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ABSTRACT 

The o b j e c t i v e s  of t h i s  s tudy  were three- fo ld :  (1) t o  determine 

t o t a l  water  requirements  f o r  a  given l e v e l  of a g r i c u l t u r a l  a c t i v i t y  

i n  an  a r e a ;  (2 )  t o  determine f o r  a  given l e v e l  of water  a v a i l a b l e  i n  

a  s p e c i f i e d  a r e a ,  t h e  optimum l e v e l  of a g r i c u l t u r a l  a c t i v i t y ;  and ( 3 )  

t o  determine economically f e a s i b l e  i r r i g a t i o n  water  requirements  f o r  

crop grown i n  an  a r e a .  

I n  t h e  humid e a s t ,  water  u se  f o r  a g r i c u l t u r a l  has ,  f o r  t h e  most 

, been ignored by p l anne r s  because of t h e  d i f f i c u l t y  of ob ta in ing  

r e l i a b l e  informat ion  on p r e s e n t  and f u t u r e  a g r i c u l t u r a l  water use .  

H i s t o r i c a l l y ,  i r r i g a t i o n  water  u se  has been governed by r a i n f a l l  

p a t t e r n s ;  however, t h i s  appears  t o  be  changing somewhat a s  farmers  look 

more a t  i r r i g a t i o n  a s  a product ion  t o o l .  To a s s i s t  i n  providing more 

r e l i a b l e  a g r i c u l t u r a l  water  u s e  d a t a  t o  p lanners  and t o  agencies  such a s  

t h e  Corps of Engineers  and t h e  S o i l  Conservation Serv ice ,  a  t o o l  w i th  

t h e  c a p a b i l i t y  of r a p i d l y  ana lyz ing  many a l t e r n a t i v e  types and l e v e l s  

of a g r i c u l t u r a l  a c t i v i t y  and of comparing r e s u l t s  of a l t e r n a t i v e s  

considered i s  needed t o  make d e c i s i o n s  r e l a t i n g  water  r e sou rces  and 

l e v e l s  of a g r i c u l t u r a l  a c t i v i t y .  A log ica l .  t o o l  f o r  making such deci-  

s i o n s  i s  a  computer. A model has  been developed t o  determine water  

needs under c e r t a i n  known cond i t i ons .  A d e s c r i p t i o n  of t h i s  model 

and r e p o r t s  of t e s t s  t o  e s t a b l i s h  t h e  c r e d i b i l i t y  of t h e  model were 

included i n  an  e a r l i e r  document. 



To e f f e c t i v e l y  u t i l i z e  t h i s  computer model i t  was n e c e s s a r y  

t h a t  r e l i a b l e  and u s a b l e  d a t a  would be  a v a i l a b l e .  Such d a t a  i n -  

c l u d e  s o i l s  by t y p e ,  a c r e a g e  and c h a r a c t e r i s t i c s ;  c r o p s  by a c r e a g e s ,  

s o i l  t y p e ,  r o o t i n g  d e p t h  o v e r  t ime ,  p l a n t i n g  d a t e ,  m a t u r i t y  d a t e ,  

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

m o i s t u r e  p e r i o d s ,  c l i m a t i c  d a t a ,  f o r e s t r y  a c r e a g e ,  p o p u l a t i o n  s t a t i s -  

t i c s ,  an imal  s t a t i s t i c s ,  and w a t e r  r e s o u r c e  d a t a .  

In  a d d i t i o n  t o  t h e  w a t e r  u s e  model, i t  was f e l t  t h a t  a  model was 

needed t o  r a p i d l y  a n a l y z e  l a r g e  numbers of i r r i g a t i o n - s o i l  type-crop 

combina t ions .  A l i n e a r  programming o p t i m i z a t i o n  model was developed 

f o r  t h i s  purpose .  

T h i s  r e p o r t  g i v e s  a d e t a i l e d  d e s c r i p t i o n  of t h a t  model and a s s o -  

c i a t e d  programs i n  t h e  computer sys tem.  

These models have been used t o  d e t e r m i n e  w a t e r  r e q u i r e m e n t s  f o r  

t h r e e  a r e a s  i n  North  C a r o l i n a .  The p r imary  purpose  of t h e  f i r s t  

a p p l i c a t i o n  was t o  debug and test t h e  computer models.  That a r e a ,  

P i t t  C o u n t y , a s s u c l a t e d  d a t a ;  and r e s u l t s  were  d e s c r i b e d  i n  t h e  Phase  

I and I1 r e p o r t  on t h e  p r o j e c t .  

