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ABSTRACT 

An overview o f  t h e  major problems encountered when r e g i o n a l  water  resources  
c o n s i s t i n g  o f  su r face  streams and a q u i f e r s  a r e  t o  be developed and managed con- 
j u n c t i v e l y  i s  presented. The dynamics o f  complex hyd ro log i c  systems a r e  d i s -  
cussed, i n c l u d i n g  s t ream-aqu i fe r  i n t e r a c t i o n s  and some p o s s i b l e  a l t e r n a t i v e s  t o  
groundwater mining. Most o f  t h e  paper i s  devoted t o  a d i scuss ion  o f  t h e  econo- 
mic  aspects o f  managing complex hyd ro log i c  systems i n  a mature water  economy. 
Fo l l ow ing  a p resen ta t i on  o f  water supp ly  problems from t h e  vantage p o i n t  o f  
water  users and a b r i e f  d i scuss ion  o f  o p p o r t u n i t y  c o s t  o f  water  use i n  complex 
hyd ro log i c  systems , a number o f  e x t e r n a l i t i e s  generated by water  resources  de- 
velopment a c t i v i t i e s  a re  b rought  i n t o  focus. Three methods f o r  managing complex 
h y d r o l o g i c  systems a r e  mentioned: 
r i g h t s ;  ( b )  r e g u l a t o r y  powers o f  agencies i n v o l v e d  i n  water  resources  develop- 
ment and u t i l i z a t i o n ;  ( c )  c e n t r a l i z e d  c o n t r o l  o f  r e g i o n a l  water  sources. 
paper concludes w i t h  a b r i e f  assessment o f  t he  c u r r e n t  s t a t u s  o f  t h e  area  o f  
c o n j u n c t i v e  use o f  sur face  and groundwater, and ventures  t o  i n d i c a t e  some pos- 
s i b l e  d i r e c t i o n s  f o r  f u t u r e  s tud ies .  

1 INTRODUCTION 

(a)  development o f  t r a n s f e r a b l e  p r o p e r t y  

The 

By t h e  na tu re  o f  t h ings ,  management o f  r e g i o n a l  water  resources i s  based 

The s a t i s f a c t i o n  o f  these demands on t r a d e - o f f s  between competing demands. 

r e l i e s  on the  development and u t i l i z a t i o n  o f  sur face  streams as w e l l  as 

groundwater aqu i fe rs .  It i s  t h e  i n g e n u i t y  and s k i l l  o f  water  resource  systems 

a n a l y s t s  and managers t h a t  p rov ide  s o l u t i o n s  t o  t h e  complex problems o f  
managing r e g i o n a l  water resources. 

I t  i s  q u i t e  c l e a r  t h a t  a success fu l  method o f  managing water resources  

shou ld  have t h e  c a p a b i l i t y  o f  ba lanc ing  competing demands so t h a t  a c t u a l  opera- 

t i n g  p o l i c i e s  o p t i m i z e  t h e  n e t  b e n e f i t  t o  t h e  reg ion ,  as perce ived by i t s  inha-  
b i t a n t s .  S i m i l a r l y ,  t h e  management o f  r e g i o n a l  water resources  must address 

t h e  advantage i n h e r e n t  i n  t h e  i n t e g r a t e d  use o f  bo th  su r face  streams and 

a q u i f e r s ,  cons ide r ing  a l s o  t h e  t ime  v a r i a b i l i t y  o f  severa l  o f  t h e  v a r i a b l e s  

i n v o l v e d  ( h y d r o l o g i c  parameters, va lue  o f  water  used, water  demand, va lue  o f  
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water  s to red ,  e tc . ) .  I n  o t h e r  words, e f f e c t i v e  management o f  r e g i o n a l  water  

resources  must recogn ize  t h e  dynamic c h a r a c t e r  o f  n a t u r a l  h y d r o l o g i c  systems 

and fo rmu la te  a l t e r n a t i v e  p o l i c i e s  based on t h i s  p r o p e r t y  (Buras and H i e s s l ,  

1987). 

Management o f  s t ream-aqu i fe r  systems i n  an a r i d  environment d i f f e r s  marked ly  

f rom t h a t  i n  a more temperate c l ima te .  

wa te r  supp l i es  appear t o  be more abundant, i n  t h e  a r i d  zone t h e  r e l i a n c e  on 

groundwater supp l i es  i s  much grea ter .  The a lmost  i n e v i t a b l e  r e s u l t  i s  t h a t  i n  

a growing economy such as Ar izona 's ,  f o r  example, t h e  d e p l e t i o n  o f  groundwater 

resources  o u t s t r i p s  by f a r  t h e i r  n a t u r a l  rep len ishment .  I n  due t ime,  a reg ion -  

a l  water  c r i s i s  occurs,  which generates p r i m a r i l y  t e c h n o l o g i c a l  s o l u t i o n s ,  some 

o f  them i n v o l v i n g  t h e  i m p o r t a t i o n  o f  su r face  water  i n t o  t h e  reg ion .  

