdeal 

strategy. To examine this possibility let us compare fertilizer 

recommendations for one crop such as cotton based on the average 

soil fertility level of the crop basin versus the recommendations 



based on soil fertility level of each farm. A general recommendation 

currently used in Egypt for phosphorus fertilizer recommendation for 

cotton is that soils testing 8 PPM of phosphorus (P) or lower, require 
I I 

phosphorus fertilizer$' Let us use Bakir 2 cotton basin as an 

example. This basin showed that farm fertility levels were signifi- 

cantly different. The average farm phosphorus levels ranged from 

about 4 PPM to 7 PPM. Based on these data the phosphorus fertilizer 
recommendation will be the same 

hfor all the farms. Therefore, in this case sampling each farm 

separately or sampling the cotton basin as a whole would have resulted 

in the same fertilizer recommendation. 

Based on the data obtained from 130 farms in Abu Raya cooperative, it 

is recommended that each crop basin be soil sampled at random for the 

purpose of phosphorus fertilizer recommendation. A recommendation 

for other elements will be made after data for other elements have been 

analyzed. 

6.2. Sampling intensity 

As was mentioned before the phosphorus distirbutions were not normal 

and were transformed to their logarithmic analogues. The analysis of 

the transformed data (table 8) show that the number of cores required 

to composite in order to get a 95% confidence interval (CI) of about 

?'i120% of the geometric mean ranged from 9 to 31. The numbers 

required for a CI of f 10% was excessive (31 to 111). For a field 

testing low in phophorus (less than 8 PPM) the difference between 10 

and 20% confidence intervals is small. Therefore one may choose h e  

20% CI for practical purposes. 

Using a CI of 2 20%, it is recommended that 30 cores per any crop 

basin within a hod be obtained. These cores then should be thoroughly 

mixed in a plastic bucket or pan to prevent contamination of soil with 

micronutrients such as zinc and iron. Then a subsample will be obtained 

and called the "composite sample". This sample should be air 

1/ Personal communication with Dr. Ali Serry, Direcotr of Soil and Water . - 
Research Institute. 



dr ied  a s  soon a s  poss ib le ,  placed i n  sampling bags, marked porperly and 

sent  t o  t h e  laboratory f o r  ana lys i s  and f e r t i l i z e r  recommendations. The 

loboratory making t h e  f e r t i l i z e r  recommendations should receive  with 

each sample information about crop ro ta t ion  used, y ie ld  l eve l s ,  and s o i l  

types.  . 

Another question t o  be answered is how of ten  one should sample t h e  f i e l d .  

For elements such a s  ni trogen,  s o i l  sampling and t e s t i n g  before each crop 

may be required.  But, f o r  P ,  one sample may be obtained per year.  The 

sample may be obtained before t h e  winter crop and a phosphorus f e r t i l i z e r  

recommendation f o r  a l l  crops i n  t h e  rotationmade accordingly. Before 

winter  crops a r e  p lan ted , so i l s  a r e  r e l a t i v e l y  dry, thusmakingethe sampling 

task  e a s i e r .  Use of s t a i n l e s s  s t e e l  s o i l  sampling tubes is more convenient. 

If t h e  s o i l  i s  wet during sampling, then a s t a i n l e s s  s t e e l  auger may be 

used. 

6.3 .  Sampling depth 

A l imited number of  farms were sampled t o  a depth of 60 cms. The r e s u l t s  

indica ted  t h a t  mean s o i l  phosphorus l e v e l s  were 5.3 t o  8.5 i n  

surface  s o i l  and : subsoi l  i n  cot ton farms. These values were 7 .9  

and 6.4  f o r  r i c e  farms. Therefore, it is recommended thatmore s o i l  sampling 

accompanied by s o i l  t e s t  c a l i b r a t i o n  experimehts be ca r r i ed  out t o  determine 

t h e  importance of deep sampling. The coef f i c ien t  of  v a r i a b i l i t i e s  i n  

cotton and r i c e  f i e l d s  were higher f o r  deep samples compared t o  t h e  surface  

samples. This observation i s  contrary t o  t h e  common b e l i e f  t h a t  surface  

s o i l  f e r t i l i t y  i s  more heterogeneous than subsoi l  f e r t i l i t y  ( 1 
The high c lay  content of  Abu Raya s o i l s  and cracking of these  s o i l s  and 

subsequent f a l l i n g  of surface  s o i l  t o  t h e  subsoil  layers  through these  

cracks may be responsible f o r  t h e  heterogeneityof subsoi l .  

Therefore, it is recommended t h a t  a t  tqis time deep s o i l  samples,(to a depth 

of 60 cm) be obtained f o r  s o i l  f e r t i l i t y  determinations. The i n t e n s i t y  

of s o i l  sampling was determined by using t h e  data  of surface  s o i l s .  The 

i n t e n s i t y  of  sampling . . may be ca lcula ted  from t h e  subsoil  

f e r t i l i t y  da ta  when more d a t a  a r e  ava i l ab le  



7. Conclusions 

'The soil fertility SruveY. indicated that farm in Abu Raya basin 

are moderately supplied with available soil phosphorus. The increase 

in yields due to phosphorus fertilization is estimated at about 

10 to 15% in general. The soil fertility survey indicated that 

within farm variability was samll, on the average. The phosphorus 

level in farms within the same crop basin were not significantly 

different in 5 out of 8 basins* 

The results indicated that each crop basin should be sampled 

separately for a phosphorus fertilizer recommendation. Each sample 

should be taken from 0 - 60 cm depth and be a composite of at least 
30 cores taken per each cotton or rice basin. This sampling 

intensity resutls in a sampling error of about - + 20 %. 

The detailed procedure for sampling has been discussed in the text 
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TABLE 2 , FREQUENCY AND RELATIVE FREQUENCY OF DIFFERENT SOIL 

PHOSPHRUS LEVELS I N  ABU RAIA COOPERATIVE FOR COTTON 

AND RICE FIELDS, 

I 
PHOSPORUS 

CROP CLASS FREQLIENCY RELATIVE FREQUENCY 
L 

i 

P, PPM M l *  112 B 1  B2 M 1  M2 B 1  B2 COFiBI NED 1 ....................... 
% I i 

I 

COTTON 0 - 4  1 8 3 9 5 1 7  1 7  29 18 I 
I 

RICE 
4 

I 
0 - 4 2 1 2 4  5 2 5 1 2  6 i 

* PI1 = MATARINE 1 

M2 = MATARINE 2 

B 1  = BAKIR 1 

B2 = BAKIR 2 



TABLE 3, DISTRIBUTION OF PHOSPHORUS I N  COTTON AND RICE FIELDS 

PHOSPHORUS FREG, REL, FREG, 

PPM 



TABLE 4 ,  PHOSPHORUS VALUES I N  DEEP SAMPLES - COTTON FARMS 

P, PPM 
2 0 - 4 0  CM 

PI EAN S 8 3  



TABLE 5, PHOSPHORUS VALUES I N  DEEP SAMPLES - RICE FARMS 

P, PPM 

~ 

MEAN 7i9 



TABLE 6 , -  The.coefficient of variabilities and - s values for the 
- a 

nontransformed and the transformed data. 

RICE NONTRANSFORMED 

COTTON 

LOG TRANSFORMED 



TABLE 7,  MEAN PHOSPHORUS VALUES FOR DIFFERENT HODS 

COTTON RICE 

PPM PPM 
- 

MATARINE 1 X = 6.0 = 8 ,4  

FMTARINE 2 7,2 8 , 3  

BAKIR 1 

BAKIR 2 



TABLE 8, - NUMBER OF CORES TO COlJlPOSITE TO GET 95% 

CONFIDENCE INTERVAL INDICATED BELOW AS 

% GEOMETRIC MEAN 1 

COTTON 91-110% - 83-120% 77-130% -- 71-140X --- 67-150% 

RICE 

M 1 

M 2 

B 1 

B 2 
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T A l e  Al: Data  c o l l e c t e d  i n  khe  c o t t o n '  f a rms  sampled i n  1978. 

BEST AVAILABLE COPY 

, Hod ID. 

Natarine 
1 

with 
a 

t o t a l  
area 

of 
100 E'. 

Planted 
t o  

Cotton 

I 

P r e v i o u s  Crops  

Summer Win te r  

R i c e  Berseem 

R i c e  Berseem 

R i c e  Berseem 

R i c e  Fa l low 

R i c e  Berseem 

R i c e  Chlck 
Peas  

R i c e  Fa l low 

R i c e  Fa l low 

Farm I D  Manure 

m3/F 

15 

0 

0 

20 

0 

0 

0 

S o i l  Sample ID 

0- 0 
c:. 

1 
1 2 

3 2 4 

5 3 
6 

7 4 
10  

1 3  
14 

3 13A 
14A 

15 
6 1 6  1 

I 

Farm S i z e  , Farmer Name 

F 
I 

1 
, Mohamed 
I Agibah 

I I b r ah im 
Abdul lah  

Hanem Mossa 

I 

' Fahmi Abo- , E l  Ezz 

; F a t h i  
, Gada l l ah  
I 

- - 

Khal id  El -  
4 Shoubry 
I I Moustafa 
I E l  Mal lah  

I t 
/ Abdel Hamid 
~l Shoubr i  

I 

Phosphorus  
0-20 
c m  . 

P P ~  

8 .5  
9.0 

5 .5  
5.5 

4.5 
5.0 

5.0 
5.5 

- 
9 .5  
5.5 
5 .5  

5 .5  - 
4.5  
5 .5  
4 .5  
7.0 

5 .5  
5.5 
8.0 
4 .5  

20-40 ' 40-60 

1 
I 

i 

20-40 
c m .  

P P ~  

2 

5.5 
4 .5  

c m .  

8 
11 

( p U 7 a l u e s  
40-60 

c m .  

P P ~  

5.5 
5 .5  

c m  . 

9 
1 2  

I 

l7 1 8  1 7 
17A 
18A 

13  
2 0 8 
19A 
2 0A 

/ 



~ L b l e  A1 - Continued 
I 1 

Soil Sample ID 

[Iod ID Previous Crops Manure 

Mat ar ine' 
.? I Rice 

with I 
a 1 2  2 3 2 4 Fallow 20 total 2 6 27 I 

area 1 1 I 1 I 
Rice Berseem 

Planted; 
I 

tc 1 4 
31 1 Rice Berseem 

cotton 32 
6 ( Rice ~erseeml 15 

I 
3 5 Rice Berseem 
3 6 - 

6 3 5A 
3 6A I / 

Rice Berseem 15 

Rice Berseem 15 
4 0 1 

i 9 
4 1 

I 

Rice Berseem - 
4 4 

Phosphorus (P) Values 
0-20 20-40 40-60 Farm Size Farmer Name 
cm . cm. cm. 

I I 

Ahmed 
Gadallah 

Abdel-Alim 
, Gadallah 

Mohame 
Gadallah 

Mansour 
Mansour 

Ramzy Eliwa 

Hamed El- 
Sawi 

5.5 

24.0 Ahmed Shoeb 
11.0 

13.0 El Shamekh 
8.0 El Senosi 

4.5 8.0 15.0 Mohamed 
7.0 - 15.5 Abdou 

8.0 Abdel-Gawad 
10.0 Zayaan 



?Cable A1 - Continued - 

Previous Crops 
7. 
Hod ID 

Soil Samplev ID 

Manure ' 

I 
ymID 0-20 cm . 

m 3 / ~  

15 

1 ~unvner winter 

20-40 
cm. 

b l a t a r i n e  

a  

2 
w i t h  

total 

Phosphorus 
0-20 ' 40-60 - 

cn . 

I I 4-0 I I 
Metwally 

I l l  i 1 I 1 

Farm Size 
cm . 
P P ~  

10.0 
10.0 
4.0 
5.0 

51 
5 2 

240 F. 1 l2 

Farmer Name 

F 
I 

4 9 

11 5 0 
4 9A 
5 0A 

+ 

5.5 
5.0 

7.0 
3.5 

4.0 
9.0 
7.0 
5.5 

5.0 
6.0 

2.5 
5.5 

8.5 
3.5 

4.0 
15.5 
9.0 
6.0 

9.5 

20-40 

i 
1 
I 

p l a n t e d  

Ahmed 
Shehata 

I 

Rice Berseem L 
(,P) Values 
40-60 

cm. 

P P ~  

Rice BerSeemI - 

13 5 3 
54 , 

Om-Mohamed 
Helal 

Mohamed 
Hamad 

Fad1 Zidan 

Shaf ika 
Essa 

Shaf ika 

cm. 

P P ~  

5.6 
4.0 

2 0 

- 

2 0 

20 

15 

15 

t 0 

C o t t o n  

I Essa 
Abdel Wahab 
Zahra 

Basioni 
El Zohery 

Hanem 

11.0 
8.5 

I Rice Fallow - 

70 

2: 1 14 
5 5A 
5 6A 

--- 

/ Rice Berseem 

15 57 
58 

16 59 

, 1 Rice Fallow 

Rice Berseem 
60 1 

17 61 1 1; 
64 1 
67 

18 68 1 
6 7A 
6 8A 

69 

6 3 
6 6 

Rice Berseem 

Rice Berseem 

Rice Berseem 



T a b l e  A1 - Cont inued 

I 
- - / S o i l  Sample- ID 1 I 

!iod I D  -.- , Farm ID=, 4/;6! j P r e v i o u s  Crops  I Manure 

Summer Win te r  m 3 / ~  
I I 1 1 I 

Bakir 
1 

with 
a 

t o t a l  
a r e a  

0 f 

7 1  Rice  Berseem 
7 2 

1 7 1 A  10 
7 2A 

2 
i I R i c e  Berseem 20 

74  73  I ! 
Fed.  

Planted 

I Rice  Berseem 

3 7 5 7 6  ; 77 1 Rice  Fal low 
7 8  j 79 80 I 

1 I 

20 

1 R i c e  Berseem 
8 4 

Phosphorus ( p )  Values  
0-20 120-401 40-60 

- 

- 

Rice  Onion 

Rice Berseem 
2 5 

Farm S i z e  Farmer Hame 
cm. I cm. 

F a t h i a  E l -  
Sebaey +- cm. 

Abo-El Yazed 

I ! 

Abdel-Sa l a m  
E l  Nezami 

I F a t h i  
I X h a l i f a  
I 

E l  Sayed 
Baraka 

Abdel-Alim 
E l  Zayaat  



" T a b l e  A1 - c o n t i n u e d  

I I 1 I I 
I 

:od ID-- 
Farm I D  

1 2 1 1 . , Rice ~ e r s e e m l  
160  
Fed. 

B a k i r  
2 

with 
a 

total 

Planted 1 9 7 98 i 99 I Rice Berseem 

to , 1 0 0  / 1 0 1  ; 102 
Cotton / I I I 

I t 

S o i l ,  Sample  I D  I 
I 

9 3 

1 9 4 
9 3A 
9 4A 

R e f a a t  
Ghanem 

Manure 

m 3 / ~  

0- 0  
cm2. 

i T T  ' 87 
9 0 

Bahnas  
Ghanem 

1 5  
88 3; R i c e  Berseem 
9 1 

R i c e  Berseem 

I 

! I 

Mansour 
K h i d r  

20-40 40-60 
c m  . c n  . 

Rice Berseem 

P h o s p h o r u s  ( R )  V a l u e s  
P r e v i o u s  C r o p s  

1 5  

Nehnaah 
E l  B e h e r i  

Abdel-Aziz 
Abdel-Hadi  

, 

Farm S i z e  

F  

0-20 
c m  . 

PPm 

4 . 0  
7 .0  

I I Summer W i n t e r  
-- 

R i c e  Berseem I lo 

Farmer  Name 

5 .0  
5 .0  
3 . 5  
6 . 0  

Abdel  A z i z  
Hamada 

20-401 43-60 
c m .  cm. 

5.0 
4.0 

PPm 

5 .5  
9.0 1 

I I 

I 
1 
I I 

PPm 

S h a h i n  
S h a h i n  

R i c e  Berseem - 



- T a b l e  A 1  - C o n t i n u e d  
I 7 

P r e v i o u s  C r o p s  

S l m m e r  W i n t e r  

R i c e  ~ e r s e e m  

R i c e  F a l l o w  

R i c e  B e r s e e m  

R i c e  B e r s e e m  

R i c e  B e r s e e m  

R i c e  B e r s e e m  

I M a n u r e  

Naema , B a r a k a  

Mohamed 
Hamad 

P h o s p h o r u s  (PI V a l u e s  

i A l i  E l -  I Kadom 

. 
F a r m  S i z e  

F 

0-20 
c m  . 

PPm 

A l i  E l -  
Kadom 

A b d e l - S a m i  
E l  Z a y a a t  

I 
1 Amnah 
j A b d e l - H a d i  

F a r m e r  Name - 

BEST AVAILABLE COPY 

. .- . 

2 0 - 4 0  
cm. 

PPm 

40 -60  
c m .  

PPm 



T a b l e  A-2. D a t a  c o l l e c t e d  i n  t h e  r ice f a r m s  s a m p l e d  i n  1 9 7 8 .  

I 
I 

Ilod I D  - I F a r m I D  Manure 

m 3 / ~  

P r e v i o u s  C r o p s  

summer w i n t e r  

S o i l  
- tmZe0 

C o t t o n  ~ e r s e e m  

C o t t o n  F l a x  

I 
I 

' Farm S i z e  F a r m e r  Name 
I 

F I 
1 

I I b r a h i m  1 Shaanon  
I 

1 Ansaf  E l -  
B a d r  i 

P h o s p h o r u s  
0-20 
c m  . 

P P ~  

9.0 
9.0 

11.0 
11.0 

I b r a h i m  ~ 1 -  
I B a d r i  

Hanem E l -  1 B a r a q i  

' A z i z a  I s m a i l  
/ 
1 ASdel  H a i  
1 S u l t a n  
I 
1 
1 l l o u s t a f a  
i G a d a l l a h  
I 

I 

I Ahmed Abde l -  
Rahman 

1 Azzah E l -  : Garoon  

S o b h i  
G a d a l l a h  

Mohamed 
I G a d a l l a h  
I 
I 
I 
I 

S a m p l e  ID 

5.0 
7.0 

6.0 
6.0 

7.0 
5.5 

5.5 
8.5 

14.0 
9.0 

5.5 
11.5 

3.5 
8.5 

21.5 - 
11.0 
9.5 

' latarine 
1 

with a - 
t o t a l  

area 
of 

Fed. 

Planted 
t o 

Rice - 

c o t t o n  F l a z  j 
j 

C o t t o n  Wheat  1 I 

C o t t o n  Wheat  

C o t t o n  Wheat  

C o t t o n  B e r s e e m  

I 
C o t t o n  Berseem / 

- 
2 0  c m .  40 

- - 

20-40 
cm. 

P P ~  

1 287 
.288  

2  2 8 5  
286 

283  3  284 

2 8 1  4 282 

5  279 
280 

277 6  278  

7  275  
276 

8  269 
272 

9  263  
266 

1 0  2 6 1  
262 

11 259 
260 

I 

I 

I 

C o t t o n  F l a x  

C o t t o n  Berseem 

C o t t o n  Wheat  

- 
4 0  clil 60 . 

-- - -- - 

V a l u e s  
40-60 

cm. 

P P ~  

6.0 
5.5 

6.0 
5.5 

270 
2 7 3  

264 
267 

I 

11.0 
5.5 

20.0 
10.0 

2 7 1  
274 

265  
268 

j 



. Table-A2 - Continued 
1 . 

ID E m  ID - 

) / Cotton ~kiseem 

Soil Sample ID 
0- 0 20-40 40-60 1 
c:. I Previous Crops 

cm . cn . 
I I I 

349 1 I I Cotton Flaz 
350 

I 

I 

Cotton Wheat 

i Summer winter 

Cotton Flax 

2 0 291 

1 294 

Hanem Mossa 

Manure 

I 

292 293 
295 1 296 

7 5.5 
5.5 

Cotton Wheat 

. 
Farm Size I Farmer Name 

Phosphorus ( p )  values 

8.0 
4.0 

5.0 
5.5 

5.0 
7.0 

10.0 
16.0 

6.0 
4.0 

11 .O 
8.5 

0-20 
cm . 

1 
! 

6.0 
8.5 

20-401 40-60 
cn. ( cm. 

Ibrahim 
Gadallah 

r 
! 

I 

i 
I .  
! 

1 
I 
I 

8.5 / 5.0 
5.0 3.0 

Ibrahim 
Shaanon 

Hassain 
Thabet 

Mohamed 
Henish 

Om Ibrahim 
Ahmed 

Saad Asaad 

Mohieldine 
El Shabry 

Abdel Atif 
Farag 



- � able A2 - Cont inued 

114 I 115 I 316 I 
, , 5 . 5  , 5.0  , 4.0 , , Gada l l ah  

Manure ' 

m 3 / ~  

Iiod I D  /- 
Farm I D  

Phosphorus  
0-20 
cm . 

PPm 

9.5 
18.0 

9 .0  
8.5 

1 2 . 5  
6.0 

9.0 
8.5 

8 .5  
5.0 

11 .5  
8.5 

9.0 
7.0 

8 .5  
11 .5  

21.5 
1 0 . 5  

8 .5  
9 .0  

5 .0  

Farm S i z e  

F  

I 
" S o i l  Sample I D  

Farmer Name 

Mohamed 
Hamad 

Hohamed I s s a  

Abdel Hamid 
Ahmed 

Kar ina  
Zaahra  

B e d i r  
Shalaby 

Hanem S a l e h  

Mohamed E l -  
Asnag 

Amina 
Hussa in  

Ahmed Abdel- 
Baki 

Mabrouka 
Gada l l ah  - 
Abdel A l i m  

(P) Values  
P r e v i o u s  Crops  

Summer Win te r  

20-40 
c m .  

PPm 

5.0  

40-60 
c m .  

PPm 

7.0 

' 40-60 
c n  . 

238 
241 

0- 0  
cm2. 

Matarine 
2 

with 
a total 

area 
0 f 

I 

Fed. 

I wheat 

20-40 
c m  . 

1 233 
-234 

- -- -. - - 
2  235 

236 
-- 

3  237 
240 

239 
242 
-- - 

Planted 

C o t t o n  Wheat 

C o t t o n  F l a x  

.- 
4.0 / 12.0  

4  243 
244 

7.0 
8.0 

4.0 
8 .0  

4.0 

2:; 
. - - -. -- . . - -- - 

6  247 
250 

253 7  
254 

8  255 
256 

9 
257 
258 

1 0  305 
308 

11 311 

C o t t o n  Wheat 

Co t ton  F l a x  

- - -- - -- -- 
C o t t o n  Wheat 

C o t t o n  Bean 

C o t t o n  F l a x  

C o t t o n  F l a x  

Cot t o n  Wheat 

C o t t o n  F l a x  

11 .5  
1 1 . 0  

7.0 
9 .0  

2.5 

1 
I 

- 
248 
251 

306 
309 

312 

. 

249 
252 

I 

307 
310 

313 



 able A2 - Continued 
I I r I i I I 

S o i l  Sample I D  Phosl 
20-40 ' 40-60 Prev ious  Crops Manure 0-20 

cm . cn . cm . 
Summer Winter m 3 / ~  PPm 

. . 
Cot ton  Wheat 

' 
5.0 
7.0 

320 321 Cot ton Berse  
323 1 324 1 1 I !:: 

Cotton Berseem 7.0 
I 5.5 

I 1 Cot ton Wheat I 11::: 

Farm S i r e  I Farmer ilame 

I I Salem Maari  
I 

5.5 8 .0  Abdel A l i m  
4.0 - Gadal lah 

I Mansour 
Abdel Rahman 

E l  Z a r i f  
Ibrahim 

Cot ton  F l a x  I Moustafa 
I E l  Mallah 

I l7 

I Cot ton F l a x  
334 333 1 I 1 I Taha Mansour 

/ Cot ton  F l a x  

I 

Mohamed 
E l  Sokkary 

( Cotton F l a x  
338 337 1 / I 1 Gamil El iwa 

I 20 
339 1 I I Cot ton  W r s e w  
340 

Hamada Eliwa 

Cot ton I3erseen 

21 341 
342 

22 343 
344 

Cot ton Wheat 

Cot ton  Wrseem 

3.5 
9.0 

6.0 
9 .5  

1 

Ibrahim 
Eliwa 

Hamad Elsawi  



* T a b l e  A2 - C o n t i n u e d  

I I [ I 1 summer w i n t e r  I m 3 / ~  - I S o i l  Sample  ID 
Previous 

cm . cln . 

Bakir 
1 I - 1 4 4  ld3 1 

Manure 

! C o t t o n  ~ e r s e e m  

with 
I 

1 4 5  1 4 6  1 4 7  C o t t o n  Berseem 
total 1 4 8  149  / 150  

o f C o t t o n  F l a x  

I 

1 5 3  Planted C o t t o n  F l a x  

t 0 

5  
C o t t o n  F l a x  

I :EI: I I C o t t o n  F l a x  I 
I C o t t o n  Wheat  

1 
I 8  1 6 1  1 6 2  1 6 3  C o t t o n  B e r s e e m  

1 6 4  / 1 6 5  1 166  1 
1 1 6 7  1 I 1 C o t t o n  F l a x  

1 6 8  I 
C o t t o n  Wheat 

P h o s p h o r u s  (PI V a l u e s  
0-20 / 20-401 Farm S i z e  F a r m e r  PIarne 
cm. I cm. I c m .  I I 

E l  S h a w a d f i  
A t t i a  

5 . 5  
6 .0  

I Sayed  
5 . 0  B a r a k a h  

5 . 5  
9 .5  

9 . 5  
6 . 0  

Yosef  
B a r a k a h  

8.0 
2 . 5  

Mahmoud 
A t t i a  

Mohamed E l -  
Z a y a a t  

Seham Zayec! 

Khadra  Zayed 

4 . 5  
4 . 5  

L o t f  i a  
I s m a i l  

A b d e l  A z i z  
A b d e l  Hadi  



~abl'e'A2 - Continued 

5.5 Rahman 
Shalaby 

! 18 193 Cotton Flax ' 6.0 
194 5.0 

i Shinnawy 
I 

5.5 19 5 Cotton Berseem Abdel- 1 19 
196 5.5 Monem El- 

! Shinnawy 

i 
i 
I 

! 

I 
1 



~ a b i e  A2 - Cont inued  

Manure 

m3/F 

I 

P r e v i o u s  Crops  

Summer Win te r  

C o t t o n  Berseem 

I 

I 
Od I D / m I D  - 

I 
I 

S o i l  
- 0 2. Farm S i z e  ' Farr i~er  Name 

F 

I Shaheen 
1 Shaheen 
I 

I Mohamed 
/ Hamad 

[ E l  S a i d  ' 

j blossa 

F a t a h a l l a  
I E ~  Naggar 

' Mohamed 
: E l  Naggar 

1~li  El-  
;Naggar 

'Abdel-Maabad 
Salem 

I 
: E l  Sayed 
[Salem 

]El  Sayed 
Salama 
I 
I 
'Fahmi 
l ~ e l t a g i  

!yonis  H e l a l  

1 
I i 

Phosphorus  
0-20 
cm . 
PPm 

6.0 
7.0 

4.5 
4.0 

6 .0  
5 .5  

5 .5  
4.0 

5 .5  
5.0 

5 .5  
4.0 

5 .0  
6 .0  

7.0 
9.0 

6.0 
9 .5  

5.5 
8 .0  

9 .5  
16 .0  

a 

total 
area 
of 

, - 
Fed. 

Planted 
t 0 

Rice 

I 

Sample I D  

2  129 
130 

3  1 3 1  
132 

4  133 
136  

139 5 
140 

- 
1 4 1  6  
142 

I 
197 7  
198 

Bakir 
2 

with 

i I C o t t o n  Wheat 

(P) Values  
20-40 

c m  . 

1 231 
' 232 

1 ,  
I 

134  1 135 
137 1 138  

, 
I 
i 

20-40 
cm. 

PPm 

' 40-60 
m. 

C o t t o n  F l a x  

C o t t o n  F l a x  

C o t t o n  F l a x  

C o t t o n  F l a x  

C o t t o n  Wheat 

C o t t o n  Berseem 

C o t t o n  Wheat 

8  199 / 200 ' 201 
202 203 / 204 

40-60 . 
c m .  

PPm 

I 

I 
1 1 C o t t o n  Berseem 

1 \ 

I 1 C o t t o n  Berseem 
I 

I 

i I I 

9 205 
208 

1 0  211 
214 

217 11 

206 1 207 
209 1 210 

I 
212 1 213 
215 1 216 

I 

I 

I 218 

1 I 

4.4 
6 .0  

4.0 
8.0 

1 
1 

5.0 
5.5 

5.0 
5 .0  

5.0 5 .0  
8 .5  1 4.5 

6 .0  5.0 
8.5 5 .5  

I 
I I 



; Tabre A2 - Continued 

, 
I 
I 

I 

Phosphorus (P) Values I I 
0-20 120-401 40-60 1 Farm S i z e  f Farmer- Name 

6 . 0  I . I . .  I E l  Said 
8 . 0  ! Hashem 

cm . 
PPm 

9 . 5  
1 6 . 0  

I / Wafik 
6 . 0  j Shahin 

i Fathi 
8 . 0  I I i Shahin 

cm :' 

PPm 

cm . 
PPm 

1 2 . 0  
8 . 5  

4.0 
5 . 5  

F 

1 Abdel Fattah 
I A t t i a  

1 E?r.%.ki 

I Moustaf a 1 Shahren 

I 
I I I 
I ! 

I 
I 
i 

I 
I I 



Fig. A 1  - Soil Phosphorus, PPM 
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Fig. A 1  - Log of S o i l  Phosphorus Values i n  PPrl 
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Fig. A 1  - S o i l  Phosphorus, PPM 
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F i g .  A1 - Log of S o i l  Phosphorus Values i n  PPM 
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Fig.  A 1  - S o i l  Phosphorus, PPM 
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Fig.  A 1  - Log of S o i l  Phosphorus Values  i n  PPM 
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F i g .  A1 - Soil Phosphorus, PPM 
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Fig .  A 1  - Log of  S o i l  Phosphorus Va lues  i n  PPM 
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F i g . A 2  - Log of Soil Phosphorus Values in PPM 
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Fig. A2 - Soil Phosphorus, PPM 
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Fig. A2 - Soil Phosphorus, PPPl 
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F i g .  A 2  - Log o f  S o i l  Phosphorus Va lues  i n  PPM 
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Fig.  A2 - S o i l  Phosphorus, PPM 
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F i g .  A 2  - Log o f  S o i l  Phosphorus  V a l u e s  i n  PPM 
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Fig. A2 - Soil Phosphorus, PPM 
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Fig .  A 2  - S o i l  Phosphorus Values  i n  PPM 
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SOIL AND LAND CLASSIFTCATTON 

R.  D .  Hei l  

January,  1979 

In t roduc t ion  

A .  S o i l  C l a s s i f i c a t i o n  

1. S o i l  and Land C l a s s i f i c a t i o n  Approach ---- - 

A t  t h e  p re sen t  t ime,  r o i l s  a r e  being c l a s s i f i e d  a t  t h e  h ighe r  
taxonomic ca t egor i e s  and according t o  s a l i n i t y ,  sodium, t e x t u r e  and 
depth t o  water t a b l e .  

The concern o f  both D r .  Dotzenko and M r .  Ahmed was t h a t  a l though 
t h e  above c r i t e r i a  a r e  needed f o r  a s s e s s i n g  t h e  o p p o r t u n i t i e s  and/or  
c o n s t r a i n t s  s o i l s  o f f e r  r e l a t i v e  t o  i r r i g a t e d  a g r i c u l t u r e ,  some o f  t h e s e ,  
namely, sodium, s a l i n i t y  and depth t o  wa te r t ab l e  can change, and 
groupings o f  s o i l s  wi th  major emphasis on t h e s e  v a r i a b l e s  may no t  
adequately r e f l e c t  t h e  cause o f  a  problem o r  provide s o i l  u n i t s  needed 
f o r  expressing more comprehensive i n t e r p r e t i v e  information.  

M r .  Ahmed recognized t h e  s i g n i f i c a n c e  of  t h i s  f a c t o r ,  t h u s  one 
o f  h i s  f i r s t  r eques t s  of  me was t o  a i d  i n  c l a s s i f y i n g  t h e  s o i l s  a t  t h e  
lower taxonomic c a t e g o r i e s ,  i . e .  f a m i l i e s ,  s e r i e s  and/or phases.  

These e f f o r t s  revealed t h a t  p re sen t  c r i t e r i a  f o r  c l a s s i f y i n g  s o i l s  
a t  t h e  fanlily category a r e  adequate f o r  desc r ib ing  t e x t u r a l  p r o p e r t i e s  
which a r e  s i g n i f i c a n t  f o r  a s se s s ing  f a c t o r s  important t o  i r r i g a t i o n  
management, i . e . ,  water  r e t e n t i o n ,  movement and o v e r a l l  d ra inage  regime. 
Some s o i l s  having extreme s t r a t i f i c a t i o n ,  i . e . ,  s eve ra l  t h i n  l a y e r s  of 
m a t e r i a l s  wi th  widely d i f f e r e n t  t e x t u r a l  p r o p e r t i e s ,  were not  r e f l e c t e d  
very well  a t  t h e  family l e v e l .  I t  is  suggested t h a t  t h e s e  s o i l s  be 
i d e n t i f i e d  e i t h e r  a t  t h e  s e r i e s  o r  phase l e v e l .  

In a d d i t i o n  t o  c l a s s i f y i n g  s o i l s  a t  t h e  family l e v e l ,  it appears 
t h a t  s eve ra l  s o i l  p r o p e r t i e s  which a r e  p r e s e n t l y  being observed, but  
no t  being considered f o r  grouping s o i l s ,  should be considered f o r  
developing s e r i e s  and/or phases of  s o i l s .  These p r o p e r t i e s  and t h e i r  
s i g n i f i c a n c e  f o r  being considered a r e  d iscussed  below. 

