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PREFACE 

Water r e s o u r c e  systems have been a n  impor t an t  p a r t  of r e -  
sou rces  and environment r e l a t e d  r e s e a r c h  a t  IIASA s i n c e  i t s  incep- 
t i o n .  A s  demands f o r  wa te r  i n c r e a s e  r e l a t i v e  t o  supply ,  t h e  i n -  
t e n s i t y  and e f f i c i e n c y  o f  wa te r  r e sou rce  management must be  deve l -  
oped f u r t h e r ,  Th i s  i n  t u r n  r e q u i r e s  a n  i n c r e a s e  i n  t h e  degree  of  
d e t a i l  and s o p h i s t i c a t i o n  o f  t h e  a n a l y s i s ,  i n c l u d i n g  economic, 
s o c i a l  and environmental  e v a l u a t i o n  of wa te r  r e s o u r c e s  development 
a l t e r n a t i v e s  a i d e d  by a p p l i c a t i o n  o f  mathemat ical  modeling tech-  
n iques ,  t o  g e n e r a t e  i n p u t s  f o r  p lanning ,  d e s i g n ,  and o p e r a t i o n a l  
d e c i s i o n s .  

This  paper  i s  p a r t  o f  a c o l i a b o r a t i v e  s tudy  on wa te r  r e s o u r c e s  
problems i n  South Western Skane, Sweden, pursued by IIASA i n  c o l -  
l a b o r a t i o n  wi th  t h e  Swedish Na t iona l  Environmental  P r o t e c t i o n  Board 
and t h e  U n i v e r s i t y  o f  Lund. The paper r e p o r t s  on t h e  r e s u l t s  o f  
an  a p p l i c a t i o n  o f  t h e  Genera l ized  Reachable S e t s  (GRS) method t o  
t h e  m u l t i o b j e c t i v e  wa te r  r e s o u r c e s  a l l o c a t i o n  problem i n  t h e  r e g i o n  
of  South Western Skane. I t  i s  a companion paper  t o  t h e  e a r l i e r  
IIASA Working Paper WP-81-145 which d e s c r i b e s  t h e  GRS method i t s e l f .  

Janusz Kindle r  
Chairman 
Resources & Environment Area 
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INTRODUCTION 

This  c o l l a b o r a t i v e  r e s e a r c h  was c a r r i e d  o u t  a s  a  p a r t  

of  i n v e s t i g a t i o n s  under taken  by t h e  I n t e r n a t i o n a l  I n s t i t u t e  

f o r  Applied Systems Ana lys i s  (IIASA) on t h e  methods f o r  t h e  

r a t i o n a l  a l l o c a t i o n  of  n a t u r a l  r e s o u r c e s .  One of t h e  problems 

which was used f o r  t e s t i n g  t h e s e  methods i s  a l l o c a t i o n  of  wa te r  
0 

r e s o u r c e s  i n  t h e  Southwestern  Skane &ion of Sweden [I]. In this 

r e g i o n ,  d u r i n g  low-flow p e r i o d s ,  e s p e c i a l l y  i n  d r y  y e a r s ,  t h e  

problem of  wate r  a l l o c a t i o n  between a g r i c u l t u r a l  and munic ipa l  

u s e r s  a r i s e s .  For t h e  s o l u t i o n  of  t h i s  problem, economic, 

s o c i a l  and environmental  consequences of t h e  a l l o c a t i o n  d e c i -  

s i o n s  should  be t aken  i n t o  account .  The work d i s c u s s e d  h e r e i n  

is  based on t h e  model o f  t h e  Kavl inge River  System [ 2 ] ,  b u t  a  

d i f f e r e n t  m u l t i o b j e c t i v e  o p t i m i z a t i o n  method i s  a p p l i e d .  

THE METHOD 

The Genera l ized  Reachable S e t s  (GRS) approach was developed 

f o r  a n a l y s i s  of mathemat ical  models wi th  exogenous v a r i a b l e s  

( s e e  d e t a i l e d  d e s c r i p t i o n  i n  [ 3 ] ) .  This  approach makes it 

p o s s i b l e  t o  p r e s e n t  e x p l i c i t l y  t h e  i n fo rma t ion  con ta ined  i n  a  

model i n  an aggrega ted  form. Within t h e  framework of a  man- 

computer sys t em, the  GRS approach can  be  a p p l i e d  f o r  a n a l y s i s  of  



the multiobjective decision-making problems at the screening 

level of such analysis. This approach allows us to describe 

the set of all objective function values which are reachable 

under feasible alternatives. The description has the form of an 

intersection of a finite number of hemispaces. If the relation- 

ships used for model formulation, as well as the objective 

functions, are linear algebraic, then the set of reachable 

values of objective functions can be described precisely. If 

convex functions are used in the model formulation, then the 

approach can provide an approximation of the reachable set. If 

the model is nonconvex, then it is possible to obtain a convex 

approximation of the reachable sets. 