aga in  t o  t h e  Ar izona example, t h e  Cen t ra l  Ar izona P r o j e c t  w i l l  t r a n s f e r  sub- 

s t a n t i a l  amounts o f  Colorado r i v e r  water t o  a g r i c u l t u r a l  l ands  and m e t r o p o l i t a n  

areas i n  t h e  c e n t r a l  and southern  p a r t s  o f  t h e  s ta te .  The imp lemen ta t i on  o f  

t h i s  f e d e r a l l y  funded p r o j e c t  was l i n k e d  v e r y  c l o s e l y  w i t h  t h e  enactment by t h e  

Ar izona l e g i s l a t u r e  o f  t h e  Ar izona Groundwater Ac t  i n  June 1980 (A r i zona  Revis-  

ed S ta tu tes ,  1980). Th is  e x e m p l i f i e s  t h e  i n s t i t u t i o n a l  d imension o f  r e g i o n a l  

wa te r  resources systems, which, most o f t e n ,  has a c o n t r o l l i n g  r o l e  i n  t h e i r  de- 

velopment and opera t ion .  

T r a d i t i o n a l l y ,  i n  most c o u n t r i e s  su r face  streams and groundwater a q u i f e r s  

were developed by d i f f e r e n t  agencies,  each hav ing  separa te  o b j e c t i v e s .  Most 

p u b l i c  investments were made i n  deve lop ing  l a r g e - s c a l e  su r face  water  p r o j e c t s .  

Groundwaters were developed m o s t l y  by i n d i v i d u a l s ,  smal l  - sca le  o r g a n i z a t i o n s ,  

o r  as p a r t  o f  l a r g e r  i n f r a s t r u c t u r e  systems. The reasons f o r  t h i s  dichotomy 

a r e  va r ied ,  and some o f  them were summarized r e c e n t l y  (Sahuqu i l l o ,  1985). The 

combined and coo rd ina ted  management o f  su r face  and groundwaters has t o  cancel  

t h i s  dichotomy i n  o rde r  t o  develop and u t i l i z e  more e f f e c t i v e l y  r e g i o n a l  water  

resources. 

Whereas i n  temperate reg ions  su r face  

R e f e r r i n g  

2 DYNAMICS OF COMPLEX HYDROLOGIC SYSTEMS 

2.1 Stream-Aquifer I n t e r a c t i o n s  

They i n t e r -  

a c t  i n  t h e  sense t h a t  f l u c t u a t i o n s  o f  s t reamf low i n  a r i v e r  may have a d i r e c t - -  

even i f  n o t  an immedia te- -e f fec t  on t h e  ad jacen t  water  t ab le .  A r i s e  i n  t h e  

r i v e r  s tage can induce water  t o  move f rom t h e  su r face  stream i n t o  t h e  a q u i f e r ,  

and a l o w e r i n g  o f  t h e  r i v e r  s tage can cause dra inage o f  t h e  a q u i f e r  i n t o  t h e  

r i v e r .  

s u l t  i n  a decreased stream d ischarge.  I n  a d d i t i o n  t o  these q u a n t i t a t i v e  aspec ts  

o f  t h e  i n t e r a c t i o n  between groundwater and su r face  water, q u a l i t y  o f  water  may 

be a f f e c t e d  by i t s  movement f rom a q u i f e r s  i n t o  su r face  streams and v ice-versa .  

Sur face  waters and a q u i f e r s  a r e  i n t i m a t e l y  connected i n  nature.  

I n t e n s i v e  e x p l o i t a t i o n  o f  t h e  a q u i f e r  ad jacen t  t o  r i v e r  banks can r e -  
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The comp lex i t y  o f  t he  s t ream-aqu i fe r  i n t e r a c t i o n s  emerges from two major  

fac to rs .  I n  t h e  f i r s t  p lace, f l o w  i n  open channels, i n c l u d i n g  streams and 

r i v e r s ,  occurs i n  a t ime  frame t h a t  i s  expressed i n  meters per second, w h i l e  

movement of water  i n  a q u i f e r s  i s  measured g e n e r a l l y  i n  v e l o c i t i e s  t h a t  a r e  

severa l  o rde r  o f  magnitude smal le r .  Thus t h e  dynamics o f  h y d r o l o g i c  systems 

t h a t  a re  comprised o f  both su r face  streams and a q u i f e r s  a r e  complex, a complex- 

i t y  t h a t  i s  r e f l e c t e d  i n  t h e i r  mathematical  models. 