S l i ckens ides  

A l a r g e  number of  t h e  f i n e  t ex tu red  s o i l s  e x h i b i t  a  c h a r a c t e r i s t i c  
def ined  a s  "s l ickensides".  S l i ckens ides  r e f l e c t  a  high degree o f  
shr ink-swell  and a p o t e n t i a l  f o r  what i s  know as " s e l f  churning". S o i l s  
and/or  s o i l  l a y e r s  e x h i b i t i n g  t h i s  c h a r a c t e r i s t i c  con ta in  a  h igh  propor- 
t i o n  of  shr ink-swell  type  c l a y s  and have t h e  a b i l i t y  t o  c rack  both 
v e r t i c a l l y  and h o r i z o n t a l l y  upon dry ing .  They may crack t o  depths of 
1 meter o r  more. 



This  f a c t o r  may be s i g n i f i c a n t  based on t h e  f a c t  t h a t  t h e  depth a t  
which these  s l i ckens ided  l a y e r s  occur  v a r i e s  among s o i l s  a s  well  a s  
t h e i r  t h i ckness  wi th in  s o i l s .  This  r e l a t i o n s h i p  may be important r e l a -  
t i v e  t o  t h e  fol lowing:  

1. May a f f e c t  t h e  r a t e  a t  which water t a b l e s  r i s e  and f a l l .  

2 .  I f  s o i l s  a r e  cracked, excess ive  water  may be requi red  t o  wet 
t h e s e  s o i l s .  

3. I r r i g a t i o n  of  t h e  s o i l s  when cracked causes t h e  s o i l  t o  wet 
from t h e  bottom of  t h e  c racks  upward and may in f luence  s a l t  movement 
within t h e  p r o f i l e .  

4 .  High shr ink-swel l  p o t e n t i a l  may a f f e c t  t h e  c o s t  o f  i n s t a l l i n g  
and maintaining both c losed  and open d r a i n  systems. 

In summary, t h e  presence and/or absence and/or ex t en t  of c racking ,  
both by degree and by depth may s i g n i f i c a n t l y  e f f e c t  t h e  dra inage ,  
s a l i n i t y ,  a l k a l i n i t y  and water  movement c h a r a c t e r i s t i c s  i n  t h e s e  s o i l s .  

Gypsum 

Free gypsum has been descr ibed  a s  being p re sen t  wi th in  a  depth of  
150 cm i n  a  number o f  s o i l  p r o f i l e s .  This  proper ty  may be use fu l  f o r  
a s s e s s i n g  t h e  dra inage  r e l a t i o n s h i p s  among s o i l s .  

Pores and S o i l  S t r u c t u r e  - 
Many of t h e  f ine - t ex tu red  s o i l s ,  dependent on t h e  p a r t i c u l a r  hor izons ,  

a r e  descr ibed  a s  having many observable pores  p re sen t  i n  t h e  s o i l  
s t r u c t u r a l  u n i t s ,  p a r t i c u l a r l y  a t  lower depths i n  t h e  p r o f i l e .  Th i s  
p rope r ty  a s  wel l  a s  t h e  grade,  type  and s i z e  of  s t r u c t u r a l  u n i t s  should 
be considered i n  terms o f  t h e i r  p o t e n t i a l  r e l a t i o n s h i p  t o  permeabi l i ty .  
Extent o f  pore space i n  t h e s e  s o i l s  i n d i c a t e s  a  r e l a t i v e l y  high 
permeabi l i ty  not normally a s soc i a t ed  with s o i l s  being t h i s  f i ne - t ex tu red .  
Suggests a  r e l a t i v e l y  high drainage p o t e n t i a l .  

Mot t l ing  and Presence - of Manganese Concretions 

Mot t l ing ,  which i s  an i n d i c a t o r  o r  poor ly  dra ined  s o i l  condi t ions  
appeared t o  be absent  i n  most o f  t h e  s o i l s ,  although water  t a b l e s  a r e  
p re sen t  a t  shal low depths.  

P r e s e n t l y  my i n t e r p r e t a t i o n  of  t h i s  i s  t h a t  f i r s t ,  although t h e  
s o i l s  a r e  wet f o r  long pe r iods  of  t ime,  oxygenated water  be ing  added is 
moving through t h e  s o i l  a t  a  s u f f i c i e n t  r a t e  such t h a t  t h e  s o i l  water  
does no t  become de-oxygenated ( t h i s  r a t i o n a l e  seems t o  be  supported by 
t h e  f a c t  t h a t  s o i l  p o r o s i t y  and i n t e r n a l  s o i l  d ra inage  p o t e n t i a l  i s  
h igh) .  On t h e  o t h e r  hand, t h e  inherent  dark c o l o r  o f  t h e  s o i l ,  which 
r e s u l t s  from t h e  presence o f  dark minera ls ,  may mask any evidence of 
"g le iza t ion"  i . e . ,  (evidence of  reducing cond i t i ons  by t h e  presence of 
b lue ,  b l u i s h  gray c o l o r s ) ,  and i n  f a c t  reducing condi t ions  a r e  p re sen t  
f o r  long pe r iods  of  t ime. So much s o  t h a t  reddish  colored m o t t l e r ,  which 
along with b l u i s h ,  b l u i s h  gray  c o l o r s  r e f l e c t  ox ida t ion  reduct ion  cyc le s  



i n  s o i l s ,  a r e  absent  i n d i c a t i n g  t h a t  reduct ion  i s  t h e  dominant process .  
This  l a t t e r  r a t i o n a l e  seems t o  be supported by t h e  presence o f  maganese 
concret ions o f  varying amounts occuring a t  various d9pths in  t h e  s o i l  
which ind ica t ed  t h a t  reducing condi t ions  a r e  t h e  r u l e .  

The presence and/or absence o f  mot t l ing  and manganese concre t ions  
should be considered i n i t i a l l y  t o  a i d  i n  determining p o t e n t i a l  s o i l  
wetness.  

Root Di s t r ibu t ion  and Habit 

Typica l ly ,  roo t  development i n  f ine - t ex tu red  s o i l s  and more s o ,  
i n  f ine - t ex tu red  s o i l s  exh ib i t ing  high shrink-swell  p r o p e r t i e s  a s  well  
a s  t e x t u r e  v a r i a t i o n  with depth can be adverse ly  a f f ec t ed .  S i z e ,  
d i s t r i b u t i o n  and general  roo t  h a b i t  o f  crops being grown should be 
charac ter ized  whenever poss ib l e .  

In summary, it appears t h a t  cons idera t ion  o f  s o i l  p r o p e r t i e s  such 
a s  s l i ckens ides ,  s t r u c t u r e ,  co lo r ,  CaC03, gypsum, mot t l ing ,  p o r o s i t y  
c h a r a c t e r i s t i c s ,  consis tency and t e x t u r e  may be  key t o  d i f f e r e n t i a t i n g  
s o i l  s e r i e s  and/or phases. 

My suggest ion is  t h a t  t h e  s o i l s  be  descr ibed  and c l a s s i f i e d  f i r s t  
us ing  c h a r a c t e r i s t i c s  such a s  t h e s e  and then t h e  s a l i n i t y ,  sodium and 
depth t o  water tab le  c h a r a c t e r i s t i c s  be defined within each groups. I f  
t h i s  i s  no t  done, then it becomes d i f f i c u l t  t o  determine which f a c t o r  
o r  s e t  of f a c t o r s  a r e  con t r ibu t ing  mostly t o  s o i l  behavior ,  i . e . ,  
management, inherent  s o i l  p r o p e r t i e s ,  e t c .  

One concern r e l a t i v e  t o  inc luding  o r  using t h e  previous ly  discussed 
f a c t o r s  f o r  providing s o i l  c l a s s i f i c a t i o n  and subsequent i n t e r p r e t i v e  
groupings, i s  t h e  ques t ion  of whether o r  not some of t h e  s o i l  p r o p e r t i e s  
d iscussed  a r e  an expression of p a s t  o r  cu r ren t  day s o i l  forming 
condi t ions  o r  t o  p a r t i c u l a r  s o i l  c h a r a c t e r i c s .  For example, t h e  
v a r i a t i o n  i n  t h e  degree and ex ten t  of  s l i ckens ide  development may be 
t h e  r e s u l t  of d i f f e rences  i n  mineralogy, d i f f e rences  i n  degree o f  wet t ing  
and drying cycles  - p a s t  and/or cu r ren t  cond i t ions ,  o r  a l l  o r  a  combina- 
t i o n  o f  t h e s e  f a c t o r s .  I t  w i l l  be important t o  keep t h i s  f a c t o r  i n  
mind when at tempting t o  eva lua te  t h e s e  p rope r t i e s  i n  terms of  being 
use fu l  f o r  developing i n t e r p r e t a t i o n s  app l i cab le  t o  t h e  present  day 
i r r i g a t i o n  and crop management systems. 

M r .  Ahmed and myself i n i t i a t e d  e f f o r t s  toward grouping s o i l s  
according t o  t h e  p r o p e r t i e s  described.  The s i g n i f i c a n c e  of  usefu lness  
of  t hese  groupings only  can be determined based on c o r r e l a t i o n  of 
research  observat ions and f indings  obtained from t h i s  s tudy.  

2 .  Recommendations f o r  Soi l  and Land C l a s s i f i c a t i o n  E f f o r t  ---- -- - 
Attached i s  a research  paper e n t i t l e d  "Dis t r ibut ion  Pa t t e rns  of  

t h e  Weld-Rago S o i l  Association i n  Relat ion t o  Research Planning and 
In terpre ta t i .onM by Fly and Romine. The paper descr ibes  research  e f f o r t s ,  
t h e  r e s u l t s  of  which i l l u s t r a t e  t h e  s i g n i f i c a n c e  o f  quant i fy ing  s o i l  
property r e l a t ionsh ips  both from t h e  s tandpoin t  of  t h e i r  importance f o r  



eva lua t ing  s o i  1 management 11eccls alitl 1'01' i :xt .  r;tl)ol ;lt ing a11d projecting 
research  r e s u l t s .  

C l a s s i f i c a t i o n  of s o i l s  on t h e  b a s i s  o f  s o i l  taxonomy i s  a 
necessary  f i r s t  s t e p .  However, i n  a d d i t i o n  t o  t h i s  type of  c l a s s i f i c a -  
t i o n  and subsequent development o f  s p e c i f i c  proper ty  groups such a s  
s a l i n i t y ,  sodium and depth t o  wa te r t ab l e ,  i t  i s  necessary t o  eva lua t e  
t h e  r e l a t i o n s h i p s  between o t h e r  p o t e n t i a l l y  s i g n i f i c a n t  s o i l  p r o p e r t i e s  
and crop product ion and/or i r r i g a t i o n  management systems. This  approach 
w i l l  make s o i l  survey d a t a  more app l i cab le  t o  a  given s i t u a t i o n ,  i . e . ,  
more l o c a l  i n t e r p r e t i v e  value.  The a t tached  paper can serve  a s  a  b a s i s  
f o r  i n i t i a t i n g  t h i s  type  of  approach. 

I n i t i a t i o n  of t h i s  type  o f  e f f o r t  o f  course w i l l  mean more 
p a r t i c i p a t i o n  by Mr. Ahmed i n  t h e  p r o j e c t .  I n  a d d i t i o n ,  it would b e  
very d e s i r a b l e  f o r  Mr. Ahmed t o  spend fou r  t o  s i x  weeks a t  Colorado 
S t a t e  Univers i ty  t o  p a r t i c i p a t e  i n  on-going a c t i v i t i e s  he re  which a r e  
d i r e c t e d  toward using a  "Quant i ta t ive  Pedological" approach f o r  develop- 
i ng  " s o i l  and/or  land management i n t e r p r e t i v e "  da t a .  I t  i s  recommended 
t h a t  s e r i o u s  cons idera t ion  be given t o  a s s ign ing  M r .  Ahmed on a  TDY 
b a s i s  t o  Colorado S t a t e  Univers i ty  f o r  a  per iod  o f  four  t o  s i x  weeks 
dur ing  l a t e  summer of 1979. 

The main o b j e c t i v e  of  t h i s  e f f o r t  would be f o r  Mr. Ahmed, u s ing  
EWUP s o i l  c h a r a c t e r i z a t i o n  and o t h e r  d a t a  and u t i l i z i n g  mathematical and 
s t a t i s t i c a l  programs a v a i l a b l e  through ou r  p r o j e c t ,  develop p o t e n t i a l  
s o i l  management i n t e r p r e t i v e  groupings. Following t h i s ,  e f f o r t s  would 
be made t o  e s t a b l i s h  procedures f o r  c o r r e l a t i n g  d a t a  obta ined  from t h e  
r e sea rch  p r o j e c t s  on t h e  b a s i s  o f  s p e c i f i c  s o i l  groupings. This  then 
w i l l  a l low f o r  de f in ing  meaningful s o i l  i n t e r p r e t i v e  groupings which 
would r e s u l t  based on t h e  r e s u l t s  obtained through t h e  course  o f  t h e  
research  pro j e c t  . 

This  recommendation i s  made because it appears  t h a t  t h e  s o i l s  both 
on and among t h e  d i f f e r e n t  p r o j e c t  a r e a s  a r e  s u f f i c i e n t l y  d i f f e r e n t  i n  
t h e i r  management p o t e n t i a l s  and/or c o n s t r a i n t s  t o  warrant i n t e n s i v e  
s tudy.  

B. F i e ld  Survey Program 

My observa t ions  were t h a t  Mr. Ahmed and h i s  survey p a r t y  a r e  conduct- 
i ng  a  t e c h n i c a l l y  sound survey program. Survey progress  is n e c e s s a r i l y  
slow because of  t h e  number of  observa t ions  requi red  and s o i l  cond i t i ons ,  
which r e q u i r e  t h a t  p i t s  be opened i n  o r d e r  t o  accu ra t e ly  observe,  desc r ibe  
and sample t h e  s o i l s .  Wet s o i l  condi t ions  almost preclude t h e  use o f  
augers  o r  probes f o r  s tudying t h e  s o i l s .  

Mr. Ahmed and I v i s i t e d  ex tens ive ly  concerning t h e  need f o r  t h e  
number o f  observa t ions  being taken and concluded t h a t  t h e  present  e f f o r t  
is  j u s t i f i e d .  The amount of  d e t a i l e d  d a t a  now being c o l l e c t e d  w i l l  
provide seve ra l  t h i n g s ,  namely, w i l l  a l low f o r  c r i t i c a l l y  needed d a t a  
t o  determine t h e  v a r i a b i l i t y  o f  s o i l s  ac ros s  landscapes and secondly t o  
i d e n t i f y  s p e c i f i c  s o i l - s i t e  condi t ions  which can se rve  a s  a  b a s i s  f o r  
c o l l e c t i n g  and ca t egor i z ing  research  r e s u l t s ,  i . e . ,  provide a  b a s i s  f o r  
desc r ib ing  t h e  component p a r t s  of  t h e  systemwhich af fec t  experimental 
r e s u l t s .  



M r .  Ahmed and I d id  d i s cus s  however, t h e  p o s ~ i b i l ~ t y  o f  developing 
an i n t e r i m  s o i l  map and accompanying s o i l  d e s c r i p t i v e  information based 
on t h e  f i e l d  survey immediately fo l lowing  t h e  f i e l d  i n v e s t i g a t i o n s  
r a t h e r  than  wai t  u n t i l  a l l  l abo ra to ry  d a t a  becomes a v a i l a b l e  be fo re  
provid ing  s o i l  survey information.  

This  could be done i n  s e v e r a l  ways: 

1. Provide a  s o i l  map and s o i l  d e s c r i p t i o n s  based on s o i l  f a m i l i e s ,  
series and/or  phases which a r e  developed us ing  s o i l  c h a r a c t e r i s t i c s  
descr ibed  e a r l i e r  i n  t h i s  r e p o r t  o r ,  

2 .  Same a s  above, but  i n  addi  ion make a v a i l a b l e  t o  t h e  survey 
p a r t y  a  "F ie ld  S o i l  Chemical Tes t  K i t "  which would a l low f o r  a  semi- 
quan ta t i ve  eva lua t ion  o f  sodium, s a l i n i t y  and pH. The advantage o f  t h i s  
procedure is t h a t  i n  a d d i t i o n  t o  providing added information i n  an 
i m e d i a t e  way, would a l s o  providc f o r  a  s c r een ing  procedure t o  determine 
t h e  number and kind o f  samples t h a t  would be submit ted f o r  f u r t h e r  
l abo ra to ry  ana lyses .  Tile S o i l  Conservation Se rv i ce  has  employed t h i s  
procedure f o r  s e v e r a l  yea r s  wi th  favorab le  success .  

Also, t h e  s o i l  survey program could be  enhanced i f  t h e  fo l lowing  
resources  were made a v a i l a b l e :  

a .  A supply o f  new c o l o r  books which inc lude  c o l o r  c h a r t s  f o r  
de sc r ib ing  poor ly  dra ined  s o i l s .  

b .  Copies o f  "Soi l  Taxonomytt. P re sen t ly  t h e s e  a r e  n o t  a v a i l a b l e  
t o  t h e  c a p a b i l i t y  o f  t h e  f i e l d  p a r t y  personnel  i n  i d e n t i f y i n g  
and desc r ib ing  s o i l  p r o p e r t i e s  o f  s i g n i f i c a n c e  t o  c l a s s i f i c a -  
t i o n .  

c. Hand S o i l  Probes - al though t h e  u t i l i z a t i o n  o f  probes and/or  
augers  i s  r e s t r i c t e d  because o f  wet s o i l  cond i t i ons ,  M r .  Ahmed 
i n d i c a t e d  t h a t  sometimes i t  would be  p o s s i b l e  t o  observe t h e  
s o i l  below 150 cm. i n  depth i f  small  hand probes were 
a v a i l a b l e  f o r  use.  The information t h a t  could be  gained would 
be u s e f u l .  

d .  Sand Augers - needed f o r  use  on extremely sandy s o i l s .  

e .  Po r t ab l e  Chemical S o i l  Analysis  Kits - "Hachtt k i t s  a r e  a v a i l a b l e  
a t  a  r e l a t i v e l y  low c o s t  which would provide t h e  c a p a b i l i t y  
p rev ious ly  d i scussed .  

In  summary, t h e  fol lowing p o i n t s  emerge regard ing  t h e  s o i l  survey f i e l d  
program. 

a .  The f i e l d  summary program i s  be ing  c a r r i e d  o u t  on a  h igh ly  
t e c h n i c a l l y  sound b a s i s .  

b.  E f f o r t s  should be made t o  pub l i sh  an  in te rm s o i l  survey r e p o r t  
based on f i e l d  i n v e s t i g a t i o n s  which would be  u s e f u l  i n  p r o j e c t  
planning.  



c.  Additiona 1 resoilrccs , as  ili!scri hctl woi~lcl cnliance t l ~ c  abi  1 i t y  
o f  t h e  so i  1 survey progr;lal t o  co~ i t l - ibu te  t o  tfic p r o j e c t .  

GENERA]., SUMMARY 

The following ove ra l l  po in t s  cmcrged :ls a r e s u l t  o f  this e f f o r t :  

1.  C l a s s i f i c a t i o n  o f  s o i l s  a t  t h e  lower taxonomic c:ltcgories 
should enhance the  u s e a b i l i t y  o f  s o i l s  da t a  i n  p r o j e c t  planning and 
i n t e r p r e t a t i o n s .  

2 .  Grouping o f  s o i l s  s epa ra t e ly  from taxoriomic u n i t s  on t h e  b a s i s  
o f  s a l i n i t y ,  sodium and depth t o  water tab le  should bc a l t e r e d  such t h a t  
t h e  above c h a r a c t e r i s t i c s  be defined within tlic framework o f  taxonomic 
groups, i . e . ,  f a m i l i e s  and/or phases. The development o f  maps showing 
s a l i n i t y ,  a l k a l i n i t y  and depth t o  watcr tab le  should be continued a s  they  
a r e  c r i t i c a l  f o r  a s ses s ing  present  condi t ions .  Ifowever, i n  terms o f  
developing i r r i g a t i o n  management guidelines which have long-term 
impl ica t ions ,  t hese  should be c o r r e l a t e d  a s  mucli a s  poss ib l e  with s o i l  
groups based on more permanent p r o p e r t i e s .  I t  would appear t h a t  i f  
t h i s  is  not  done, t h e r e  is a high r i s k  o f  not  being ab le  t o  r e l a t e  
responses o f  t rea tments  t o  d i f f e r e n t  v a r i a b l e s  and t o  t h e i r  i n t e r a c t i o n s  

3.  An c f f o r t  should be made t o  develop p o t e n t i a l  " s o i l  management 
groups" based on permanent slowly changeable p r o p e r t i e s  using a  
" q u a n t i t a t i v e  pedological" approach. These u n i t s  could then be t e s t e d  
us ing  da ta  being c o l l e c t e d  through t h e  course of t h i s  s tudy which, i n  
t u r n  should provide i n  t h e  f i n a l  ana lyses ,  meaningful s o i l  management 
i n t e r p r e t a t i o n s  s i g n i f i c a n t  t o  loca l  condi t ions .  

4 .  S o i l  condi t ions  do vary cons iderably  within and among the  
p r o j e c t  a r c a s .  The s ign i f i cance  of  s o i l  d i f f c rences  cannot accu ra t e ly  
be assesscd a t  t h i s  poin t  i n  t imc. Tlie same amount of resources  and 
e f f o r t  being d i r e c t e d  t o  o t h e r  phases o f  t h e  s tudy need t o  be appl ied  
t o  t h e  s o i l  survey program i f  the effects of b : ~ s i c  s o i l  condi t ions  on 
t h e  p r o j e c t  c f f o r t s  a r e  t o  bc recognized. Another dimension with respec t  
t o  the  s i g n i f i c a n c e  o f  g iv ing  adequate a t t e n t i o n  t o  t h i s  phase of  t he  
p r o j e c t  i s  t h e  quest ion o f  t h e  ex ten t  t o  which t h e  p ro jec t  a r e a s  t y p i f y  
t h e  s o i l  condi t ions  o f  t h e  Delta a r e a .  

In conclusion,  J would l i k e  t o  express  my s i ~ r c e r c  apprec ia t ion  t o  
a l l  p ro jec t  s t a f f  f o r  being m o s t  he lp fu l  i n  providing background 
information rrncl f o r  t h e i r  h o s p i t a l i t y .  1 was very much impressed with 
the  anlount oF work accomplislicd. I am most a p p r e c i a t i v e  t o  have had t h e  
opportunj ty t o  l ca rn  and i n t e r a c t  w i l l i  t h c  f i n c  pcoplc a s soc ia t cd  with 
t h e  p ro jcc t  , 



yicld \\-;IS o11ly 0 . 1  tolls I>(-r ;1cSrc: \ \ l i l l ~  (.or11 (Shl) ~)rotlr~cl- 
ing ~ I I I  iIvcnrilgc* of 3.8 tolls 1)t-r i~vr(* C'OIIII);W(*(~ \\'it11 :\.7 
tolls p r  itcrc from c . o r ~ ~  (I\). (;c*~ic-r;~ll!l, i l l  yt8irrs wlic811 r i ~ i ~ i -  
fall d r ~ r i ~ ~ g  tl~ca g r o w i ~ ~ g  scb;rso~i \il;ls ;11)o\.cn ;ivc8r;lgcn, t l i ( 8  

yicl<l from con, (Shl) \\l;~s Io\vc~r t11i111 t l ~ i ~ t  fro111 C I O ~ I I  (I{). 
Ho\vever, t l ~ i s  > itnld dilfcrc~~iti;~l \\.;IS co~~~l)c~is;rtcn(l for 1)y 
higher ).icl<ls f r o ~ n  corii (SM)  t l r ~ ~ . i ~ i g  yc*iirs \ \ . t l c b ~ l  gro\\'ing 
seas011 r;iii~f;lll \\.;is l,calo\v ;1vcbri1gc8. (:or11 >,i(-ltl \\,;is l~igli(br 
from cu)rli (Shl) in 9 locirtio11-yc;lrs. 8 of wliich \\rcsrcb tlry 
years. 

The yield rel;ltionsIiil, is t*xprc~ssc*tl t)y tlicb c~clr~ittio~l 
1' z 3.7.5 - 1.5lS.  

\vhere X is <leparttirc. fro111 tl~cn il\.cr;1gc8 growi~lg scilsoil 
rainfall n~irl 1' is yicld tlilfcrc-lice i l l  I)r~slicls l>cr ;ItBrt! of 
corn (SAI) as comp;lvc~tl to c o r ~ ~  (It). I'll(\ coc~Fficic~~it of 
m r r ~ l i ~ t i o ~ i ,  1isi11g I S  > V ; I ~ S  of t l i~ t i~ .  \ \ v ; l ~  0.69 \ \ ~ l ~ i c l ~  is 
sig~iificii~~t ;it the J ''; lc\vcbl. 

Tlie prcsclicc of  tltc~ I I ~ I I I ~ I I  I l i l t l  11o ;11)1>;lr(~11t e-II 'cc~ O I I  

c-m hciglit or c~j lor  ; ~ t  ;ill>- t i ~ ~ i v  ( l t ~ r i ~ ~ g  I I I ~ X  gl.ou-il~g s(8i1s()il 
o\.er t l i c n  $1-yc.;rr pcbriotl of  strr(l>.. 'l'llis is i l l  col~triist to t11c. 
dat;r of 1,;1rso11 (-t ;I]. (4). \\.llo for111c1 t l ~ i ~ t  nir~lclic~s ~ ( \ I I ( * I - -  

I .  Ili~ys, 0. 12.. hlc.(:;~ll, A. (;.. ;111(1 1)(~11, P'. C:. I~) \vst igi~t io~~s 
i l l  cbrosio11 co~llrc~l i111(1 t11(- rc*cl;~~ni~tion of c-ro(l(~c1 I;~ncl ; ~ t  
t 1 ~ .  CJppcr hlissisxil~l~i \:;~llc-y C:o~isc-r\';~tio~~ Ihpc-rim(-111 Stil- 
tior) tlcbitr 1.;1 Cross(-, \\.is., 1933-43. LTSDA l'c~cli. l311ll. 
No. 973. 1!)4!). 

2. ., i111cl 'I':~ylor, It. L':. Co~~sc*rvirtio~i nlc-tliocls for 
t 11111)(*r hl ississilq,i \ ' ;~ l  I( by ( L'ayc*ttc. Soil  arc.;^) . ITSIIA 
17;~rmc.rs' 111111. No. 2 I 16. l!)S8. 

3. Ki(l(l(~r, 1;. 11.. Sti~~~ll.(.r, It. S., a11cl \'i111 l)or(b~i, (1. A. Effc*ct 
0 1 1  infiltri~tion of sr~rfi~cc~ nil~lcl~cs of soyl,c-;~~i rcnsiclt~cas, corn 
sto\.cbr : I I I ( ~  \~li(h;~I ~ t r i~ \ \? .  Agr. 1<11g. 24 (!5):ISS-.lS9. 19-43. 

4. I,:I~SOII, \Ir. I<.. 1j11rrott.s. \\'. I;., i111(1 \\'illis. I\'. 0. Soil 
tc.inl)c.r:~l~~rc*. soil moisll~rc., ;111cl corli uro\\.t11 ;IS i~tlltlc-~~c-c.tl 
1))' I I I I I I (*II(*S of crol) r(*si(l~t(~s. I'ri111s. 1tit(*r11. Col.lgr. Soil 
St-i. i t 1 1  h l i ~ ( l i ~ ( b ~ ~ .  1 :fi?!)-($37. 19f;O. 

5, \\'iwl~ni(*i(*r, \l';~ll(*r 11. A ri1i11fitII ( ~ r o s i o ~ ~  i~i( l (~s for il t111i- 
\c.rs;~l soil-loss ( v l ~ ~ ; ~ t i o ~ ~ .  Soil Sc-i. So('. Ani. Pro(.. 23:91Ci- 
:.I!). l!)!j!). 

1)istributiun Patterns of  the Weld-Rago Soil Association in 
Hclat.ion to Research Ylai~ning and Interpretation' 

This s t r~dy  is cv)~iccr~ic<l \\.it11 crilcri:i for ~ ~ r c d i c t i ~ i g  
applicahility to otlicr soils of rrhscarcli rcsrilts o l ~ t a i ~ i c d  
from key or hcncli~iinrk soils. Soil-\vater-platit growtli 
relations \vlricli affect !.icl<ls untli-r ~IifTcrent Ic\pcls of 
mnnilgc*~nc~it \\.ere cv;ll11;1tc~l : ~ t  Akroii, Colo. ITndcr 46 
years of t~niform ni:i~i;igcn~c~it. \ \~lic;~l ~~rocl l rct io~i  Ic\,cls 
variccl fro111 7.3 to 120 a ~ i i o ~ i g  ciglit soil t y ~ e s  iO~.~ltific<I 
in a 2.5-;rcrc test field formcrly n l q ~ l ~ c < l  as  one soil type. 
Soil cliffcrc~iccs indticccl wider \*;iri;~tio~is t~nclcr c~~iiform 
trerrt~ncirt t l ia~i  did (lilrerc~it trc;lttncnts o11 a ' single soil 
type. IVllcn t Ilc t1ct:lil of rlcli~rcat ion :IIMI clritractcri.r.;t t ion 
of soils i s  cotnpnr:~l~lc to t l ~ c  clct:~il of t l ~ c  rcsc:~rclr  l lot 
Ia\.o11t. ~xis t i i ig  rcscarc)~ fi~lcls :i11<1 1~101 <liit:i tii;iy 1): I I S C ~  

to ;issoci:~te soil cl11;1litics \vitl~ re8sponsc to trcntnic~lt. 1'hc 
rcli:~l)ilily of ;tpl~licr~tioc~ o f  rcscarcl~ fi~icli~lgs to otlicr 
:Irc:rs \\:ill clcl~e~r<l on ;i<li*clr~;~teb cli:~r:~clcri.r.olio~i a~icl cvnl- 
11atio11 of t 1 1 ~  soil in c ; ~ c l ~  plot. 

FoI.I.o\\-IK(; I I ~ ~ I I C ; . \ X I ~ , \ - I I O \  o f  1l1c8 Soil (:ol~sc~r\.;rtio~~ 
S(*r\-ic(- :111cl tlw Agrit~r~lt III.;II I \ ( * s ( Y ~ ~ ( ~ I  S(*r\*icv i l l  1 !JS4. 

i1n1wt I IS II;IS lx-t81i gi\x811 t o  1 IIC i ~ ~ l ( * r l ~ r ( * t ; ~ t  io11 of soil S I I ~ \ ~ ( * > , S  

lor rlscl in v:lrio~~s c~~tlc*;l\.ors s11c.11 ;IS co~iscbr\~;lt io~ i ,  cngi- 
11c8cri11g. :IIIO 11rl)i111 ;111(1 r11ri11 ~ ) l i ~ ~ t ~ ~ i ~ i g .  h l i l p p i ~ ~ g  :111(1 

cl~ur;lc*tc~riz;~tio~~ of soils O I I  slirl(1 ;1110 fcxl(v-i~l c~ .u l ) t~r i~~~c~~r t ;d  
fic*ltls \\!;IS slx~c%cl(~l I I ~ ,  lo i~r~l)l.ovc- i~~l(-rprc*t i r t io~~s of soil 
sllr\.c!.s ~ I I I O  to f;~ciIit;rlc* I1lorcb c-uilc.1 ;I l)l)lic.;tl i o ~ i  of rc-sc~;rrcI~ 
~1i11i1 10 soil ~llilll;lfi('lll('l~~. 

Ch~i(hdi~~(xs itr(\ ~ i ( ~ b t l ( ~ l  i l l  i ~ ~ l ( * r p o I ; ~ t i ~ ~ g  or (-str;~pol;~t i11g 

. - 
'Jtiir~t co11tri1)11ti(t11 f r o ~ ~ i  t l ~ v  Soil i111tI \\';~t(lr Co~~s(#r\ , ; r t io~~ 

Rc.sc*;~rc.li IIivision. AItS. 1:SI)A. i111tl ~ I I ( *  I)cq,;~rtmc*~it of Agroll- 
om!;. C:oloraclo Agr. Esp. Sta. ( 1'roic.c.t 141 ). I'rc.sc*~~tc-cl l)c*forc* 
1 I i ~ .  \.I, Soil Sci. Saw. Am., IIII;I(.~I, N. Y., A I I ~ . ,  l!Jfl2. It(-- 
cc.iv!*tl Apr. 10. 1!)(13. Al)l)ro\.c.cl A I I ~ .  26. l!)fi3. 

-Soil Sc.icai~tist. USI)A. I;orl Colli~~s. Colo.. i111t1 Ass(~- i ;~ l (~  
Professor of Soils, Colori~clr, SI:ltc. I1r~i\~c~rsily. Vort <:olli~~s. 
rcnsp(v.l ivc*ly. 
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1 ; l l ) o r i r t o r y  ; rn ; t ly sc - s .  A l ~ i r l y s c s  i ~ ~ c l r ~ t l c - ( 1  p i l r t i c l o  size ( l i s l r i l ) l l t i o l ~ ,  

o r g a r l i c  m;lttcr, N ; ~ I - I C O : t - ~ o l r l l ~ l ( *  I', c i l l c i r ~ r n  c n r l ) o l ~ ; ~ t c ! ,  1111, 

< . i t t i o n - c ~ ~ l l i ~ ~ ~ w  c i t p ; t c . i l y  i t n t l  cxc.lr;~~rgc;rl)lc  tion on conc-c . r r t r ; l -  

t i o l r s ,  moislrrrr contc*rrt a t  s ; r l r ~ r i ~ t i o l ~  ; I I I ~  at $5- a n t 1  I F j - i ~ t l l l .  

t c w s l o n ,  I ~ ~ r l k  ( I t - ~ ~ s i t y ,  ;111cl O ~ ~ ~ I I I ~ C  N. 
In i i ( I ( I i t i 011  l o  s ~ ~ r f ; t c * ( *  ( ~ X ~ I I I I ~ I I ~ I ~ ~ ~ I I I S  ;IIICI l ; ~ l ) o r ; ~ l o r y  (I ;II ;I ,  I I IC 

soil-l~oriny grid I n i l p .  1 1 1 ~  t l ( * t i ~ i l ( , t I  soil ni;rp, i r n t l  ;I t c q ) o g r ; ~ l ) l ~ i c  

ni;r (vcrtic;rI i r ~ t c * r v ; t l  = 0.2 fvc.1) \\.cnrcb ~ r s c ~ l  ;IS o v c - r l ; r y s  ~ I I  

i t  I l l ; I l> of c ~ \ ; I c I ~ ~  t l l ( ?  SiI l l l (!  S('ilI(! i l l  0 rdtbr  [O < l ~ ~ ; l ~ ) ~ i ~ ~ l  t l 1 f b  

c o n l p o s i t i o n  o f  (-;I(.II 1 ) l o t .  111 llris m ; l r l l l c D r  ~ I I ( ?  spc . c i f i c :  conlposi- 
t i o r 1  of cn;~(.li plot \vitlr rc-sl~c-ct to l ) ( u r < ' ( * ~ ~ t i ~ g c *  ( l i s t  r i l > r l l i o r ~  of 
s c t i l  tyl>(us ;III(I  ~ ) I I : I s (~s .  1 1 1 ( ~  III(.;III <1c-1)111 to thv <:;1<:0.~ 11orizo11s. 
;111tl ~ I I V  t l o n ~ i ~ ~ ; t r ~ l  s l o l ) i b u  \v ( . r tq  t l c - t c ~ r ~ n i l ~ c . c l .  011ly t l l c -  1 1 i ; l j o r  soil 
t},1)tbs i l l l ( I  ( l ( ~ 1 ) l l l  g l O ~ l ~ > i l l ~ ~  \\'(T(% I I S ( * ( ~  f O r  f i l l i l l  ~ ~ f ) l l ~ ~ > ; l ~ i ~ O l l ~ .  