In the following, a formal definition of the G R S  is pre- 

sented for a linear static model. The model description has 

the form of a finite number of linear inequalities 

with A and b being a matrix and a vector specified; x € En is 

a vector of variables. The objective functions are specified 

in the form 

with F being a matrix specified; f € Er is a vector of objec- 

tive functions. The G R S  for this model is the set 

This definition gives a description of the GRS in an implicit 

form. The approach suggested herein allows one to obtain an 

explicit description of the G R S  in the form 

To compute the matrix D and vector d,convolution methods for 

linear inequalities introduced by Fourier and developed further 

by a number of other authors are used. The G R S  is constructed 



i n  advance t o  a l l o w  t h e  d e c i s i o n  maker p a r t i c i p a t i o n  i n  a  r e a l -  

t i m e  man-computer d i a l o g u e  l e a d i n g  t o  i n v e s t i g a t i o n  of a l l  

f e a s i b l e  a l t e r n a t i v e s  of  t h e  sys tem under  s t u d y .  I t  i s  n e c e s s a r y  

t o  u n d e r l i n e  t h a t  t h e  GRS approach  does  n o t  s u b s t i t u t e  f o r  o t h e r  

a l t e r n a t i v e  m u l t i o b j e c t i v e  methods,  b u t  it c a n  b e  used a s  a  

s c r e e n i n g  t e c h n i q u e  t o  f o r m u l a t e  w e i g h t s ,  r e f e r e n c e  o b j e c t i v e s ,  

e tc .  The main a r e a  o f  t h e  GRS a p p l i c a t i o n  i s  t h e  a n a l y s i s  o f  

m u l t i o b j e c t i v e  problems,  b u t  t h e  a g g r e g a t i o n  and i n t e r f a c i n g  

o f  ma thema t i ca l  models a s  w e l l  a s  s t a b i l i t y  i n v e s t i g a t i o n  i n  

t h e  s i m u l a t i o n s y s t e m  may a l s o  be  c a r r i e d  o u t  w i t h  t h e  a i d  o f  

t h e  GRS approach .  

THE MODEL OF THE SYSTEM 

I n  t h i s  pape r  t h e  GRS method i s  a p p l i e d  f o r  a n a l y s i s  o f  wa t e r  

r e s o u r c e s  a l l o c a t i o n  i n  t h e  Kavl inge  R ive r  System, d u r i n g  t h e  

summer months o f  low p r e c i p i t a t i o n .  The d i f f i c u l t i e s  i n  a l l o -  

c a t i o n  o f  w a t e r  q u a n t i t y  a r e  combined w i t h  t h e  w a t e r  q u a l i t y  

problems a r i s i n g  from t h e  u s e  of  f e r t i l i z e r s  i n  t h e  a g r i c u l -  

t u r a l  s e c t o r ;  t h e  chemica l s  a r e  p a r t l y  b r o u g h t  t o  t h e  Kavl inge  

R ive r  w i t h  i r r i g a t i o n  r e t u r n  w a t e r .  

The scheme of  t h e  KAvlinge R ive r  System i s  p r e s e n t e d  i n  

F i g u r e  1. The Kavl inge  R ive r  f lows  o u t  o f  t h e  Vomb Lake. Water 

r e l e a s e  t o  t h e  Kavl inge  R ive r  from t h e  Vomb Lake i s  r e g u l a t e d .  

The Vomb Lake s e r v e s  a s  a  s o u r c e  of  mun ic ipa l  w a t e r  s u p p l y  

f o r  t h e  c i t y  o f  Malm6. There  a r e  t h r e e  a g g r e g a t e d  a g r i c u l t u r a l  

r e g i o n s  u s i n g  w a t e r  from t h e  Kavl inge  River  System f o r  i r r i g a -  

t i o n .  A t  t h e  c o n t r o l  p o i n t  n e a r  t h e  r i v e r  e s t u a r y ,  f low and t h e  

c o n c e n t r a t i o n  o f  t h e  p o l l u t a n t s  i n  t h e  Kavl inge  R ive r  a r e  

moni tored .  

To make a p p l i c a t i o n  of t h e  GRS method p o s s i b l e ,  t h e  o r i g i n a l  

model , [2]  w a s  s l i g h t l y  mod i f i ed .  The a g r i c u l t u r a l  p r o d u c t i o n  

i s  d e s c r i b e d  by means of N i r r i g a t i o n  t e c h n o l o g i e s .  L e t  x i ,  

b e  t h e  a r e a  b rough t  under  i r r i g a t i o n  i n  t h e  j - t h  r e g i o n ,  

j  = 1 , 2 , 3 ,  w i t h  i - t h  t y p e  o f  i r r i g a t i o n  t e chno logy ,  i = 1, ..., N.  



F i g u r e  1 .  Genera l  scheme of t h e  I Z a v l i n ~ e  R i v e r  S y s t e n .  