I n  t h e  second a p p l i c a t i o n ,  w a t e r  r e q u i r e m e n t s  f o r  twenty s i x  

c o u n t i e s  i n  t h e  Tar-Neuse R i v e r  Bas in  were  e v a l u a t e d  f o r  1971  r a i n -  

f a l l  c o n d i t i o n s .  T o t a l  w a t e r  r e q u i r e m e n t s ,  peak w a t e r  r e q u i r e m e n t s  

and t h e  t i m e  s f  t h e  peak requ i rement ,  and d o l l a r  v a l u e  of t h e  produc- 

t i o n  were  de te rmined  f o r  f o u r  l e v e l s  of i r r i g a t i o n ,  I n  a d d i t i o n ,  

s i m i l a r  i n f o r m a t i o n  was developed f o r  t h r e e  o f  t h e  c o u n t i e s  over  a ten-year  

p e r i o d ,  based on r a i n f a l l  d a t a  from 1961  t o  1970,  Crops c o n s i d e r e d  



i n  t h i s  s t u d y  were l i m i t e d  t o  t h e  major  c a s h  c r o p s  grown i n  t h e  

s t u d y  a r e a .  

Wake County was s u b j e c t e d  t o  a  d e t a i l e d  s t u d y  of w a t e r  r e q u i r e -  

ments and v a l u e  of p r o d u c t i o n  u t i l i z i n g  t h e  w a t e r  u s e  model and t h e  

l i n e a r  programming model. R a t h e r  t h a n  u s e  h i s t o r i c a l  r a i n f a l l  d a t a ,  

r a i n f a l l  w a s  s i m u l a t e d  a t  t h r e e  l e v e l s  t o  r e p r e s e n t  low, a v e r a g e ,  and 

h i g h  a n n u a l  r a i n f a l l .  Ten c r o p s  were  c o n s i d e r e d  i n  t h e  s t u d y .  T o t a l  

i r r i g a t i o n  w a t e r  r e q u i r e m e n t s  were  de te rmined  f o r  e a c h  l e v e l  o f  r a i n -  

f a l l  and each  o f  f o u r  i r r i g a t i o n  p o l i c i e s .  Optimal a l l o c a t i o n  of 

l a n d  and w a t e r  t o  t h e  c r o p s  was de te rmined  f o r  v a r y i n g  l e v e l s  of 

l a n d ,  w a t e r ,  r a i n f a l l ,  s e l l i n g  p r i c e s ,  and p r o d u c t i o n  c o s t s .  

v i i  
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SUMMARY AND CONCLUSIONS 

The major  emphasis i n  t h i s  p r o j e c t  was t h e  development of com- 

p u t e r  models t o  s t u d y  t h e  i n t e r a c t i o n  between w a t e r  f o r  i r r i g a t i o n  

of c r o p s  and v a l u e  of p r o d u c t i o n  of t h o s e  c r o p s .  Two models were  

developed.  The f i r s t  i s  r e f e r r e d  t o  th roughout  t h i s  r e p o r t  as t h e  

w a t e r  u s e  model o r  t h e  IRRI model. It d e t e r m i n e s  w a t e r  r e q u i r e m e n t s  

f o r  a  s p e c i f i c  l e v e l  of a g r i c u l t u r e ,  i . e . ,  a c r e a g e s  of s o i l s  -- by 

t y p e ,  a c r e a g e s  of c r o p s  -- by t y p e  and s o i l  on which grown. The 

second model, t h e  l i n e a r  programming (LP) o p t i m i z a t i o n  model, d e t e r -  

mines t h e  l e v e l  o f  a g r i c u l t u r e  which maximizes n e t  r e t u r n  g i v e n  t h a t  

t h e r e  i s  a  l i m i t e d  amount of w a t e r  a v a i l a b l e  f o r  i r r i g a t i o n .  Water 

a v a i l a b l e  from r a i n f a l l ,  a s  a  f u n c t i o n  of t ime  th roughout  t h e  growing 

season ,  i s  i n p u t  t o  b o t h  models.  Varying l e v e l s  of i r r i g a t i o n  are a l s o  

c o n s i d e r e d  by b o t h  models.  