( : r o j )  yi(b1cl ; I I I ( ~  ~ I ~ I I I ; I ~ ( * I I I ( * I I ~  1.1.t.ort1s ; t r t c l  c : l i n ~ i ~ l i t !  (1;rt:l \v{-rc* 

o l ) l i ~ i ~ r c . t l  I 'ro~n t11(* c l : t i l y  r.c.c.or11s o f  t l l c .  c . u p c * r i r n c - r ~ t  s t : ~ t i o ~ l '  ;111cl 

l ' r e ) ~ i i  1 1 1 ~  I!. S. \!'(h:~tl~(*r 1hlr(*;111 (7, 8 ) .  
l ? r o n )  I ~ I I ~ - I ~ I I I ( -  r ( ~ c ~ o r ( l s  01' 1111 i fo r l r r  I I ~ I , I ~ ~ I I  l r t b i r t ~ ~ ~ ( ~ ~ ~ t  0 1 1  plots 

(.or11 >osc.cl of s i ~ ~ ~ l c u  soil Iy j ) cas ,  i t  \\.;IS l > o s s i l ) l ( -  to c . s t ; ~ l ~ l i s l ~  I ) ; ~ s c -  

l > r o t / r r c t i \ : i l y  l ~ v ( * l s  for 111i11. t i i (~ ( I i t11 l1 .  :III(I ( l ( q >  soils, r ( u s l > ( * c -  

tivc*ly, : l r ~ c l  1,~. s t i r t i ~ l i c ; ~ l  n i c . t l ~ o ( l s .  t o  :1ssig11 11ornr;r1 plot proc111t.-  

t i \ , i t y  \ . n l r l c ~ s  t o  t l l c -  I ~ c * t ( . r o g c : ~ ~ c - o ~ ~ s  l>lots. C o n l l > : ~ r i \ o ~ ~ s  of ;1('111;11 

yiclcls of s c . v c ~ r i r l  I r e - n t r n r - 1 1 1 s  willr c - o ~ n p ~ ~ l c ~ l  11li)t j . i c* l t l s  r l l l t11.r  

11orn1;ll t r c - i r t r n c - l t t  (c.l~c.c.k ] ) l o t s )  pc.rniittctl ( I i l l ' ( ~ r ( ~ ~ ) t i ; t l i o ~ l  of 
y i c s l d  v i r r i i ~ t i o r l s  c . :~ r~sc -c l  I ) y  soils :111tl tlrosc c . :~ t l scc l  I>y t rc -a t rnc -111 .  

I{lrSl.ILTS 
Soil 1 ) i s t r i l m t i o l i  I'itttcrns 

1:rolri t11c i l l i t  i ; t l  i011 o f  t l t c ?  (11.ylit11d ( ! ~ l > ( : l . i l ~ i ( ~ ~ i t i t I  ficul( I 
i ~ i  1!908 t111ti l  1 9 3 4 ,  t l t ( - r (u  \\#;IS 110 s wcifi(: ( l (bs ig11 ; l t  i o 1 1  ol' 
t l l c *  soil t!1x8 o r  t p l > ( b s  o i l  \ \ * l i i c l l  t I ic: (bspc!ri~nc~~~ts \\ . (b~.cn 

I ) o i l ~ g  r u ~ r r c l r l t ~ t c ~ ( l .  'I'11(9 , \ k r o ~ l   arc^ soil s~~r\~c-!~. ~ r l i r t l ( -  i l l  

19:3S ; t i l t 1  l > l l l ) l i s l t ( ~ t l  i l l  I!) 17, c l c s i g l i ; t t c b c l  t l t i s  l i c l t l  ;IS 1 j i 1 g o  

silt I o i r t r r  (5). '1'11(% 1930 ( I ( ~ t ; ~ i l ( - d  s ~ i r \ . c ~ ! .  t l i \ . i ( l ( - t l  t l~is  2.5- 
; t (> r t8  l>lo(:k i l l l o  f o t ~ r  t y p U s  ;t11(1 O I I C  p l l : i s c > .  ' I*II(* I!NjO li(:l(l 

41 tr11-1:tt i o l t  I l o t  OIII!. III;I(I(! 1 t i : t j o r  ~*(u\*isio~~s i t )  I )OI I I I ( I~ I I . ! .  

l i i l cus .  1,111 r . l l ; i l ~ g c v l  t<us t11r ;11  c ~ l ; t s s c ~ s  for ;ill t!'l)cbs ;111tl 

( - 1 r i 1 1 i g ~ ~ I  I ~ ; I I I I ( > S  or 1\\.0 s(*~.i( :s .  r[-l~(! 1!)61 t I ( b t i t i I ( ~ ( I  ( - S : ~ I I I ~ I I ; I -  

1 i O l i  ~ C ~ O g l l i 7 . ( ' t l  f O l l l '  O f  I~I('s(: !!.I>('s ; t l t ( I  [ > l l i l ~ t ' ~ .  I)!II 

i c l c - ~ r t i l i ( - ( l  ;I t o t ; t I  I I ~  5 soil t!.p(*s ;t11c1 3 ~ ) I ~ ~ I S C ~ S  ov(ar11.ri11.q 

i l l  i t  ritthcv- i l ~ t r i c i t t c ~  l>;rt1(,1.11. I:igr~rc* I i ~ t ( I i v i t t ( l ~  t 1 1 ( ~  C ~ I I . O I ~ -  

o l o g i c i i l  c11;111gc-s i t1  soil 1)01111(l ;rry ( l ( - s i g ~ ~ ; ~ l i o ~ t  i i11(1 soil 
i ( l ( - ~ t t i f i v ; r l i o ~ r .  o ~ i t i t t i l t g  t 1 1 ~  1950 SII~\X~!.. l{;tgo silt lo;1111.  

s l r o \ \ - l l  ;IS 100 ' ;  of tlrc 25- ; r c l . c !  ; t r c ; t  1111 lo 1 !).5O, ( l i t 1  I I (  11 
o w i t r  011 ~ I I ~ U  1WO 01. I O f i I  I t l i t \> .  Of t 1 1 ~  I I I IXT I I ~ ; I ~ O ~   X'S 

Soil Dcscrip t i o l l s  

'I'II(! soils st~~(litvl ; ~ r ( ~  ;ill ( l t - r i v c v l  f l * o ~ r l  r ( ~ I i t ~ i ~ ( ~ I ~  r ( b c ( b ~ ~ t  

: l c ~ o l i ; r l ~  clcal~osils, c * l r i c b l l y  of f i l l ( .  s i t l i t l s  ; r l t ( l  silts, i i l r t l  arc8 
c l c ~ v t ~ l o p i ~ ~ g  O I I  r ( * l i r l i v ( 4 y  1111ifoi.1r1 t o l ) o g r ; r p I r y  t111(1cv ;I 

sl~ortg~~ass-~r~i(lg~.i~ss c ~ o l i i l ~ l c : ~  i l l  I llc s c a l l l i ; t r i c l  r l i l r i a t c  of 
I I I ( B  ( : ( l ~ ~ ~ ~ ' i l l  ( ; r tn;~1 l ' l i b i l l ~ .  * l ' l ~ ( ~ r ~ ' f O r ( ! ,  t I l P r ( *  is 1 1 0  g r ~ i l t  

c l i f l ( * r ( - ~ ~ ( ~ ( ~  i l l  o r i g i l i .  'I1l1(- l > r i ~ ~ ~ i ~ r y  c l i f l ' c ~ r c ~ ~ c ( * s  ; l r cD ( ( I )  stage 
or t l ( ~ v c ~ l o l ) ~ ~ r c ~ ~ ~ t ;  ( I , )  ~riic.rorclic!r, \vlricll, I ) c - c i l i l s c  o f  I ) c n t t c r  

\\*;llcbr c l i s t r i l ) l  11 i o l l ,  n iny Ir;rvcu ~ . c s t l l ~ c - c i  i l r  1 t i g l l c . r  o l . g ; l ~ i i c  

1 1 1 i t t I ( $ r  ;t11(1 ( I t v * l w r  ( ~ ( ~ \ - ( ~ I o ~ I I ~ I ( * I ~ I  i ~ r  s o l n c  soils t I i a 1 1  in  
ot 11cb1.s; (c )  ( \ i l l  (-r(1111 i i t l  \ \ . i l t (I  ( u r o s i o l l  v - i l l l  r(u(1cbpositio11 of the 
i l c - o l i ; ~ ~ ~  ~ i r ; i l c v - i ; ~ l s  ;t11(1 s ~ l r f ; ~ c c b  soils; ; r l l t l  ( ( 1 )  < I ( * ~ t l r  of 
(h*positio~~ oI' :;I( :O:,. hl;~jor p r o , ) ( b r t i ( b s  of l \ ' t % I ( I  i t l i d  llibgo 
I o i t ~ l r s  ; I I I ( ~  t 11(b 0 1 1 1 ( ~  soil t!.l)tns ( I ~ l i l ~ ( ~ ; t t c - ( l  i l l  ~lrc dctnilecl 
( ' \ i i l l ~ i l ~ ; ~ ~ i O ~ ~  O r  ]>IOIS iII'(u ( ~ c u s ( ~ i - i ~ ) i ~ ( ~  l)ri(bfiy i l l  t i b I ) I C  1. 

1 ; igc l l . c  1-A s t t l c l y  in l~rogrcssivu soil ~ i i n p p i l r g  of the clry- 
l a l t t l  r o t ; l l i o l i  1)lots, A k r o l l  I~iclcl St;ttion, A k r o l l ,  Colo. 
:I. A k r o l i  arcn soil s ~ l r \ ~ c y  (S), 1 !)47: Its= l k t g o  silt l o i t m .  

I3. I l ~ t i ~ i l  soil s t l r v c B y ,  I !)(iO: 41% ::.:C;~ll)>. loan); 10s-A= 
\\'clcl lo:t111, t l r i rk s o l u l i l  1)ll;rsc; 1 0 1 3 - A = l l i t g o  loam; 
1.3-/\ .I- Sligo l o ; t l n :  J (is-A= \Vcl(l lo ;~~i i .  

(:. I ) e t i l i l  s i l r v c y ,  I 0 0  foot Critl, 1 !)GI : I =lVclcl l on~n ;  
2-:\l 'clcl l o i l r l i ,  t l~ick so1c111i PII:ISC; .3\Vcl(l loam, 
lliin s o l u l l i  pliirsc: 4 ~ l l i r g o  l o i t l i i ;  S ~ z K u ~ i ~ a  l o ; t n r ;  

( i = N o r k i r  loam; 7=Norkn loiirn, tliick solum phase; 
N ~ S l i g o  loam. 

, 1'al)lc l-Su~n~ii:rrv o f  m;ijor c l t i r r ; i c t c r i s t i c s  of soils i l l  expcrinic~iti~l field. 

-1 'A t.14 I I X I ~ I  I ,b,111i fi- '4 In., IOYR Clnv n r  silly r l : ~ ~ '  (:lay I I B : I ~ I  In III:III~ C;I 1v:tri IBIIS,  I ,~:II~IV 
1, 2 :\ 2 t  1114uI.mi-11. l#1:1m-4 8 In., ItIYR 11)- 15  In.. c a l r - n r ~ x o ~ ~ r ,  : I I ~ ~ I ~ ~ : I I I  ~ l ~ ~ l ~ ~ o s l l l ~ ~ n .  11111;111il 
I i ~ ~ ~ l . r . . ~ l r ~ ~ l  .1/3-3/3, nlrnng 11rls- u.n.:~k It, mrrl. c.il:lrsi. 1lIvli11~t. of s m c ~ ~ d l t  o r  
lo1s11114.1 rs;. m.ltlc, i l~ .~ i s l ly  I. .is. I .  60 .  j ~ r l ? ( ~ i ~ . ~ t l r ,  h:~r , l  11, flvln. r ,mv~ .x  L I I ~ I I - s  

b: ',V,~I~l 1,#.11n I , I . I !  I?. l n  In. lhl, k, 1tb. i~ S lml ln r  I I I I ~  sv\*~,r.:ll S:llncn in s l l c l ~ l l v  
1111~1; Sebl*~nt I'l1.1 n I ~ * I I ~ , I . I I . \ .  ql~.ns~.. Ina.hi-s 11a.ayr.r. c.r~ni.nvi. r l i~lu.b 

*3  U,.11l I I L I I ~  : I I  'I G I I C1:lv 111:lm .8-:, In., IOYR 1,o:11n 10. 211 In., n#.:lL S.lmt. 11111 tit. t S ~ ~ t . r  
I hfn Sat111m l'li:~.~e .I 3 ?!?, u ~ : l k  IIIVIL 4.  R- 3/3,  mcvrl. ~ ~ r l n n ~ n l l e .  cSnnr?lr~ S I I ~ I : I I I I ~ I ~ : I ~  I I ~  n l r ~ m p l v  I V V I I ~ I  v 

r : ~ n  I n 1 1 1 1 h  III:I,. I,I, celcar,.tu.s. I~lru.ky, hlphlt i.;llc.;~r. , sl~, lwv~. 
I*I111111:11~\.. l~'lll*, qilft* f r l ; l l~ l l~ ,  

-1 11 I ~ I  l*b:~ni I . ~ ~ I I I I .  u .  Ill 111.. lnYR C1:1y l t u ~ m - 4 - 6  In., InYR Sll ly c.l:ly Inam. 12 -20  In., R ~ . w . i ~ r L ~ ~ ~ l .  I ~ ~ I I I I V  
I ,  2 I :  I .  m i  1, I - /  m i .  1 1  IIIYH .I, 'I-2/1 ; ~ n f l  4 / 2 .  : ~ t ~ t ~ l l a n  m ; ~ l ~ ~ r l : ~ l % ;  
g r : tn t~ l .~v ,  * f ~ l ~ * . a t l ~  flt.11*11\ 1. 1. 911. I ;  I I I ~ I I I I  s i l l  I r l n i a~ lh  ~llvlr lc~n,  s l l ~ l i t l v  
11,~1n,l II-,~ : I ~ I ; I ~ I M I M ,  S I I I I I I I I I I ~  1.1-11cavi. ~ I I I I I I . $ .  

I ~ I I ~ I . I . \ ,  rt1.111 11, 1r1:1111~ . 
i ~ I I * I :  I I*,:I*II 1.11 I I I I  L( !I ill., 1111'11 I.*I.IIII o r  llphl c . l ;~\ .  S l l l r  I I M I I I I  I KIIIIII:I~ 11, li.1~11. 

I 2 :I , I I I  I Ior.~m 10. 12 In.. IOXR (11 R : I~*I .  II.MS ill.nw. :IIIII 
c r . ~ n l : ~ r ,  r I :  4 2-  :I , 2 ,  u v ; ~ k  ~ ~ r l k m : ~ L l r  IIBWI,I. 111 v ln r  e.a*rtla.nl. 
Itr~~11111.1rv. 411 C I I I I . I ~ R U I ; I ~  l1111i.k\. 

m.; Satrl ;I la, IIII I : I I  I I .  1 1  I . I B : I ~  141 llyhl (.In\ lo:rm 1.cz1n1 1 8 1  v l ~ l . .  V.I~S.;I~I ,CUIS S:III~I.  0111 0ti11 t-11 : . I I I ~ I - I ~  
Ii:l. :I. 2 u ~ . . ~ k  11, tn11.1. R 9 In., loYH 1/3-312. w I I r 1 n : t l i  I., r rnvisv s l s ~ l a ~ s .  sa1111t. 
IIII-11. cra11!11;1r, a~ . :~ l ,  n~v-11. 1,rlsrn rtlt. In let - . I I I I : I ~ ~ : I I I ~ ~  I~lv~t.k\+, lint. KV;IVI.I am SIIV~:I~.I . .  
snloti~th I ~ I M I I I I ~ : I ~ \ .  ~1111;1n~ttI:lr l ~ l i ~ t , k \ ,  

47 Sabvh:~ 1,*.#1n l.ab.1111 . 9 !I in., IOYH I,II;IIII 111 l lchl  I.I:I> Inn111 I t1:1n1 1 4 1  vtsl.. Illy R 4 .  :I S : I ~ I I .  1111 S I I I I I~ I I I~  fI;11s o r  
r%l,.l. S4-111vi1 I% S - 4  41:l :I* 2 ,  \...:lk 111 ninrl. I; inin. ,  IIIYR 4 l 8 - 4 : ~ ~  :I/:I, I ~ . I ~ I ~ : I ~ I ~ I B I I . .  t~1~1,lu K I - I I I ~ I -  sl411r .. 

nival. ~ ~ : I I I I I ~ ; I  r ,  wv.lk ~nc-(1. ~ ~ r l r m a l l r  In 211 In., firm la* frl:~ltlt.. 
z*i~,math I I ~ , ~ I I ~ ~ . I ~ ) .  s1111:1ngular l~lrarli\. 

- 4  S:lq[n l,9:11n I.du:~nl 4 Ilbln.. lnYR I.o!~m lr, llcl11 al l tv r ln \  11.1rL. I ~ : I ~ I ?  .IIIII Irli111l1. \ \ ' ~ ~ l l  alr:~t~tv * I  - v  1it.9 In ,111. 
2 1 ,  n l .  m i .  m I I 2 I t I r t l  I .  1.lnal; yq IIII! r.,m, . l v ~  s l r~ l r . .  
c r : ~ ~ i u l : ~ r ,  KI.:I~Iu:II n1r.11. s ~ ~ l t - t n c i ~ l a r  l~lawkv. vnnrtv-dr;~Iv rt1nu8ff .A 1ti.1.. 
l ~ ~ ~ ~ ~ n t l : i r v .  

$eill w r l v s  u;tnia*> l h * ~ \ t .  IIS~-,I  In flolcl t.t~rrt*l:~llam nml nris  SIIII~*TI In a1111rnv:1l 111 fI11.11 ~ ~ ~ ~ r r ~ ~ l ; ~ t l ~ w i  ttf :lrv:l. 
I I n i l  I .  I I I S I I  1 1 1 .  I :\I1 G ~ I I I ~  -*I s o ~ l l h ~ * a s t  rind ~.s.iI I . * ( W . G ~ I ~ # . . ~ .  

%IWII. of r : i l r lum - .  i : ; t r t , t ~ n . ~  - 
I ) I * I ~ ~  C i m r r ~ n l r r l l m  - ----- 

In. 

1.; 14 12-  1,;-0 31 
2n- 3n In. 
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F1.Y AS11 IiO\IISk:: I~IS'l'~ll\lll'lON l'Al'I'ISI\NS I N  SO11. ASStK:I,\'I ION IS I(l*;l.:\l'ION '1.0 l\lrSl~~Al\(:lI 12: 

for i l l1  S I I ~ ~ ; I ( * ( -  soils, (L.5 1;) 7 3  I'11r l)ri)-gr(~ssi\*(~ly ( l c v > p ( - ~ .  
sul)soil I~ol~izol~s, ;III(I 7.(i to 8.1 i l l  t11(- (; 11ori~o11s. '1 '11~ 
1:5 Oilillioll pi1 l.oscD sligl~~l!. al)ovt- 9.0 i l l  lllc <: 1lol.izo11 

only. T I l t b  l\\,o soils c l i f l t - I -  111;1rktv1ly i l l  cc*rt;ii~~ rc:sp(*cts, 
Ilo\\.e\.t*r. ' I ' l l c h  I\;~go soil Ilils ;I I)lll.ic-cl ~)rofilc!, I~c'illg 
u~lclerlitin 1)). n dnrLc*r soil i ~ t  rcl;lti\.cbl! sl~;~llow dcptlls. 

This " t \v~-s tor~"  soil i ~ c - c ~ o ~ l ~ ~ t s  I'or ( l c * ( t p ( b r  i1~~1illit1lillio11 of 
0rfi:llli~ ~ni~ttcr .  ~ollctbll11.;l~iOll~ of c:i1(:0:~ i1I.C ()Ill! 3 10. 
4': itt clcl>tIls of 28 to 3 1  i~~c:lic-s i l l  t I r c .  Ii;~go Io;~ln \ \ , l l (~c . i~~ 

\\ '~ld IOilIll  IS iIS hig11 ;IS 1,5?':3 Ii~llP \vitlii~i tlic: 20- 
30-illell lil!.cv-. Total N to ;I cIc~1)111 of 5 feet colnprltccl 
fro111 OII(- S;~IIIIIIC* ~ t '  I ~ ; I ~ O  I ~ ~ I I I I  \\.;IS ll,SOO I>O~III ( IS  ~ I ( ~ I *  

ilCrt! i1S ~011l~)ill'~'~l t0 !),8()0 1 > f ~ l l l l ( ~ S  ~'Olll~lll~('(1 r ~ O 1 1 1  ; l l l ; l l~ '~ i~  

of il s ~ I I I I ~ ) I ( *  of \ \ ' ( n I ( I  IO;III~; I :I00 I ) I \ I I I I ( ~ S  I ~ I O V ( ~  N \\.;IS 

fOll11(1 i l l  1 1 1 ~ ~  first :I f(*t1t of t I l t b  I\iIgO I O ; I I I I .  I ~ ~ C ~ ; I ~ I ) ~ ) I I ~ I ~ ( ' -  

so111l)lo P i l l  I l l(!  .?-foot ~wolil(' ol' ;I S ; I I I I ~ ) ~ ( '  of 1\;1go I O ; I I I I  
\\.its 218 ~ ) O I I I I ( ~ S  (.500 I ) O I I I I ( ~ S  1 '205) : I I I C I  i l l  I I I ( B  \ \ . t b I c I  IO;I I IV 
\\'its 1.30 ~ > O I I I I < I S  (27;'> I I O I I I I < ~ S  1',( I;,). '1'11(\ \\'(lIO I O ; ~ I I I  ~ I ~ I S  

an ~ I I W I I ] ) ~  C I ~ ~ I I I ~ C  i l l  ~ C ~ X ~ I I I I ~  ; I I I ~ ~  c b o ~ ~ ~ ~ > : ~ c l i o ~ l  l)(bt\\.(b(b~~ 

plmv la!.t*r i l l l t l  tlic 13 I lor izo~~.  \\-ill1 ;I 10 t o  Isr;. illc.rc*;lsc 

in l ~ r ~ l k  clcllsity. Tilt n\.;lilal)lt. ~l~oislrlrc. c.ilpacity ill)o\.c 

the zolicB o f  lliglicst c . o ~ , c . c - l l t r i ~ t i o ~ ~  of c:ilc:O:I is 3 illcllc*s 

g r ~ i l t ~ r  il l  t11t~ 1j;lgO IOiIIli ~!I;III i l l  t11(% \\'tbI(l ~0;llll. 

I\clntive Soil lDro(l\~cti\-ity 

TI lc -  ~~roct~e1111~t- for ( l t n l t ~ l - ~ ~ ~ i ~ ~ i ~ ~ g  t l l t a  cl~;~ri~ct(~ristic~s of 
i~ l~ l iv i~ l \~ i~ l  ]>lots iII)cI o f  ('\'iIIIIiIt illg I X ~ ~ : I I  i\X1 ~ l i ~ ~ ( b l ' ~ ~ l l c ~ ~ n ~  i l l  

rcsllolls(b 10 I r~~ilt111(*1 II\ ; I I I ( ~  t.1.011 s ( * ( I I I ~ v I ~ ~ ~ ~ s  II;IS I)(VVI (*s- 
pl;~i~l(tcl, I i t x - i ~ ~ ~ s c ~  of tI1(1 ( I i l l i c ~ ~ ~ l l  ios ill\ ol\ ( ~ 1  i l l  s(-grcbg;~ti~~g 
a11 nc1cclrl;lti~ I I I I I I I I ) ~ ~ I -  of ~)lols 01' c ~ ; ~ c . l ~  soil t!'l)c* (or t I , ( b  

PERCENl CLAY IN C ~ I L  

r Q  [ - h n l i n u o ~ )  W h e ~ l  c o r n  .: ~ h e o (  ] 

l = W e l d  loom (1001 5 - K u m o  loom 
2 = Weld loom, t h l c h  phosr 6 = Norho l oom 
3 = Weld loom,  l h ~ n  phase 7 = Norho loom, deep phose 
4 = Rogo  loom 8 = S11go loom 

'igllrc 3-l'roclr~ctivity of \vil~ter \vllc;rt, Akron, Colo. 

I/3 - I 5 A T M  
AVAILPHLE MOISTURE P E H C E N  T 

\.:AI.CIUM CARBONATE EOll lVCLEbiT % 

PE R C E N T  ORGcINK CAf'bOY P E R C E N T  NllWOGtN L.RS NoHCOj SOLUBLE P WR ACRE F 1. 

Figurc 2-Co~~lp;~risou of i~nport; l~~t physicnl nlicl c11cniic:ll propcrtics of 1hgo :rntl Wclcl IO;IIIIS. 
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Figure 3 sllo~vs Ill(* rc*l;tt i\.ib pro(1ttct ivity of t11(* ciglr t 
soil ty ~s for \villtc-r \vllc*itt it t  A k r o ~ r ,  Color;t<lo, l ~ s i ~  ~g 
\\'plcl h)nln ;IS 100. 'I . l \c~ rtbl;tti\rc posilioll of (.;,dl t).pc 

cIl;l~~ges o1~1y sliglltl y for clifI-(~r(-tlt c roppi~~g ~yst(~~l is ,  tllc? 
(Icclxr soils'l I , i b i l l g  sol~lc~\\lll;l t 1nol.r. rc~spo~lsi\.o I l r i ~ ~ l  t l l i ~ l -  

ller soils 1 1 1 \ ( ~ ( * ~  iI fitllO\~-\\'ll('ilt \ ~ ~ O ~ ~ i t l l l .  " l t C ' l i l t i ~ ( ~  1WO- 

ilrlctivitv" is 11scv1 o11  it pc~riuvrl;lgc\ 1,ilsis l,c*cil~~sc~ (j~iit~~tilv 

riltillgs ill tc-rll~s of 1>11sllc*ls of \vllcbitt \\.oltl<l 1 ) c b  rcli;~l)lv 

o111y for ;I gi\*c*11 ~ ) ~ r i o ( l  (I). 1111ri11g it 3O-!*(*itr l>(8~aiocl of 
\\rlv-;lt ~ I I ) \ \ ~ I I  , I I I I (~(*I .  w ~ ~ l i t ~ ~ ~ o ~ a  n ~ l t l ~ r c ,  t l l r  c l c v b l )  soils 
~ , rc~lnw<l  20' ~norc*  l'ii! i l~g c.rol>s(; ;\11c1 SSc;, 1nol.c- \\.l~c*;~t 

;~l)o\.o cost of  l)l.o(lllctio~l 111i111 (lid tllc t l ~ i ~ l  soils i l l  t 1 1 e b  

S;IIIIC c-xlnbrilnc*~lti~l lic*ltl. llrll-i~lg 47 ycitrs of rccorcl, 1110 
t1ct.p soils\>rotl~tcctl I (i'; Illorc ~)ilyillg (TOIIS ;111(1 52' ; I  

tnorc w11c;ll i11)ovc cost ol' l>ro(lrlctio~r fro111 c.or~l-\vl~c~;~t 1.01~1- 

tioils th;tll (li(1 t l ~ b  l11i11 soils, \ \ ; h ( b r ( b  \ \ ~ I ~ c ~ ~ I ~  \\!;IS ~ I * O \ V I I  

;~flcr f;lllo\v oi1c8r ;I 2!)-!.(*;tr ~,cnriod. tllc tloc*1, soils ~ , r o t l ~ ~ c ~ ~ t l  
1 $1 ' ; lliOr(- ll;l!.il lg C'l.Ol>S i l l  1(1 (i 4 ',; ll10r(8 \\'Ilibil~ ill 11 )\'(! C O S ~  

of 11r(~111(*t io11. l ' l~ (~so  r (*I i~ l io~i~I \ i l~~  ( Y ) I I I ( ~  11ot 11;1\,(8 I)(-(-I I 
clc*tor~ni~lc~(l \\itllol~l 11lc tl(*t;~ilibtl liclltl i111(1 l i~I)or;~tor~~ 

cts;llllillntio~l of soils i l l  1 1 1 ~  (t~l,crilllc*lltilI plots ;t11(1 ;\ssr)~i;l- 

l i o t ~  o f  plot rc8sl,ollscs \\it11 soil propcrtics ;t11(1 soil distri- 
I , t ~ t i o ~ l  p;lttcr~ls. 

Tlic EfCcct of  Soil l'!.pe \'i~rii~tiolrs on Iiitcrprcti~tions 

of Dryl:~~i(l Rotiltio~i illid Tillage Experime~its 

. - --- - 
' l l ( ~ ~ 1 1  soils i11v111(lt- K I I I I ~ ~ I .  I { ; I ~ o ,  i l ~ i t l  Sligo IO;III~!+, i ~ t l ( l  \\'(*It1 

loirm, 11,ic.k sc~lllni 1>11:1sc~; 11ic.cli11111 i11~11ttlc.s \\ ' (81(1  Io;~rn, ; I I I ( ~  

t l ~ i t )  soils i11(.111(1cb N01ki1 ~ ~ I : I I I I  i11)tl \ \ '~ l ( l  I(~ilm, 1Ili11 so111ni II~I:ISI, ,  

T:lhle 2-A stlllimnry of rotatialrs a~ id  trentnlc~rts used 
in prodoction of wintcr \vlicnt nt  Akron, Colo. 

;bnd interpretation o f  results witlr n~ld witli- 

out 1)cnefit af ~Ictniled soils cvaluotian. 