The i r r i g a t e d  a r e a  i n  e ach  r e g i o n  i s  r e s t r i c t e d  by t o t a l  a r e a  

a v a i l a b l e  

The v a r i a b l e s  x i j  a r e  l ~ o n n s g a t i v e  

x . .  > 0 ,  = 1 . .  N j = 1 , 2 , 3 .  
1-J = 

The a g r i c u l t u r a l  p r o d u c t i o n  i n  t h e  j - t h  r e g i o n  i s  d e s c r i b e d  

by means o f  f o l l o w i n g  i n d i c e s :  

Yj 1 
- y i e l d  e f f e c t  due  t o  i r r i g a t i o n  and f e r t i l i z a t i o n  

i n  t h e  j - t h  r e g i o n  (kg)  ; 

Yj2 - monthly i r r i g a t i o n  water w i thd rawa l s  t o  t h e  j - t h  
3  r e g i o n  ( m  ) ; 

Yj 3  - amount o f  f e r t i l i z e r  a p p l i e d  (kg)  ; 

3  
j  4 - monthly r e t u r n  f low ( m  ) ;  

Yj5 - chemica l s  i n  r e t u r n  f low ( k g ) .  

These i n d i c e s  a r e  c a l c u l a t e d  w i t h  t h e  u s e  o f  c o e f f i c i e n t s  

a  ki j where k  i s  t h e  i n d e x  number, i is  t h e  t y p e  o f  i r r i g a t i o n  

t echno logy  and j d e n o t e s  t h e  r e g i o n  

The r e l a t i o n s h i p s  ( 5 )  t o  ( 7 )  d e s c r i b e  t h e  a g r i c u l t u r a l  p r o d u c t i o n -  

The c o e f f i c i e n t s  ak i j  a r e  s p e c i f i e d  i n  Tab l e  1 on t h e  b a s i s  of 

i n f o r m a t i o n  p r e s e n t e d  i n  [ 2 ]  f o r  N = 7 .  

I t  s h o u l d  be  no t ed  t h a t  i n  t h e  f i r s t  t e chno logy  column, 

i r r i g a t i o n  and f e r t i l i z a t i o n  a r e  a b s e n t .  T h i s  r e s u l t s  i n  t h e  

absence  o f  y i e l d  e f f e c t .  The p o l l u t i o n  c o e f f i c i e n t s  a g i j  a r e  

based  on  t h e  assumpt ion  t h a t  a b o u t  15% of t h e  f e r t i l i z e r s  i s  

b r o u g h t  back t o  t h e  r i v e r  w i t h  t h e  i r r i g a t i o n  r e t u r n  f l ow .  



T a b l e  1 .  T h e  v a l u e s  o f  ak i j  c o e f f i c i e n t s .  

T h e  t o t a l  a g r i c u l t u r a l  areas i n  e a c h  o f  t h r e e  r e g i o n s  are :  

a l =  3 0 0 0 h a ;  a 2 =  2  5 0 0 h a ;  a 3  = 2  300 h a .  

7  
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5 5 0  

1 5 0  

1 1 0  
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The c o e f f i c i e n t s  f o r  t h e  second and t h i r d  r e g i o n s  a r e  e q u a l  

( e x c e p t  f o r  t h e  r e t u r n  f l o w ) .  The c o e f f i c i e n t s  o f  i r r i g a t i o n  a r e  

s p e c i f i e d  under  t h e  assumpt ion  t h a t  t h e  v a l u e  o f  p r e c i p i t a t i o n  

i n  t h i s  month e q u a l s  1 0  mm. 

L e t  u s  d e s c r i b e  now t h e  w a t e r  and p o l l u t i o n  b a l a n c e s .  L e t  

q l ,  q 2 ,  q3  and q 4  be  mean monthly i n f l o w s  t o  t h e  sys tem ( 1 . 8 ,  

1 . 5 ,  0 . 8  and 0 .7  m3/s r e s p e c t i v e l y ) .  The a c t u a l  s t o r a g e  volume 

i n  t h e  Vomb Lake i s  e q u a l  t o :  

w i t h  T  be ing  t h e  l e n g t h  of  t h e  t i m e  p e r i o d  ( 1  month = 2.59 x  
6 1 0  s e c ) ,  S be ing  t h e  i n i t i a l  s t o r a g e  volume of t h e  l a k e  ( 3  x  
7 -, 0 

1 0  m Z k  b e ing  t h e  r e l e a s e  from t h e  l a k e  t o  t h e  Kdvl inge  R ive r  
3  3 (m / s ) ,  Z M  be ing  t h e  w a t e r  i n t a k e  f o r  M a l m e )  ( m  / s ) .  Here t h e  

assumpt ion  i s  made t h a t  t h e  v a l u e s  of i n f l o w s ,  r e l e a s e s ,  w i th -  

d r a w a l s  and i n t a k e s  a r e  c o n s t a n t  d u r i n g  t h e  month under  s t u d y .  