These models w i l l  have a p p l i c a t i o n  t o  a lmos t  any s i z e  a r e a ,  

r a n g i n g  from t h e  i n d i v i d u a l  farm t o  a  c o n t i g u o u s  a r e a  as l a r g e  a s  

s e v e r a l  s t a t e s .  However, t h e  models w i l l  p r o v i d e  most mean ingfu l  

d a t a  when used on smaller a r e a s  hav ing  s i m i l a r  p h y s i c a l  c h a r a c t e r i s t i c s  

such  as r a i n f a l l  d i s t r i b u t i o n ,  s o i l  t y p e s  and c r o p s .  For t h e  o u t p u t  

from t h e s e  models t o  b e  most mean ingfu l  i t  i s  e s s e n t i a l  t h a t  a c c u r a t e  

and r e l i a b l e  i n p u t  d a t a  b e  a v a i l a b l e  o r  t h a t  r e a s o n a b l y  a c c u r a t e  

e s t i m a t e s  b e  made. These i n p u t s  i n c l u d e  s o i l  t y p e  by a c r e a g e ,  c r o p s  

by a c r e a g e  and s o i l  t y p e ,  c rop  p l a n t i n g ,  m a t u r i t y  and h a r v e s t  d a t e s ,  

c r o p  r e s p o n s e  t o  i r r i g a t i o n  and r a i n f a l l  d a t a .  It i s  obv ious  t h a t  
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all these data will not be available for all regions, crops and soil 

types and that reasonable estimates will need to be made. In some 

cases, addftional research data will need to be obtained. This is 

most true in the area of crop response to various levels of irri- 

gation. 

The major advantage of the models is their flexibility. For 

example, either historical or generated climatic data may be used. 

Many combinations of crops, soils, and irrigation policies may be 

investigated. Various size areas may be studied. The only limita- 

tion for large areas may be a physical limitation imposed by computer 

capacity. 

These models were used to study irrigation water requirements 

in two areas in North Carolina. One is a large multi-county region 

in the combined Tar and Neuse River Basins. The other is a single 

county; namely, Wake County. 

The data collection for the Tar-Neuse River Basin consisted pri- 

marily of information obtained from a questionnaire which was sent to 

Agricultural Extension Service and Soil Conservation Service personnel 

in the counties. The area contains over 150 soil types, most of which 

are used for row crop production, Only the major cash crops in the 

area, a total of seven, were considered. 

Results of the Tar-Neuse study indicated a potential increase in 

net return of approximately 25% when crops were irrigated at medium 

and high levels. Water requirements were approximately eight million 

acre-inches. These results were obtained using 1971 rainfall data. 
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A study of three counties in the Basin over a ten-year period (1961 - 

1970 rainfall data) indicated that the profitability of irrigation 

varies significantly from year to year. In some years the profit- 

ability varies inversely with rainfall during the growing season. 

However, in other cases this relationship does not hold, indicating 

the importance of water needs of the crop at particular stages of 

growth. 

For the Wake County study, soils data were obtained from a 

recent soil survey,while crops data were obtained from local Agri- 

cultural Extension Service personnel. Water requirements were 

determined for three levels of simulated rainfall, high, medium, 

and low. Water requirements for the three levels ranged from 

approximately 160 thousand acre-inches to 450 thousand acre-inches 

for high to low rainfall, respectively. The linear programming 

model was used to determine the optimal mix of crops under varying 

conditions of availability of water and land and changes in selling 

prices and production costs. 

In North Carolina and other eastern states, predicted irriga- 

tion water requirements may always be larger than actual water 

requirements. There are several reasons for this, the major one 

being that growers in the humid East are often reluctant to invest 

in irrigation equipment even when it can be shown to be a profitable 

investment. Also prediction models which are based on average con- 

ditions will often overestimate water needs in wet years. However, 
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the water use model that was developed in this study provides a 

tool for planners to use to predict potential irrigation water 

needs. The linear programming optimization model provides a tool 

for determining the best allocation of water resources to the 

various crops grown in a county or region and also for determining 

economically feasible irrigation water requirements. 
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RFCOMMENDATIONS 

1. The fol lowing recommendations r e l a t e  t o  d a t a  requirements  of 

t h e  models developed i n  t h i s  s tudy:  

a .  The water  use  model uses  d e t a i l e d  s o i l s  d a t a ,  t o  i nc lude  

a common s e r i e s  name, acreage  of s o i l s  and crops by 

acreage.  A maximum e f f o r t  should be  devoted t o  completing 

up-to-date s o i l  surveys i n  a l l  coun t i e s  i n  North Caro l ina  

and throughout t h e  Southeas t .  Maximum e f f o r t  should be  

devoted t o  ensure  t h a t  t h e  seme s e r i e s  name i d e n t i f i e s  t h e  

same s o i l  no ma t t e r  where t h e  s o i l  i s  l o c a t e d .  These d a t a  

should be  s t o r e d  on t h e  computer f o r  easy acces s .  Not only 

can t h e s e  d a t a  be  used i n  t h i s  s tudy ,  b u t  they a r e  needed 

f o r  t h e  broad a r e a  of land use  planning which covers  a l l  

a s p e c t s  of s o i l s  u t i l i z a t i o n  from t h e  l o c a t i o n  of a highway 

t o  t h e  s u i t a b i l i t y  f o r  was te  d i s p o s a l .  

b .  Add i t i ona l  r e s e a r c h  i s  needed on crop response t o  i r r i g a t i o n .  