Chl.c.k ~ ~ l ~ ~ l h : X o r ~ n . ~ l  cll~kc.11 571 8, 57211, 
I ~ I . ~ . ~ I ~ . I I  573111-C,51i~ 3.12 n :wa Q 

Early lnl l  cllhktscl 572- 1 - 11 I9Y L13R 4clR + .M 
E:crlv 11lwc~t1 & 

n t r 1 6  S V ~ V I I ~ I I  3R2 4.70 * 10s 402 4 4 8  
E a r l \  I:III IIH~I-11 ~ I C  F 141 + i n 2  ~ C H  - u 
h:arlv I I H I I ~ I I  & * ~ c ~ r l l . ~ l  

111 l l ~ l ~ , r  f111.r81%t 572- 1 - .\ 390 + . I R  ,166 - 78 
SIII IS~II~I-~I  fi ~tlowl*l l  hlC E :I?J + Xi ,110 - 72 
~ a r l y  [:all ~ I I I I ~ ~ I ~ ~ I  hlC.11,-n', 

572 I\ ,  573 \ I!l .MO + 20 
J,;tIcs l:111 11111tt 6.11 MC I\ I R .M6 - 111 
S n  trc~al~~it~~it, ~ ~ * V I I I ~ I I  

In % I I I I I I I I I *  ,391 I - 1 2  :WR - 66 

c2nl, ?:l!i!l I?!? .L_,~~'FIP"CI' 
A.  \V I I I~ : I I  ; I ~ I I T  r;1tIlln : 

(:I)t*cI; 111rrts:A IIc-ni:clc~ 
I . I I I ~ ~ v .  .t\h~*:~t SIC-c,-11. 247 1,naq 0 

(:o~.n-t*:~t?i- ~ : I I I I I \~  \\ I I I . : I ~  2n 1,092 * i s  
I . f : 1 1 1 -  I I : I  5A4 q.52 -146 

11. \VIII-:II : I~~I.I* r ~ ~ l ~ n ~ . \ l l  u ~ ~ 1 ~ ~ 1 ~ 1 l  IUI rIl*k1~11 coin ~ro1111al) 
Ch1.1.k 111c1ts Corn .ir.I!c.;ll 252 352 I) 

F:~lln\r.- cc~ ls~cnrn-whc~. , t  H I  I;.-BJ 4102 
1 - : I -  o r 1 - t  I l l  26 .-*.I + I 2  
Corn-\r.ht.xt ( ~ ; I I I I I ~ I  11) 251 .is16 - 6 
I'~~:~s-~~~ls-c:t~in-tt III.:IL.-, - ,97 ., .- . . . . . . . . . S411 - 1 2  

. . I S I I I ~ I I I I ; ~ ~ ' ! '  01. f l ' ~ b i \ ~ l l l t ~ l l ~ ,  fillilg~~, i111(1 1'0fit~iOll 1)r'ilC- 

lic.cbs is gi\.c-~l i l l  I:II)Ic 2, \v11(*1-c. t11(, c*ll'c~cts 01' corrc~ctillg 

! . i c n l ( l  ~ . c * l i i  t ic~~ls \\:ill1 rcbspcv-t to soil l i ro t l~  tcti\.ity tlilr(~r(.~lccs - 
iIIIIOIIg ill~1i\'i(~llit~ 11101~ iIll(1 rO~ilti011~ :11Y8 SIlO\\!ll. 111. 
scb\.c~~.;~l ch:lscbs, 111e: il~tcrl,rc*t;~tio~i o ~ l o  \\.ol~ld :ISSIIIII(' fro111 

I X ~  XI I .~S  of ])lot I r t l i ~ t ~ l ~ ( b ~ i t  ; I \ . ( ~ ~ ; I ~ ( ~ S  is IX~VC~I 'S(TI  \ \~II(~II thtb 

r(~;lti\~o 1)Iot  l,ro(lt~c:tivity l,o~~-l~ti;lls itr(' co~~si(l(~r(-(l.  This 
is ( * l ( b ; t ~ - l ! r  i l l 1  I S I I . ~ I I C ~ ( ~  by rot;tIio~l ?(;!)- 1 \\.llc-r(t sprillg 

lo1 )(lr(*ssil ~g of \\.I I('iI1 \\.it l r  111;111111'(~ ;11)1)(';11.('(1 10 li;\\'(> ill- 

c.rc-;~sc-tl \.ic-ltls I)!. 9(3 I,o~l~rcls. *l'llis ~~;rrti(.rtli~r 1,101 colt- 
sisl(vl 1;11.g(*l!, of c l c a c y .  t1i11.k soils o f  I I I I I C I I  lligll(nr l)ott~~ltii~l 

l ~ ~ . o ( l ~ ~ c - l i o ~ l  l I ~ i l 1 1  \\,;IS o l ) t i ~ i ~ ~ ( b ( l .  :jl'l(nr soil 111.o(l11clivit~ 
c.o~.~.c-c.lio~l, i l  \\,o~~ltl itl>l)cb;lr to I,(' t l r i l t  s l w i ~ ~ g  ~ol)<lr(~ssillg 

;I(.I II:III!- cl(y)~.(~ssc~cl !.ictltls. 
Iioi- I I 0111 of 2 I pr;l(*Iicvs : I I I ( ~  I I ~ ~ ~ ; I I I ~ I ( ~ I ~ I S .  ~o r r (~ (~ l i11g  

Tor soil (1 i l l  (81.c~1lc~c.s c8ill1c.r rc-\.c~rsc~tl I I I ( ~  ol.igill;ll il~tc*rl,rc-- 
I ; t l i o ~ l  l);ls(~l O I I  plot ; I \ . ( ~ ~ ; I ~ ( ~ S  o r  III;I(I(~ c~li;~~~g(bs of 30 
l)o1111(1s 01- IIIOI-tb i l l  1110 ! . i ( b l ( l  \ , ; I~ I I (~S  i ~ ~ ( l i c ~ i ~ l ( - ( l .  [ I f  tvr (#or- 
rc'etilig I'or soil (1ilFcreltc.c-s, o\,cbl. ollc-11;tll' or tlw ~)r;l(.ticos 

;lll(l t ~ ( ' : l ~ l l l ( ' l ~ ~ ~  il1)1X'ilrtn(l 10 IliI\'(' 11(~g l i~ i l ) l~~  (8fr(8~'t~ 011 

\'i(81(l~ Of  \\'illI(T \~Il('ilt. [ t  CmilII 1)c8 S(b(*ll. t l l O ~ ( ~ f O r ~ ~ .  tll;lt 

\\711cbr(. 13lot !.icllcls itrcb 1 l o t  r.orrc~c.tcd for soil clifTcrc~r~ccs. 
~.olilliOtr~ ; I I I (~  l~.c~;~l~lw~~lls \\.llic.ll ;~r(& \\.l~oll!. 0 1  t r )  :t 1i11-gc 
c*s l ( -~ l t  011 ;I l11i11 soil III;I!. I)(.  1111fit\.or;1l)I\ r;~tcbcl ill choll l -  

11ilri~O11 ivi111 llloso ~ I I  soils. 
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So11 Producl~v~ty  adjusted y~elds, canf~nuous 

wheat base 

Pigurc 4-Plot yields of winter wlrcat vs. soil productivity. 
I)ryla~\d rotation plots, Akron, <:ole. IDlots whcrc trcat- 
mcnt causcs significant (1.8 Ih. - 1 : )  dilfcrcncc from soil 
effect arc shown irr scluarc, I3 

Slope tn Pcrcnt 

\ \ - I I ( , I I  111(8 \,itbl(ls \ t ~ ~ r ( ~  ; I ( ~ ~ I I S I ( Y I  ;11so 10 ( ~ ~ I I ~ I > ( * I I s ; I ~ ( *  for  
1 I . (~;II  I I I ( - I I  t c . l l  cv-ts ; r l ~ ( l  f o l -  I I I ~ ( - c ~ ~ ; I I ~ ( * ~ I I S  f ' ; l ( ~ I o ~ . s ,  SII( 'II  ;IS 
lU;li1, it c u o ~ ~ ~ v l ; ~ l i o ~ ~  c-o(41i(*i(*l l t  o f  r? :: .!I92 \I,;IS o I ~ t ; t i ~ ~ ( ~ ( l  
i l i gr l rc -  ,1111 for  1 1 1 ( ~  1.c-grc-ssio11 c . c l l l i \ t i o l ~ .  
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D e p t h  to I ~ m e  rone In ~nches 

Yigr~rc (i--l)cplll of c:rlcitlnl ciirbo~rnte as rclntccl to w l ~ c i ~ t  
yields. 
A. Actrl;rl yicltls of co~rtitltlorls wheat vs. litnc mile 

dcptll. 
R. Acljt~stc(I yiclcls of contir~trous wheat vs. Iimc xo~lc  

clcpth. 

Thrrs figurc~s 4A nnrl 413 ~)rovicle one criterion for cxtrapol;t- 
tiort of rcscitrelr rcsults betwcclr soils of dilfCrent pro- 
cltlctivity lcvcls ;~ncl also for wmp;rring t rmtmcnt  cliccts 
\vllere soils or  more tlii~tl one procl~~ctivity lc\rcl ;~r(: in- 
volved. 

Depth to tlw 1)ri1ll;lry xotic of C:i1<:0:~ nccr~ni~llilt io~l is 
often t~sccl 1)y soil sllrvcyors i ~ r  t l ~ e  scminritl rcgio~ls ;IS n 
c111ick cl~lc* to soil clcvclop~ncnt of ~llcclium- to fi~lc- 

tcbxtr~rc~cl soils. At rikro~r. coI1Cit\'C slopcs, \\'hie11 tend t o  
~ O l l ~ ( ~ l 1 ~ ~ l ~ i ~  ll10rC8 tllitll tilit 1 1 0 ~ 1 l l ; l ~  f i o \ ~  Or \\*;tkr itCrOSS 
;III : I I ~ ~ ; I .  ~ ( ~ ~ ~ c ~ r ; ~ l l ! r  Ili1~1 soils \\,it11 I i t r i c b  x o ~ ~ c ~ s  -1 to 0 i11c11ens 
c I c v n 1 ~ ~  tfiilll t l~ose  soils drvcblopi~hg 011 ~ Y ) I I V C X  srrrtitc~~s 
wllc~rc. g~.(~iltcr ru~iolf ;111(1 sr~rf;tc(b soil loss wits to In' 
osl,c~ct(~cl (figt~l.c 5).  hlicrorclicf ap1,c;lrrtcl ~ig~iif ic i l~l t  I!* ' 
~ * O I I I M - C ! ~ - ( ~ ,  i l I~0,  \\it11 ot11c1. s o i l - ~ O ~ I I I ~ I I ~  j)rocSc*ssc8s S I I C ~ I  ;IS 

O ~ ~ ~ I I I ~ C *  I I I ; I ~ ~ ( ~ ~  ~ ~ C ~ ~ I I I I I I ~ ~ ~ I ~ O I ~ ,  d;ty llligri~~ioll, ;lltd S ~ ~ I I C -  

t11t*;11 c l c ~ v c ~ l o j ~ ~ ~ ~ o ~ ~ t ,  A (1i1.c-ct ~0111j1itris011 o f  l i ~ n c  xotlc 
c l ( t j j t l i  to r~~~;~cI j~ t s tcc l  11lot yic~lcls (lig~trc (;A) slro\vs so11ic~- 
sc.;lttt*r, l)c*rl~i~j,s r.at~sc*cl 1)). I r < a i ~ t ~ ~ l ( v ~ ~ t  vi~ri;rtio~t ;rrlrl mis- 
c.c~Il;~~rc~orrs f;~c-tors, \villr ~ I I I  r"it1r1c o f  0.521 for tllc 
~.c~grc-ssio~~ c ~ c  1u;ttiolr 
Y [yioltl] _7= 60 (0.1 1 [dcptlt to linic*] + 4.40). 

\VII($II yic~I(Is ;l~'c acljr~strd for trcat~llc!~~t clilfc*rcl~c~s ntrcl 
~ ~ r i s c . c ~ l l ; ~ t ~ c ~ o ~ ~ s  f;~r.tor:u (s11c11 ;IS I1:lil or  i~lsc-c*t cl;l~nilgc), the 
\.;1111c.s fit ~.;rtl~ctr elosc~1~- IJIC rcgr(-ssio~r l i t l ~  

\\.it11 :III  I . ~ . ; I ~ I I ~ *  ol 0.088 (fig~~rcl (ill). 'I'llc*re~ is s o ~ n c ~  
j~lslific*;~tio~~ i l l  r1~i11g ;I sil~glo, (n;lsil! ~ ~ l c ~ ; ~ s ~ ~ r t v l ,  soil ~ ~ r e q ~ r - r -  
t!. to clr~ickl!. assc8ss ~.c-l;tti\.c l,roclrlcti\.it!. of clcvc~lolx~(l 
soils \\.l~ic.l~ ;rrc8 clcrivc~cl from si1nil;lr pnrcnt matcriitls allel 
i11.c- cl(*vc-lo ring utltlct. tl~c* s;tllirb gcv~cr;rl ittfir~cn~ir.c-s of 
c1it1r:ttc i t  \p~-gc8t:~ tiot~. Srlelr t ( ~ c l l ~ ~ i ( l ~ ~ c  111ig11t not ;tpl~ly 
to 1-c~cc~11t ; ~ l l ~ ~ v i u ~ l ~  or otllc~r 1111rl(~\.clo~x8d soils or  to soils 
cl ilI'cr(81r t l !  i~.~.igittccl a~tcl fr81-tilizcd. 

1. A;lt\tlirl~l. r\. I\. Soil ~)roelr~c~ti\~ity-c'ot~(~(*~)ts i11hcl prcdictiolw. 
'I'r;~~ls. 111tc.rlt. Cottgr.' Soil Sci. 7111 A'filtlison. 4:305-370. 
I !)60. 

3. \ ~ ~ ; I I I ( ~ o I I ,  j. 1;. i111t1 \ I i I t I t t> \ \ ?~ ,  0. I\. I>ry!;111d rot;ltion and 
t ill;tcc- c\~l)c*ri~nc-l~ts ;it tllcl Akrot~ ( Colori~clo 1 Fit-ltl Station. 
\'SlI44 (:ire*. 7(M). l!)4.1. 

3. I ~ ~ o \ v I I ,  1 .it~cls;~y A, I\ I ) ~ I s ~ s  for r i ~ t i ~ ~ g  t11t. pro(111ctivity ofw 
si )ils OI I  tllc* pli~ ills of c*i~st(*rtl Color;tclo. (:olor;ttlo Agr. Exp. 
Stit, 'l't*t*I\, 131111. 25, 1!)36. 

4. (.:llilc'ott. E. C. '1'11(. rc*li~tiotls 1)c:t\\.c~.11 crol) gic.ltls anel prca- 
c.i lit;ltio~~ ill tllc (;rc.;tt i'lili~~s itrt.;t: I. Crop rc~li~tions ;ln(l. 
til\ilct* nlcbtlmds. USIIA hlisc!. Circ. R I .  1931. 

5. K~lol)c-l, E. 1%'. c.t nl. Akron Arm <:olornclo soil srtrvc).. 
St-rivs 1!)311, No. 14. 1'ul)lisllc~cl 19-17 1, USDA, Uurciru at 
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<:olor;~clo Aw. K x p .  Stil., coo ,c~r;ltillg. 

0. hlchl~lnlo, Ccrwg! A. (:(!nbilI rspc-rin~twts ;it tho Aknn~ 
l"ic.l(l Stiltio~l, Akro~l, <:olor;lclo. USIJA nllll. 402. Oct. 1916. 
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NOTES 

:i 1IKCORI)ING BALANCE F01\ hlEASUI~1NC: 
CrNSATClRATEl) hIOISTURE FLOW I N  SOIL' 

T I W  -I ILWSIKXT O~ITYLO\\* l r ~ c t l r ( ~ l  for 111itki11g IIIIS;I~II-  

rn tc~ l  cu,~lclrlctivity ~ ~ ~ c n s ~ ~ r c n ~ c n t s ,  c1cscril)ccl 1)y K I I I I ~ ~ :  
and liirkl\am.%rc-clui~*cs n c c ~ ~ r a t c  ~ n ~ a s r ~ r e ~ n c ~ ~ t s  of t110 
initial flow ri~tc- o r ~ t  of n soil sample. C:rccnVoltn(l tltnt 

. -. 

'Contril)~ttiott fro111 t11(* Soil ant1 M7ntcr <:or~scr\*i~liol~ 1b- 
\c-ilrcll L)i\ isictl~. AIIS. IlSl)A, in coop(-r;ltion \\litll t l r c -  Xlilr~tc~sot;~ 
Agr. Kxp. SIil.. St. Pi1111 1, hfi1111. h1it111. Agr. lb;xl). Stit. No, 
,5041. I\c.c.c-i\-c-tl Alw. 17. l!)rh3. Approvr.cl Xf :I?- 27, I !)(C3. 

'Kllnzr, 11. J. irncl Kirkh;lm, I>. Simplific.el occ.orl~~tillg for 
nlcnll~ra~rc. in1pc~cla11c.c in capillary conclrlctivity tl(bl(.rnii~~;ltio~~s. 
Soil Sci. SOP; Am. J1r(w. 26:421-4.26. 1902. 

tllc- 111ellloc1 i~lso \\*as ;~pl,licill)lc for t r a ~ l s i c ~ ~ t  flo\\i into ;I 
soil s;trlrplcb. Sol11 mc~thocls were ittlcqr~ntc for most m11- 

tIr~c.ti\*ity c-s1u~rimc11ts. b r ~ t  ;11)j);trc11tIy \\'<brc? ~ t ~ ~ s n t i s f a ~ t o ~ . \  
ror solnc r~sl~c~rin~c~tl t l ;  i ~ r  tllc IIC;II' s;\tr~riltio~i r ;~~rgc .  T I I  
t l l c ~  itlvcst igittiolls ci tc-d al)o\.c, thc Ilo\v r ;~tcs  tvcrt! 01) 
t;ti~~cbcl 1)). tnc;ts~lri~lg tllc nro\ .c l~nc~~t  of ;in air hr~I)blc in ;I 

l~ipct tc .  'l'lic* air I)r~l)l)lc tc*el~t~ic~rtc II;IS scvcr:11 lirnitatlon\ - 
( 1 )  t1iorcb force. is rc~r(rrircvl to rno\.c n clo1111nn of w;\tc'~ 
c*o~l l ; t i l~ i~~g  it11 ;\ir 1)111)1)1c~ t11;111 \villror~t it; (2) \\'it11 fils1 
or~t(lo\v t11(. I ) r ~ l ) l ) l ( n  ~llo\-c~lnc-~~ t is too 1.npic1 to I)c rccorclct(l 
itt~c.~~~.;lt(~I!* \villi tllc8 (1!r(8: ; I I M ~  (:3) 111c8 i11itir11 surgc cffcc 
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OPTIMAL DESIGN OF BORDER IRRIGATION SYSTEMS 

J .  Mohan Reddy and Wayne Clyma 

INTRODUCTION 

Border i r r i g a t i o n  systems,  bo th  graded and l e v e l ,  a r e  wide ly  

p r a c t i c e d  n~etliotls of s u r f a c e  i r r i g a t i o n .  E f f e c t i v e  desi.gns of bordcr  

systems have Ercq11cot1.y becn based on a r b i t r a r y  c o n s t r a i n t s  and p e r f o r -  

mance c r i t e r i a .  The fa rmer ,  a s  t h e  owner of t h e  farm, i s  i n t e r e s t e d  i n  

t h e  h i g h e s t  n e t  b e n e f i t s  from crop p roduc t i on .  Depending upon t h e  

amount of  wate r  a v a i l a b l e ,  t h e  c o s t  o f  p roduc t i on  and t h e  va lue  of t h e  

produce,  t h e  farmer rnay o r  may no t  i r r i g a t e  a l l  t h e  farm. Ile i s  not: 

s u r e  how much a r ea  he stlould i r r i g a t e  t o  o b t a i n  nlaxinl~inl b c n c f i t s .  

Hence, a  procedure  t o  ana lyze  a given s i t u a t i o n  and t o  optimally tl(.:iixri 

t h e  i r r i g a t i o n  system would f a c i l i t a t e  e f  Fec t i vc  on-farm watctr 

management. Th is  paper  p r e s e n t s  a  pro.cedure f o r  o p t  i m n l  ilcsigr: 01'  

bo rde r  i r r i g a t i o n  systems based on maxiniization of p r o f i t  iv'lii 1 c i n co r -  

p o r a t i n g  system o p e r a t i o n  cons t ra j .n t s  and t h e  v a r i a b l e s  oE t h e  opc ra t i t i g  

system. 

LITERATURE REVIEW 

t i a l l  (4) p r e sen t ed  a  s imple  procedure  t o  op t imize  t h e  de s ign  of 

bo rde r  i r r i g a t i o n  systems.  nu t  on ly  maxie~iznti .on of  t h e  a p p l  j c a t i o n  

efficiency was cons idered .  Vicrhout  (11) a p p l i e d  d i f f c r e r ~ t i a l  c a l c u l u s  

t o  t h e  op t imal  des ign  of  border  and furrow i r r i g a t i o n  sys tems .  Once 

aga in  t h e  c r i t e r i a  was t o  maximize a p p l i c a t i o n  e f f i c i e n c y .  Wu and Liang 

(12) p r e sen t ed  a  procedure  t o  op t imize  on ly  t h e  l e n g t h  of  run of a  

l ~ o s t - d o c t o r a l  f e l l ow ,  C i v i l  Engineer ing  Department;  and Assoc i a t e  
P r o f e s s o r ,  A g r i c u l t u r a l  and Cl~emical Engineer ing  Department,  Colorado 
S t a t e  U n i v e r s i t y ,  F o r t  C o l l i n s ,  Col.orado, r e s p e c t i v e l y .  



furrow i r r i g a t i o n  sys tem.  There  a r e  many o t h e r  v a r i a b l e s  such  a s  iriflow 

r a t e ,  t ime of  i r r i g a t i o n ,  and n e t  d e p t h  o f  a p p l i c a t i o n  which shou ld  b e  

si loul  t i - ~ r ~ e o ~ ~ s l y  i n r  l uded i n  tile o p t i m i z a t i  on t o  a r r i v e  a t  a n  o p t i m a l  

clcs i g11 f o r  t 11c! s y s  L c - ~ n .  

N:~r ja i .  ( 7 )  developed a  p roccdure  t o  de te rmine  t h e  optimum i n f l o w  

r a t e  i n t o  a  b o r d e r  w i t h  t h e  o t h e r  v a r i a b l e s  remaining c o n s t a n t .  The 

o b j e c t i v e  was t o  maximize u n i f o r m i t y  a l o n g  t h e  l e n g t h  o f  t h e  b o r d e r .  

Karmeli  (6) p r e s e n t e d  a  p rocedure  t o  o p t i m i z e  t h e  i r r i g a t i o n  q u a l i t y  

pa ramete r s  such a s  t a i l w a t e r  r a t i o ,  deep p e r c o l a t i o n  r a t i o ,  and w a t e r  

requircnient  e f f i c i e n c y  f o r  furrow i r r i g a t i o n .  Though i t  i s  n o t  

d i f  f i c ~ i l  t t o  e x t c ~ i t l  t h e  same p rocedure  t o  border i r r i g a  t i  011, t h e  proccS- 

d u r c  b c c o ~ ~ i c s  h igl i ly  tcdi .ous  and l e r ~ g t h y  a s  t h e  r~unll)cr of con~birl;~tiori:;  u t .  

t h e  v a r i a b l e s  i -nc rease .  B e s i d e s ,  t h i s  proccrlurc? tlocs n o t  .J 1 1 o i h D  l o r  

sys tem c o n s t - r a i n t s  . R e c e n t l y ,  Reddy and C l ylna (8 )  pr-~~sr!riL-~.l ;J ~ ) l - o c i ~ ( l ~ ~ r c %  

t o  o p t i m i z e  furrow i r r i g n  t i o n  sys tem d e s i g n  I)asc!cl on ni i I I  i ln11n1 c o s t s  . I I I C I  

c o n s i d e r i n g  t h e  d e s i g n  v a r i a b l e s ,  performance p ;~rnn lc~ tc r s ,  aritl i n c o r -  

p o r a t i n g  t h e  sys tem c o n s t r a i n t s .  A s i m i l a r  approach f o r  borr lers  i s  

p r e s e n t e d  h e r e  c o n s i d e r i n g  maximizat ion o f  p r o f i t  a f t e r  d e r i v i n g  t h e  

r e l a t i o n s h i p  between t h e  d e s i g n  v a r i a b l e s  and t h e  q u a l i t y  p a r a m e t e r s .  

SYSTEM RELATlONSHIPS BY SINULATION 

I n  i r r i g a t e d  a g r i c u l t u r e  nlaximum p r o f i t  i s  o b t a i n e d  when t h e  l o s s e s  

a r e  lnininlum and t h e  w a t e r  r equ i rement  e f f i c i e n c y  is a t  a n  optimum. 

Water requirement  e f f i c i e n c y  i s  d e f i n e d  a s  a  r a t i o  i n  p e r c e n t  o f  t h e  

amount o f  w a t e r  nlade a v a i l a b l e  f o r  p l a n t  lise t o  t h c  wntc r  rcquirc lncnt  a t  

Cllc: t i n ~ c !  of  i r r  i J;;I 1. i o n  (5) . Ihl 11 (.;111 I)c ol)l n i ~ i c n c l  s i t i l l lJ  t i ~ r i ( % ~ l ~ ~  1 y  w i  LII  

p r o p e r  d e s i g n  and a p p r o p r i a t e  managclncnt o f  t h e  sys tem.  I f  l o s s e s  a r e  

h i g h ,  c x c c s s  c o s t s  a r e  i n c u r r e d  i n  p r o v i d i n g  i r r i g a t i o n  w a t e r .  Y i e l d s  

BEST AVAILABLE COPY 



a r c  rccl~lccci i f  L I I ~  i i i ~ t c r  rcclr~ircment met by each i r r i g a t i o n  i s  l e s s  than  

optima 1. II(~rlct~,  thew i s  a  t r ade -o f f  between maximizing wate r  r e q u i r e -  

ment e f  f  i c i cncy  ; ~ n d  ~ninin~izi .ng l o s s e s .  The re fo r e ,  t h e  i r r i g a t i o n  system 

sllould be designed f o r  opti~num n e t  b e n e f i t s .  

A r e l a t i o n s h i p  between y i e l d  and de s ign  v a r i a b l e s  must be 

e s t a b l i s h e d  t o  op t imize  t h e  system des ign .  Th i s  was achieved by a  

two-step p rocess .  F i r s t ,  a  r e l a t i o n s h i p  was ob t a ined  between wate r  

requirement  c t f f i c iency  and t he  de s ign  v a r i a b l e s  u s ing  a  h y d r a u l i c  model. 

Second, a  rc1.al.i onsh ip  bctween y i e l d  and wate r  recluircment e f f i c i e n c y  

u s ing  n crop  produc t ion  model and t h e  h y d r a u l i c  model. L a t e r ,  t h c s e  two 

r e l a t i o n s h i p s  were cor~~bincd  with  a  mathemat ical  programming techn ique  t o  

o p t i n ~ i z c  t h e  des ign  of f r e e l y  d r a i n i n g  gr;ltlcd 1)ortler ;~ntl  1cvc:l h a s i n  

i r r i g a t i o n  s j l s t e~ns .  

Periormance and Design Va r i ab l e s  

l Iydraul ic  s i lnu la t ion  of t h e  a p p l i e d  wate r  i s  an jn~portar l t  c o ~ i i ~ o ~ ~ t ~ l i t  

of t h i s  o p t i m i z a t i o n  model. Coriceptually t l ie l lydrau l ic  rnotlcl r cprcsc ln t s  

a c c u r a t e l y  t h e  o p e r a t i o n a l  cond i t i ons  of t h e  i r r i g a t i o n  system. A c t u a l l y  

t h e  hyd rau l i c  model p rov ides  t h e  volumes (tlcptll) of  wa te r  t h a t  e n t e r s  

t h e  r o o t  zone,  goes t o  deep p e r c o l a t i o n ,  and runs  o f f  t h e  f i e l d .  The 

h y d r a u l i c  model s imu l a t e s  t h e s e  volumes f o r  g iven  c o n d i t i o n s  of  i n t a k e ,  

s l o p e ,  and de s ign  dep th  and d i f f e r e n t  combinat.ions of  t h c  de s ign  

v a r i n b l c s  sllc.11 a s  l e r ~ p , t l ~  01' rlln, u n i t  jllf'low r a t e ,  and t i n l r  of  

i r r i g a t i o n .  

A l l  t h e  system v a r i a b l e s  can be  cons t r a ined  t o  s p e c i f i e d  l i n~ i t s  f o r  

g iven  f i e l d  c o n d i t i o n s .  The c o n s t r a i n t s  were a s  fo l lows :  



where QU = u n i t  i n f l o w  r a t e  i n t o  t h e  b o r d e r ,  L / s ;  Ti = t i m e  o f  i n f l o w  

i n t o  t h e  b o r d e r ,  n1i.n; L = l e n g t h  o f  i r r i g a t i o n  r u n ,  m ;  Qu,max = maxim~lln 

non-e ros ive  s t r eam s i z e ,  L/s; Qu,min  = minimum f low r a t e  r equ i - red ,  L / s ;  

T  = maximum t ime  a v a i l a b l e  p e r  i r r i g a t i o n ,  min; max $ = l e n g t h  o f  t h e  

f i e l d ,  m ;  and n  = number of  l e n g t h s  o f  run .  A f t e r  d e f i n i n g  t h e s e  a 
limits, t h e  v a l u e s  o f  t h e  v a r i a b l e s  were d i s c r e t i z e d  t o  a f i n i t e  n~rmbcr 

and s i m u l a t e d  by u s i n g  t h e  a p p r o p r i a t e  l l y d r a u l i c  model. Thc mode 1s usc:tl 

i n  t h i s  s t u d y  were t h o s e  o f  S t r e l k o f f  and Katopodes ( l o ) ,  arltl Clonlmrr~s 

and S t r e l k o f f  (1). F i n e r  d i s c r e t i z a t i o n s  i n c r e a s e  t h e  cosl: oC :; i111u l i l t  i 011. 

The l e n g t h  v a r i a b l e  was d i s c r e t i z e d  i n t o  a  l i m i t e d  ~lulltbcr I)c.c;~uso LI:L!I-~! 

a r e  a  l i m i t e d  number of a c c e p t a b l e  a 1 t e r n a l ; i v e s .  i . e .  , ~ ! ~ t r  1 r ~ n g t l ~  o f  I - 1 1 1 1  

may b e  ha lved  o r  reduce.d . to  o n e - t h i r d .  For  each c o n l b i n ; ~ t l o ~ ~  oT Lt~c 

v a r i a b l e s ,  t h e  w a t e r  r equ i rement  e f f i c i e n c y ,  t h e  volutne o f  r u n o f f ,  and 

t h e  deep p e r c o l a t i o n  volume were c a l c u l a t e d .  Here ,  o n l y  f r e e l y  d r a i n i n g  

graded b o r d e r s ,  and l e v e l  b a s i n s  a r e  c o n s i d e r e d .  

Graded Borders  

Graded b o r d e r s  a r e  w e l l  s u i t e d  t o  s o i l s  o f  moderate  i n t a k e  

c h a r a c t e r i s t i c s  and s l o p e s .  E f f i c i e n t  i r r i g a t i o n  is  p o s s i b l e  by 

b a l a n c i n g  t h e  advance and r e c e s s i o n  o f  w a t e r .  I n  g raded  b o r d e r s ,  t h c  

w a t e r  f r e q u e n t l y  i s  f r e e l y  d r a i n i n g  a t  t h e  downstream end o f  t h e  f i e l d .  

Hence, runof f  w a t e r  becomes a n  i m p o r t a n t  component o f  t h e  i r r i g a t i o n  

s y s  tem d e s i g n .  Under some circulns t a n c e s  d e t r i ~ n e n t . a l  e f f e c t s  o f  deep  

p e r c o l a t i - o n  a l s o  may be  i n c o r p o r a t e d  a s  a  d e s i g n  c o n s t r a i n t .  



A f t e r  s i .mulat ing f o r  a  s e t  o f  g iven  c o n d i t i o n s  and v a r i o u s  

c o g i n a t i o n s  of t h e  des ign  va r i ab l e s - - l eng th  o f  run,  u n i t  i n f l ow  r a t e ,  

and t ime of  i r r i g a t i o n - - t h e  va lue s  of  t h e  q u a l i t y  paramete rs  such a s  

water  req~lirclncnl: e f f i c i e n c y ,  and deep p e r c o l a t i o n  and t a i l w a t e r  r a t i o s  

were ob t a ined .  By a  s t a t i s t i c a l  a n a l y s i s  o f  t h e  d a t a ,  t h e  fo l l owing  

t ypes  of r e l a t i o n s h i p s  were def ined  w i th  a  h igh  degree  o f  c o r r e l a t i o n ,  

between t h e  q u a l i t y  paramete rs  and t h e  de s ign  v a r i a b l e s .  They a r e :  

a b c  
1 1 1  = K Q  T  L 1 u  i 

and 

where Rt = t a i l w a t e r  r a t i o  o r  t h e  volume of  runoff  t l iv i~ lot l  by t . 1 ~  tnLi11 

volume a p p l i e d ;  R = deep p e r c o l a t i o n  r a t i o  o r  t h e  volunle o f  deep 
P  

p e r c o l a t i o n  d iv ided  by t h e  t o t a l  volt~me a p p l i e d ;  and K1 t o  c  a r e  3 

c o n s t a n t s  which a r e  s i t e  dependent.  For  g iven  cor idi t ions  and c o n s t r a i n t s ,  

t h e s e  equa t i ons  p rov ide  t h e  r e l a t i o n s h i p s  between system performance and 

de s ign  v a r i a b l e s  f o r  graded bo rde r s .  

Level Borders 

A l e v e l  bo rde r  o r  b a s i n  was de f i ned  a s  an i r r i g a t i o n  u n i t  of  z e r o  

s l o p e  w i t h  t h e  downstream end d iked .  The t a i l w a t e r  r a t i o  was z e r o  

because t h e r e  was no runo f f .  Here,  an  approach s i m i l a r  t o  t h e  one i n  

t h e  p r ev ious  s e c t i o n  was fol lowed.  An a d d i t i o n a l  v a r i a b l e ,  t h e  wa t e r  

requirement  a t  t h e  t ime of  i r r i g a t i o n ,  i s  added i n  d e f i n i n g  t h e  wa t e r  

r equ i r en~en t  e f f i c i e n c y  . Ilence , t h e  r e l a t i o n s h i p  i s  g iven  a s  : 



i n  which DU = wate r  rcquirenient  a t  t h e  t ime  o f  i r r i g a t i o n ;  and d4 = a 

c o n s t a n t .  Th i s  adds onc more v a r i a b l e  t o  t h e  o p t i m i z a t i o n  p r o c e s s .  

I n  l e v c l  I ~ o r d e r  i r r i g a t i o n  t h e  w a t e r  r equ i rement  e f f i c i e n c y  

relationship i s  s u f f i c i e n t  t o  d e s c r i b e  t h e  q u a l i t y  p a r a m e t e r s .  There  i s  

no r u n o f f .  Hence, deep p e r c o l a t i o n  i s  t h e  o n l y  l o s s  i n  t h e  f i e l d .  Thus ,  

t h e  deep p e r c o l a t i o n  r a t i o  can be  d e r i v e d  e a s i l y  from t h e  w a t e r  r e q u i r e -  

ment e f f i c i e n c y .  The d e r i v a t i o n  i s  a s  f o l l o w s :  

V = QUTi - LD (E / l o o )  
P  u  r 

( 6 )  

where V = volume o f  deep p e r c o l a t i o n .  The deep p e r c o l a t i o n  r n t i o  is  P 

g i v e n  a s :  

Equa t ions  (5) and ( 8 )  p r o v i d e  tile r e l a t i o n s h i p s  between sys tem 

performance and d e s i g n  v a r i a b l e s  f o r  g i v e n  c o n d i t i o n s  and c o n s t r a i n t s .  

Now, a  r e l a t i o n s h i p  between sys tem performance and y i c l d  i s  deve loped .  



Y i e l d  and Performance 

E v a l u a t i o n  of  t h e  optimum l e v e l  o f  c r o p  p r o d u c t i o n  f o r  a  g i v e n  

i r r i g a t i o n  sys tem r e q u i r e s  a c rop  p r o d u c t i o n  model which d e f i n e s  y i e l d  

a s  3 f ~ ~ n c t i o n  of  sys tem performance a t  each  i r r i g a t i o n  d u r i n g  t h e  season .  