The f low r a t e  i n  t h e  Kavl inge  River  a t  t h e  c o n t r o l  p o i n t  A 
3 denoted  by vA (m /s)  i s  

The p o l l u t i o n  f low a t  t h e  p o i n t  A denoted  by wA ( kg / s )  is  

- , l a 1  p o l l - l t i o n  c o n c e n t r a t i o n s  i n  t h e  l ~ i t h  q 3  and $ .. c i n 7  t h e  ' n i ! - '  
* t  

t h i r d  and f o u r t h i n f l o w s  r e s p e c t i v e l y ,  oV be ing  t h e  p o l l u t i o n  

ou t f l ow  from t h e  Vomb Lake. The v a l u e  o f  t h e  oV (kg / s )  i s  c a l -  

c u l a t e d  a s  

w i t h  f 1  and q 2  be ing  t h e  i n i t i a l  c o n c e n t r a t i o n s  i n  t h e  f i r s t  and 

t h e  second i n f l o w s  r e s p e c t i v e l y ,  t h e  c o e f f i c i e n t  @ d e s c r i b i n g  
3  

r e d u c t i o n  of  t h e  p o l l u t i o n  i n  t h e  Vomb Lake. ($, = f 2  = kg/m ; 



The following constraints on the water and pollution 

balances must be taken into account: the nonnegativity restric- 

tions, 

the physical constraints on water withdrawals, 

and constraints related to environmental requirements 

The constraint (-1 7) requires that the flow in the Kavlinge River * 3 
at point A denoted by vA be not less than vA = 6 m /s. The 

constraint (18) show that pollution concentration at point A * 3 
should not be greater than wA = 10 g/m . Furthermore, there 

is a constraint indicating that water intake for Malmd cannot * 3 
exceed the amount required (ZM = 2 m /s) : 

Finally, the volume of water storage in the Vomb Lake should not * 
be greater than S which is optimal from environmental and * 6 3 
recreational points of view (S = 29  x 10 m ) :  



The o b j e c t i v e s  of t h e  system performance a r e  t h e  same a s  i n  

( 2 ) .  

1. Maximize a g r i c u l t u r a l  y i e l d  e f f e c t s  due t o  i r r i g a t i o n  

and f e r t i l i z a t i o n  

2 .  Minimize wa te r  d e f i c i t  i n  MalmB 

3 .  Minimize t h e  exces s  over  t h e  f low r e q u i r e d  a t  t h e  

c o n t r o l  p o i n t  A 

4 .  Minimize t h e  d e v i a t i o n  from t h e  op t ima l  l e v e l  of  t h e  

Vomb Lake 

w i t h  b  be ing  t h e  c o e f f i c i e n t  r e l a t i n g  wate r  l e v e l  t o  

t h e  s t o r a g e  volume of t h e  l a k e  ( b  = 6  x l /m2) .  

5. Minimize t h e  f low r a t e  of p o l l u t a n t s  a t  t h e  c o n t r o l  

p o i n t  A .  

THE RESULTS 

For t h e  g iven  s e t  of d a t a ,  t h e  a n a l y s i s  of t h e  model shows 

t h a t  c o n s t r a i n t s  ( 1 2 ) ,  ( 1 5 ) ,  ( 1 6 ) ,  ( 18 )  and (20 )  a r e  consequences 

of o t h e r  r e l a t i o n s h i p s  of t h e  model. I n  t h e  c a s e  of c o n s t r a i n t s  

(15)  and (16)  t h i s  i m p l i e s  t h a t  t h e  maximum i r r i g a t i o n  wa te r  

wi thdrawals  can be  s a t i s f i e d  by t h e  a v a i l a b l e  wate r  r e s o u r c e s .  



For  t h e  c o n s t r a i n t  ( 1 8 )  i t  means t h a t  any f e a s i b l e  a l t e r n a t i v e  

of wa t e r  a l l o c a t i o n  w i l l  r e s u l t  i n  p o l l u t i o n  c o n c e n t r a t i o n  t h a t  * 
i s  less t h a n  t h e  a l l o w a b l e  l e v e l  w A .  For  t h e  c o n s t r a i n t s  (12)  

and (20 )  t h i s  means t h a t  i n  o r d e r  t o  o b t a i n  s u f f i c i e n t  f l ow  a t  

t h e  c o n t r o l  p o i n t  A i t  i s  a lways  n e c e s s a r y  t o  release w a t e r  t o  

t h e  Kavl inge  River  and  t o  r e d u c e  t h e  a c t u a l  s t o r a g e  volume of t h e  

Vomb Lake below t h e  o p t i m a l  one.  

The dependance of  t h e  y i e l d  e f f e c t  i n  t h e  f i r s t  r e g i o n  y l l  

on t h e  i r r i g a t i o n  w a t e r  w i thd rawa l  y12  and t h e  amount of f e r -  

t i l i z e r  y  are shown i n  F i g u r e s  2 and 3. I n  F i g u r e  2 t h e  s e t s  13 
of  p a i r s  { y l l .  y 1 2 }  a r e  p r e s e n t e d ,  f o r  f i x e d  v a l u e s  of y  w h i l e  13 
no a d d i t i o n a l  c o n s t r a i n t s  a r e  imposed on o t h e r  v a r i a b l e s .  Each 

s e t  i n  F i g u r e  2  co r r e sponds  t o  t h e  v a l u e s  of  y13  shown i n  Tab l e  2. 