With t h e  emphasis on water  conserva t ion ,  every crop response 

t o  i r r i g a t i o n  s tudy  should examine a number of i r r i g a t i o n  

p o l i c i e s  t o  determine not  on ly  t h e  maximum crop response t o  

i r r i g a t i o n ,  bu t  a l s o  t h e  most economical water  u s e  po l i cy .  

c. Add i t iona l  s t u d i e s  a r e  needed on crop r o o t i n g  depth and r o o t  

depth  changes over  t ime. 
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d.  The w a t e r  u s e  model developed i n  thls s tudy  can  u s e  d a i l y  

h i s t o r i c a l  r a i n f a l l  o r  g e n e r a t e d  d a i l y  r a i n f a l l ,  The BISARS 

rropram developed by Dr, E. H. Wiser was i n v a l u a b l e  i n  the 

s t u d y ,  and o t I - 1 ~ ~  s t a t e s  shou ld  have d a i l y  c l i m a t o l o g i c a l  

d a t a  of thls t y p e ,  

2 .  The models a r e  q u i t e  f l e x i b l e  i n  terms of numbers of s o i l s ,  c r o p s  

and s i z e  of t h e  a r e a  b e i n g  sttdied, However, r h e  models are 

d e s i g n e d  t o  c o n s i d e r  o n l y  one s e t  s f  c o n d i t i o n s  on r a i n f a l l ,  c r o p ,  

and s o i l  a c r e a g e s ,  aad c r o p l s o f l  combinations p e r  computer r u n .  

An expans ion  o f  the 1lnea-r: programming mudel t o  c o n s i d e r  a number 

o f  t h e  above c o n d i t i o n s  p e r  cornpurer r u n  would g r e a t l y  i n c r e a s e  

t h e  u t i l i t y  o f  t h e  model. Fur example,  if f o r  a g i v e n  set of 

c o n d i t i o n s  a  l a r g e  a c r e a g e  of some u n r e s t r i c t e d  c rop  a p p e a r s  i n  

a n  o p t i m a l  s o l u t i o n ,  it wculd b e  d e s i r a b l e  t o  p l a c e  an upper  

l i m i t  on t h a t  c rop  and o b t a i n  a  new o p t i m a l  s o l u t i o n .  S i m i l a r l y ,  

i f  w a t e r  i s  a l i m i t i n g  r e s o u r c e  i n  one o r  more t i m e  p e r i o d s ,  i t  

would be of i n t e r e s t  to know how t h e  c3ptimaE s o l u t i o n  would change 

i f  a d d i t i o n a l  wa te r  were  a v a i P a S l e .  

3 .  Expansion o f  t h e  e x i s t i n g  models t o  i n c l u d e  a g r i c u l t u r a l  w a t e r  u s e  

f o r  e n t e r p r i s e s  o t h e r  t h a n  c rops  i s  encouraged.  P a r t i c u L a r P y ,  

water u s e  by l i v e s t o c k  e n t e r p r i s e s  shou ld  b e  added.  

4.  F u r t h e r  a p p l i c a t i o n  of boch models a r e  encouraged.  As m a r k e t s  

f o r  a g r i c u l t u r a l  p r o d u c t s  change,  a d e q u a t e  w a t e r  r e s o u r c e s  w i l l  

p l a y  a major  r o l e  i n  t h e  s u c c e s s  of e n t e r p r i s e s  wIifch s e e k  t o  
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meet t h e s e  demands. Also an  adequate  supply of water  and wise 

dec i s ions  regard ing  t h e  a l l o c a t i o n  of t h i s  water  may be  v i t a l  

t o  t h e  success  of farming ven tu re s  on newly c l ea red  land i n  

Eas t e rn  North Caro l ina .  Use of t h e s e  models would he lp  t o  

quan t i fy  t h e  w a t e r / a g r i c u l t u r a l  p roduct ion  i n t e r a c t i o n  i n  

s i t u a t i o n s  such a s  t h e s e  and many o t h e r s .  

5, Addi t iona l  r e sea rch  i s  needed i n  water  a p p l i c a t i o n  methods 

t o  determine e i t h e r  more economical methods of applying water  

o r  methods of ob ta in ing  g r e a t e r  response t o  t h e  i r r i g a t i o n  

water  t h a t  i s  app l i ed .  