Tlie sys tem pcrforrnance a t  each  i r r i g a t i o n  i n  each  s e c t i o n  o f  t h e  fie1.d 

i s  o b t a i n e d  from t h e  h y d r a u l i c  model. The model used  i n  s i m u l a t i n g  t h e  

y i e l d  i s  p r e s e n t e d  e l sewhere  ( 9 ) .  The d e p t h  o f  w a t e r  a p p l i e d  was assumed 

c o n s t a n t  f o r  each  i r r i g a t i o n  d u r i n g  t h e  season .  Any o t h e r  sequence  o f  

d e p t h  of  i r r i g a t i o n s  may be s p e c i f i e d  i n c l u d i n g  e m p i r i c a l  o r  e x p e r i m e n t a l  

approaches  t o  d e f i n i n g  t h e  d e p t h  a n d / o r  t h e  sequence .  Once t h e  op t imal  

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

y i e l d  o f  t h e  c r o p  a s  a  f u n c t i o n  o f  a  cons ta r i t  w a t e r  r c q u i r e ~ a c r i t  e f t i -  

c i e n c y  a t  each  i r r i g a t i o n  d u r i n g  t h e  season  was siniu1;ltcd. D i f l ' c r c n t  

combina t ions  o f  y i e l d  and wa te r  r e q u i r e n ~ e n t  e f  F i c i e ~ ~ c p  vcrcB o1)t.l i l ic1ij  I I V  

v a r y i n g  t h e  d e s i g n  v a r i a b l e s :  i n f l o w  r a t e ,  Zcngtll U I  l i i i ,  < I I I ( ~  L ~ I I I C  of  

i r r i g a t i o n .  Otlier v a r i a b l e s  such a s  s l o p e ,  i n t a k e  Fan~i l y  , o r  dcs i gn 

d e p t h  may be  c o n s i d e r e d .  A y i e l d  v e r s u s  w a t e r  requiremerit  e f f i c i c r i c y  

f u n c t i o n  can b e  developed from t h e  above s i m u l a t i o n  d a t a .  F o r  a  g i v e n  

s e t  o f  f i e l d  c o n d i t i o n s ,  t h e  r e l a t i o n s h i p  o f  r e l a t i v e  y i e l d  t o  w a t e r  

r equ i rement  a s  o b t a i n e d  from t h e  s i m u l a t i o n  is  shown i n  F i g .  1. The 

r e l a t i o n s h i p  was q u a d r a t i c  a s  fo l lows :  

i n  which Er = w a t e r  r equ i rement  e f f i c i e n c y  i n  p e r c e n t ;  and YR = p e r c e n t  

r e l a t i v e  y i e l d ,  and i s  d e f i n e d  as: 



where Ya = a c t u a l  y i e l d ,  kg/ha; and 'max = p o t e n t i a l  y i e l d  under 

optimum c o n d i t i o n s ,  kg/ha.  A high coef f  i c i n e t  o f  c o r r e l a t i o n  ( r2=0.  96)  

was ob ta ined  between r e l a t i v e  y i e l d  and t h e  wa t e r  requ i rement  e f f i c i e n c y .  

Problem formula t i o n  is an impor tan t  component o f  any o p t i m i z a t i o n .  

The problem i s  de f i ned  i n  terms of a n  o b j e c t i v e  f u n c t i o n  ( e i t h e r  minimi- 

z a t i o n  o r  maximization) and r e l a t e d  c o n s t r a i n t s .  For  t h i s  problem, t h e  

o b j e c t i v e  was t o  maximize t h e  p r o f i t ,  i . e . ,  s e a r c h i n g  f o r  a  p a r t i c u l a r  

va lue  o f  wate r  requirement  e f f i c i e n c y  and t h e  cor responding  va lue s  o f  

t h e  de s ign  v a r i a b l e s  t h a t  g i v e  t h e  optimum n e t  b e n e f i t .  The p r o f i t s  

were due t o  crop p roduc t i on  i n  a  p a r t i c u l a r  f i e l d .  The c o s t s  a s s o c i a t e d  

w i th  i r r i g a t i o n  system des ign  a r e :  l a b o r ,  water  and energy ,  d i t c h  

c o n s t r u c t i o n ,  and any nega t i ve  e f f e c t s  o f  runof f  nncl (let-p ~,c rco lnLior i .  

I f  no d i r e c t  c o s t s  o f  runoff  o r  deep perco l . a t ion  can hc q u a ~ l t  i f ic t l ,  tI1c.n 

t h e i r  c o s t s  a r e  inc luded  i n  tlre i nc r ea sed  anlouilts o f  w n t c r  reclui I - c t t l .  

A f t e r  t h e  c o s t  c o e f f i c i e n t s  and t h e  ma t l l e ~ n a t i c a l  r e l a  t i o n s h i p s  of t h c  

q u a l i t y  paramete rs  a r e  ob t a ined ,  t h e  problem can be  fornrulatcd a s  showll 

below: 

max G = PC YR Lng W nw - C Q T.  W ni nw ng - C a T.  ni n  ng 
0 1 u  1 2 1 W 

va lue  o f  
t h e  produce c o s t  o f  wa t e r  c o s t  o f  l a b o r  

c o s t  o f  c o s t  of c o s t  o f  c o s t  o f  deep (1 1 )  
d i t c h  p roduc t i on  rune f f  p e r c o l a t i o n  

c o n s t r u c t i o n  

where PC = p r o f i t  c o e i i i c i e n t ,  $ /ha ;  C1 = c o s t  o f  wa t e r ,  $/ha-m; 

C2 = c o s t  of l a b o r ,  $ /h i  C3 = c o s t  o f  d i t c h  c o n s t r u c t i o n ,  $ / l i n  m ;  

C4 = c o s t  of p r o d ~ ~ c t i o ~ r ,  $/110; C = c o s t  of runoff  wa t e r ,  $/Ira-m; 5 



C = c o s t  o f  deep p e r c o l a t e d  w a t e r ,  $/ha-m; a = f rac t i .on  o f  t h e  t ime  6 

l a b o r  i s  u t i l i z e d  d u r i n g  t h e  i r r i g a t i o n  t ime;  n  = number o f  i r r i g a t i o n s  
i 

p e r  s e a s o n ;  n  = number o f  b o r d e r s  i n  t h e  wid th  d i r e c t i o n ;  W = width o f  
W 

t h e  b o r d e r ,  In; WF = width  of t h e  f i e l d ,  m ;  f l  = f u n c t i o n  o f  runof f  
- 

volume; and f 2  = f u n c t i o n  o f  deep p e r c o l a t e d  volunie. 

A f t e r  s u b s t i t u t i n g  t h e  y i e l d - w a t e r  requirement  e f f i c i e n c y  . 

r e l a t i o n s h i p  (Eq. 9)  i n t o  Eq. 11, and n e g l e c t i n g  t h e  c o s t  o f  runof f  and 

deep p e r c o l a t e d  volumes t h e  o b j e c t i v e  f u n c t i o n  becomes: 

I. na W nw 
max Go = PC [-27.89 + 2.49 Er - 0.01212 E ~ ]  

10,000 
- C Q T.W ni nQ nw 

r 11 .11  

v a l u e  o f  t h e  produce c o s t  o f  w a t e r  

c o s t  o f  c o s t  of c o s t  or  
l a b o r  d i t c h  p r o t l ~ l c t i o ~ i  

c o n s t r u c t i o n  

By s u b s t i t u t i n g  t h e  r e l a t i o n s h i p  between t h e  des ign  v;lri;lblt!s nntl tllc 

w a t e r  requirement  e f f i c i e n c y  (Eq. 2) i n t o  Eq. 12 ,  t h e  o b j e c t i v c  f u n c t i o n  

i s  g iven  a s :  

a  b c  a  b  c  2  L n a W n , $  1 1 1  
max Go=Pc[-27.89+2.49 T ~ ' L  1 - ~ . 0 1 2 1 2  (KIQu Ti L  1 10,000 

Value o f  t h e  produce 

c o s t  o f  wa te r  c o s t  o f  l a b o r  c o s t  o f  d i t c h  
c o n s t r u c t i o n  

c o s t  o f  p roduc t ion  



and t h e  c o n s t r a i n t s  a r e  g iven a s :  

n  n  T . < T  11 w 1 - max + G7 = "2 nrq Ti/Tmnx 5 1 ( 141:) 

where 
'mi11 

= mini.mum w i d t h  of  t h e  b o r d e r ,  m ;  W = maximum wid th  o f  
Ill il X 

t h e  b o r d e r ,  m ;  LmiIl = minimum l e n g t h  o f  t h e  r u n ,  m ;  L  = maximum 
max 

l e n g t h  o f  t h e  r u n ,  m ;  and QF = t o t a l  f low r a t e  a v a i l a b l e  a t  t h e  fa rm,  

L / s .  

OPTIMIZATION TECHNIQUE 

Genera l i zed  geomet r i c  programming, which i s  a p p l i c a b l e  t o  

e n g i n e e r i n g  d e s i g n  problems o f  t h i s  t y p e ,  i s  most a p p r o p r i a t e  f o r  t h e  

above problem. The same te'chnique was p r e s e n t e d  by Reddy and Clylaa (8) 

f o r  fu r row i r r i g a t i o l l  sys tcms .  G e ~ l c r a l i z e d  g e o ~ n e t r i . ~  programmi.ng (GL;P) 

i s  formula tctl w.it.11 a n  objective! C~nc:tiori o f  1 . 1 1 ~  fonn: 



Go (Dmin = p 0 ( n  - go(X) 

w i t h  K c o n s t r a i n t s  o f  t h e  form: 

i n  which = t h e  v e c t o r  o f  v a r i a b l e s  t o  be c o n s i d e r e d  (x l  ,x2,x3, .  . .xH) ; 

M = t h e  number o f  v a r i a b l e s ;  and Pk and Qk = posynomial f u n c t i o n s  of 

t h e  form: 

( I S )  

where Uik  and V = terms wi th  p o s i t i v e  and ncgntivr! c o t ! t ' i ' i c i c ~ ~ L s ,  
j k  

r e s p e c t i v e l y ,  i n  t h e  o b j e c t i v e  f u n c t i o n  ant1 tlle c o ~ ~ s t r a i  11 t s  ; I = I I I I I I I ~ ) ~ - r  

o f  terms i n  t h e  o b j e c t i v e  f u n c t i o n  o r  t h e  c o n s t r a i n t s  w i t 1 1  1 ) o s i t . i ~ ~  

c o e f f i c i e n t s  ( ~ ~ ( 2 ) ) ;  and J = number o f  terms i s  tllc o b j c c t  ive f ~ ~ r ~ c t  ion 

o r  t h e  c o n s t r a i n t s  w i t h  n e g a t i v e  c o e f f i c i e r l t s  (Q 0;)). The t c r ~ n s  
and V a r e  d e f i n e d  a s  f o l l o w s :  

k  'ik 
j k  

where Cik 
Cj 1~ 

= c o e f f i c i e n t s ;  'ikm and E = exponeli ts  o f  t h e  
.j km 

vnri;~l) l  tbs i l l  Lllc ol) j ( !c t ive  i ~ ~ ~ l c t j  or1 and  t h o  const  l-n i n t s ;  ;Inti x  = 
111 



Equa t ions  (15) and (16) a r e  c a l l e d  s i g n o m i a l s .  A s i g n o m i a l  i s  

d e f i n e d  a s  t h e  d i f f e r e n c e  of  two --posynomials,  The major  s t e p  i n  t h e  

f o r m u l a t i o n  of  GGP i s  t h e  t r a n s f e r  o f  t h e  s i g n o ~ n i a l s  i n t o  posynolnials  

w i t h  one term,  c a l l e d  monomials. T h i s  i s  accomplisl led by a  p r o c e s s  o f  

condensa t ion  a s  d e f i n e d  by Dembo (2 ) .  A f t e r  t h e  monomials a r e  o b t a i t l e d ,  

t h e  c o n s t r a i n t s  31id t h e  o b j c c t i - v e  f u n c t i o n  a r e  l i n e a r i z e d  by t a k i n g  Llle 

n a t u r a l  l o g a r i t h m  o f  t h e  monomial f u n c t i o n .  T h i s  s e t  o f  e q u a t i o n s  i s  

s o l v e d  by l i n e a r  programming. Convergence o f  t h e  s o l u t i o n  t o  t h e  

o r i g i n a l  problem i s  o b t a i n e d  by a d d i t i o n a l  c o n s t r a i n t s  c a l l e d  ' c u t s '  t o  

t h e  o r i g i n a l  problem. By s o l v i n g  t h e  l i n e a r  program a  f i n i t e  number of  

t i m e s ,  a n  optinlum s o l u t i o n  i s  o b t a i n e d  t o  t h e  o r i g i t l a l  no111 i n ( ~ : ~ r  

problem. Being a n o n l i n e a r  progranuning probler l ,  g l o b a l  soluLiori  C ; I I I I I O ~  

b e  g u a r a n t e e d .  D i f f e r e n t  l o c a l  optima a r c  o b t a i n e d  I)y s t a r t i n g  ; i t  

d i f f e r e n t  i n i t i a l  f e a s i b l e  s o l u t i o r l s  . The n~axj~nun~ of  a l l  Lllc:  opLi~na is 

c o n s i d e r e d  t h e  gl.oba1 s o l u t i o n  t o  t h e  p r o b l e ~ n .  A s i g n o ~ n i  a 1  gcorl~c t r i c  

programming code h a s  been developed t o  s o l v e  t h e  probl.e~n. 

The v a l u e s  of  t h e  v a r i a b l e s  o b t a i n e d  from t h e  above t e c h n i q u e  a r c  

con t inuous  ( n o n - i n t e g e r ) .  I n  t h e  d e s i g n  of  a n  i r r i g a t i o n  sys tem some o f  

t h e  v a r i a b l e s  such  a s  t h e  nuniber of  l e n g t h s  o f  run ,  number o f  s e t s ,  

number .of b o r d e r s  i n  t h e  wid th  d i r e c t i o n  shou ld  have i n t e g e r  v a l u e s .  

T l l e re fo re ,  a d i f f e r e n t  t e c h n i q u e  was a t t a c h e d  t o  t h e  above p r o c e d u r e  t o  

o b t a i n  a11 ol)tinlal s o l u t i o n  i n  ternls o f  i n t e g e r s  f o r  t h e  above v a r i a b l e s .  

The brnnch-and-borlnd ( 3 )  t e c h n i q u e  was chosen t o  e x p r e s s  t h e  r e l a t e d  

v a r i a b l e s  i n  a n  i n t e g e r  form. 



OPTTHAI, SYSTEfl DESIGN 
f 

The gene ra l i z ed  geometr ic  programming techn ique  p r e sen t ed  above was 

a p p l i e d  t o  t h e  op t imal  de s ign  of border  i r r i g a t i o n  systems:  graded 

bo rde r s  and l e v e l  b a s i n s .  The two ca se s  a r c  d i s cus sed  s e p a r a t e l y  a s  an 

example wi th  s p e c i f i c  c o n d i t i o n s .  

Example 1 - Graded Border 

The da t a  f o r  t h i s  problem i s  p r e sen t ed  i n  Table  1 .  Using t h i s  d a t a  

t h e  hyd rau l i c  model was s imula ted  f o r  d i f f e r e n t  combinat ions  of t h e  

des ign  v a r i a b l e s  a s  p r e sen t ed  i r l  Table 2 .  A r e l a t i o n s h i p  of t h e  fol low- 

i ng  form was ob ta ined  between water  requirement  e f f i c i e n c y  and t h e  

de s ign  var iab l . cs :  

A ve ry  good c o r r e l a t i o n  ( r 2  = 0.91)  was I i I b c t i c r n  t lit! 111-etI i c L P ~ I  

and a c t u a l  watcr  r equ i r c~nen t  e f l i c i e n c y .  A coolpar-is011 of' .1ct1l.11 vcBrsus 

p r e d i c t e d  water  requirement  e f f i c i e n c y  i s  sliown i n  F i g .  2 .  

A f t e r  .ob ta in ing  t h e  r e l a t i o n s h i p s  between t h e  des ign  v a r i a b l e s  and 

t h e  i r r i g a t i o n  q u a l i t y  paramete rs ,  t h e  problem was formulated i n  terms 

of t h e  c o s t  c o e f f i c i e n t s ,  system c o n s t r a i n t s ,  system c o n s t a n t s  and t h e  

des ign  v a r i a b l e s .  I n  t h e  p r e s e n t  s t udy ,  t h e  e f f e c t  of  deep p e r c o l a t i o n  

and t a i l  wa te r  a r e  no t  cons idered .  But when a p p r o p r i a t e  c o s t  c o e f f i -  

c i e n t s  a r e  a v a i l a b l e ,  t hey  can be i nco rpo ra t ed  i n t o  t h e  op t imal  de s ign  

p roce s s .  For  t h e  g iven  s i t u a t i o n  PC was c a l c ~ l l a t e d  by 



T a b l e  1. Cost c o e f f i c i e n t s ,  sys tem c o n s t a n t s  and sys tem c o n s t r a i n t s  f o r  
a f r e e l y  d r a i n i n g  b o r d e r .  

-. - 
I'll rame t c r s  Value 

Cost  Coef f  i c i c n t s  -- 
C)  

Value of  produce,  $/mJ 

Cost  of  p r o d u c t i o n ,  $/ha 
3 Maximum p r o d u c t i o n ,  m /ha  

Cost  of  l a b o r ,  $ /h  

Cost  of  w a t e r ,  $/ha-m 

Cost  of  d i t c h  c o n s t r u c t i o n ,  $ / l i n  m 

System Cons tan t s  

Lengtll of  t h e  f i e l d ,  In 

Width of  t h e  f i e l d ,  m 

S l o p e  of  t h e  f i e l d ,  m/m 

Rouglirless o f  t h e  f i e l d  0 .02 !1  

Depth of  r equ i rement ,  mm 7 6 . 0  

I n f i l t r a t i o n  c o n s t a n t s ,  z = k t a  

k, aun/min a . .  

a  

Number of i r r i g a t i o n s  p e r  season  

CI 

System C o n s t r a i n t s  

Qu)rnax, L1s 
Qu)min' 'Is 
QF, L/s 

T  min max ' 
Lmin' 

111 

Lmax 
In 

Wnlin' 
ni 

W m 
InB X ' 



Table 2. Relationship between the design variables and the water 
requirement e f f i c i ency  for a f r e e l y  draining border. 

Inflow ra te ,  Time of inflow, Length of run, Water requiremcnt 
i n  l i t e r s  i11  minutes i n  meters e f f i c i e n c y ,  in  

per second percent 
(1) (2) (3)  (4) 

40.00 

60.00 

80. OO 

100.00 

150.00 

40.00 

60.00 

80.00 

100.00 

150.00 

40.00 

GO. 00 

80.00 

100.00 

150.00 

$0.00 

60.00 

80.00 

100.00 

150.00 

80.00 

100.00 

120.00 

150.00 

180.00 



A f t e r  s u b s t i t u t i n g  Eq. 22 and t h e  c o s t  c o e f f i c i e n t s  i n t o  Eq. 11, and 

n e g l e c t i n g  t h e  c o e f f i c i e n t s  of runoff  and deep p e r c o l a t i o n ,  t h e  

o b j e c t i v e  f u ~ l c t i o n  becon~es:  

Value of p roducc c o s t  o f  wate r  

c o s t  of c o s t  of  d i t c h  c o s t  o f  
l a b o r  c o n s t r u c t i o n  produc t ion  

By s u b s t i t u t i n g  Eqs. 9 and 21 i n t o  E q .  23 and s i n ~ p l . i f y i n g ,  t h e  rrsltlL 

becomes : 

0.07$78 , , ,0.253,0.0517~, : 
max G = -0.02758 L n, V nw + 0.06686 Qt, ..,, .. 

0 I 
! I .  . 

The system c o n s t r a i n t s  a r e  g iven  as  fol loiss :  

BEST AVAILABLE COPY 



W > W  - -+ G7 = 9.146 w',. - < 1 ( 2 5 ~ )  
min 

-1 -1 < 
QuW = QF + G8 = 151.42 QU W - (25h) 

n  n  T. < T + Gg = .0002778 nQ nw Ti 5 1 Q w 1 -  max (25 i ) 

The genera l . i zed  geomet r i c  programming t e c h n i q u e  was a p p l i e d  t o  t h e  

s o l u t i o n  of  t h e  above problem. The f o l l o w i n g  o p t i m a l  v a l u e s  o f  t h e  

d e s i g n  v a r i a b l e s  a r e  o b t a i n e d :  

The w a t e r  r equ i rement  e f f i c i e n c y  (E ) o b t a i n e d  was 9 1  p e r c e n t .  'Thct rret 
r 

p r o f i t  was $9,833 f o r  t h e  f i e l d  which c q u ; ~ l s  $304/ha.  A t  t h e  ol>tirnuis, 

t h e  c o s t  of  d e s i g n  was $186/tia. The a p p l i c a t i o n  e f f i c i e n c y  f o r  t h e  

optin~um was 5 1  p e r c e n t .  I n  f a c t ,  when t h e  c r i t e r i a  i s  t o  maximize n e t  

b e n e f i t s ,  much empllasis canno t  b e  g i v e n  t o  a p p l i c a t i o n  e f f i c i e n c y .  The 

t e c h n i q u e  p r e s e n t e d  h e r e  s e l e c t s  t h e  o p t i m a l  w a t e r  r equ i rement  e f f i -  

c i e n c y  and yic1.d wi t l iout  d i r e c t l y  c o n s i d e r i n g  t h e  a p p l . i c a t i o n  

e f f i c i e n c y .  

I n  d e f i n i n g  t h e  c o n s t r a i n t s ,  c a r e  must  be  e x e r c i s e d  i n  s e l e c t i n g  

p r o p e r  limits Tor t h e  v a r i a b l e s .  These  limits shou ld  n o t  be  d i f f e r e n t  

from thc: 1 ia r i .L~  11sctl ill s i ~ ~ l u l a t i n g  t h e  h y d r a u l i c  model; i f  s o ,  t h c  

r e l n t i o n s l r i p s  d(~vel .opod may not. be v a l i d .  If a wide range of 



a l t e r n a t i v e s  f o r  t h e  de s ign  v a r i a b l e s  a r e  cons ide r ed ,  t h e s e  same limits 

should be inc luded  i n  t h e  h y d r a u l i c  s imu la t i on  model. 

Example 2 - 1,evel Basin  

The op t im iza t i on  techti ique was app l i ed  f o r  a  l e v e l  b a s i n .  The 

system c o s t  c o e f f i c i e n t s ,  c o n s t a n t s ,  and c o n s t r a i n t s  a r e  g iven  i n  

Tab le  3. The hydra i l l i c  model was used t o  s i m u l a t e  t h e  r e l a t i o n s h i p s  

between t h e  q u a l i t y  parameters  and t h e  de s ign  v a r i a b l e s .  The different 

combinations o f  t h e  de s ign  v a r i a b l e s  used i n  t h e  s i m u l a t i o n  a r e  

p r e sen t ed  i n  Tab le  4 .  For  t h e  g iven  s i t u a t i o n ,  t h e  fo l lowing  r e l a t i o n -  

s h i p s  were ob t a ined  between t h e  q u a l i t y  paramete rs  atid t h e  de s ign  

v a r i a b l e s :  

and t.he equa t i on  f o r  R i s  g iven  a s :  
P 

A good c o r r e l a t i o n  ( r 2  = 0 .96)  between t h e  a c t u a l  and p r e d i c t e d  w a t e r  

requirement  e f f i c i e n c y  was ob t a ined .  A comparison of  p r e d i c t e d  v e r s u s  

a c t u a l  wa te r  requirement  e f f i c i e n c y  i s  p r e sen t ed  i.n F i g .  3.  The above 

r e l a t i o n s h i p  was used t o  fo rmula te  t h e  problem. 

The p r o f i t  c o e . f f i c i e n t  f o r  t h e  g iven  s i t u a t i o n  i s  c a l c u l a t e d  a s :  



Table  3. Cost c o e f f i c i e n t s ,  system c o n s t a n t s ,  and system c o n s t r a i n t s  
f o r  a  l e v e l  b a s i n  i r r i g a t i o n  system. 

Parameter Va I.ue 

Cost C o e f f i c i e n t s  

Value of produce,  $/kg 

Cost of p roduc t i on ,  $/ha 

Maximurn p roduc t i on ,  kg/ha 

Cost of d i t c h  c o n s t r u c t i o n ,  $ / l i n  m 

Cost of l a b o r ,  $ / h  

Cost of wa t e r ,  $/ha-m 

Svstem Constants  

Length o f  t h e  f i e l d ,  m 

Width of t h e  f i e l d ,  m 

Slope of t h e  f i e l d ,  m/m 

Roughness of t h e  f i e l d  

Depth of requirement ,  mm 

I n f i l t r a t i o n  c o n s t a n t s ,  z = k t a + c t  

k ,  mm/ha 

a 

c ,  I I I I I ~ / ~  

System C o n s t r a i n t s  

Qu,max' 

Qu,min* L/ s 
Q,, L/s  

T,nit x min 

Lmax m 

Lnlin ' m 

'max' m 

Wllli n  ' m 



Table  4 .  Relationship between the design variables  and the water 
requirement efficiency f o r  a l e v e l  basin i rr iga t ion  system. 

Length of  Inflow ra te ,  Time o f  Water require- Water require- - 
run, i n  i n  l i t e r s  inflow, i n  ment depth, i n  e f f i c i e n c y ,  i n  
meters per second minutes mil l imeters percent 

(11 ( 2 )  ( 3 )  ( 4  1 (5 1 



A f t e r  s u b s t i t u t i n g  t h e  c o s t  c o e f f i c i e n t s  (from Table  3) and Eq. 27 i n t o  

Eq. 12 and s i m p l i f y i n g ,  t h e  o b j e c t i v e  f u n c t i o n  becomes: 

0.8232T0.9182L0.1607 
max Go = -0.06973 1 na Y nw + 0.529 Qll 

i "2 "w 

-0.1482 Lna W nw-0.0012 QU Ta na nw-0.25 Ti na nw (31) 

and t h e  system c o n s t r a i n t s  a r e  g i v e n  a s :  

ER 5 100 + 
G1 = 0.65 Q; 8232T.9182L-0.8393 - , 

(32a)  i 

na L 5 335 + G2 = .00298 L nR - < 1 (32b) 

n W < 302 + G3 = .00331 nw W - < 1 (32c)  
W - 

Qu h' 5 (2, ' G4 = 0.01929 Q U W  - < 1 (32tI)  

n a n w T i Z T m a x  + G5 = .00022 Tinenu 5 1 ( 3 2 ~ )  

Ily app ly ing  t h e  g e n e r a l i z e d  geomet r ic  programming t e c h n i q u e ,  t h e  

f o l l o w i n g  o p t i m a l  v a l u e s  o f  t h e  d e s i g n  v a r i . a b l e s  were o b t a i n e d .  

Ti = 110 min 

na = 2 

11 = 7 
W 



The wa te r  r equ i rement  e f f i c i e n c y  s a t i s f i e d  a t  t h e  optimuln was 100 p e r c e n t .  

The maximum n e t  p r o f i t  a t  t h e  optimum was $5797/per  f i e l d  o r  $573/per  

ha .  The a p p l i c a t i o n  e f f i c i e n c y  found a t  t h e  optimum was 9 3  p e r c e n t .  

The a p p l i c a t i o n  e f f i c i e n c y  w i t h  l e v e l  b a s i n  i r r i g a t i o n  sys tems was 

h i g h e r  t h a n  f o r  t h e  graded b o r d e r .  

I n  t h e  a n a l y s i s ,  t h e  c o s t  of  r u n o f f  and deep p e r c o l a t i o n  w a t e r  was 

i n c l u d e d  i n d i r e c t l y  i n  t h e  c o s t  o f  w a t e r  p rov ided  i n  e x c e s s  of  t h e  

requ i rement  i n  t h e  r o o t  zone.  But,  t h e  n e g a t i v e  e f f e c t s  o f  t h e s e  

pa ramete r s  (rr inoff  and deep p e r c o l a t i o n )  were n o t  c o n s i d e r e d  because  o f  

l a c k  o f  a p p r o p r i a t e  c o s t  coef f i c i e r l t s  f o r  t l i e se  pa ran ie tc r s .  The c o s t  

c o e f f i c i e n t  f o r  r u n o f f  i n c l u d e s  t h e  c o s t  o f  r en~oving  t h e  e x c e s s  w a t c r  

from t h e  f i e l d ,  and t h e  n e g a t i v e  e f f e c t s  on waLcr q u a l i t y .  S i l n i l a r l y ,  

t h e  c o s t  c o e f f i c i e n t  f o r  deep p e r c o l a t i o n  nii~s t t a k e  i n t o  ,1cco1111t LI:c 

e f f e c t s  of  w a t e r l o g g i n g  and f e r t i l i z e r  l e a c h i n g  on c r o p  y i c l t l .  'l'lic. c-osL 

c o e f f i c i e n t s  shou ld  be  g i v e n  i n  terms of  do1 l a r s / u u i  c ~ i ) l t i 1 1 1 ~  of  \;,~Lcr. 

Once t h e s e  c o e f f i c i e n t s  a r e  a v a i l a b l e ,  t h e y  can be i n c o r p o r a t e d  i n t o  t i le  

o p t i m i z a t i o n  p r o c e s s .  T h i s  would h e l p  i n  e v a l u a t i n g  d i f f e r e l i t  management 

p r a c t i c e s  i n  c o n t r o l l i n g  t h e  q u a l i t y  o f  i r r i g a t i o n  r e t u r n  f low w h i l e  

i n c r e a s i n g  a g r i c u l t u r a l  p r o d u c t i o n .  

An i m p l i c i t  a s sumpt ion  i n  t h e  problem was t h a t  t h e  fa rmer  a p p l i e s  

t h e  t o t a l  a v a i l a b l e  f low r a t e  on one b o r d e r .  No c o n s i d e r a t i o n  was g i v e n  

t o  i r r i g a t i n g  more t h a n  one b o r d e r  a t  a  t ime .  T h i s  was n o t  c o n s i d e r e d  

i n  t h e  problcni t o  r educe  t h e  number o f  v a r i a b l e s  c o n s i d e r e d ,  b u t  can be 

i n c o r p o r a t e d  i n t o  t h e  o p t i m i z a t i o n  p r o c e s s  i f  d e s i r e d .  I t  was a l s o  

assumed t .hat  t h e  r u l a L i o n s h i p  I~e twcen  t h c  y i e l d  and w a t e r  r equ i rcmcnt  

e f f i c i e n c y  was i d c r ~ t i c a l  under  graded and l e v e l  h a s i n  i r r i g a t i o n  

s y s  tenls . 



A coniI)in,l t i o n  approach o f  s i m u l a t i o n  and mathemat ica l  programming 

was used t o  develop a n  o p t i m a l  sys tem d e s i g n .  F i r s t ,  t h e  i r r i g a t i o n  

q u a l i t y  parnmeters  were developed i n  terms o f  t h e  a p p l i c a t i o n  sys tem 

d e s i g n  v a r i a b l e s  u s i n g  a h y d r a u l i c  s i m u l a t i o n  model. Second, a  

r e l a t i o n s h i p  was developed between c rop  y i e l d  and t h e  sys tem q u a l i t y  

pa ramete r s  (water  r equ i rement  e f f i c i e n c y )  u s i n g  a  c r o p  p r o d u c t i o n  

f u n c t i o n .  Maximization o f  n e t  b e n e f i t s  was t h e  o b j e c t i v e .  The v a l u e  o f  

t h e  p roduce ,  and t h e  c o s t s  o f  l a b o r ,  w a t e r ,  d i t c h  c o n s t r u c t i o n ,  and c r o p  

p r o d u c t i o n  were c o n s i d e r e d  i n  t h e  o b j e c t i v e  f u n c t i o n .  The n e g a t i v e  

e f f e c t s  o f  r u n o f f  and deep p e r c o l a t i o n  t iere  n o t  c o n s i d e r e d .  The p r o b l e ~ n  

was d e f i n e d  i n  terms of  sys tem v a r i a b l e s ,  c o s t  c o e f f i c i e ~ i t s  arid systi!nl 

c o n s t r a i n t s ,  and t h e  g e n e r a l i z e d  geomet r i c  yrogra~noling t ec l~n ic lue  was 

a p p l i e d  t o  t h e  o p t i m a l  d e s i g n  o f  b o r d e r  arid l e v c l  b a s i ~ i  i r r i g n t i o n  

s y s t e m .  The d e s i g n  v a r i a b l e s  c o n s i d e r e d  were t h e  i n ; ; o v  r a t e ,  tiille o f  

i n f l o w ,  l e n g t h  o f  t h e  i u n ,  number o f  l e n g t h s  o f  r u n ,  wid th  of  t h c  b o r d e r  

and number of b o r d e r  w i d t h s .  The p rocedure  g i v e s  a n  o p t i m a l  d e s i g n  

under  g i v e n  f i e l d  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  p r o c e d u r e  shows t h e  

p o s s i b i l i t y  o f  combining s i rn l r la t ion and matl ie~natical .  programming t e c h -  

n i q u e s  i n  o p t i m i z i n g  sys tem d e s i g n s .  The t e c h n i q u e  p r e s e n t e d  p r o v i d e s  

g u i d e l i n e s  f o r  improving e x i s t i n g  on-farm i r r i g a t i o n  sys tems  f o r  b e t t e r  

managenicnt of  t h e  s c a r c e  r e s o u r c e s  o f  a g r i c u l t u r a l  p r o d u c t i o n .  