c h a s t i c  aspects o f  streamflows and t h e  u n c e r t a i n t y  connected w i t h  t h e  a r e a l  ex- 

t e n t  of t he  phys i ca l  c h a r a c t e r i s t i c s  o f  a q u i f e r s  c o n t r i b u t e  t o  t h e  comp lex i t y  

o f  stream-aqui f ,er  i n t e r a c t i o n s .  The s c i e n t i f i c  l i t e r a t u r e  i s  r a t h e r  meager 

w i t h  regard  t o  s tud ies  o f  s t ream-aqu i fe r  i n t e r a c t i o n s  t h a t  i n c l u d e  h y d r o l o g i c  

u n c e r t a i n t y .  

su r face  waters and aqu i fe rs .  

p l i c i t  form t h e  r e l a t i o n s h i p s  t h a t  may e x i s t  between c o n t r o l l a b l e  d e c i s i o n  var -  

i a b l e s  (such as d i v e r s i o n  o f  su r face  streams and pumpage from a q u i f e r s )  and 

known e x i s t i n g  cond i t i ons  ( r i v e r  stages and p iezomet r i c  e l e v a t i o n s )  on t h e  one 

hand, and t h e  ensuing s t a t e  o f  t h e  combined s t ream-aqu i fe r  system as expressed 

by  r i v e r  stage and water t a b l e  l e v e l s  on t h e  o ther .  These r e l a t i o n s h i p s  a r e  

sometimes expressed by a s e t  o f  c o e f f i c i e n t s  r e f e r r e d  t o  as i n f l u e n c e  c o e f f i -  

c i e n t s  ( I l l a n g a s e k a r e  and Morel-Seytoux, 1982). The i n f l u e n c e  c o e f f i c i e n t s  can 

be used i n  mode l l i ng  r e g i o n a l  water resources management i ssues  as problems i n  

mathematical  programming. The mathematical  models o f  s t ream-aqu i fe r  i n t e r a c -  

t i o n s  may be as s imp le  o r  as compl ica ted  (Sahuqu i l lo ,  1986), depending on t h e  

a c t u a l  problem on hand. 

q u a l i t y .  T r a d i t i o n a l l y ,  we t h i n k  o f  water  q u a l i t y  i n  terms o f  water  chemis t ry ,  

f o r  example, as expressed by concen t ra t i on  o f  t o t a l  d i s s o l v e d  s o l i d s  (TDS). 

Concent ra t ions  o f  o t h e r  contaminants,  such as s y n t h e t i c  o rgan ic  so l ven ts ,  ac- 

q u i r e  inc reased importance even though t h e i r  concen t ra t i ons  can be expressed 

u s u a l l y  as p a r t s  per  b i l l i o n  (ppb) o r  p a r t s  per  t r i l l i o n  ( p p t ) .  The behav io r  

o f  these t r a c e  organ ic  m i c r o p o l l u t a n t s  moving across a s t ream-aqu i fe r  i n t e r f a c e  

i s  s t i l l  p o o r l y  understood, a l t hough  some progress was achieved i n  t h e  pas t  t e n  

years.  The main i n t e r a c t i n g  processes t h a t  a f f e c t  t h e  movement and f a t e  o f  o r -  

gan ic  compounds du r ing  p e r c o l a t i o n  th rough t h e  s o i l  p r o f i l e  a r e  d i s p e r s i o n ,  

s o r p t i o n ,  chemical reac t i ons ,  and b i o l o g i c a l  t rans fo rma t ions .  The e x t e n t  t o  

which contaminants a re  i n f l u e n c e d  by these processes depends on t h e i r  phys ico-  

chemical  p r o p e r t i e s ,  t h e  p r o p e r t i e s  o f  t h e  porous medium, and t h e  n a t u r e  o f  t h e  

micro-organisms present  i n  t h e  s o i l  mant le.  A recen t  s tudy  i n  Cen t ra l  Europe 

(Herrmann e t  a l . ,  1986) has shown t h a t  t h e  movement o f  some s p e c i f i c  contami-  

nants i s  re ta rded  i n  comparison w i t h  t h a t  o f  conse rva t i ve  t r a c e r s .  The 

I n  a d d i t i o n ,  t h e  s to -  

O f  cons iderab le  i n t e r e s t  i s  t h e  q u a n t i f i c a t i o n  o f  t h e  i n t e r a c t i o n  between 