Tab l e  2. F e r t i l i z e r  a p p l i c a t i o n  r a t e s  f o r  a n a l y s i s  o f  t h e  
dependence o f  y i e l d  e f f e c t s  i n  t h e  f i r s t  a g r i c u l t u r a l  
r e g i o n  on i r r i g a t i o n  wa t e r  w i thd rawa l s  ( s e e  F i g u r e  2 ) .  

For  example. se t  No. 4 ( y l  = 2 x l o 5  kg)  shows t h a t  u s i n g  - - 

S e t  number 

Y13 ( x  l o 5  kg) 

b 3 
Y12 = 1.5 x  10 m o f  w a t e r  it i s  p o s s i b l e  t o  o b t a i n  t h e  y i e l d  

7  
e f f e c t  between 1.8 x 1  o 7  kg and 1 .9 x 10 kg.  P o i n t  M i n  F i g u r e  2  

7 

co r r e sponds  t o  t h e  maximum y i e l d  e f f e c t  ( y l  = 2.  R x 10 ' kg)  . 
S i n c e  we a r e  l o o k i n g  f o r  t h e  maximum y i e l d  e f f e c t  o f  t h e  g i v e n  

r e s o u r c e s ,  c u r v e  ABCD i s  t h e  most i n t e r e s t i n g  s u b s e t  o f  t h e  se t  

No. 4 c o n s i d e r e d .  We d e s c r i b e  t h i s  c u r v e  ( t h e  s e t  of  e f f i c i e n t  

p o i n t s )  by t h e  f u n c t i o n  y l  , ( y l  2 )  . The dependence o f  t h i s  f u n c t i o n  

on y 1 3  ( a s  a  pa r ame te r )  c a n  be  s e e n  i n  F i g u r e  2. The b r e a k i n g  

p o i n t s  o f  c u r v e s  y l 1 ( y l 2 )  co r r e spond  t o  t h e  t r a n s i t i o n s  from one  

e f f i c i e n t  i r r i g a t i o n  t echno logy  t o  a n o t h e r .  A s  may be  e a s i l y  

r e cogn i zed  i n  F i g u r e  2 ,  t h e  m a r g i n a l  u t i l i t y  o f  w a t e r  r e s o u r c e s  

d e c l i n e s  s h a r p l y .  For example,  t h e  y i e l d  e f f e c t s  i n  p o i n t s  C and 

D a r e  rough ly  t h e  same, s o  it i s  r e a s o n a b l e  t o  s a v e  w a t e r  t h a t  

would b e  n e c e s s a r y  t o  r e a c h  p o i n t  D .  

1  

I n  F i g u r e  3 ,  t h e  sets o f  p a i r s  { y l l ,  y13}  a r e  p r e s e n t e d ,  

w h i l e  t h e  v a l u e s  o f  y 1 2  a r e  f i x e d  now. The re fo r e .  F i g u r e  3 

2 

; 4.3 / 3 . 8  

3' 

3.0  

4 

2.0 

5  6 

1 .0  0.0 
> 



v l l  (X lo8 kg) 

0.3-7 

Figu re  2 .  The dependence of  y i e l d  e f f e c t s  ( y , , )  i n  t h e  f i r s t  
a g r i c u l t u r a l  r e g i o n  on i r r i q a t i o n  wa te r  w i thd rawa l s  
( y ,  2 )  f o r  s i x  f e r t i l i z e r  a p r l i c a t i o n  r a t e s  ( y ,  3 )  
(see Table  2 ) .  



: loS kg) 

F i ~ u r e  3. The dependence  o f  y i e l d  e f f e c t s  ( y  
f i r s t  a g r i c u l t u r a l  r e g i o n  on  f e r t i  
a p p l i c a t i o n  ra tes  ( y ,  ) f o r  t h r e e  i r r i g a t i o n  
water w i t h d r a w a l  l e v e l s  ( ~ 7 , ~ ) .  



c o n t a i n s  t h e  same i n f o r m a t i o n  a s  F i g u r e  2 b u t  t h i s  i n f o r m a t i o n  

i s  exp re s sed  i n  t h e  a l t e r n a t i v e  form. S e t  No. 1 co r r e sponds  
6 3  6 3  t o  y 1 2  = 1 . 0 ~ 1 0  m , se t  No. 2 t o  y I 2  = 0 .5  x 10 m , and s e t .  

6 3  No. 3  t o  y 1 2 =  O . l x  10 m . P o i n t  M h a s  t h e  same meaning a s  

i n  F i g u r e  2 .  I t  i s  e a s y  t o  r e c o g n i z e  t h a t  t h e  m a r g i n a l  u t i l i t y  

o f  f e r t i l i z e r s  i s  app rox ima te ly  c o n s t a n t  i n  t h i s  c a s e .  

The dependence o f  t h e  y i e l d  e f f e c t  on t h e  r e s o u r c e s  o f  t h e  

second and t h e  t h i r d  regions a r e  o f  t h e  same t y p e ,  and cor respond-  

i n g  f i g u r e s  a r e  n o t  p r e s e n t e d  i n  t h i s  p a p e r .  