The work r e p o r t e d  was suppor ted  by t h e  Colorado S t a t e  U n i v e r s i t y  

Experiment s t a t i o n  through t h e  Department of A g r i c u l t u r a l  and Chemical 

Eng ineer ing .  Tl ie i r  h e l p  i s  s i n c e r e l y  a p p r e c i a t e d .  T h i s  p a p e r  was 

p ~ l b l i s l i c d  w i t h  t h e  a p p r o v a l  o f  t l ie  D i r e c t o r  o f  tlie Colorado A g r i c u l t u r a l  

Exper ime~l t  SLat i .or~ ;IS Jo l l rnal  S c r i c s  No. 2579. 
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APPENDIX 11.-NOTATION 

T l ~ c  fo l lowing  symbols a r e  used i n  t h i s  paper :  

a  = i n f i l t r a t i o n  exponent 

a; lbi9 c; = exponents  i n  i r r i g a t i o n  q u a l i t y  pa ramete r  e q u a t i o n s  
a3 ,b3 ,c3  
" 4 , b 4 , c 4 , d q  

c = c o n s t a n t  i n  t h e  i n f i l t r a t i o n  f u n c t i o n  

1 = c o s t  o f  w a t e r ,  $/ha-m 

C2 = c o s t  o f  l a b o r ,  $ / h  

3  = c o s t  of d i t c h  c o n s t r u c t i o n ,  $ / l i n  m 

4  = c o s t  o f  p r o d u c t i o n ,  $/ha 

C5 = . c o s t  of runof f  w a t e r ,  $ /ha-n~ 

'6 = c o s t  o f  deep p e r c o l a t i o n ,  $/l l i~-n~ 

E = water  reclui ren~ent  e f f i c i e i l c y  i n  pt r c c n t  r 

Go = o b j e c t i v e  f l lnc t ion  i n  terrlls o f  cosL coc:l 'Sicit : i l t~,  p r o f i t  
c o e f f i c i e n t  and t h e  sys tem variables 

Gk = system c o n s t r a i n t s  i n  terms o f  sysLc?ln v c l r i ; ~ l ~ l c s  

I = number o f  terms i n  t h e  o b j e c t i v e  f u ~ l c t i o ~ l  o r  t h e  c o n s t r a i n t s  
w i t h  p o s i t i v e  c o e f f i c i e n t s  

J = number of terms i n  t h e  o b j e c t i v e  f u n c t i o n  o r  t h e  c o n s t r a i n t s  
wi th  n e g a t i v e  c o e f f i c i e n t s  

k = c o n s t a n t  i n  t h e  i n f i l t r a t i o n  f u n c t i o n  

K = number o f  c o n s t r a i n t s  i n  t h e  problem 

Kl  $5 , = p r o p o r t i o n a l i t y  c o n s t a n t s  i n  t h e  i r r i g a t i o n  q u a l i t y  pa ramete r  
K 3 J 4  e q u a t i o n s  

L = lcngt l l  o f  i r r i g a t i o n  r u n ,  m 

L~ = 1c11gth o f  t h e  f i e l d ,  m 

L = n~nxi.mun~ l e n g t h  o f  ttie run ,  m 
max 

L = minimum l c n g t h  o f  t h e  r u n ,  m min 

H = num1)er o f  v a r i a b l e s  i n  tllc? problem 



w~ 

x 

W 
min 

= riumbcr o f  i r r i g a t i o n s  p e r  s e a s o n  

= number of  l e n g t h s  of run 

= number o f  b o r d e r s  i n  t h e  wid th  d i r e c t i o n  

= p r o f i t  c o e f f i c i e n t ,  $/ha 

= posynomial  f u n c t i o n s  i n  t h e  o b j e c t i v e  f u n c t i o n  and t h e  
c o n s t r a i n t s  

= t o t a l  f low r a t e  a v a i l a b l e  a t  t h e  farm,  L/s 

= u n i t  i n f l o w  r a t e  i n t o  t h e  b o r d e r ,  L / s  

= maximum non-eros ive  s t r e a m  s i z e  i n t o  t h e  b o r d e r ,  L/s 

= minimum f low r a t e  i n t o  t h e  b o r d e r ,  L/s 

= c o r r e l a t i o n  c o e f f i c i e n t  

= deep p e r c o l a t i o n  r a t i o  

= t a i l  w a t e r  r a t i o  

= t ime v a r i a b l e ,  min 

= t ime  o f  i n f l o w  i n t o  t h e  b o r d e r ,  min 

= ni:~xi.n~uni t ime  a v a i l a b l e  p e r  i r r i g a t i o n ,  min 

= te rms i n  t h e  o b j e c t i v e  f u n c t i o n  and t h e  c o n s t r a i n t s  

= volurne o f  deep p e r c o l a t i o n ,  m 3 

= width  o f  t h e  b o r d e r ,  m 

= width  o f  t h e  f i e l d ,  in 

= maximum wid th  of  t h e  b o r d e r ,  m 

= miriin~urn w i d t h  of t h e  b o r d e r ,  m 

= s y s  t e ~ n  v a r i a b l e  

= a c t u a l ,  y i e l d ,  kg/ha 

= r e l a t i v e  y i e l d  i n  p e r c e n t  

= p o t e n t i a l  y i e l d  under  optimum c o n d i t i o n s ,  kg/ha 

= cuniula t ive  i n f i l t r a t i o n ,  mm 
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01 = fraction of the time labour is  u t i l i z e d  during the irr igat ion 
t i'me 

E = exponents of  the system variables i n  the object ive  function 
ikn'Ejkm and the constraints 



LIST OF F I C W  CAPTIONS 

1 .  Rclationsl-lip between water requirement e f f i c i e n c y  and r e l a t i v e  
y i e l d  o f  wheat crop. 

2. r\ctu;ll v c ~ ~ . u s  prcdictcd water requirement c f f  i c iency  for  a f r e e l y  
drnir~ing border. 

3 .  Actual versus predicted water requirement e f f i c i e n c y  for  a l e v e l  
border. 



Efficiency, E, , in percent 



Actual eff iciency,  E,, in percent 



ill 

Actual  eff ic iency,  E, , in percent 
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IRRIGATION SYSTEM IMPROVEMENT BY 
SIMULATION AND OPTIMIZATION: 1, THEORY 

J. Mohan Reddy and Wayne Clyma 

INTRODUCTION 

In crop product ion t h e  crop water  requirements ,  i n  excess  of 

r a i n f a l l ,  must be met by i r r i g a t i o n  water .  Water i s  one of  t h e  s c a r c e  

resources  of a g r i c u l t u r a l  product ion.  The demand f o r  water is  growing 

a s  a r e s u l t  of popula t ion  i n c r e a s e ,  improvement of l i v i n g  s t anda rds ,  and 

competing i n d u s t r i a l  development. The l o s s e s  i n  s t o r a g e ,  conveyance, 

d i s t r i b u t i o n ,  and a p p l i c a t i o n  of t h e  water  aggravate  t he  dwindling water  

s u p p l i e s .  Though, on t h e  b a s i s  of p re sen t  l e v e l  of t e c h n i c a l  develop- 

ment, f u l l y  automatic  and remote con t ro l l ed  i r r i g a t i o n  systems a r e  

conceivable  and f e a s i b l e ,  i n  o rde r  t o  save most of t h e  l o s s e s ,  t h e r e  i s  

s t i l l  a long way t o  go before  economic and s o c i o l o g i c a l  cond i t i ons  a r e  

achieved under which such optimum equipment becomes widespread. For t h e  

p r e s e n t ,  a t tempts  must be made t o  improve t h e  e x i s t i n g  t r a d i t i o n a l  

systems with a view t o  a h igher  l e v e l  of e f f i c i e n c y  (Garbrecht ,  1979) .  

Investments i n  improving t h e  conveyance, a p p l i c a t i o n ,  and use of water  

must be economically j u s t i f i e d .  A thorough understanding of t h e  i r r i g a -  

t i o n  system i s  a must f o r  e f f i c i e n t  and economical u t i l i z a t i o n  of t h e  

a v a i l a b l e  resources .  This  paper p re sen t s  t he  theory  and concepts f o r  

eva lua t ion  of improvement a l t e r n a t i v e s  based on s imula t ion  and optimiza- 

t i o n  of t h e  i r r i g a t i o n  system. 

LITERATURE REVIEW 

An i r r i g a t i o n  system b a s i c a l l y  c o n s i s t s  of fou r  d i f f e r e n t  

subsystems. They a r e :  

*Draft  copy sub jec t  t o  r e v i s i o n .  



1. The conveyance subsystem (canals, pipes). 

2. The application subsystem (border, basin, furrow, sprinkle, 

trickle, subsurface). 

3. The water use subsystem (rootzone storage, evapotranspiration 

and crop growth). 

4. The water removal subsystem (surface and subsurface drainage). 

A considerable amount of research has been conducted on each component 

of an irrigation system. Consideration usually was not given to the 

interrelationships between the different components. There are only a 

few research works such as Anderson and Maass (1974), and Rydzewski and 

Nairizi (1979) where a complete irrigation system was considered, but 

with unrealistic assumptions. 

The benefits are realized from crop production on the farm. So 

Benefits from proposed improvement of any component of the irrigation 

system must be evaluated in terms of increased crop production in the 

area under consideration. A conveyance subsystem improvement saves 

water. But the cost of improvement must be weighed in terms of in- 

creased production either for increase in the area of cultivation or 

yield per unit area. Similarly, the increase in yield from uniformly 

distributed water due to land leveling must be weighed against the cost 

of land leveling. In order to evaluate the economics of improvement 

alternatives, all the distinct components of the irrigation system must 

be integrated into a single management model. 

A mathematical simulation model incorporating three distinct 

components of the irrigation system-the conveyance, application, and 

water use subsys t ems-was dew1 oped. The water rt:moval subsystem was not 

considered in this analysis. The theory, development, and verification 



of t h e  i r r i g a t i o n  system model i s  presen ted  i n  t h i s  paper .  The theo ry  

of s imu la t i on  and op t imiza t ion  a s  r e l a t e d  t o  i r r i g a t i o n  i s  d i scus sed .  

Avai lab le  models of water  a p p l i c a t i o n  and conveyance a r e  u t i l i z e d .  A 

m u l t i p l i c a t i v e  product ion  func t ion  was developed f o r  wheat. A l l  t h e s e  

models were v e r i f i e d  wi th  a v a i l a b l e  d a t a .  I n  a d d i t i o n ,  an approach f o r  

t h e  opt imal  des ign  of s u r f a c e  (border  and furrow) i r r i g a t i o n  systems was 

developed and incorpora ted  i n t o  t h e  i r r i g a t i o n  system model. Applica- 

t i o n  of  t h e  opt imal  des ign  t o  a  s p e c i f i c  case  was presen ted  by Reddy and 

Clyma (1980).  

SIMULATION AND OPTIMIZATION THEORY 

The s imu la t i on  and op t imiza t ion  theo ry  used i n  t h i s  paper  involves  

t h e  fol lowing s e q u e n t i a l  s t e p s :  

1 )  D e f i n i t i o n  of a  system s imu la t i on  model t h a t  adequate ly  

r e p r e s e n t s  t h e  d e t a i l e d  s t r u c t u r e  of t h e  i r r i g a t i o n  system. 

2 )  Use of t h e  s imu la t i on  model t o  d e f i n e  t he  r e l a t i o n s h i p s  

between: 

a )  System performance and system des ign  v a r i a b l e s .  

b )  Crop y i e l d  and system performance. 

3) Use of t h e  mathematical r e l a t i o n s h i p s  from 2(a)  and 2(b)  

combined with op t imiza t ion  theory  t o  develop an opt imal  system des ign .  

4)  Use of t h e  s imula t ion  model i n  1  c a l i b r a t e d  f o r  t h e  a c t u a l  

ope ra t i ng  system and the  op t ima l ly  designed system t o  e v a l u a t e  a l t e r n a -  

t i v e  l e v e l s  of system improvement based on economic b e n e f i t s  and c o s t s .  

The s imu la t i on  model def ined  i n  s t e p  1  should adequate ly  r e p r e s e n t  

t h e  i n t e r n a l  s t r u c t u r e  of  t h e  system. I n  some i n s t a n c e s ,  opt imal  p o l i -  

c i e s  have been recommended based on r e l a t i o n s h i p s  between y i e l d  and 

seasona l  amount of water  app l i ed  ( 1 ( ) Yet an impor- 

t a n t  f e a t u r e  of t h e  i r r i g a t i o n  system i s  t h e  seasona l  d i s t r i b u t i o n  of 



water  t h a t  c r e a t e s  shor tages  during c r i t i c a l  growth s t a g e s .  In  o t h e r  

i n s t ances  t h e  f i e l d  d i s t r i b u t i o n  of  water i s  v a r i a b l e  r e s u l t i n g  i n  

s i g n i f i c a n t  y i e l d  v a r i a t i o n s  i n  space on a  f i e l d .  These examples repre-  

s e n t  important  a spec t s  of a  system t h a t ,  when p r e s e n t ,  must be  repre-  

sen ted  i n  t h e  i n t e r n a l  s t r u c t u r e  of  t h e  i r r i g a t i o n  system s imula t ion  

model. Other f a c t o r s  a r e  important under given cond i t i ons  and must be 

represented  i n  t h e  s imula t ion  model i f  r e s u l t s  a r e  t o  be  a p p r o p r i a t e .  

The r e l a t i o n s h i p s  def ined  i n  s t e p  2 may b e  those  a s  def ined  f o r  

t h i s  s tudy  o r  they  may involve o t h e r  f a c t o r s  important i n  a  given 

in s t ance .  For example, a  c a r e f u l  a n a l y s i s  of deep p e r c o l a t i o n  c o s t s  and 

b e n e f i t s  may cons ider  i n  more d e t a i l  t h e  t ime and s p a t i a l  d i s t r i b u t i o n  

of i n f i l t r a t e d  water  than  i n  t h i s  s tudy .  The important concept is  t h a t  

an adequate s imula t ion  model can be used t o  develop system performance 

and system v a r i a b l e  r e l a t i o n s h i p s  which a r e  subsequent ly used f o r  evalu-  

a t i o n  of opt imal  a l t e r n a t i v e s .  

I n  eva lua t ion  of opt imal  a l t e r n a t i v e s ,  s t e p  3, opt imiza t ion  theo ry  

i n  t h e  p a s t  has used system r e l a t i o n s h i p s  t h a t  assume i n t e r n a l  s t r u c -  

t u r e s  f o r  t h e  system t h a t  a r e  u n r e a l i s t i c .  Typical  of t h e s e  assumptions 

a r e  cons tan t  performance l e v e l s  f o r  t h e  i r r i g a t i o n  system i n  time and 

space and crop-yield a s  a  func t ion  of seasonal  water  app l i ed .  Optimal 

system design should a l s o  cons ider  how t h e  va r ious  system v a r i a b l e s  

i n t e r r e l a t e  a t  d i f f e r i n g  l e v e l s  t o  r e s u l t  i n  t h e  opt imal  va lues  f o r  each 

v a r i a b l e  and based on r e a l i s t i c  system c o n s t r a i n t s .  For example, l eng th  

of t h e  f i e l d ,  t ime of a p p l i c a t i o n  and inf low r a t e  a r e  a l l  r e l a t e d  and an 

opt imal  combination should be s e l e c t e d .  The op t imiza t ion  theory  used 

here  has expanded t h e  number of v a r i a b l e s  and c o n s t r a i n t s  considered b u t  

f u r t h e r  improvement of t h e  opt imal  design can be achieved.  



Optimal design, if implemented, would be the obvious selection for 

the level of system operation. In fact, farmers do not operate systems 

according to design. The purpose of the 4th step is to evaluate the 

benefits and costs of different levels of system operation. This allows 

a determination of the benefits of system improvement even when the 

improvements do not result in optimal operation. Simulation can be used 

to represent realistic operating conditions for the system. By evaluat- 

ing the value of differing levels of improvement, strategies and their 

cost can be evaluated against the benefits. The latter emphasis on 

simulation permits realistic representation of the system while evaluat- 

ing the benefits of different levels of improvement. 

The above four steps use the best theory available from irrigation 

hydraulics, crop models for yield and evapotranspiration or other appro- 

priate variables, optimization theory, and knowledge about system opera- 

tion and improvement alternatives to develop an appropriate strategy. 

The theories available are numerous and useful. The knowledge about 

system operation and improvement alternatives are limited or frequently 

nonexistent. Evaluation and improvement of irrigation system needs more 

effective useful theory but also understanding of how systems operate 

and can be improved. 

The conveyance system carries water from the headgate to the field. 

The amount of water delivered at the field is a function of the length 

of the canal, and the type of lining material. Any model, that gives 

the flow rate at the field, given the inflow rate into the canal, the 

loss rate in the canal, and the length of the canal, is appropriate for 

this analysis. 



The performance of t he  a p p l i c a t i o n  system depends upon seve ra l  

v a r i a b l e s ,  such a s  the  inf low r a t e  i n t o  t h e  f i e l d ,  length of run, time 

of inf low, roughness, sl.ope and i n f i l t r a t i o n  c h a r a c t e r i s t i c s  of t h e  

f i e l d .  The model should be ab le  t o  s imulate  t h e  s p a t i a l  and temporal 

d i s t r i b u t i o n  of water  on t h e  f i e l d .  Using t h i s  model, r e l a t i o n s h i p s  can 

be developed between system performance parameters and the  design v a r i -  

a b l e s .  The a p p l i c a t i o n  system a l s o  provides the  depths of water  i n f i l -  

t r a t e d  i n  d i f f e r e n t  s ec t ions  of t h e  f i e l d  a t  each i r r i g a t i o n .  

The water use system model c o n s i s t s  of two submodels: t he  

evapot ranspi ra t ion  model and t h e  crop growth model. The evapot ranspi ra-  

t i o n  model provides the  so i l -water  dep le t ion  before  each i r r i g a t i o n ,  i n  

add i t ion  t o  t h e  r a t i o s  of a c t u a l  t o  p o t e n t i a l  evapot ranspi ra t ion  f o r  

each growth s t age  of t he  crop.  The crop growth model r e l a t e s  y i e l d  t o  

these  r a t i o s .  The crop growth can be s imulated i n  d i f f e r e n t  s e c t i o n s  of 

t he  f i e l d  t o  consider  t h e  e f f e c t  of nonuniformity of appl ied  water on 

y i e l d .  The depths of water appl ied  a t  each i r r i g a t i o n  a r e  obtained from 

t h e  hydraul ic  model. A r e l a t i o n s h i p  can be developed between crop y i e l d  

and the  i r r i g a t i o n  performance parameter.  

WATER CONVEYANCE SUBSYSTEM 

The water  conveyance system dea l s  with t h e  d e l i v e r y  of water  from 

the  head g a t e  of the  canal  t o  the  farm o u t l e t ,  considering l o s s e s  along 

t h e  l eng th  of t h e  canal .  Losses i n  canals  a r e  due t o  seepage, s p i l l a g e ,  

and c u t s  i n  t h e  banks, and many random phenomena t h a t  con t r ibu te  t o  t h e  

l o s s e s .  There a r e  a n a l y t i c a l  (Reddy and Basu, 1976), f i n i t e  d i f f e r e n c e  

(Jeppson and Nelson, 1970), and f i n i t e  element techniques t o  e s t ima te  

seepage depending upon t h e  hydraul ic  conduct iv i ty  of t h e  medium. These 

equat ions a r e  very  complex. I n  add i t ion ,  they cannot be d i r e c t l y  used 



t o  e s t i m a t e  conveyance l o s s e s ,  because  t h e y  do n o t  c o n s i d e r  l o s s e s  t h a t  

occur  i n  t h e  f i e l d  d u r i n g  a c t u a l  o p e r a t i n g  c o n d i t i o n s .  Hence, a c t u a l  

f i e l d  d a t a  a r e  t h e  most r e a l i a b l e .  I f  a c t u a l  f i e l d  d a t a  a r e  a v a i l a b l e ,  

e m p i r i c a l  e q u a t i o n s  can be  developed t h a t  r e l a t e  ou t f low from t h e  c a n a l  

t o  t h e  in f low i n t o  t h e  c a n a l ,  c a n a l  l e n g t h ,  and t h e  l o s s  r a t e  i n  t h a t  

s e c t i o n  of t h e  c a n a l ,  c o n s i d e r i n g  o t h e r  o p e r a t i o n a l  and random l o s s e s  

a l o n g  t h e  l e n g t h .  Trou t  (1979) has  developed such  an  e q u a t i o n  u s i n g  

d a t a  from P a k i s t a n .  I t  i s  g i v e n  a s  

U + [ .0047Lw - (- ) - 0.005LD] 1 x 100 (1) 
QM 

where 

i n  which L% = p e r c e n t  l o s s ;  QM = watercourse  i n f l o w  r a t e ;  QI = f low 

r a t e  from government c a n a l  o u t l e t  t o  t h e  f a r m e r ' s  branch;  DSK = l e n g t h  

of government c a n a l ;  DFB = l e n g t h  o f  f a r m e r ' s  branch;  LD = l e n g t h  o f  

channel  d r a i n e d ;  L = l e n g t h  of channel  w e t t e d ;  P = l o s s  r a t e  exponent ;  W 

Ti = i r r i g a t i o n  t u r n  time; QLFB = l o s s  r a t e  i n  t h e  i n i t i a l  s e c t i o n  o f  

t h e  f a r m e r ' s  b ranch ;  and QLSK = l o s s  r a t e  i n  t h e  i n i t i a l  s e c t i o n  of t h e  

government c a n a l .  

Equa t ions  (1) and (2 )  a r e  d e r i v e d  from a c t u a l  f i e l d  d a t a  under  t h e  

g iven  s e t  o f  c o n d i t i o n s  such a s  t h e  f low r a t e s  i n  t h e  c h a n n e l s ,  and 

dimensions o f  t h e  c h a n n e l s .  The above e q u a t i o n s  c a l c ~ ~ l a t e  b o t h  t h e  

s t e a d y  s t a t e  and t r a n s i e n t  l o s s  r a t e s .  I n  t h e  p r e s e n t  a n a l y s i s  o n l y  t h e  

s t e a d y  s t a t e  l o s s e s  a r e  c o n s i d e r e d .  The i n p u t  t o  t h i s  model a r e :  t h e  



inflow rate into the channel, lengths of government and farmer's 

channels, initial section loss rates in the government and farmer's 

channels, and the loss rate exponent for that particular location. The 

output from this model is the flow rate at the farm. 

Later, the conveyance system model is verified. Data reported by 

Johnson, Kemper, and Lowdermilk (1979) is utilized in the verification 

processes. The data is presented in Table 1. It is clear from Table 1 

that the performance of the model is very good in predicting the loss 

rates in the canals. Hence, the model will be calibrated and applied to 

a specific condition. 

Table 1 .  Comparison of Actual and Predicted Loss Rates of the 
Conveyance System. 

Tubewell Number and Inflow Rate Percent Loss Rate 
Improvement Condition liters per second Measured Predicted 

TW 56 before improvement 113.28 6 .56  6 . 6 2  

TW 56 after improvement 152.93 4 . 0 3  4 . 7 8  

TW 51 before improvement 133.10 3 .76  3.66 

TW 51 after improvement 141.60 2 . 5 3  2 . 9 8  

WATER APPLICATION SUBSYSTEM 

The water application subsystem deals with the spatial distribution 

of the applied water in the field. An extensive amount of research has 

been done in the area of predicting the spatial distribution of applied 

water in the field. In the present analysis only level basins are used. 

But the methodology described here can be used for any kind of applica- 

tion system. A model of surface irrigation hydraulics was developed to 

estimate the spatial distribution of applied water. 



The surface irrigation hydraulics model calculates the advance and 

recession phases of irrigation. The zero inertia model which is given 

below is used for the advance phase: 

% + % + +  ax continuity 

momentum 

az - in which q = flow rate in the border; y = depth of flow; - - infiltra- at 

tion rate; So = slope of the border; and Sf = energy slope. These 

equations were linearized and solved by Strelkof f and Katopodes (1977) 

using Preissman double-sweep technique. At the end of advance phase, 

the water is ponded in the case of basins. The depletion and recession 

phases commense after the time of cutoff. Simultaneous recession 

throughout the length of the basin is assumed for the present purpose. 

Clemmens (1979) has verified the zero-inertia model. The performance of 

the model is good. Hence, the model is not verified here. Clemmens and 

Strelkoff (1979) have assumed simultaneous recession for ponded borders. 

This assumption is verified with the help of a zero inertia model. It 

seems to be a reasonable assumption. This model is used in the 

analysis. 

At the end of irrigation, the depth of water infiltrated at 

different points in the field is calculated by 

in which z = cumulative infiltration at point i; a and k = con- i 

stants; and T = i.nfiltration opportunity time at point i. Once the 

net depth of irrigation is defined, the irrigation quality parameters 

can be defined as shown below: 



N 
1 Z-zi(x) 

ucc = [l - i=l NZ I 

in which Z = average amount infiltrated into the root zone; N = number 
- 

of stations in the field; Z. = average depth infiltrated in section i; 
1 

V = volume of water deep percolated; VD = volume of deficit in the 
P 
field; DU = requirement depth in the root zone; E = water requirement r 

efficiency; and UCC = Christiansen's coefficient of uniformity. For a 

given situation, the slope, infiltration characteristics, roughness, and 

farm boundaries are fixed. Therefore, the design variables are the flow 

rate, time of irrigation, and the length of run. The hydraulic model is 

simulated for different combinations of these three variables. Rela- 

tionships of the following form were obtained between the design vari- 

ables and the quality parameters: 



and 

in which R = deep percolation ratio; Kl,K2 = proportionality con- 
P 

stants; and a to c2 = exponential constants. K1 to c are site 1 2 

specific because their values are dependent upon other variables such as 

slope, roughness, and infiltration rates also. These relationships were 

obtained by polynomial regression analysis. 

WATER USE SUBSYSTEM 

The water use subsystem deals with the actual use of water in the 

field for crop production. Crops transpire water in response to the 

atmospheric demand. During the same process, the crops build up their 

tissues and finally produce grain. The plant water requirements must be 

met by either rainfall or irrigation. Plants suffer due to water stress 

if less water than required is provided to the crop. Root zone aeration 

is restricted if too much water is added. Both effects reduce yields. 

Hence, the water requirements of the plants must be met if the best 

irrigation practice is to result. A relationship between yield and the 

water requirements of the crop is needed to manage water efficiency. 

Evgotranspirat - - - - . - - - . .- ion 

There are marly ecluot iorrs to calclr l a  t c b  t l l e  evayotranspi rat ion  

requirements of a given crop (Jensen, 1 9 7 3 ) .  Any one could be used 



depending upon t h e  l o c a t i o n ,  accuracy needed, and c l i m a t i c  da ta  

a v a i l a b l e .  The modified Jensen-Haise equat ion is used i n  t h e  p resen t  

s tudy t o  c a l c u l a t e  the  p o t e n t i a l  evapot ranspi ra t ion ,  ET of a  r e f e r -  
P r ' 

ence crop (Jensen,  Robb, and Franzoy, 1970). The p o t e n t i a l  evapotrans- 

p i r a t i o n  of a  crop i s  given by 

where ET = p o t e n t i a l  evapot ranspi ra t ion  of a  given crop;  and KcO = crop 
P  

c o e f f i c i e n t  of t he  given crop. The ET values a r e  ca l cu la t ed  under no 
P  

s t r e s s  condi t ions .  Under a c t u a l  f i e l d  cond i t ions ,  t h e  crop experiences 

some degree of s t r e s s .  Hence, t h e  predic ted  a c t u a l  evapot ranspi ra t ion  

w i l l  be l e s s  than p o t e n t i a l  depending upon t h e  so i l -water  content .  A 

s o i l  s t r e s s  f a c t o r  must be taken i n t o  account.  The s o i l  s t r e s s  f a c t o r ,  

K s ,  is  defined a s :  

where 8 = s o i l  water content  a t  f i e l d  capac i ty ;  and 0  = a c t u a l  s o i l  
S 

water content .  I n  t h e  model, t h e  evapot ranspi ra t ion  va lues  a r e  calcu-  

l a t e d  f o r  each day. Then, they a r e  averaged over t h e  p a r t i c u l a r  growth 

s t a g e .  The s o i l  water content  on any p a r t i c u l a r  day i s  given by t h e  

following r e l a t i o n s h i p :  

i n  which 8 .  = s o i l  water content  a t  t h e  end of i t h  day; Oi-l = s o i l  
1 

water content  a t  t h e  end of ( i - 1 ) t h  day; Ri = r a i n f a l l  on i t h  day; 

I i = depth of i r r i g a t i o n  on i t h  day; and ETai = a c t u a l  evapotranspira-  

t i o n  on i t h  day. I f  t h e r e  was no r a i n f a l l  o r  i r r i g a t i o n  on any day, t h e  

va lues  of Ri and I i  a r e  s e t  equal t o  zero .  Immediately a f t e r  



r a i n f a l l ,  t h e  s o i l  s u r f a c e  w i l l  be wet. The e v a p o t r a n s p i r a t i o n  r a t e  

w i l l  be more t h a n  t h e  p o t e n t i a l .  The re fo r e ,  a  f a c t o r ,  K must be  added r ' 
t o  t h e  s t r e s s  f a c t o r .  K i s  de f i ned  a s :  r 

0 .8  f i r s t  day a f t e r  r a i n f a l l  

0 .5  second day a f t e r  r a i n f a l l  

K = r 0 .3  t h i r d  day a f t e r  r a i n f a l l  

0 . 0  f o r  a l l  o t h e r  days 

The re fo r e ,  t h e  t o t a l  s t r e s s  c o e f f i c i e n t ,  K c ,  i s  g iven  a s :  

Crop Produc t ion  Func t ion  

A r e l a t i o n s h i p  between e v a p o t r a n s p i r a t i o n  and y i e l d  w i l l  h e l p  p l a n  

i r r i g a t i o n s  on t h e  farm. Seve ra l  r e l a t i o n s h i p s  a r e  c u r r e n t l y  a v a i l a b l e .  

Yaron (1971) developed a  polynomial p roduc t i on  f u n c t i o n .  But t h e s e  

k inds  of p roduc t i on  f u n c t i o n s  do n o t  cons ide r  t h e  d i f f e r e n t i a l  s e n s i -  

t i v i t y  o f  d i f f e r e n t  growth s t a g e s .  M u l t i p l i c a t i v e  p roduc t i on  f u n c t i o n s  

of t h e  t ype  r epo r t ed  by Jensen  (1968) a r e  more u s e f u l  (Rydzewski and 

N a i r i z i ,  1979) .  A m u l t i p l i c a t i v e  p roduc t i on  f u n c t i o n  was developed f o r  

wheat. The p roduc t i on  f u n c t i o n  i s  of t h e  form: 

where YR = r e l a t i v e  y i e l d  of g iven  c rop ;  hi = crop  s e n s i t i v i t y  f a c t o r ;  

and NG = number of growth p e r i o d s  cons idered  i n  t h e  a n a l y s i s .  

I n  t h e  development of t h e  model, d a t a  r epo r t ed  by Chauhan, Hukker i ,  

and Dastane (1970) a r e  u t i l i z e d .  The a v a i l a b l e  d a t a  and t h e  assumptions  

a r e  p r e sen t ed  below. 



1.  S o i l  Fac tors  

The wheat crop was grown on a  s i l t  loam s o i l .  The mean s o i l -  

moisture content  a t  f i e l d  capac i ty  and w i l t i n g  p o i n t  were 17.51 and 

7.32 pe rcen t ,  r e spec t ive ly .  The bulk dens i ty  of t h e  s o i l  was 1.45 

grams/cc. The depth of t h e  roo t  zone was 3.33 f e e t  (1.02 m). 

Moisture content  of t h e  s o i l  a t  t h e  t ime of p l a n t i n g  of t h e  crop i s  

assumed t o  be a t  f i e l d  capac i ty .  

2 .  P l an t  Fac tors  

The crop was p lan ted  on November 26, 1966 and was harves ted  on 

Apr i l  16, 1967. The maximum depth of roo t ing  occurrs  a t  about 

60-85 days a f t e r  p l a n t i n g  (Hagan, Haise,  and Edminster,  1967). The 

phenological  s t ages  of t h e  crop a r e  given i n  Table 2.  This  break- 

down seems t o  be reasonable.  Arnon (1972) repor ted  t h a t  t i l l e r i n g  

s t a g e  s t a r t s  a t  about 30-40 days a f t e r  p l a n t i n g .  This  i s  very  

c lose  t o  t h e  va lue  given i n  Table 2 ,  which i s  45 days. 

3. I r r i g a t i o n  Scheduling and Yield 

To eva lua t e  t h e  e f f e c t  of water s t r e s s  i n  d i f f e r e n t  growth 

s t a g e s ,  i r r i g a t i o n  water was not  appl ied  a t  t h e  p a r t i c u l a r  growth 

s t a g e s .  The d i f f e r e n t  t rea tment  combinations a r e  given i n  Table 2 .  

No r a i n f a l l  was repor ted  during t h e  crop growth pe r iod ,  except  

u n t i l  a f t e r  120 days of p l a n t i n g .  The amount recorded was 12 mm. 

A s  f a r  a s  t h e  amount of i r r i g a t i o n  i s  concerned it i s  assumed t h a t  

t h e  gross  a p p l i c a t i o n  depth was s u f f i c i e n t  t o  f i l l  t h e  roo t  zone. 

I t  i s  not  an uncommon p r a c t i c e .  S i g n i f i c a n t  d i f f e r ences  i n  t h e  

y iel tl o l' 1 he crop wclrck ol~scrvetl  among 1 hc d i f fvrerr t t rc.;ltmcnts, i ls  

shown in  l'ablr 2.  



Table 2. Effect of Varying Schedule and Frequency of Irrigation on the Yield of Wheat (Sonora-64). 

Days after sowing 
S. Treatment 25 days 45 days 65 days 85 days 105 days 120 days Total Grain Relative 
No. (crown (tillering) (jointing) (flowering) (milk (dough) Number of yield yield % 

root) ripe) Irrigations (q/ha) 

Rainfall 
(mm 1 

'+' indicates irrigation application 
' - '  indicates no irrigation 
S. Em. = + 2.09 q/ha 
C.D. at 5% = 6.05 q/ha 
C.D. at 1% = 8.17 q/ha 



4. P o t e n t i a l  Evapo t r ansp i r a t i on  

Dastane (1969) has  g iven  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  v a l u e s  

f o r  t h e  Delh i  a r e a .  These v a l u e s  were c a l c u l a t e d  u s ing  t h e  Penman 

equa t i on  and were g iven  i n  g r a p h i c a l  form by t h e  au tho r .  These 

v a l u e s  a r e  supported by Hargreaves (1977) v a l u e s  f o r  t h e  De lh i  

a r e a .  So t h e  r equ i r ed  v a l u e s  o f  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 r e  

ob t a ined  from Dastane 'h  (1969) pape r .  

OPTIMAL DESIGN OF APPLICATION SYSTEM 

Optimal de s ign  of i r r i g a t i o n  a p p l i c a t i o n  systems i nvo lve s  e i t h e r  

min imiza t ion  of c o s t s  o r  maximization of p r o f i t s .  Maximization of 

p r o f i t s  i s  t h e  most r e a l i s t i c  way of op t im iz ing  t h e  i r r i g a t i o n  system 

des ign .  A c rop  p roduc t i on  f u n c t i o n  is needed t o  maximize t h e  p r o f i t s  

under i r r i g a t i o n .  I n  t h e  de s ign  of  t h e  system,  a  r e l a t i o n s h i p  must b e  

ob t a ined  between t h e  de s ign  v a r i a b l e s  and t h e  y i e l d .  Th i s  can be  ob- 

t a i n e d  by a  two-step p roce s s :  a  r e l a t i o n s h i p  must be  developed between 

wa t e r  requirement  e f f i c i e n c y  and t h e  de s ign  v a r i a b l e s ,  a s  p r e s e n t e d  

e a r l i e r ,  and ano the r  r e l a t i o n s h i p  between wate r  requirement  e f f i c i e n c y  

and y i e l d ,  a s  shown below. 