S p e c i f i c a l l y ,  one des i res  t o  determine i n  an ex- 

S t ream-aqu i fe r  i n t e r a c t i o n s  have impor tan t  outcomes rega rd ing  water  
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magnitude o f  t h e  r e t a r d a t i o n  i s  es t ima ted  from t h e  o rgan ic  carbon c o n t e n t  o f  

t h e  a q u i f e r  i t s e l f  and t h e  oc tano l -wa te r  p a r t i t i o n  c o e f f i c i e n t s  o f  t h e  m ic ro -  

p o l l u t a n t s .  The r e t a r d a t i o n  f a c t o r  thus  c a l c u l a t e d  appears t o  be a u s e f u l  

y a r d s t i c k  f o r  e s t i m a t i n g  s p a t i a l  and temporal  movement o f  o rgan ic  mic rocontami -  

nants.  The r e s u l t s  o f  t h i s  s tudy  i n d i c a t e  t h a t  o n l y  p o l y c y c l i c  a romat i c  hydro- 

carbons a r e  comple te ly  removed from t h e  p e r c o l a t i n g  water  d u r i n g  i n f i l t r a t i o n ,  

t h e  o t h e r  o rgan ic  p o l l u t a n t s  p r e s e n t i n g  a h i g h  r i s k  o f  con tamina t ion  o f  aqu i -  

f e r s  ad jacen t  t o  streams. 

2.2 A l t e r n a t i v e s  t o  Groundwater M i n i n g  

under taken i n  many p a r t s  o f  t h e  w o r l d  where r e g i o n a l  development o u t s t r i p s  t h e  

a v a i l a b l e  su r face  water resources. Th is  a c t i v i t y  i s  prompted by t h e  r e l a t i v e l y  

l o w  inves tment  necessary t o  d e l i v e r  a u n i t  o f  f l o w  (e.g. 106m3/yr) w i th  a ve ry  

h i g h  p r o b a b i l i t y ,  and by t h e  s low response o f  t h e  n a t u r a l  system. Thus ground- 

water  m in ing  appears t o  be an a t t r a c t i v e  p r o p o s i t i o n  i n  t h e  s h o r t - t e r m  s i n c e  

t h e  immediate investments a r e  r a t h e r  modest and, i n  a d d i t i o n ,  t h e  f u l l  p r i c e  o f  

excess ive  pumping w i l l  be borne by f u t u r e  users. However, t h e  combined manage- 

ment o f  su r face  and groundwaters must cons ide r  a1 t e r n a t i  ves beyond near - te rm 

s o l u t i o n s  o f  t h e  water  s c a r c i t y  problem, One such s o l u t i o n  i s  t h e  a r t i f i c a l  

recharge o f  aqu i fe rs .  

P r e c i p i t a t i o n  recharges a q u i f e r s  when i t  exceeds t h e  r a t e s  o f  r u n o f f  and 

evapo t ransp i ra t i on .  The n a t u r a l  recharge r a t e  may be c o n s i d e r a b l y  l ower  than  

t h a t  o f  a q u i f e r  e x p l o i t a t i o n ,  p a r t i c u l a r l y  i n  a r i d  environments where wa te r  de- 

mands may be s u b s t a n t i a l .  Pa r t s  o f  I s r a e l  and reg ions  i n  Ar izona a r e  examples 

o f  t h i s  s i t u a t i o n .  A r t i f i c a l  recharge i s  p r a c t i c e d  i n  I s r a e l ,  i n  Southern 

C a l i f o r n i a ,  and i n  o t h e r  l o c a t i o n s  i n  t h e  wor ld ,  us ing  one o r  ano the r  o f  t he  

techno log ies  c u r r e n t l y  a v a i l a b l e .  A main p o i n t  i n  most o f  t hese  opera t i ons  i s  

t h e  temporary s to rage w i t h i n  a q u i f e r s  o f  su r face  water n o t  c u r r e n t l y  d e l i v e r e d  

f o r  use, o r i g i n a t i n g  from a number o f  p o s s i b l e  sources. 

sources a r e  impor ted  waters  f rom o t h e r  h y d r o l o g i c  u n i t s ,  enhancement o f  i n f i l -  

t r a t i o n  o f  f l o o d  waters i n  ephemeral streams, and t r e a t e d  e f f l u e n t  from waste- 

water  t rea tmen t  p lan ts .  

The eng ineer ing  techn iques  used i n  groundwater recharge a r e  known and t h e i r  

r e l a t i v e  m e r i t s  and shortcomings a r e  abundant ly  t r e a t e d  i n  t h e  s c i e n t i f i c  and 

p r o f e s s i o n a l  l i t e r a t u r e .  However, many impor tan t  i ssues  r e l a t e d  t o  a r t i f i c i a l  

recharge o f  a q u i f e r s  a r e  n o t  r e l a t e d  t o  t h e  techn iques  employed, b u t  a r e  r a t h e r  

d e r i v e d  from environmental  and o t h e r  concerns (Coe, 1979) .  

f o l l o w i n g  ques t ions  a re  o f t e n  r a i s e d :  ( 1 )  How i s  t h e  recharg ing  water  go ing  t o  

a f f e c t  t h e  q u a l i t y  o f  groundwater i n  t h e  recharged a q u i f e r ?  