Now w e  s h a l l  d i s c u s s  t h e  i n t e rdependence  between y i e l d  

e f f e c t s  i n  a g r i c u l t u r a l  r e g i o n s ,  w a t e r  i n t a k e  f o r  Malmd 

and t h e  l e v e l  o f  t h e  Vomb Lake ( F i g u r e s  4 -6 ) .  I n  F i g u r e  4 t h e  

dependence o f  t h e  d e v i a t i o n s  from t h e  o p t i m a l  l e v e l  o f  t h e  Vomb 

Lake upon y i e l d  e f f e c t  i n  t h e  f i r s t  a g r i c u l t u r a l  r e g i o n  a r e  

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

w a t e r  i n t a k e  f o r  Malmd b e i n g  f i x e d .  The c u r v e s  a r e  p a r t s  o f  

t h e  GRS's bounda r i e s .  The co r r e spondence  between d i f f e r e n t  

c u r v e s  and t h e  v a l u e s  of f i x e d  va r i ab l e s i s  p r e s e n t e d  i n  Tab l e  3.  

Tab le  3. Y ie ld  e f f e c t s  i n  t h e  second and t h i r d  a g r i c u l t u r a l  
r e g i o n s  and w a t e r  d e f i c i t  i n  Malmd, f o r  a n a l y s i s  of  
t h e  dependence of d e v i a t i o n s  from t h e  o p t i m a l  l e v e l  
of  Vomb Lake on y i e l d  e f f e c t s  i n  t h e  f i r s t  a g r i c u l -  
t u r a l  r e g i o n  (see F i g u r e  4 )  

I t  i s  e a s y  t o  r e c o g n i z e  t h a t  t h e  l e v e l  o f  t h e  l a k e  i s  

s h a r p l y  d e c l i n i n g  when t h e  v a l u e  o f  J1 becomes g r e a t e r  t h a n  
8 0 . 2 4 ~ 1 0  kg.  The w a t e r  d e . f i c i t  in Malmd makes it p o s s i b l e  t o  

i n c r e a s e  t h e  l e v e l  o f  t h e  l a k e  ( c u r v e s  1 and 2 )  b u t  c e r t a i n l y  

Curve 
number 

8 
J2  ( x  10 kg )  

8 
J 3 ( x  10 kg)  

Water d e f i c i t  

1 

0.2 

0.2 

0  
i n  Malmd 

2 

0.2 

0.2 

0  

3  

0.2 

0.2 

O I 
0  

4 

0.25 

0 .23 

5  

0 .27 

0.245 

6  

0.0 

0.0 



I I I I I I 
0 0.1 0.2 0.3 J, (X  10% kg) 

Figure 4 .  The dependence o?  d e v i a t i o n s   fro^. t h e  o ~ t i r a l  
l e v e l  of t h e  Vomb I.ake (J6) on y i e l d  e f f e c t s  
i n  t h e  f l r s t  a g r i c u l t u r a l  r e q i c n  (J,) f c r  f i x e d  
va lues  of o t h e r  v a r i a S l e s  ( s e e  Table  3 ) .  



t h e  v a l u e s  of  25% and 50% wa te r  d e f i c i t  a r e  t o o  h i g h .  The 

i n t e rdependence  between wa te r  d e f i c i t  i n  Malmd and t h e  l e v e l  

of t h e  Vomb Lake can  be  s t u d i e d  i n  more d e t a i l  u s i n g  F i g u r e s  

5  and 6. 

I n  F i g u r e  5 ,  t h e  sets  of  p o s s i b l e  v a l u e s  of t h e  y i e l d  

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

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

a s  w e l l  a s  t h e  wa te r  d e f i c i t  i n  Malmd and t h e  d e v i a t i o n s  of  t h e  

l e v e l  of  t h e  l a k e  a r e  f i x e d .  The v a l u e s  of  t h e  f i x e d  - v a r i a b l e s  

a r e  p r e s e n t e d  i n  Tab le  4 .  

The main f e a t u r e  of  F igu re  5  i s  t h e  s h a r p  dependence of 

t h e  y i e l d  e f f e c t s  on t h e  l a k e  l e v e l ,  w h i l e  i t s  d e v i a t i o n  i s  

between f o u r  and f i v e  meters (sets number 1 - 4 ) .  I f  t h e  dev i a -  

t i o n  from t h e  o p t i m a l  l e v e l  i s  less t h a n  f o u r  meters, t h e  i rr i-  

ga t ion-based  a g r i c u l t u r e  canno t  p r a c t i c a l l y  e x i s t .  The d e v i a t i o n s  

g r e a t e r  t h a n  f i v e  meters a r e  of v i r t u a l l y  no impor tance  t o  t h e  

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

second r e g i o n  depend s h a r p l y  on t h e  y i e l d  e f f e c t  i n  t h e  t h i r d  

r e g i o n  a s  l ong  a s  t h e  l a t t e r  i s  g r e a t e r  t h a n  0.2 x  l o 8  kg (sets 

number 5  and  6 ) .  The r ise of y i e l d  e f f e c t  i n  t h e  t h i r d  r e g i o n  

up t o  0.22 x  1  o8  kg ( w i t h o u t  any d e c r e a s e  of y i e l d  i n  o t h e r  

r e g i o n s )  c an  b e  ach i eved  by t h e  v i r t u a l l y  un impor t an t  water 

d e f i c i t  i n  Malmd of 3 .5%.  