Yie ld  Versus Water Requirement E f f i c i e n c y  

Crop y i e l d  i s  r e l a t e d  t o  a  performance paramete r  o f  i r r i g a t i o n  

system. Yie ld  i s  dependent upon t h e  amount of wa t e r  provided i n  t h e  

rootzone a t  each i r r i g a t i o n .  The dep th s  of i r r i g a t i o n  prov ided  i n  each 

s e c t i o n  a t  each  i r r i g a t i o n  a r e  ob t a ined  from t h e  h y d r a u l i c  model. Using 

t h e s e  s e a s o n a l l y  c o n s t a n t  dep th s ,  crop y i e l d  i s  s imula ted  i n  d i f f e r e n t  

s e c t i o n s  of t h e  f i e l d .  A f t e r  d e f i n i n g  t h e  op t imal  dep th s  o f  i r r i g a t i o n ,  

t h e  wate r  requirement  e f f i c i e n c y  i s  c a l c u l a t e d  u s ing  t h e  i r r i g a t i o n  

dep th s  i n  d i f f e r e n t  s e c t i o n s  of t h e  f i e l d .  Here,  t h e  dep ths  of 



i r r i g a t i o n  a r e  r e l a t e d  t o  water  requirement e f f i c i e n c y ,  and t o  y i e l d .  

Therefore ,  y i e l d  i s  r e l a t e d ,  i n d i r e c t l y ,  t o  t h e  water  requirement 

e f f i c i e n c y .  The r e l a t i o n s h i p  developed i s  a s  fol lows:  

where Po, P I ,  and P2 = r eg re s s ion  cons t an t s .  The water  requirement 

e f f i c i e n c y  can be r e l a t e d  t o  t h e  system des ign  v a r i a b l e s ,  a s  shown 

e a r l i e r .  Therefore ,  now, t h e  y i e l d  i s  r e l a t e d  t o  t h e  system des ign  

v a r i a b l e s .  

The y i e l d  i n  t h e  f i e l d  i s  a f f e c t e d  by t h e  nonuniform a p p l i c a t i o n  of  

water .  This  reduct ion  i n  y i e l d  must be taken i n t o  account i n  designing 

i r r i g a t i o n  systems. The fol lowing r e l a t i o n s h i p  (Varlev, 1976) was 

suggested between y i e l d  and nonuniformity of  t h e  app l i ed  water :  

i n  which Ynun = y i e l d  due t o  nonuniformity; aO, a l ,  and a2 = r eg re s s ion  

c o e f f i c i e n t s ;  Da = average depth of  water  appl ied  i n  t h e  f i e l d ;  and 

F = c o e f f i c i e n t  of nonuniformity, which i s  defined a s  nun 

I n  t h e  p re sen t  a n a l y s i s ,  t h e  nonuniformity i s  taken  i n t o  account by 

s imula t ing  t h e  crop growth i n  d i f f e r e n t  s e c t i o n s  of  t h e  f i e l d .  The 

average y i e l d  of a l l  t h e  s e c t i o n s  i s  taken a s  t h e  y i e l d  of  t h e  crop.  

The y i e l d  i s  s imulated f o r  d i f f e r e n t  l e v e l s  of water  requirement e f f i -  

c iency by changing t h e  combinations of t h e  design v a r i a b l e s .  

Problem Formulation and So lu t ion  

Maximization of n e t  p r o f i t  i s  t h e  ob jec t ive  of t h e  opt imal  design.  

The g ros s  r e t u r n s  from t h e  crop product ion and t h e  c o s t  of  product ion 



must be considered.  The c o s t s  of product ion inc lude ,  t h e  c o s t  of l a b o r ,  

water ,  cons t ruc t ion  of headland f a c i l i t i e s ,  and some f ixed  c o s t s  of 

product ion.  The cos t s  must be considered i n  t h e  design of an i r r i g a t i o n  

system. The d i f f e rence  between t h e  gross  r e t u r n s  and t h e  c o s t s ,  i . e . ,  

t h e  n e t  b e n e f i t s  must be maximized. The problem i s  formulated with an 

o b j e c t i v e  funct ion  of maximizing ne t  b e n e f i t s .  The c o n s t r a i n t s  a l s o  

must be incorporated i n t o  t h e  design process.  For d e t a i l s  on problem 

formulat ion see  t h e  papers of Reddy and Clyma (1980), and Reddy and 

Clyma (1980a). 

Af t e r  formulat ing,  the  problem i s  solved by applying t h e  

genera l ized  geometric programming technique. This  technique i s  very  

use fu l  i n  design problems, and examples abound i n  t h e  genera l  a r ea  of 

engineering design.  Extensive use of t h i s  technique has not  been made 

i n  i r r i g a t i o n .  Vast amount of l i t e r a t u r e  i s  a v a i l a b l e  on t h e  s u b j e c t .  

For a  b r i e f  d iscuss ion  of t h e  technique see  Reddy and Clyma (1980), and 

t h e  re ferences  t h e r e i n .  This technique gives t h e  optimal va lues  of t h e  

design v a r i a b l e s ,  along with t h e  optimum p r o f i t  under t h e  given s e t  of 

condi t ions .  

IMPROVEMENT CONCEPTS 

Once the  model has been developed based on t h e  theory  presented  

e a r l i e r ,  s eve ra l  improvement concepts can be s imulated and evalua ted  f o r  

t h e i r  f e a s i b i l i t y  and economic j u s t i f i c a t i o n .  A few improvement con- 

cepts  a r e  presented here: 0:  A s  t h e  amount of water de l ive red  a t  t h e  

farm, given the  inflow r a t e  i n t o  the  headgate,  i s  dependent upon 

the  canal  l i n i n g  m a t e r i a l ,  t h e  economics of s eve ra l  l i n i n g  

ma te r i a l s  ( inc luding  ear then  improvement) can be eva lua ted .  



0: The uniformity of appl ied  water i n  t h e  f i e l d ,  and t h e  a p p l i c a t i o n  

e f f i c i e n c y  a r e  a  funct ion  of t h e  s lope  of t h e  f i e l d ,  a l s o .  Hence, 

t h e  economics of land l eve l ing  i n  changing t h e  e x i s t i n g  s lope  of 

t h e  f i e l d  t o  a  s lope  t h a t  i s  optimum under t h e  given s e t  of condi- 

t i o n s  can be eva lua ted .  

0: The e f f e c t  of optimal design ( a s  explained e a r l i e r )  i n  inc reas ing  

t h e  n e t  b e n e f i t s  can be est imated.  

0: Crop y i e l d  i n  t h e  command a rea  i s  a  funct ion  of t h e  t o t a l  a rea  of 

c u l t i v a t i o n  and t h e  y i e l d  pe r  u n i t  a r ea .  The y i e l d  per  u n i t  a rea  

depends upon t h e  frequency of i r r i g a t i o n  o r  t h e  s t r e s s  c r i t e r i a  

used. For a  f ixed  supply of water a t  t h e  farm, t h e  water could be 

d i s t r i b u t e d  opt imal ly  on t h e  farm so  t h a t  maximum n e t  b e n e f i t s  a r e  

r e a l i z e d  from t h e  farm. The model developed could be u t i l i z e d  i n  

determining e i t h e r  t h e  optimal frequency of i r r i g a t i o n ,  such a s  a  

I-,  2- ,  3-, and 4-week i n t e r v a l ,  i f  it i s  a  r o t a t i o n a l  i r r i g a t i o n  

system, o r  t h e  optimal s t r e s s  c r i t e r i a ,  i f  it i s  an on-demand 

method of water de l ive ry  system. 

0: The i n f i l t r a t i o n  c h a r a c t e r i s t i c s  of t h e  s o i l  change seasona l ly .  

This a f f e c t s  t h e  performance parameters such a s  the  a p p l i c a t i o n  

e f f i c i e n c y ,  t a i l  water  r a t i o ,  deep pe rco la t ion  r a t i o ,  water re -  

quirement e f f i c i e n c y ,  and t h e  d i s t r i b u t i o n  uniformity.  These i n  

t u r n  a f f e c t  t he  crop y i e l d  and t h e  n e t  r e t u r n s .  This e f f e c t  can be 

simulated using t h e  mathematical model developed above. 

0: Under canal  i r r i g a t i o n  system, t h e  seasonal  inflows i n t o  the  f i e l d  

change. The e f f e c t  of seasonal  changes on crop y i e l d ,  and the  

performance of t h e  i r r i g a t i o n  system can be evaluated.  



SUMMARY 

The theory  (concepts )  of s imu la t i on  and op t imiza t ion  a s  app l i ed  t o  

i r r i g a t i o n  systems improvement i s  presen ted .  The mathematical models of 

water  conveyance (Trout ,  1979), and water  a p p l i c a t i o n  ( S t r e l k o f f  and 

Katopodes, 1977, and Clemmens and S t r e l k o f f ,  1979) a r e  p re sen t ed .  A 

m u l t i p l i c a t i v e  product ion  func t ion  was developed f o r  wheat us ing  da t a  

from De lh i ,  I n ida .  A l l  t h e  t h r e e  models were v e r i f i e d  us ing  a v a i l a b l e  

d a t a .  A procedure t o  op t imize  t h e  des ign  of  s u r f a c e  i r r i g a t i o n  systems 

was a l s o  p re sen t ed .  F i n a l l y ,  some system improvement concepts  such a s  

t h e  improvement of t h e  conveyance system and t h e  a p p l i c a t i o n  system, 

i r r i g a t i o n  schedul ing ,  opt imal  des ign ,  s imu la t i on  f o r  t h e  seasona l  

v a r i a t i o n  of inf low r a t e  i n t o  t h e  f i e l d ,  and t h e  s ea sona l  v a r i a t i o n  i n  

t h e  i n f i l t r a t i o n  c h a r a c t e r i s t i c s  of t h e  s o i l  were d i scusssed .  
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S t a f f  Paper  #46B* 

IRRIGATION SYSTEM IIPROVEMENT BY 
SIMULATION AND OPTIMIZATION: 2 ,  APPLICATION 

J. Mohan Reddy and Wayne Clyma 

The performance of  t h e  i r r i g a t i o n  system i n  P a k i s t a n  was n o t  

s a t i s f a c t o r y .  A f t e r  e v a l u a t i o n  of t h e  on-farm i r r i g a t i o n  system d a t a ,  

it was r e a l i z e d  t h a t  t h e  performance of t h e  e x i s t i n g  i r r i g a t i o n  system 

could be improved by l i n i n g  t h e  c a n a l s ,  r e c o n s t r u c t i n g  t h e  o l d  c a n a l s ,  

p rope r  s i z i n g  and de s ign ing  of  t h e  c a n a l s ,  de s ign  of t h e  a p p l i c a t i o n  

systems t o  minimize deep p e r c o l a t i o n  and runof f  l o s s e s ,  l and  smoothing 

and land  l e v e l i n g  o p e r a t i o n s .  The c o s t  and e f f e c t i v e n e s s  o f  each  of  

t h e s e  a l t e r n a t i v e s  may be  d i f f e r e n t .  The most b e n e f i c i a l  a l t e r n a t i v e  i s  

d e s i r a b l e .  The b e n e f i t s  a r e  r e a l i z e d  i n  terms of  i nc r ea sed  c rop  produc- 

t i o n  i n  t h e  command a r e a .  The re fo r e ,  improvement o f  any component of 

t h e  i r r i g a t i o n  system must be r e l a t e d  t o  t h e  r e s u l t i n g  i n c r e a s e  i n  c rop  

p roduc t i on .  An i n t e g r a t e d  model i n c o r p o r a t i n g  a l l  t h e  d i s t i n c t  

cotnponents o f  an i r r i g a t i o n  system was developed (Reddy and Clyma, 

1980). This  model was l a t e r  c a l i b r a t e d  and a p p l i e d  t o  a  s p e c i f i c  

s i t u a t i o n  i n  P a k i s t a n .  The econo~nics  of improving t h e  e f f i c i e n c y  of t h e  

conveyance system and t h e  a p p l i c a t i o n  system i s  p r e sen t ed .  The 

performance of t h e  improved a p p l i c a t i o n  system wi th  op t imal  de s ign  under 

p r e c i s i o n  land  l e v e l i n g ,  and t h e  conveyance system a f t e r  c ana l  l i n i n g  

and e a r t h e n  improvement i s  compared w i th  t h e  performance of t h e  e x i s t i n g  

system.  The performance . under t h e  c o n j ~ ~ n c t i v e  improvement of t h e  

a p p l i c a t i o n  and conveyance system i s  a l s o  e v a l u a t e d .  

*Draf t  copy sub j  c c t  t o  rc17 is ion .  



DESCRIPTION OF THE STUDY AREA 

The model developed i n  P a r t  1 of t h i s  paper  (Reddy and Clyma, 
P 

1980a) was a p p l i e d  t o  a s p e c i f i c  l o c a t i o n  i n  P a k i s t a n  on a farm nea r  

Bhalwal i n  t h e  Sargodha d i s t r i c t .  Th i s  farm i s  l o c a t e d  on Watercourse  * 

No. 106 uuder tubewel l  78. The a r e a  of t h e  farm cons idered  i s  3 .24  ha .  

Data f o r  t h i s  sLudy were o b t a i n r d  from Sargodha and s t u d i e s  of t h e  Mona 

Reclamation Exper imental  P r o j e c t  aL Bhalwal. 

The s o i l s  a t  t h e  s i t e  a r e  s i l t y  loams. Some s o i l s  a r e  s a l i n e  b u t  

t h e  m a j o r i t y  o f  t h e  a r e a  i s  non - sa l i ne .  The bu lk  d e n s i t y  o f  t h e  s o i l s  

3 was 1.52 grams/cm . The permanent w i l t i n g  p o i n t  and t h e  f i e l d  c a p a c i t y  

of t h e  s o i l s  was 6 . 9  p e r c e n t  and 18.6  p e r c e n t ,  r e s p e c t i v e l y .  The 

i n f i l t r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  s o i l s  a t  Bhalwal a r e  p r e sen t ed  i n  

Tab le  1,  a s  ob t a ined  from Ha ide r ,  Farooqui ,  and DeMooy (1975).  

The growing season  of Sp r ing  (Rabi)  - wheat i s  from October  t o  Ap.ril.  - i 

The v a l u e s  o f  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 ,  i r r i g a t i o n  t r e a t m e n t s ,  and 

t h e  wheat y i e l d  d a t a  f o r  t h e  Sp r ing  season of  1974-75 were ob t a ined  from 

Haider ,  Farooqui ,  and DeMooy (1975) .  The common i r r i g a t i o n  p r a c t i c e s ,  

t h e  farm s i z e s  and t h e  r e l a t e d  a p p l i c a t i o n  e f f i c i e n c i e s  of t h e  f i e l d s  i n  

t h e  Sargodha d i s t r i c t  a r e a ,  a s  r epo r t ed  by Freeman, Lowdermilk and Ea r ly  i 

(1978) ,  a r e  gi.ven i n  Table  2 .  The f i e l d s  a r e  l e v e l  b u t  w i th  uneven i 

s l o p e s  and low and h igh  s p o t s .  The roughness of t h e  f i e l d s  (Mannings n )  

was assumed t o  be 0 .15  (SCS-USDA, 1974).  



Table  1. I n f i l t r a t i o n  d a t a  from Bhalwal a r e a  ( H a l d e r ,  Fa rooqu i  and 
DeMooy, 1975).  

Time, minu tes  Cumulative I n f i l t r a t i o n ,  mm 

T a b l e  2 .  Average o p e r a t i n g  c o n d i t i o n s  o f  w a t e r c o u r s e  106 command a r e a  
i n  Sargodha D i s t r i c t ,  P a k i s t a n  ( E a r l y ,  Lowdermilk and Freeman, 
1975) .  

Pa ramete r  
Loca t ion  of  t h e  farm on t h e  mogha 

Head Middle T a i l  

Nakka d i s c h a r g e s  ( I p s )  65 .4  

I r r i g a t i o n  f requency  ( d a y s )  7 

Area o f  t h e  b a s i n  ( h a )  0 .20  

Time of  i r r i g a t i o n  (min) . 2 4  

Depth o f  i r r i g a t i o n  (mm) 46 

S o i l  m o i s t u r e  d e f i c i e n c y  (mm) - - 

I r r i g a t i o n  d e l i v e r y  e f f i c i e n c y  (%) 41  

Watercourse  l e n g t h  (m) 476 

A p p l i c a t i o n  e f f i c i e n c y  (%) - - 



CALT BHArl' 1ON OF 'IHE MO[)EI, 

T l ~ e  i r r i g a t i o n  sys tem n~ode l  has  been v e r i f i e d  i n  P a r t  1 o f  t h i s  

p a p e r .  The model must b e  c a l i b r a t e d  i n  o r d e r  t o  be  a p p l i c a b l e  t o  a 

g i v e n  a r e a .  S i t e  s p e c i f i c  d a t a  must be a v a i l a b l e  t o  c a l i b r a t e  t h e  

model. The d a t a  r e q u i r e d  a r e  t h e  i n p u t  and o u t p u t  v a r i a b l e s  o f  e a c h  

subsystem c o n s i d e r e d  i n  t h e  S i m u l a t i o n  S tudy .  The i n p u t  v a l u e s  were 

used t o  g e n e r a t e  o u t p u t  from t h e  s i m u l a t i o n  models .  The o u t p u t  from t h e  

s i m u l t i o n  of  t h e  subsystem models was compared w i t h  a c t u a l  o u t p u t  from 

t h e  subsystem.  I f  t h e  d i f f e r e n c e  was s i g n i f i . c a n t ,  theti t h e  p a r a m e t e r s  

of  t h e  sys tem were a d j u s t e d  u n t i l  t h e  o u t p ~ ~ t  from t h e  s i m u l a t i o n  models 

ag reed  v e r y  c l o s e l y  w i t h  t h e  a c t u a l  ( g i v e n )  o u t p u t  o f  t h e  sys tem.  The 

c a l i b r a t e d  model was t h e n  used t o  e v a l u a t e  d i f f e r e n t  management 

Water Conveyance System 

I n  t h e  c a l i b r a t i o n  of  t h e  conveyance model, t h e  d a t a  r e p o r t e d  by 

E a r l y ,  Lowdermilk and Freeman ( 1 9 7 8 )  were u s e d .  The p a r a m e t e r s  o f  t h e  

sys tem a r e  p r e s e n t e d  i n  Tab le  3 .  The l e n g t h  o f  t h e  c a n a l  c o n s i d e r e d  i n  

t h e  p r e s e n t  a n a l y s i s  was 777 m .  The v a l u e s  d e v i a t e d  from a c t u a l  f i e l d  

(nakka)  d i s c h a r g e s ,  a s  shown i n  Tab le  3 .  

T a b l e  3 .  Performance of  t h e  conveyance sys tem model b e f o r e  and a f t e r  
c a l i b r a t i o n .  

In f low Loss Fi-eld O u t l e t  D i s c h a r g e s ,  I p s  
R a t e  R a t e ,  Head Middle 

C o n d i t i o n  IPS IPS A c t u a l  P r e d i c t e d  A c t u a l  P r e d i c t e d  

Before  
C a l i b r a t i o n  97 .43  29 .74  6 5 . 1 4  58 .90  59 .48  41 .63  

A f t e r  
C a l i b r a t i o n  9 7 . 4 3  22 .70  65 .14  6 6 . 8 4  59 .48  5 1 . 8 3  



I n  t h e  v e r i f i c a t i o n  p a r t  o f  t h e  model, a c t u a l  f i e l d  measurements 

f o r  a  g iven  s e c t i o n  o f  a c a n a l  i n  t h e  same r e g i o n  were used.  Changing 

t h e  l o s s  r a t e  t o  22.65 lps /305  m improved t h e  performance of  t h e  model 

a s  shown i n  Tab le  3. The r e s u l t  improved p r e d i c t i o n  a t  t h e  head by 

p e r c e n t  and a t  t h e  middle  by - p e r c e n t .  Cons ider ing  t h e  random 

v a r i a b i l i t y  of t h e  a c t u a l  measurements, t h e  performance of t h e  model was 

assumed adequa te .  

Water A p p l i c a t i o n  System 

The wate r  a p p l i c a t i o n  system model i s  c a l i b r a t e d  h e r e .  The v a l u e s  

of  t h e  a p p l i c a t i o n  system paramete rs  a r e  g iven  a s  f o l l o w s :  

s o i l  t y p e :  s i l t y  loam 
l e n g t h  o f  t h e  b o r d e r :  67 m 
width  o f  t h e  border :  30 .5  m 
i n f l o w  r a t e  i n t o  t h e  f i e l d :  1 .86  i g e / m  
i n f i l t r a t i o n  f u n c t i o n :  z = 5 . 3 3  t '  
Manning's roughness f a c t o r :  0 .15 
t ime o f  i r r i g a t i o n :  56 minutes  
d e p t h  o f  requ i rement ,  D U :  76 .2  mm 

The a p p l i c a t i o n  system model developed i n  P a r t  1  o f  t h i s  p a p e r  was used 

t o  s i m u l a t e  t h e  f low i n  l e v e l  b a s i n s .  The r e c e s s i o n  t ime was found t o  

be 34 hours  which seemed t o o  h igh  t o  i n f i l t r a t e  89 mm o f  i r r i g a t i o n  

w a t e r .  Th i s  might have been due t o  t h e  use  of  t h e  Kost iakov (1932) 

i n f i l t r t i o n  f u n c t i o n  which does n o t  have a  c o n s t a n t  term f o r  l o n g e r  

t i m e s .  T h e r e f o r e ,  an  ad jus tment  was made i n  t h e  e q u a t i o n  t o  i n c l u d e  a  

c o n s t a n t  f o r  l o n g e r  t i m e s .  An i n f i l t r a t i o n  f u n c t i o n  o f  t h e  f o l l o w i n g  

t y p e  was developed: 

I n f i l t r a t i o n  r a t e  a t  t h e  end of t e n  hours  was t a k e n  a s  t h e  b a s i c  i n t a k e  

r a t e ,  and t h i s  v a l u e  was s e t  e q u a l  t o  C i n  Eq. 1. Using l i n e a r  

r e g r e s s i o n ,  t h e  f o l l o w i n g  e q u a t i o n  was o b t a i n e d :  



Using t h i s  e q u a t i o n ,  t h e  r e c e s s i o n  t ime was found t o  be  10 h o u r s ,  which 

is  more r e a s o n a b l e  t h a n  t h e  p r e v i o u s  v a l u e  of  34 h o u r s .  Hence, Eq. 2  

was assumed adequa te  f o r  t h e  p r e s e n t  a n a l y s i s .  The a p p l i c a t i o n  

e f f i c i e n c y  was found t o  be 70 p e r c e n t ,  which is  more t h a n  t h e  average  

v a l u e  r e p o r t e d  by Clyma and A l i  (1977) .  But c o n s i d e r i n g  t h e  f a c t  t h a t  

t h e  a p p l i c a t i o n  e f f i c i e n c y  was r e l a t e d  t o  a  l e v e l  f i e l d  cor id i t ion  a s  

opposed t o  arr uneven topography under t h e  a c t u a l  f i e l d  c o n d i t i o n s ,  and 

t h e  s p e c i f i c  s e t  of  d a t a  p r e s e n t e d  h e r e ,  t h e  performance o f  t h e  model 

was assumed t o  be s u f f i c i e n t .  

Water Use System 

The w a t e r  u s e  sys tem model c o n s i s t s  of  two sub-models: t h e  

e v a p o t r a n s p i r a t i o n  model and t h e  c r o p  growth model. The e v a p o t r a n s p i r a -  

t i o n  model was c a l i b r a t e d  by Clyma and Chaudhry (1975) ,  hence i t  i s  n o t  

c a l i b r a t e d  h e r e .  I n  a d d i t i o n ,  c a l c u l 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  

v a l u e s  were a v a i l a b l e  f o r  t h e  c r o p  s e a s o n  from Reuss e t  a l .  (1976) .  

Using t h e  m u l t i p l i c a t i v e  p r o d u c t i o n  f u n c t i o n  model developed f o r  

wheat i n  P a r t  1 of  t h i s  p a p e r ,  t h e  r a t i o s  of a c t u a l  t o  p o t e n t i a l  evapo- 

t r a n s p i r a t i o n  were c a l c u l a t e d .  Then, t h e  r e l a t i v e  y i e l d  of  t h e  c r o p  was 

a l s o  c a l c u l a t e d  u s i n g  t h e  s e n s i t i v i t y  c o e f f i c i e n t s  developed i n  t h e  

p r e v i o u s  paper  (Reddy and Clyma, 1980a).  The p r e d i c t e d  r e l a t i v e  y i e l d s  

were compared w i t h  t h e  r e l a t i v e  y i e l d s  r e p o r t e d  i n  Tab le  4.  A good 

c o r r e l a t i o n  ( r 2  = 0 .90)  was found between t h e  p r e d i c t e d  and a c t u a l  y i e l d  

of  t h e  c r o p  a s  shown i n  F i g .  1. The c r o p  was i r r i g a t e d  a t  1 ,  2 and 4 

b a r s  t e n s i o n  i n  t h e  t o p  15 cm o f  s o i l  i n  t h e  f i e l d ;  hence,  most o f  t h e  

t ime t h e  r a t i o s  of a c t u a l  t o  p o t e n t i - a 1  e v a p o t r a n s p i r a t i o n  were h igh .  I t  

was d i f f i c u l t  t o  c a l i b r a t e  t h e  s e n s i t i v i t y  c o e f f i c i e n t s  under moderate 



Actual Yield 

Figure 1. Comparison of actual versus predicted wheat yield for 
data from Pakistan (r2 = 0.90) 



t o  s e v e r e  s t r e s s  c o n d i t i o n s  bec;lusc of  l a c k  of  s u f f i c i e n t  dat .a.  Hence, 
,- 

t h e  model developed h e r e  was assumed v a l i d  f o r  t h e  g iven  a r e a .  

These t h r e e  subsystem models: cotiveyance, a p p l i c a t i o n  and w a t e r  - 

u s e ,  were combined i n t o  a s i l l g l e  model and a p p l i e d  t o  t h e  p a r t i c u l a r  

s i  t u a t i o n  t o  e v a l u a t e  t h e  e x i s t i n g  sys tem and t h e  d i f f e r e n t  improvement 

a l t e r n a t i v e s .  

PERFORMANCE OF THE TRADITIONAL IRRIGATION SYSTEtl 

The model was f i r s t  a p p l i e d  t o  s i m u l a t e  t h e  performance o f  t h e  

sys tem under e x i s t i n g  o p e r a t i n g  c o n d i t i o n s .  The d e p t h s  o f  i r r i g a t i o n  

a p p l i e d  a t  each  t u r n  were o b t a i n e d  from Clyma (1978) .  The i r r i g a t i o n  

d e p t h s  a s  r e p o r t e d  i n  Tab le  4 ,  and 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  

v a l u e s  a s  r e p o r t e d  by Reuss e t  a l .  (1976) f o r  t h e  S p r i n g  s e a s o n  of  

1975-76 were used i n  s i m u l a t i n g  t h e  r a t i o s  of  a c t u a l  t o  p o t e n t i a l  evapo- 

t r a n s p i r a t i o n .  The c rop  p r o d u c t i o n  model developed e a r l i e r  was used i n  

p r e d i c t i n g  t h e  r e l a t i v e  y i e l d  of  t h e  c r o p .  The d e p t h s  o f  i r r i g a t i o n ,  

t h e  requ i rements  a t  each  i r r i g a t i o n ,  and t h e  r e l a t i v e  y i e l d s  of  seven 

d i f f e r e n t  t r e a t m e n t s  a r e  p r e s e n t e d  i n  Tab le  5 .  C l e a r l y ,  t h e  e x i s t i n g  

sys tem was o p e r a t i n g  a t  a n  a p p l i c a t i o n  e f f i c i e n c y  of  39 p e r c e n t  w i t h  a  

r e l a t i v e  y i e l d  of  on ly  0 .64 .  T h i s  a p p l i c a t i o n  e f f i c i e n c y  i s  c l o s e  t o  

t h e  a p p l i c a t i o t ~  e f f i c i e n c y  r e p o r t e d  by Clyma and A l i  (1977) which i s  

35 p e r c e n t .  The conveyance e f f i c i e n c y  of  t h e  e x i s t i n g  system was found 

t o  be  53  p e r c e n t .  T h i s  r e v e a l s  t h e  p o t e n t i a l  f o r  i n c r e a s i n g  t h e  

e f f i c i e n c y  of  t h e  i r r i g a t i o n  system and t h e  c r o p  y i e l d .  

The y i e l d  l e v e l s  under t h e  e x i s t i n g  sys tem were low. The rerluced 

y i e l d s  were r e l a t e d  t o  t h e  n o n a v a i l a b i l i t y  o f  w a t e r  f o r  t h e  c r o p s  a t  

each t u r n .  When t h e  i r r i g a t i o n  system was d e s i g n e d ,  i t  was supposed t o  

o p e r a t e  under a  s p e c i f i c  s e t  of  o p e r a t i n g  r u l e s .  B u t ,  t h e  fa rmer  



Table 4. Allocation of water (ha-mm/ha) on Farm No. 4 for Rabi 1975-76 at TW 78, Mona Reclamation 
Experimental Project (Clyma, 1978). 

!6S/l.V.!: F.1 1 low 135 

176/ l B 1  Bcrsc.m 111 6 7 50 

17C/IR, E c r s c m  111 31 50 

1 7L/2A1 Berscen  11 1 30 50 50 

174/2A, Bcrsecm 111 30 50 50 

- .  
Date o f  L'~r;llrul~di f l l rn  (d.ly/:m.) 

r:cl,l h Crop 12/2 19/1 26/2 0 3  11/3 lS/3 2513 Ili 8/4 1Si; Z?/L 29/L 6;s 5 2015 

LCS/ IG!; F~lluw 

liS,'iSS F a l l  o... /Rout~ i  

13S/ 1 3 s  Br r r e c ~ n  

liS/13St Bcrscrm 

lbS/ 13S2 B c r s c e r  

IC?./bE bllcat 

16X/8Wl.1;2 S t i a f t r l  

166/lLS low 

Bc rsccm 

B r r s e c a  

Bcrsccm 

Hcrrrea 

L'liea t 

L ! I I - ~ L  



Table 5. Irrigation interval, net depths, irrigation depths and application efficiency 
under traditional system. 

Inter- Inter- Inter- Inter- a Rela- 
E Val, Da9 DU, Ea, tive 

Fields Days mm mm Days mm Days mm mm Days mm mm % Yield 

Average relative yield = . 6 4 8 .  
Average application efficiency, Ea = 39 percent. 

a Da = depth of application 

b~ = depth of requirement in the root zone. u 



follows his own set of rules. Under some circumstances, the irrigation 

system does not operate the way it was supposed to operate. The 

behavior of the system is probabilistic. The improvement alternatives 

will be simulated under the given set of operaLing conditions that were 

set at the time of designing the system. Therefore, the existing system 

performance must also be simulated under similar conditions for a better 

and direct comparison with the improvement alternatives. It was assumed 

that the farmer at least applies 50 mm per irrigation under the 

traditional level conditions. Under these conditions it was found that 

the farmer can irrigate 0.96 ha each time with a 3-week interval, to be 

within the range of application efficiency he was obtaining under 

traditional operating conditions with a &week. 

interval, the farmer can irrigate about 3 x 0.96 ha = 2.88 ha. The 

relative yield under this condition was 'found to be 0.97 with an 

application efficiency of 37 percent. The application efficiencies 

ranged from 13-64 percent. With a potential yield of 2594 kg/ha the 

farmer could obtain.2516 kg/ha. Only wheat crop was considered in this 

comparative study of improvements. 

PERFORMANCE OF THE IMPROVED IRRIGATION SYSTEM 

Two alternatives were considered in improving the existing system: 

improvement of the application system and improvement of the conveyance 

system. These are discussed separately below. 

Improvement of the Application System 

Optimal design of the application system along with precision land 

leveling was considered in the improvement of the application system. 

In optimal design it was assumed that the farmer was able to apply 38 mm 

of water efficiently at each irrigation. The generalized geometric 



programming techn ique  was appl i ed  t o  t h e  optima1 desi ,gn of  t h e  

a p p l i c a t i o n  system (Reddy and Clyma, 1980).  I t  was found t h a t  t h e  

farmer can now i r r i g a t e  1 .28 ha p e r  t u r n  i n s t e a d  of  0.98 ha under t h e  

t r a d i t i o n a l  o p e r a t i n g  c o n d i t i o n s .  The op t imal  de s ign  g i v e s  t h e  op t imal  

r a t e  of  in f low,  t ime of  i r r i g a t i o n  and dimensions of  t h e  i r r i g a t i o n  

u n i t .  An a p p l i c a t i o n  e f f i c i e n c y  of  60 p e r c e n t  could be ob t a ined  under 

p r e c i s i o n  l e v e l e d  c o n d i t i o n s  (Clyma, Kemper and Ashraf ,  1977) .  

The re fo r e ,  t h e  i r r i g a t i o n  i n t e r v a l s  must be  a d j u s t e d  under  t h e  improved 

a p p l i c a t i o n  system t o  g e t  60 p e r c e n t  a p p l i c a t i o n  e f f i c i e n c y .  By s imula-  

t i o n  it was found t h a t  t h e  fo l lowing  r e l a t i v e  y i e l d s  and a p p l i c a t i o n  

e f f i c i e n c i e s  can be  ob t a ined  by p r a c t i c i n g  d i f f e r e n t  i r r i g a t i o n  

s chedu l e s :  

I r r i g a t i o n  Schedule R e l a t i v e  Yield  Aqp l i ca t i on  E f f i c i e n c y  

41 p e r c e n t  
49 p e r c e n t  
61  p e r c e n t  

So,  t h e  farmer  must i r r i g a t e  a t  a  4-week i n t e r v a l  t o  be a t  t h e  60 . . 
pe rcen t  a p p l i c a t i o n  e f f i c i e n c y  ob ta ined  by t h e  farmers  i n  t h e  g iven  a r e a  

under  p r e c i s i o n  l e v e l  c o n d i t i o n s .  The a p p l i c a t i o n  e f f i c i e n c i e s  ranged 

from a  low of 19 p e r c e n t  t o  a  high of  100 p e r c e n t .  