p r i o r i t i e s  between t h e  i n d i v i d u a l s  owning l a n d  o v e r l y i n g  an a q u i f e r  a r t i f i c a l l y  

recharged and p u b l i c  agencies t o  a v a i l a b l e  s to rage  space i n  t h e  a q u i f e r ,  and 

( i )  A r t i f i c i a l  recharge o f  a q u i f e r s .  Groundwater m in ing  i s  an  a c t i v i t y  

Examples o f  t hese  

For example, t h e  

( 2 )  What a r e  t h e  
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what a r e  t h e  p r i o r i t i e s  between t h e  p u b l i c  agencies? ( 3 )  Who owns t h e  water  

a f t e r  i t  i s  s t o r e d  i n  t h e  a q u i f e r ?  (4 )  How should governmental and r e g i o n a l  

groundwater recharge programs be made compat ib le  w i t h  l o c a l  water  management 

ope ra t i ons?  

t h i s  paper. 

( i i )  Reclamation and reuse o f  wastewater. Treated mun ic ipa l  wastewater 

appears as an i n c r e a s i n g l y  a t t r a c t i v e  a l t e r n a t i v e  t o  groundwater min ing ,  espe- 

c i a l l y  as a p o s s i b l e  i r r i g a t i o n  water source. A t  t h e  same t ime,  depending on 

t h e  l e v e l  o f  wastewater t rea tment ,  rec la imed e f f l u e n t  i s  a p o t e n t i a l  env i ron -  

mental  p o l l u t a n t  and may present  a se r ious  hazard t o  p u b l i c  hea l th .  Prov ided 

t h a t  mun ic ipa l  wastewater i s  t r e a t e d  adequately,  t h e  e f f l u e n t  can indeed be 

used f o r  i r r i g a t i n g  a g r i c u l t u r a l  crops. The i n t e g r a t i o n  o f  t r e a t e d  e f f l u e n t  

w i t h i n  a r e g i o n a l  water resources system r e q u i r e s  the  o p t i m i z a t i o n  ( o r  a t  l e a s t  

quas i -op t ima l  s o l u t i o n s )  wi th respec t  t o  t rea tmen t  p l a n t  capac i t y ,  l e v e l  ( o r  

degree) o f  t rea tment  o f  t h e  mun ic ipa l  wastewater, a l l o c a t i o n  o f  t h e  t r e a t e d  e f -  

f l u e n t  t o  va r ious  users i n  t h e  a g r i c u l t u r a l  sec tor ,  and t h e  c ropp ing  p a t t e r n  o f  

each user  o f  t r e a t e d  e f f l u e n t .  A d i s t i n c t i o n  i s  made i n  t h i s  d i s c u s s i o n  

between mun ic ipa l  wastewater, which has a s u b s t a n t i a l  l o a d  o f  o rgan ic  m a t e r i a l  

( l i v i n g  o r  i n e r t ) ,  and i n d u s t r i a l  waste which may be r i c h  i n  heavy meta l  c a t -  

i o n s  such as chromium, molybdenum, copper, and o thers .  

water  w i t h i n  t h e  water resources  systems r a i s e s  a number o f  i n t e r - r e l a t e d  pro- 

blems (D ina r  and Yaron, 1986), such as (1) e s t a b l i s h i n g  t h e  geograph ica l  bound- 

a r i e s  o f  t he  system cons ide r ing  (a )  c a p a c i t y  o f  t h e  wastewater t rea tmen t  p l a n t  

and ( b )  c a p a c i t y  and l a y o u t  o f  t h e  wastewater and e f f l u e n t  conveyance networks; 

( 2 )  de te rm ina t ion  o f  t h e  l e v e l  o f  wastewater t rea tment ;  ( 3 )  a l l o c a t i o n  o f  t h e  

t r e a t e d  e f f l u e n t  t o  users w i t h i n  t h e  reg ion ;  (4 )  s e l e c t i o n  o f  a l t e r n a t i v e  c rop-  

p i n g  pa t te rns  f o r  each user; ( 5 )  a l l o c a t i o n  o f  cos ts  t o  t h e  users;  ( 6 )  l e v e l  o f  

government subs idy ,  i f  needed. 

f o r m u l a t i o n  o f  a long- run  mathematical  programming model, and t h e  area  t o  which 

i t  was a p p l i e d  was an a g r i c u l t u r a l  r e g i o n  i n  I s r a e l  t h a t  i nc luded  a town and 

seve ra l  farms. The o b j e c t i v e  s p e c i f i e d  i n  t h i s  a n a l y t i c a l  model was t o  maxi- 

m ize  t h e  r e g i o n a l  income s u b j e c t  t o  a g i ven  amount o f  mun ic ipa l  wastewater, 

p u b l i c  h e a l t h  standards,  t h e  c a p a b i l i t y  o f  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  systems 

t o  use the  e f f l u e n t  g iven  t h e  a v a i l a b i l i t y  o f  l and  and o f  o t h e r  imputs,  t h e  