Tab l e  4 .  Yie ld  e f f e c t s  i n  t h e  t h i r d  a g r i c u l t u r a l  r e g i o n ,  w a t e r  
d e f i c i t  i n  Malmd, and d e v i a t i o n s  from t h e  o p t i m a l  
l e v e l  o f  Vomb Lake--for a n a l y s i s  o f  mutual  dependence 
of y i e l d  e f f e c t s  i n  t h e  f i r s t  and second a g r i c u l t u r a l  
r e g i o n s  (see F i g u r e  5 )  . 

S e t  
number 

8  
J3 ( x  10 kg)  

Water d e f i c i t  

i n  Malmd 

Dev ia t i on  o f  
t h e  l a k e  
l e v e l  ( m )  

1 

0.2 

4 

2  

0.2 

0 

4.2 

5  

0.24 

0 

4 .5  

3 

0.2 

0  

4.5 

6 

0.22 

0 

4.5 

4 

0.2 

0 

5  

7  

0.18 
. - 

0 

4.5 

9 

0.22 

7 .5% 

4.5 

8  

0.22 

3 .5% 

4.5 

10 

0.2 

2.5% 

4.5 



Jz (X 10' kg) 

0.1 0.2 0.3 J, (X  10' kg) 

F i g u r e  5 .  The n u t u a l  dependence o f  y i e l d  e f f e c t s  i n  t h e  
f i r s t  and  t h e  second a g r i c u l t u r a l  r e g i o n  (J, , r e s p e c t i v e l y )  f o r  f i x e d  v a l u e s  o f  o t h e r  
v a r i a  l e s  (see T a b l e  4 )  . 



T h e  dependence of w a t e r  d e f i c i t  i n  I.lalmB on t h e  Vomb 

L a k e ' s  l e v e l  i s  presented  i n  F i g u r e  6 .  S e t  n u m b e r  1  corresponds 
8  8  

t o  t h e  s m a l l  va lues  of y l l  = 0 . 2 1  x 1 0  k g ,  y 2 1  = 0 . 2  x 1 0  k g ,  
8  

and y = 1 0  k g .  S e t  n u m b e r  2  co r responds to  t h e  large v a l u e s  3  1  8  
o f 8 y l l  = 0 . 2 5  x 1 0  k g ,  y Z l  

8 
= 0 . 2 5  x 1 0  k g ,  and y  = 0 . 2 4  x 3  1  

1 0  k g .  

T h e  v a l u e s  of J5 = vA and J7 = w r e m a i n  t o  be e x a m i n e d .  
A 

I n  F i g u r e  7  t h e  sets of reachable p a i r s  { v A ,  w A l  are presented  

w h i l e  t h e  v a l u e s  of J 1 ,  J2 ,  J j ,  J4 ,  and J6 are f i x e d .  T h e  

correspondance b e t w e e n  d i f f e r e n t  se ts  and t h e  v a l u e s  of o t h e r  

var iables  i s  presented i n  T a b l e  5 .  

T a b l e  5 .  Y i e l d  e f fec t s  i n  three a g r i c u l t u r a l  regions ,  w a t e r  
d e f i c i t  i n  M a l m d ,  and d e v i a t i o n s  f r o m  t h e  o p t i m a l  
leva1 of Vomb L a k e - - f o r  a n a l y s i s  of t h e  dependence of 
an  excess f l o w  and t h e  f l o w  r a te  of p o l l u t a n t s  i n  t h e  
c o n t r o l  p r o f i l e  A  (see F i g u r e  7 )  . 

S e t s  1 ,  3 and 4  s h o w  t h a t  t h e  decrease i n  a g r i c u l t u r a l  

y i e l d  w i l l  increase t h e  K a v l i n g e  R i v e r  f l o w  over t h e . r e q u i r e d  r a t e  

by about  2 % - 3 % .  T h e  c o m p a r i s o n  of sets 1  and 2  s h o w s  t h a t  t h e  

increase of w a t e r  d e f i c i t  i n  MalmB up t o  5 %  w i l l  increase 

6  

0 . 2 3  

0 . 2 0  

5  

0 . 2 0  

0 . 2 3  

Set 
n - a m b e r  

8  
J1 (X 1 0  k g )  

8  
J 2 ( x 1 0  k g )  

I 

O e 2 1  I O m 2 1  
I 

1  

0 . 2 3  

0 . 2 2  

2  

0 . 2 3  

0 . 2 2  

8  
J 3 ( x 1 0  k g )  0 . 2 1  0 . 2 1  

3  

0 . 2 0  

0 . 2 0  

Water d e f i c i t  
i n  Malm6 

D e v i a t i o n  of 
t h e  l a k e  
l e v e  1 (-3) 

I 

0 . 1 8  

0 . 1 8  

5 L  

4 . 5  

3 . 5 %  

4 . 5  

0 . 2 0  0 . 1 8  

5 %  

4 . 5  

i 5 %  5% I 5% j 
I 
I 1 
I I 

4 . 5  l 4 . 5  

I I I 



Figure 6 .  The dependence of water d e f i c i t  i n  I':alrne) 
(J ) on the possible deviations fro9 the 
ocginal leve l  of T b r c h  Lake (J ) for  the 
small ( s e t  1 )  and l a r ~ e  ( s e t  3)  y ie ld  
e f f e c t s  in  a l l  three ac r i cu l tu ra l  areas.  