6. More a c c u r a t e  methods t o  i nc lude  long range weather f o r e c a s t s  

a r e  needed t o  be  a b l e  t o  b e t t e r  p l a n  when t o  i r r i g a t e .  Coupled 

wi th  t h i s  a r e  needs f o r  more a c c u r a t e ,  quick methods of de te r -  

mining s o i l  mois ture  and/or  p l a n t  mois ture  s t r e s s .  

x x v i i  





INTRODUCTION 

I n  t h e  f i n a l  r e p o r t  on phases  1 and T I  of  t h i s  s t u d y  Sneed and Sowe11 (1973) 
d i s c u s s e d  t h e  need f o r  computer models when s t u d y i n g  r e l a t i o n s h i p s  between 
a g r i c u l t u r a l  p r o d u c t i o n  and w a t e r .  The o b j e c t i v e s  of t h e  s t u d y  a s  s t a t e d  i n  
t h a t  r e p o r t  a r e  as f o l l o w s ;  

(1)  t o  d e t e r m i n e  economica l ly  f e a s i b l e  i r r i g a t i o n  w a t e r  r e q u i r e m e n t s  f o r  
each c r o p  grown i n  a n  a r e a  

e t e r m i n e  t o t a l  w a t e r  r e q u i r e m e n t s  f o r  a g i v e n  l e v e l  of a g r i c u l t u r a l  
a c t i v i t y  i n  a n  a r e a ;  and 

(3)  t o  d e t e r m i n e ,  f o r  a g i v e n  q u a n t i t y  of w a t e r  a v a i l a b l e  t o  a g r i c u l t u r e  
e e i f i e d  area, t h e  optimum l e v e l  sf a g r i c u l t u r a l  a c t i v i t y .  

In  Phase  1 of  t h e  s t u d y  t h e  g e n e r a l  l o g i c  f o r  t h e  computer models was 
o u t l i n e d  and d a t a  r e q u i r e m e n t s  were  i d e n t l f i e d .  The second phase  c o n s i s t e d  
p r i m a r i l y  of t h e  development and t e s t i n g  of t h e  computer model des igned  t o  ac- 
complish  o b j e c t i v e  2 .  

?his r e p o r t  c o v e r s  Phase  111 of  t h e  s t u d y .  Phase  III c o n s i s t e d  of t h e  f o l -  
lowing t h r e e  a c t i v i t i e s :  

(1) development and t e s t i n g  of a computer model t o  accompl i sh  o b j e c t i v e  3. 
(2)  a s t u d y  of a g r i c u l t u r a l  w a t e r  r e q u i r e m e n t s  i n  t h e  36-county a r e a  

i d e n t i f i e d  as t h e  Tar-Neuse R i v e r  Bas in  i n  North  C a r o l i n a .  
(3)  a d e t a i l e d  s t u d y ,  u s i n g  b o t h  models ,  o f  a g r i c u l t u r a l  w a t e r  r e q u i r e -  

ments i n  Wake County,  North C a r o l f n a .  

Each of t h e s e  t h r e e  a c t i v i t i e s  a r e  r e p o r t e d  i n  d e t a i l  i n  la ter  s e c t i o n s  
of t h i s  r e p o r t .  The model t o  d e t e r m i n e  t o t a l  w a t e r  r e q u i r e m e n t s  i s  reviewed 
i n  t h e  n e x t  s e c t i o n .  

MODEL FOR DETERMINING WATER REQUIRMENTS 

T h i s  model ( h e n c e f o r t h  r e f e r r e d  t o  as t h e  I R R I  model) d e t e r m i n e s  t h e  t o t @  
a n n u a l  i r r i g a t i o n  w a t e r  r e q u i r e m e n t s  o f  a n  a r e a  -.for a p r e s c r i b e d  s e t  o f  i n p u t s .  
A y e a r  i s  d i v i d e d  i n t o  s i x t y - o n e  d i s c r e t e  s ix-day t i m e  p e r i o d s  and i r r i g a t i o n  
d e c i s i o n s  are made a t  t h e  end o f  each t ime  p e r i o d .  These d e c i s i o n s  a r e  
made f o r  each  c r o p - s o i l  combinat ion under  c o n s i d e r a t i o n  and a r e  based  on t h e  
f o l l o w i n g  m o i s t u r e  b a l a n c e  e q u a t i o n :  

where % = i n c h e s  of m o i s t u r e  i n  t h e  s o i l  a t  t h e  end of t i m e  p e r i o d  k ( i n c h e s )  

ETk= e v a p o r a t i o n  d u r i n g  t i m e  p e r i o d  k ( i n c h e s )  
















































































































































































































































































































































































































































































































