Some o f  these issues  w i l l  be d iscussed b r i e f l y  i n  Chapter 111 o f  

Viewed from a r e g i o n a l  p o i n t  o f  view, t h e  i n t e g r a t i o n  o f  rec la imed waste- 

The approach t o  these problems was th rough  t h e  

p r e v a i l i n g  p r i c e  system, and t h e  e x i s t i n g  technology. 

c o n s t r a i n i n g  c o n d i t i o n s ,  cons ide ra t i ons  o f  environmenta 

groundwater mining, i.e. f reshwater  savings, may induce 

f o r  t h e  t r e a t e d  e f f l u e n t .  

The genera l i zed  mode l - -w i thout  re fe rence  t o  t h e  spec 

under ana lys is - -had two major  components: ( 1 )  t h e  town 

n a d d i t i o n  t o  these 

governmental subs id ies  

qua1 i t y  and decreas ing  

f i c  geograph ica l  r e g i o n  

(as t h e  source  o f  
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mun ic ipa l  wastewater)  and t h e  t rea tmen t  p l a n t  i n c l u d i n g  t h e  a l t e r n a t i v e  l e v e l s  

o f  wastewater t rea tment ;  and ( 2 )  t h e  a g r i c u l t u r a l  users o f  t h e  t r e a t e d  e f f l u -  

en t .  The d e c i s i o n  v a r i a b l e s  o f  t h e  model a re  (1) t h e  l e v e l  o f  wastewater 

t rea tment ;  ( 2 )  c a p a c i t y  o f  conveyance f a c i l i t i e s  f rom genera tors  o f  mun ic ipa l  

wastewater t o  t h e  t rea tmen t  p l a n t  and/or f o r  t r e a t e d  e f f l u e n t  f rom t h e  p l a n t  t o  

a g r i c u l t u r a l  users;  (3 )  t rea tmen t  p l a n t  capac i ty ;  and (4) t h e  a r e a l  e x t e n t  o f  a 

g i v e n  c rop  i n  an a g r i c u l t u r a l  p roduc t i on  u n i t  ( f a rm)  u s i n g  wastewater t r e a t e d  

t o  a s p e c i f i e d  l e v e l ,  Dec is ions  exogenous t o  t h e  model a r e  t h e  l o c a t i o n  o f  t h e  

t rea tmen t  p l a n t  and t h e  r a t e  o f  government subsidy.  I n  a d d i t i o n ,  t h e  model was 

used t o  o b t a i n  a s o l u t i o n  under t h e  assumption t h a t  users  o f  t r e a t e d  e f f l u e n t  

a c t  independent ly;  then i t  was expanded t o  i n c l u d e  t h e  p o s s i b i l i t y  o f  coopera- 

t i v e  ac t i on .  

i n  t h e  absence o f  governmental subs idy  t h e r e  i s  no i n c e n t i v e  t o  t h e  fa rmers  t o  

use  t r e a t e d  e f f l u e n t .  A subs idy  o f  15% o f  t h e  o v e r a l l  t r ea tmen t  and c a p i t a l  

inves tment  i n  t h e  e f f l u e n t  conveyance systems i s  t h r e s h o l d  i n c e n t i v e  f o r  t h e  

use  o f  t r e a t e d  e f f l u e n t .  A 50% subs idy  i s  an i n c e n t i v e  f o r  a l l  farmers t o  use 

t h e  t r e a t e d  e f f l u e n t  and leads  t o  f u l l  r e g i o n a l  coopera t ion .  A r e s i d u a l  prob- 

lem t h a t  needs t o  be cons idered s e p a r a t e l y  i s  t h a t  o f  r e d i s t r i b u t i o n  o f  income 

a t  r e g i o n a l  l e v e l .  

( i i i )  Desa l i na t i on .  Cons ider ing  t h a t  about  97% o f  a l l  water  on p l a n e t  e a r t h  

i s  i n  t h e  oceans, d e s a l i n a t i o n  appears t o  be a tempt ing  a l t e r n a t i v e  t o  ground- 

water  min ing ,  p a r t i c u l a r l y  i n  c o a s t a l  areas. 

n a t i o n  i n v o l v e s  s u b s t a n t i a l  amounts o f  energy, which i s  a c o s t l y  resource  whose 

p r i c e  w i l l  p robab ly  r i s e  s t e a d i l y  beg inn ing  i n  t h e  nex t  decade. Consequently, 

d e s a l i n a t i o n  o f  sea water i s  c a r r i e d  o u t  o n l y  i n  spec ia l  cases (such as t h e  

i s l a n d  o f  Aruba i n  t h e  Dutch West I n d i e s ) ,  and more a t t e n t i o n  i s  g i ven  t o  t h e  

p a r t i a l  d e s a l i n a t i o n  o f  b r a c k i s h  waters.  