Figure  7 .  The dependence of  an  exces s  Flow a t  t h e  c o n t r o l  
p o i n t  ?I (VA) and t h e  f low r a t e  of  ~ o l l u t a n t s  a t  
t h e  same c o n t r o l  p o i n t  ( W E )  f o r  f i x e d  v a l u e s  of 
o t h e r  v a r i a b l e s  ( s e e   able 5 )  . 



t h e  f low ove r  t h e  minimum l e v e l  by abou t  1 % .  S e t s  5  and 6  

show t h a t  it i s  more a p p r o p r i a t e  t o  d e c r e a s e  t h e  y i e l d s  i n  t h e  

second a g r i c u l t u r a l  r e g i o n  t h a n  i n  t h e  f i r s t  one .  The c u r v e s  

i n  F i g u r e  7  i n d i c a t e  t h e  p o t e n t i a l  f o r  s u b s t i t u t i o n  between r i v e r  

p o l l u t i o n  and t h e  f l ow  r a t e s .  

F i g u r e  8  r e p r e s e n t s  t h e  i n t e rdependence  between v A  and y l l .  

The f i x e d  v a l u e s  o f  o t h e r  v a r i a b l e s  a r e  p r e s e n t e d  i n  Tab l e  6. 

I n  F i g u r e  9 t h e  dependence between wA and y l l  i s  p r e s e n t e d .  

S e t  1  co r r e sponds  t o  t h e  f o l l o w i n g  v a l u e s  o f  o t h e r  v a r i a b l e s :  

J2 = J3 = 0.2 x  l o 8  kg;  J 4  = 5 % ;  J5 = 4.5 m ;  and J6 = 0 .  S e t  
3  

2 co r r e sponds  t o  t h e  same v a r i a b l e s ,  e x c e p t  t h a t  J = 0.2 m /s. 6 

Tab l e  6 .  Y i e l d  e f f e c t s  i n  two a g r i c u l t u r a l  r e g i o n s ,  w a t e r  
d e f i c i t  i n  Malme), d e v i a t i o n s  from t h e  o p t i m a l  l e v e l  
of  Vomb Lake, and f l ow  r a t e  of  p o l l u t a n t s  i n  t h e  
c o n t r o l  p r o f i l e  A--for a n a l y s i s  o f  t h e  dependence o f  
y i e l d  e f f e c t s  i n  t h e  f i r s t  a g r i c u l t u r a l  r e g i o n  and t h e  
e x c e s s  f l ow  a t  t h e  c o n t r o l  p o i n t  A.  
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Figure  8 .  The denen2ence of y l e l ?  e f f e c t s  i n  t h e  f i r s t  
a g r i c u l t u r a l  r e q i o n  (11; ) and t h e  exces s  1 0 ~ 7  

a t  t h e  c o n t r o l  p o i n t  .A 1 1 7 ~ )  f o r  f i x e d  v a l u e s  
of  o t h e r  v a r i a b l e s  ( s e e  Table  6 )  . 



F i g u r e  9 .  The dependence o f  y i e l d  e f f e c t s  i n  t h e  f i r s t  
a q r i c u l t u r a l  r e g i o n  ( v l  and t h e  fl-@:.I r a t e  
o f  p o l l u t a n t s  i n  t h e  c o n t r o l  p r o f i l e  A (KT-) 
f o r  f i x e d  v a l u e s  o f  o t h e r  v a r i a b l e s  (see T a b l e  6 )  



CONCLUDING REMARKS 

Based on t h e  a n a l y s i s  of F igu res  2 t o  9 ,  t h e  fo l lowing  

v a l u e s  of t h e  o b j e c t i v e  f u n c t i o n s  seem t o  be  most a p p r o p r i a t e :  

C e r t a i n l y  t h i s  combination of t h e  v a l u e s  of o b j e c t i v e  func- 

t i o n s  i s  q u i t e  a r b i t r a r y .  The d e c i s i o n  maker could  f i n d  perhaps 

a  d i f f e r e n t  and more a p p r o p r i a t e  combination of such i n  a  

d i a logue  w i t h  t h e  computer, u s ing  t h e  c r o s s - s e c t i o n s  and pro- 

j e c t i o n s  of GRS presen ted  i n  F igu res  2 through 9 a s  w e l l  a s  

a l t e r n a t i v e  ones p re sen ted  a t  h i s  r e q u e s t  on t h e  sc reen  of t h e  

d i s p l a y .  
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