Johnson, Khan and Hussain (1978) r epo r t ed  t h a t  t h e  fa rmers  i n  

P a k i s t a n  were g e t t i n g  a  y i e l d  of  1927 kg/ha (1681t246) w i th  p r e c i s i o n  

l and  l e v e l i n g ,  under t r a d i t i o n a l  c a n a l  o p e r a t i n g  c o n d i t i o n s .  As 

mentioned e a r l i e r ,  t h e  r e l a t i v e  y i e l d  under t h e  t r a d i t i o n a l  o p e r a t i n g  

c o n d i t i o n s  was 0 .64 .  The re fo r e ,  t h e  e s t ima t ed  p o t e n t i a l  y i e l d  under 

p r e c i s i o n  l e v e l  cond i t i ons  becomes 2974 kg/ha. The y i e l d  o b t a i n a b l e  

under improved de s ign  of t h e  a p p l i c a t i o n  system becomes 2766 kg/ha 

(2976 x 0 .93 ) .  



A comparison of  b e n e f i t s  under t h e  t r a d i t i o n a l  l e v e l e d  and 

p r e c i s i o n  l e v e l  w i th  op t imal  de s ign  revea led  t h a t  t h e  b e n e f i t s  can be 

i nc r ea sed  from R s  2612 under t r a d i t i o n a l  l e v e l  t o  R s  3625 under 

p r e c i s i o n  l e v e l  c o n d i t i o n s .  The t o t a l  b e n e f i t s  depend upon t h e  a r e a  

i r r i g a t e d  and t h e  y i e l d  p e r  u n i t  a r e a .  A r e l a t i o n s h i p  between t h e  

f requency of i r r i g a t i o n s ,  and t h e  r e l a t i v e  y i e l d ,  a p p l i c a t i o n  

e f f i c i e n c y ,  arid t o t a l  y i e l d s  is  p r e sen t ed  i n  F igu re  2 .  I t  i s  obvious  

from F igu re  2 t h a t  t h e  n e t  b e n e f i t s  can be i nc r ea sed  by sp r ead ing  o u t  

t h e  i r r i g a t i o n  f requency.  But ,  a f t e r  a  p a r t i c u l a r  f requency ,  t h e  

b e n e f i t s  s t a r t  d e c l i n i n g  because of  reduced r e l a t i v e  y i e l d  and f i x e d  

c o s t s  of p roduc t i on  p e r  u n i t  a r e a .  The re fo r e ,  an  op t imal  a r e a  of 

c u l t i v a t i o n  must be chosen i n  o r d e r  t o  o b t a i n  maximum b e n e f i t s .  For  t h e  

given s i t u a t i o n ,  4-week i n t e r v a l  i s  optima1 i n  terms of t o t a l  n e t  

b e n e f i t s  from t h e  farm. 

Improvement of t h e  Conveyance System 

Canal l i n i n g  and e a r t h e n  r e c o n s t r u c t i o n  were cons idered  i n  t h e  

improvement of t h e  conveyance system. The c o s t  and e f f e c t i v e n e s s  of  

each of t h e s e  a l t e r n a t i v e s  was eva lua t ed .  The l i f e  of  a  l i n e d  c a n a l  was 

assumed t o  be  20 y e a r s  and t h a t  of an e a r t h e n  improved system t o  be 

8  y e a r s  (Clyma, Kemper and Ashraf ,  1977) .  An i n t e r e s t  r a t e  of 15 

pe r cen t  was used.  

The t o t a l  l eng th  of  channels  (main, branches  and f i e l d  channe l s )  i n  

t h e  wate rcourse  command a r ea  of 212 ha was 27,423 m (Freeman, Lowdermilk 

and E a r l y ,  1978).  A t  t h e  r a t e  of R s  6.56/m, t h e  c o s t  of e a r t h e n  

improvement becomes R s  179896. The annual  c o s t  of e a r t h e n  improvement 

was c a l c u l a t e d  t o  be Rs 188/ha.  S i m i l a r l y ,  t h e  annual  c o s t  of  c ana l  

l i n i n g  i s  Rs 2446/ha. An annual  maintenance c o s t  of R s  44/ha and 



F i g u r e  2 .  R e l a t i o n s h i p  between i r r i g a t i o n  i n t e r v a l ,  and r e l a t i v e  
y i e l d ,  s e a s o n a l  a p p l i c a t i o n  e f f i c i e n c y  and t o t a l  y i e l d .  



R s  12/ha (Clyma, Kemper and A s l ~ r a f ,  1977) ,  r e s p e c t i v e l y ,  must a l s o  be 

added t o  t h e  c o s t  of  c a n a l  l i n i n g  and e a r t h e n  improvement. The 

c h a r a c t e r i s t i c s  o f  conveyance sys tem improvement a l t e r n a t i v e s  a r e  

p r e s e n t e d  i n  Tab le  6 .  

A comparison o f  t h e  improvement a l t e r n a t i v e s  i s  p r e s e n t e d  i n  

Tab le  7.  Apparen t ly ,  c a n a l  l i n i n g  i s  more expens ive  t h a n  e a r t h e n  

improvement. But t o  make an economic compar ison,  t h e  t o t a l  y i e l d s  under  

e a c h  improvement must be  compared. A comparison of c o s t s  and b e n e f i t s  

o f  t h e  d i f f e r e n t  improvements a r e  a l s o  p r e s e n t e d  i n  Tab le  7 .  C l e a r l y ,  

e a r t h e n  improvement i s  more economical  t h a n  o t h e r  a l t e r n a t i v e s .  The 

b e n e f i t s  under  e a r t h e n  improvement a r e  R s  3304 a s  a g a i n s t  Rs 2612 under  

t r a d i t i o n a l  f i e l d  s u p p l y .  

Under t h e  improved conveyance sys tem more a r e a  i s  b rough t  under  

i r r i g a t e d  c u l t i v a t i o n .  An a r e a  o f  4 .64 ha can  be  i r r i g a t e d  under  

e a r t h e n  improvement a s  a g a i n s t  2.88 ha under  t h e  t r a d i t i o n a l  c a n a l  

sys tem.  T h i s  amounts t o  an  i n c r e a s e  of  6 1  p e r c e n t  i n  t h e  a r e a .  Under 

t h e  t r a d i t i o n a l  s i m u l a t e d  sys tem,  t h e  y i e l d  l e v e l s  were n e a r  p o t e n t i a l  

( a  r e l a t i v e  o f  0 . 9 8 ) .  Hence, most of  t h e  i n c r e a s e d  supp ly  was a p p l i e d  

on a d d i t i o n a l  a r e a .  

The above d i s c u s s i o n  r e v e a l s  t h a t  e a r t h e n  improvement i s  more 

economical  t h a n  c a n a l  l i n i n g .  The d e p e n d a b i l i t y  of  t h e  s ~ ~ p p l y  may a l s o  

have been a  f a c t o r  i n  t h e  i n c r e a s e d  b e n e f i t s .  Under t h e  t r a d i t i o n a l  

sys tem some o f  t h e  a r e a  i n  t h e  command a r e a  i s  always fa l lowed .  So,  

t h i s  a d d i t i o n a l  f i e l d  supp ly  was used t o  i n c r e a s e  t h e  i r r i g a t e d  a r e a  by 

b r i n g i n g  t h e  fa l lowed  l and  under  i r r i g a t i o n .  



Tab le  6. C h a r a c t e r i s t i c s  o f  t h e  conveyance system improvement a l t e r n a t i v e s .  

Loss  Rate  Loss Ra te  
Before  A f t e r  Cost of Canal F i e l d  

Type of  Improvement Improvement Improvement Inf low Rates  Supply Ra t e ,  
Improvement IPS /hm Ips/hm Rslmetre  IPS IP s 

No improvement 7 .43  - - - - 97.42 51 .81  

Ear then  
Improvement 7 . 4 3  

Canal l i n i n g  7.43 0 .46  9 8 . 4  97 .42 93.86 

hm - hec t ame t r e  = 100 met r e s .  



T a b l e  7 .  O p e r a t i n g  c h a r a c t e r i s t i c s  and n e t  b e n e f i . t s  from conveyance 
sys tem improvement a l l e r n a t i v e s .  

Type of  
Improvement 
C h a r a c t e r i s t i c  T r a d i t i o n a l  E a r t h e n  Canal 

Pa ramete r  Sys tern Tmprovement L i n i n g  
_ L_______________I__ 

L i f e  o f  t h e  sys tem 
( y e a r s )  - - 
Annual ized c o s t ,  
(Rupees/ h a )  - - (183 + 12)  (520 + 44)  

= 195 = 564 

F i e l d  s u p p l y  r a t e  
( l i t r e s / s e c )  5 1 . 8  

Area i r r i g a t e d  
( h e c t a r e s )  2 .88  

Gross r e t u r n s ,  
(Rupees ) 2542 * 2.88 2542 * 4 .64  2542 * 5.25 

= 7321 = 11795 = 13346 

Cost  of  p r o d u c t i o n  
+ l i n i n g  (Rupees) 1635 * 2 .88  (1635 + 195)* (1635 + 564)* 

= 4709 4 .64  = 8491 5 .25 = 21656 

Net b e n e f i t  
(Rupees ) 2612 



Combi ned lmprovement of  t h e  Convr:yance and Alp-1 i c a  t i  on Sys t e ~ n s  
--- -- -- - - -- -- - - 

To r e a l i z e  t h e  maximum p o t e n t i a l ,  an  a n a l y s i s  o f  t h e  c o n j u n c t i v e  

improvement of  t h e  conveyance and a p p l i c a t i o n  sys tems was a l s o  

performed.  The f i e l d  supp ly  under e a r t h e n  improvement was found t o  be  

8 3  I p s .  The a r e a  t h a t  cou ld  be  i r r i g a t e d  under  improved a p p l i c a t i o n  

sys tem was 5 .12 ha .  With t h e  i n c r e a s e d  s u p p l y  of  w a t e r  a t  t h e  fa rm,  i t  

was found t h a t  t h e  a r e a  cou ld  be  i n c r e a s e d  t o  8 .17 ha .  

The a r e a  of  t h e  i n d i v i d u a l  f i e l d  u n i t s  can be i n c r e a s e d  

s i g n i f i c a n t l y  under  p r e c i s i o n  l e v e l  c o n d i t i o n s  because  of  s n i a l l e r  

d i f f e r e n c e s  i n  e l e v a t i o n .  T h i s  removes most of  t h e  f i e l d  c h a n n e l s  t h a t  

were p r e s e n t  under  t h e  t r a d i t i o n a l  l e v e l  c o n d i t i o n s .  T h i s  r educes  t h e  

t o t a l  l e n g t h  of  t h e  c a n a l s  s i g n i f i c a n t l y .  T h e r e f o r e ,  t h e  c o s t  of  c a n a l  

improven~ent now becomes Rs 38/ha anrl Rs 412/t1a,  r e s p e c t i v e l y ,  f o r  

e a r t h e n  improvement and c a n a l  l i n i n g .  

The c o s t s  and b e n e f i t s  o f  d i f f e r e n t  ilnprovenlent a l t e r n a t i v e s  a r e  

p r e s e n t e d  i n  Tab le  8 .  Obvious ly ,  c a n a l  l i n i n g  w i t h o u t  improving t h e  

a p p l i c a t i o n  sys tem i s  n o t  b e n e f i c i a l  t o  t h e  fa rmer .  I n  f a c t ,  t h e  fa rmer  

i n c u r s  a  heavy l o s s .  Ear then  improvement w i t h  o p t i m a l  d e s i g n  of  t h e  

a p p l i c a t i o n  sys tem w i t h  p r e c i s i o n  l and  l e v e l i n g  i s  more b e n e f i c i a l  under  

t h e  g i v e n  s i t u a t i o n .  But ,  i t  must be  emphasized t h a t  c a n a l  l i n i n g  a l s o  

would become b e n e f i c i a l  a s  t h e  p o t e n t i a l  r e t u r ~ i s  p e r  u n i t  a r e a  i n c r e a s e .  



Tab le  8. Comparison of  b e n e f i t s  from d i f f e r e n t  conveyance and a p p l i c a t i o n  system improvements. 

C h a r a c t e r i s t i c  Ear then  Improvement Canal L in ing  
Paramete r  T r a d i t i o n a l  P r e c i s i o n  . T r a d i t i o n a l  P r e c i s i o n  

Cana 1 l e n g t h ,  (m) 27,423 
E a r t h e n ,  ;m) 27,423 
L i n i n g ,  (m) 0.0 

Annual c o s t  o f  
improvement, (Rs/ha)  183 + 12 

T o t a l  c o s t  o f  
improvement. (Rs/ha) 195 

Cos t  o f  p r o d u c t i o n  
(Rs/ha) 1 ,635 

Gross r e t u r n  (Rs/ha)  2,542 

Area under  c u l t i v a t i o n ,  (ha)  4.62 

T o t a l  b e n e f i t  (Rs) 3 ,304 



In Tab1 c  !) , t h e  performance o f  t he  d i f f e r e n t  j mprovcment combinations 

is comparcd with the  performancc o f  t he  t r a d i t i o n a l  i r r . i ga t ion  systcm. 

The added n e t  b e n e f i t s  a r e  RS 692,  RS 1014, and RS 2761 under t h e  

improvement coml~inations o f  t r a d i t i o n a l  app l i ca t ion  and improved 
I 

convcyance, improved app l i ca t ion  and t r a d i t i o n a l  conveyance, and improved 

app l i ca t ion  and conveyance, r e spec t ive ly .  The bene f i t / cos t  r a t i o s  o f  

t h e s e  improvement a l t e r n a t i v e s  were almost t he  same. Also, t he  a rea  

o f  c u l t i v a t i o n  i s  more than doubled under the  combined improvement a l t e r -  

n a t i v e  s i n c e  t h e  bene f i t / cos t  r a t i o s  of  a l l  t h e  improvement a l t e r n a t i v c s  

a r e  the  same, any improvement a l t e r n a t i v e  may be chosen depending upon 

t h e  c i ~ c u m s t a n c e  whether money o r  land i s  t h e  c o n s t r a i n t .  



Table 9 .  Comparison of benefits from 4-different combinations of improvements 

Performance 
Parameter 

Traditional Traditional Improved Improved 
Application Application Application Application 

and and Improved and Traditional and 
Conveyance Conveyance Conveyance Conveyance 

- 

Field supply rate (Ips) 

Area irrigated, (ha) 

Yield (Kgs/ha 

Total benefits (Rs) 

Cost of production (Rs/ha) 

Cost of improving conveyance 
system (Rs/ha) 

Cost of improving application 
system (Rs/ha) 

Cost of improvement (Rs/ha) 

Total cost (Rs) 4709 849 1 10537 17225 

Total net benefit (Rs) 26 12 3304 3625 5373 

Total added benefits (Rs) - - 4474 6841 15277 

Total added costs (Rs) - - 3782 5827 12516 

Percent improvement 

Benefit: cost 

Total added net benefits (Rs) - - 692 1014 2761 



SUMMARY AND CONCLUSIONS 

A farm o f  3 .24 ha i n  P a k i s t a n  was c o n s i d e r e d  i n  t h e  p r e s e n t  

a n a l y s i s .  The t h e o r y  developed i n  P a r t  1 of  t h i s  p a p e r  i s  a p p l i e d  t o  - 
t h e  i r r i g a t i o n  sys tem.  The conveyance,  a p p l i c a t i o n ,  and w a t e r  use  

* 
subsystem models were c a l i b r a t e d  u s i n g  d a t a  from t h e  s t u d y  a r e a .  By 

s i m u l a t i o n  t h e  performance of  t h e  e x i s t i n g  i r r i g a t i o n  sys tem was found 

t o  be  poor :  a n  a p p l i c a t i o n  e f f i c i e n c y  o f  39 p e r c e n t  and a  conveyance 

e f f i c i e n c y  o f  5 3  p e r c e n t .  Two a l t e r n a t i v e s  were c o n s i d e r e d  t o  improve 

t h e  performance o f  t h e  e x i s t i n g  sys tem:  improvement of  t h e  conveyance 

sys tem and t h e  a p p l i c a t i o n  sys tem.  The e f f e c t  o f  o p t i m a l  d e s i g n  w i t h  

p r e c i s i o n  l a n d  l e v e l i n g  was ana lyzed .  I t  was found t h a t  t h e  a r e a  o f  

c u l t i v a t i o n  c o u l d  b e  a lmos t  doub led ,  w i t h  a n  a p p l i c a t i o n  e f f i c i e n c y  o f  

61 p e r c e n t .  Net b e n e f i t s  under  p r e c i s i o n  l a n d  l e v e l i n g  w i t h o u t  o t h e r  

t h i n g s  b e i n g  a t  optimum were n o t  g r e a t .  

S i m i l a r l y ,  e a r t h e n  r e c o n s t r u c t i o n  and c a n a l  l i n i n g  were c o n s i d e r e d  D l  

i n  t h e  improvement of t h e  conveyance sys tem.  A n a l y s i s  showed t h a t  c a n a l  

l i n i n g  was n o t  a t  a l l  economical  t o  t h e  f a r m e r ,  even though t h e  convey- 

ance  e f f i c i e n c y  was 95 p e r c e n t  t o  t h e  middle  o f  t h e  w a t e r c o u r s e  (777 m). 

E a r t h e n  improvement was found economical .  Net b e n e f i t s  o f  Rs 3304 were 

o b t a i n e d  under  e a r t h e n  improvement a s  a g a i n s t  R s  2612 and -8310 under  

t r a d i t i o n a l  sys tem and c a n a l  l i n i n g ,  r e s p e c t i v e l y .  

A comparison of  b e n e f i t s  under  e a r t h e n  improvement and o p t i m a l  

d e s i g n  o f  t h e  a p p l i c a t i o n  sys tem w i t h  p r e c i s i o n  l a n d  l e v e l i n g  i n d i c a t e d  

t h a t  t h e  t o t a l  n e t  b e n e f i t s  from p r e c i s i o n  l a n d  l e v e l i n g  w i t h  o p t i m a l  

d e s i g n  were more t h a n  e a r t h e n  improvement b u t  w i t h  a  h i g h e r  l e v e l  of  

inves tment .  The b e n e f i t / c o s t  r a t i o s  o f  t h e  two improvement a l t e r n a t i v e s  

were t h e  same ( 1 . 1 8 ) .  The a n a l y s i s  r e v e a l e d  t h a t  combined improvement . 
of  t h e  a p p l i c a t i o n  and conveyance sys tem was more b e n e f i c i a l  and w i t h  



same improvement benefitlcost ratio (1.22). The area under cu.ltivation 

almost could be doubled with the combined improvement of the application 

and conveyance systems. 

The conveyance, application, and water use subsystems must be 

combined into a single mathematical simulation model to evaluate and 

improve existing irrigation systems. Relationships must be established, 

by simulation, between the design variables and water requirement 

efficiency, and water requirement efficiency and crop yield. 

Mathematical programming techniques can be successfully applied to the 

optimal design of surface irrigation application systems. 

The performance of the existing application and delivery systems 

was not very good. The performance can be significantly improved by a 

combined improvement of the application and delivery systems. The area 

under irrigation almost can be doubled. If total investment is a 

constraint, then either the conveyance system or the application system 

can be improved because there is no difference in the benefitlcost ratio 

of the two alternative improvements. 
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STATUS REPORT ON THE WATER MANAGEMENT ALTERNATIVES STUDY 

Robert P. King 

The Water Management A l t e rna t ives  Study is  concerned with t h e  

problem o f  determining how a v a i l a b l e  resources  can bes t  be a l l oca t ed  

f o r  i r r i g a t i o n  improvements a t  t h e  farm and loca l  d e l i v e r y  system 

l e v e l s .  The primary o b j e c t i v e  o f  t h e  s tudy  is t o  develop workable 

models f o r  t h e  eva lua t ion  o f  a l t e r n a t i v e  i r r i g a t i o n  system improvements 

a t  both t h e s e  l e v e l s .  I n  a d d i t i o n ,  t h e  models developed w i l l  provide 

a  l o g i c a l  a n a l y t i c a l  framework wi th in  which information from a l l  t h e  

d i s c i p l i n e s  involved i n  t h e  Egypt Water Use and Management P r o j e c t  can 

be i n t e g r a t e d .  As  such they  w i l l  h e l p  t o  i d e n t i f y  d a t a  requirements  and 

h e l p  t o  sys temat ize  t h e  d a t a  c o l l e c t i o n  process  wi th in  t h e  p r o j e c t ,  and 

they  w i l l  provide a  u se fu l  medium through which r e sea rch  r e s u l t s  can be 

summarized and p re sen ted .  

The o v e r a l l  s t r u c t u r e  of t h e  modeling e f f o r t  is descr ibed  i n  an 

e a r l i e r  r e p o r t  .L/ B r i e f l y ,  however, two major models a r e  being 

developed: an aggrega te  de l ivery-dra inage  system model and a farm 

l e v e l  model. These r e f l e c t  t h e  f a c t  t h a t  a t  l e a s t  two s e t s  o f  dec i s ion  

makers have an important  impact on t h e  performance of t h e  i r r i g a t i o n  

system: those  who manage t h e  d e l i v e r y  system and t h e  farmers  who make 

use  o f  t h e  water  conveyed by it. These two models, though well  coordinated 

with each o t h e r ,  a r e  be ing  developed a s  s e p a r a t e  s imula t ion  models which 

can be run independent ly with t h e  p a t t e r n  o f  ou tpu t s  from t h e  o t h e r  

model being assumed o r  combined so  t h a t  they  a c t i v e l y  i n t e r a c t  with 

each o t h e r .  

L 1 ~ i n g ,  R.  P. and E .  N .  Biggs, I1Progress Report on Water Management 
A l t e rna t ives  Study," mimeo. 



In t h i s  r epor t  progress  made t o  d a t e  on t h e  models w i l l  

be descr ibed ,  and f u t u r e  d i r e c t i o n s  f o r  the  s tudy w i l l  be discussed.  

Farm Level Model 

The farm l e v e l  model is  designed t o  i d e n t i f y  optimal farmerr 

i n i t i a t e d  investment-management s t r a t e g i e s  under r e a l i s t i c  environmental 

condi t ions .  The investment component of such a  s t r a t e g y  d i r e c t s  changes 

i n  t h e  farm l e v e l  i r r i g a t i o n  system such a s  land l e v e l i n g  and f i e l d  

r e s t r u c t u r i n g ,  purchasing o f  improved l i f t i n g  technology, digging a  

we l l ,  o r  i n s t a l l i n g  an improved drainage system, The management 

component of such a  s t r a t e g y  focuses p r imar i ly  on t h e  problem of  

i r r i g a t i o n  scheduling but might a l s o  c a l l  f o r  changes i n  l e v e l s  o f  

f e r t i l i z a t i o n  and/or  c u l t u r a l  p r a c t i c e s .  

The farm l e v e l  model has two major components: a water  scheduling 

and app l i ca t ion  component and a crop product ion component. The water  

scheduling and app l i ca t ion  component models t h e  implementation o f  t he  

i r r i g a t i o n  management s t r a t e g y  and so  determines t h e  t iming and amount 

o f  water  appl ied .  Both t h e  f e a s i b i l i t y  and t h e  e f f i c i e n c y  o f  any 

i r r i g a t i o n  s t ~ a t e g y  considered is, of  course,  a f f e c t e d  by investments i n  

i r r i g a t i o n  improvements. The crop product ion component s imula tes  p l a n t -  

so i l -wa te r  r e l a t i o n s h i p s  on a  d a i l y  b a s i s  t o  determine crop y i e l d .  

The impact o f  water t a b l e  f l u c t u a t i o n  is  considered e x p l i c i t l y  i n  t h e  

model. Outputs of  t h e  farm l e v e l  model inc lude:  n e t  r e t u r n ,  crop 

y i e l d ,  t o t a l  water  appl ied ,  t o t a l  l abor  used f o r  i r r i g a t i o n ,  water  

app l i ca t ion  e f f i c i ency ,  and water requirement e f f i c i ency .  

A pro to typ ica l  vers ion  of t he  model has been developed and 

t e s t e d  on t h e  HP9825 A computer, Several  support  programs f o r  t h e  

model have a l s o  been developed. The t o t a l  package o f  computer programs, 



which w i l l  be f u l l y  documented i n  a forthcoming EWUP s t a f f  paper, 

accomplishes the  following tasks :  

1 .  Calculation of reference crop evapotranspirat ion using the  

evaporation method described i n  Crop Water Requirements by 

Doorenbas and P r u i t t ,  

2 .  Calculat ion o f  po ten t ia l  evapotranspirat ion f o r  spec i f i c  crops 

using procedures described i n  t h i s  same publicat ion.  

3. Simulation of s o i l  -plant  -water re la t ionsh ips  under typ ica l  

Egyptian condit ions including a high, f l uc tua t i ng  water t ab l e .  

4 ,  Simulation of water appl ica t ion t o  a l eve l  border f i e l d  given 

user-specif ied f i e l d  s i z e ,  flow r a t e ,  s o i l  cha r ac t e r i s t i c s ,  and 

depth of i r r i g a t i o n ,  

5. Simulation o f  water appl ica t ion,  consumptive use, and y ie ld  

reduction due t o  moisture s t r e s s  over an e n t i r e  growing season 

f o r  a p a r t i c u l a r  crop grown under level-border i r r i g a t i o n .  This 

program determines ne t  re turn ,  overal l  water appl ica t ion,  i r r i g a -  

t ion  labor usage, appl ica t ion eff ic iency,  and water ~equirement  

e f f i c iency  under user-specif ied i r r i g a t i o n  s t r a t e g i e s  and system 

design cha rac t e r j s t i c s ,  

The programs which accomplish the  first th ree  o f  these  t asks ,  when 

used i n  conjunction with da ta  from experiments designed t o  determine 

t he  e f f ec t  o f  water s t r e s s  i n  crop y ie ld ,  p ~ o v i d e  the  information 

needed t o  estimate the parameters o f  a y ie ld  response t o  water model 

11 of  the  general form suggested by Hanks:- 

g ~ a n k s ,  R.  J . ,  "Model f o r  Predict ing Plant  Growth i s  Influenced by 
Evapotranspiration and So i l  Water," Agronomy Journal ,  66 (5) :  660-665 



where yr = r e l a t i v e  y i e l d  ( ac tua l  y i e l d  d iv ided  by p o t e n t i a l  y i e l d )  

r = r e l a t i v e  evapo t r ansp i r a t ion  i n  t h e  ith phys io logica l  growth i s t a g e  ( ac tua l  evapo t r ansp i r a t ion  f o r  t h e  per iod  d iv ided  by 
p o t e n t i a l  evapo t r ansp i r a t ion )  

A i 
= a parameter t o  be  es t imated  f o r  t h e  ith growth s t age .  

This  model provides a  reasonably good f i t ,  and i t s  func t iona l  form al lows 

t h e  use o f  l i n e a r  r eg re s s ion  f o r  parameter e s t ima t ion ,  

Using Egyptian d a t a ,  t h e  parameters  o f  t h i s  y i e l d  response model have 

been es t imated  f o r  wheat. The d e t a i l s  o f  t h e  e s t ima t ion  procedure 

w i l l  be given i n  t h e  s t a f f  paper  c u r r e n t l y  being prepared ,  Allowances 

a r e  made f o r  water  t a b l e  f l u c t u a t i o n s  and t h e i r  e f f e c t  i n  r o o t  development 

and evapo t r ansp i r a t ion ,  This  i s  o f  p a r t i c u l a r  importance f o r  t h i s  d a t a  

s e t ,  s i n c e  water  t a b l e  l e v e l s  were no t  c o n t r o l l e d  i n  t h e  experiment which 

was t h e  source o f  t h e  d a t a .  

A c o e f f i c i e n t  of  mu l t ip l e  determinat ion o f  ,70 was obta ined  i n  t h i s  

i n i t i a l  t e s t  o f  t h e  e s t ima t ion  procedure,  This  is an encouraging r e s u l t :  

s i n c e  t h e  r e l i a b i l i t y  o f  t h e  parameter e s t ima t ion  process  w i l l  l i k e l y  be 

improved a s  programs t o  e s t ima te  a c t u a l  and p o t e n t i a l  evapo t r ansp i r a t ion  

and t h e  e f f e c t  o f  high water  t a b l e  l e v e l s  a r e  r e f i n e d .  I t  should be 

noted ,  however, t h a t  a  s e n s i t i v i t y  a n a l y s i s  i n d i c a t e d  t h a t  t h e  parameter 

e s t ima te s  f o r  t h e  model a r e  s t r o n g l y  a f f e c t e d  by t h e  accuracy o f  water  

ho ld ing  capac i ty  measurements f o r  s p e c i f i e d  s o i l  l e v e l s ,  which se rve  a s  

i n p u t s  t o  t h e  program which s imula tes  s o i l - p l a n t - w a t e r  r e l a t i o n s h i p s .  

Since t h e r e  was some ques t ion  concerning t h e  accuracy o f  t hese  measure- 

ments f o r  t h e  experimental s i t e ,  t h e  r e s u l t s  ob ta ined  t o  d a t e  must s t i l l  

be considered t o  be p re l imina ry ,  This  problem can be e a s i l y  c o r ~ e c t e d  

i n  t h e  f u t u r e ,  however. 

A mat ter  o f  concern i n  t h c  use  o f  y i e l d  response models based jn 

experiment s t a t i o n  r e s u l t s  is t h a t  they  may not  be r c l i a b l e  t o o l s  f o r  t h e  



predic t ion of  y i e l d  response under ac tual  f a ~ m  condit ions.  One of t h e  

advantages o f  t h i s  model is  t h a t  the  e f f e c t s  of  a t  l e a s t  some of  t h e  

fac to r s  t h a t  cause such discrepancies--f luctuating water t a b l e  l eve l s  

f o r  example--are endogenous t o  t h e  model, S t i l l  another advantage is  

t h a t  the  dependent var iable  is r e l a t i v e  r a t h e r  than absolute  y i e l d .  

The model can be adjusted f o ~  changes i n  agronomic p rac t i ces ,  then,  by 

simply speci fy ing a higher o r  lower p o t e n t i a l  y i e l d .  

Using weather and s o i l  da ta  f o r  the  Kafr El-Sheikh a rea  and t h e  

wheat y ie ld  response model, the  program which accomplishes t h e  f i f t h  

t a s k  i d e n t i f i e d  above, which can be considered t o  be a prototype 

version o f  t h e  farm leve l  model, has been used t o  evaluate a range o f  

i r r i g a t i o n  s t r a t e g i e s .  In i t s  current  form t h e  model can a l s o  be used 

t o  evaluate  investments i n  improved l i f t i n g  technologies,  Results  t o  

da te  i n d i c a t e  t h a t  t h e  model performs well .  

In t h e  nea r  fu tu re  work on t h e  farm level  model w i l l  focus on 

severa l  extensions and improvements. ~ i r s t ,  e f f o r t s  w i l l  be made t o  

es t imate  y i e l d  response parameters f o r  addi t ional  crops such a s  maize, 

cot ton,  berseem, and a vegetable such a s  tomatoes. Second, t h e  

c a p a b i l i t y  t o  model level  furrow and t r a d i t i o n a l  small basill appl ica t ion 

systemswill  be added t o  t h e  model, Third, l inkages between pa t t e rns  

of water appl ica t ion and water t a b l e  l eve l s  within t h e  model w i l l  be 

strengthened so  t h a t  the  e f f e c t s  o fchanges in  i r r i g a t i o n  s t r a t e g i e s  and 

investmentsin improved drainage on water t a b l e  l e v e l s  can he more 

properly evaluated. F ina l ly ,  t h e  model w i l l  be incorporated i n t o  

an optimization framework and used t o  evaluate t h e  e f f e c t s  o f  a l t e r n a t i v e  

water del ivery  schedules on ne t  r e tu rns ,  y i e l d s ,  and water use. 



In t h e  longer  term output  from t h e  farm l eve l  model w i l l  be used 

t o  develop farm planning models t h a t  cons ider  more then a  s i n g l e  crop. 

These w i l l  be used t o  eva lua te  t h e  e f f e c t s  o f  a l t e r n a t i v e  investment 

management s t r a t e g i e s  on the  performance o f  the  o v e r a l l  farm system, 

In add i t ion ,  t h e  t a s k  o f  developing t h e  l inkage  between t h e  farm l eve l  

m ~ d e l  with t h e  d e l i v e r y  dra inage  system model w i l l  be undertakcn, 

Delivery-Drainage System Model 

The de l ivery-dra inage  system model s imula tes  water  flow through 

a canal  network. Given input  da t a  on d a i l y  p r e c i p i t a t i o n ,  d a i l y  

p a t t e r n s  o f  i r r i g a t i o n ,  evapot ranspi ra t ion  l e v e l s ,  s o i l  c h a r a c t e r i s t i c s ,  

groundwater movements, and canal  c h a r a c t e r i s t i c s  it can be used t o  

model s p a t i a l  and temporal v a r i a t i o n s  i n  t h e  depth o f  water  i n  the  cana l ,  

f l u c t u a t i o n  i n  t h e  water  t a b l e .  canal  l o s s e s ,  and t h e  amount and 

loca t ion  o f  r e t u r n  flows wi th in  the  system. A s  such t h e  model can be 

used t o  eva lua te  the  f e a s i b i l i t y  o f  a l t e r n a t i v e  s t r a t e g i e s  f o r  t h e  

management o f  a  l o c a l  water  d e l i v e r y  system. I t  can a l s o  be used t o  

eva lua te  the  e f f e c t s  o f  del ivery-drainage system improvements such a s  

canal  l i n i n g  i n  the  i n s t a l l a t i o n  o f  improved devices f o r  t h e  con t ro l  o f  

water  f lows,  

A t  p r e sen t  a  computer program designed t o  implement t h e  model has 

been w r i t t e n  but  is not  ye t  ope ra t iona l .  The program's s t r u c t u r e  i s  

q u i t e  general  so  t h a t  it can be used t o  model most i r r i g a t i o n  systems 

wi th  a  minimum o f  modif ica t ion ,  Once o p e r a t i o n a l ,  it w i l l  be run with 

d a t a  c o l l e c t e d  a t  t h e  Mansouria s i t e  and used t o  analyze s e v e r a l  a l t e r n a t i v e  

system management-design s t r a t e g i e s .  