TOS, can cause se r ious  economic damage t o  bo th  farmers and m u n i c i p a l i t i e s .  The 

p r e c i s e  q u a n t i f i c a t i o n  o f  these damages i s  r a t h e r  d i f f i c u l t ,  b u t  i t  i s  e s t i m a t -  

ed t h a t  s a l i n i t y  i nc rease  by one ppm TDS a t  t h e  I m p e r i a l  Dam on t h e  Lower Colo- 

rado i n  t h e  Un i ted  Sta tes  w i l l  i nc rease  c o s t 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  by 

about  $100,000 per year  i n  t h e  I m p e r i a l  V a l l e y  i n  Southern C a l i f o r n i a  and w i l l  

genera te  damages t o  water  users  i n  t h e  Los Angeles M e t r o p o l i t a n  Area o f  about  

$250,000 y e a r l y  (Svenson, 1980). An impor tan t  source o f  s o l u b l e  s o l i d s  reach- 

i n g  t h e  Colorado R i v e r  i s  t h e  i r r i g a t i o n  r e t u r n  f l o w  upstream f rom t h e  I m p e r i a l  

Dam. Since i r r i g a t e d  a g r i c u l t u r e  uses ve ry  l a r g e  amounts o f  water ,  i t  can 

cause cons ide rab le  contaminat ion  o f  t h e  r e g i o n a l  water  supp ly  due t o  i t s  l ow  

e f f i c i e n c y .  Consequently, improved i r r i g a t i o n  e f f i c i e n c y  w i l l  reduce s a l t  i n  

t h e  water  supply,  cou ld  h e l p  a l l e v i a t e  wa te r  shor tages  f o r  o t h e r  purposes 

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

However, t h e  process o f  d e s a l i -  

B rack i sh  waters,  even those w i t h  a l ow  s a l i n i t y  l e v e l  o f  about  1,000 ppm 
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prov ided  t h a t  t h e r e  e x i s t s  s u f f i c i e n t  s to rage  c a p a c i t y  i n  t h e  system, and may 

ilnqrease c rop  y i e l d .  

reduc ing  s u b s t a n t i a l l y  t h e  s o l u b l e  m a t t e r  reach ing  water supp l i es  may be a 

time-consuming process, w h i l e  t h e  need t o  m a i n t a i n  r e g i o n a l  water s u p p l i e s  a t  a 

d e s i r a b l e  l e v e l  o f  s a l i n i t y  may be immediate. To r e s o l v e  t h i s  c o n f l i c t  i n  

t ime,  d e s a l i n a t i o n  technology may be used. 

A s p e c i f i c  example i s  t he  s i t u a t i o n  i n  t h e  Lower Colorado R i v e r  Basin. 
According t o  i t s  t r e a t y  o b l i g a t i o n s ,  t h e  U.S. has t h e  r e s p o n s i b i l i t y  o f  re leas -  

i n g  t o  Mexico 1.5 m i l l i o n  a c r e - f e e t  on t h e  average a n n u a l l y  (1*8x1O9m3), w i t h  

an average s a l i n i t y  con ten t  o f  n o t  more t h a n  115 2 30 ppm more than  t h e  water  

a t  t he  Imper ia l  Dam ( s a l i n i t y  o f  about 850 ppm). I r r i g a t i o n  p r o j e c t s  between 

t h e  Imper ia l  Dam and t h e  Mexican border  r a i s e  t h e  s a l i n i t y  o f  t h e  Colorado 

R i v e r  water t o  1,300 ppm. I n  o rde r  t o  meet t h e  requirements o f  t h e  Mexican 

t r e a t y ,  t he  U.S. i s  making an e f f o r t  t o  improve i r r i g a t i o n  e f f i c i e n c i e s  down- 

stream from t h e  Imper ia l  Dam and i s  c o n s t r u c t i n g  one o f  t h e  l a r g e s t  reve rse -  

osmosis d e s a l i n a t i o n  p l a n t s  i n  t h e  wor ld  f o r  t h e  t rea tmen t  o f  i r r i g a t i o n  r e t u r n  

f lows. The p l a n t  w i l l  have a c a p a c i t y  o f  96 m i l l i o n  g a l l o n s  per  day 

(133x106m3/yr), and t h e  investment i s  i n  excess o f  $330 m i l l i o n .  Observe t h a t  

t h i s  represents  an average inves tment  o f  about $2.50/m3/yr, which shou ld  be 

added t o  e x i s t i n g  investments i n  dams and r e s e r v o i r s  t h a t  r e g u l a t e  t h e  f l o w  o f  

t h e  Colorado and ensure t h e  annual re lease  t o  Mexico o f  1.8x109m3 on t h e  aver-  

age. 

Cloud seeding techno logy  has developed ove r  t h e  

l a s t  35 years as a means o f  augmenting p r e c i p i t a t i o n .  The augmentat ion poss- 

i b l e  i s  f r a c t i o n a l  and, where success fu l ,  i s  i n  t h e  range o f  5%-20% (Committee 

on Weather M o d i f i c a t i o n ,  1983). However even these smal l  inc reases  i n  p r e c i p i -  

t a t i o n  may generate impor tan t  economic b e n e f i t s .  It i s  es t imated  t h a t  an add i -  

t i o n a l  10% p r e c i p i t a t i o n  i n  Montana would i nc rease  farm revenues by $10 m i l l i o n  

(1973 d o l l a r s ) ,  w h i l e  i n  Kansas these b e n e f i t s  cou ld  range from $99 m i l l i o n  t o  

$127 m i l l i o n .  

have l a r g e  phys i ca l  e f f e c t s  i n  c louds. S i l v e r  i o d i d e  (AgI ) ,  which i s  t h e  bes t  

known nuc leant ,  c o n s i s t s  o f  p a r t i c l e s  rang ing  from 0.01 mm t o  0.1 mm, so t h a t  

one gram can have as many as 1014 p a r t i c l e s ,  enough t o  seed severa l  c u b i c  k i l o -  

meters o f  cloud. However, AgI w i l l  p robab ly  accumulate i n  t h e  s o i l ,  b u t  i t  i s  

u n l i k e l y  t o  a f f e c t  b i o t a  o f  most ecosystems. Some microorganisms, s e n s i t i v e  t o  

s i l v e r  po ison ing ,  may be a f f e c t e d  by concen t ra t i ons  o f  AgI i n  excess o f  10 ppm. 

Th is  concen t ra t i on  may be reached f o l l o w i n g  50,000 years  o f  c l o u d  seeding. Most 

c r o p  p l a n t s  do n o t  seem t o  absorb AgI, and t h e  absence o f  abso rp t i on  suggests 

t h a t ,  a t  l e a s t  a t  t h e  i n i t i a l  l e v e l ,  t h e r e  i s  l i t t l e  p o s s i b i l i t y  o f  concent ra -  

t i o n  o f  s i l v e r  up t h e  food chain.  

However, improv ing  i r r i g a t i o n  e f f i c i e n c y  t o  t h e  p o i n t  o f  

( i v )  Weather mod i f i ca t i on .  

An i n t e r e s t i n g  aspect o f  c loud  seeding i s  t h a t  minu te  amounts o f  nuc lean t  

I n  t h e  cases t h a t  s i l v e r  was observed t o  
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have been absorbed by vascu la r  p l a n t s ,  i t  i s  apparen t l y  n o t  t r a n s p o r t e d  t o  

shoots. 

p l a n t s ,  i t s  e f f e c t  i s  u n l i k e l y  t o  be d e t e c t a b l e  w i t h i n  t h e  f i r s t  1,000 years  o f  

seeding (Weaver and La r i ch ,  1973). 

A weather m o d i f i c a t i o n  ( c loud  seeding) program i n v o l v e s  t h e  c o l l a b o r a t i o n  o f  

a number o f  s c i e n t i s t s  and p ro fess iona ls .  M e t e o r o l o g i s t s  p r e d i c t  changes i n  

p r e c i p i t a t i o n  due t o  c loud  seeding; h y d r o l o g i s t s  es t ima te  t h e  r e s u l t i n g  i n -  

c rease i n  r u n o f f  and streamflow; h y d r a u l i c  eng ineers  cons ide r  t h e  e f f e c t s  on 

streams and r e s e r v o i r s  downstream from t h e  t a r g e t  area; and wa te r  resources  

systems ana lys ts  and p lanners  eva lua te  t h e  p o t e n t i a l  o v e r a l l  changes assoc ia ted  

w i t h  t h e  program (Changnon e t  a l . ,  1979). 

management o f  t he  program r e q u i r e  an i n t e r d i s c i p l i n a r y  team, 

one o f  t he  l e a s t  cons idered a l t e r n a t i v e s  t o  groundwater mining. 

we seem t o  f o r g e t  t h a t  op t ima l  r e g i o n a l  development and u t i l i z a t i o n  o f  water  

resources  r e q u i r e s  an e q u i l i b r i u m  between t h r e e  major  components: a v a i l a b l e  

supply,  water demand ( i n  terms o f  bo th  q u a n t i t y  and q u a l i t y ) ,  and t h e  p r i c e  

we a r e  w i l l i n g  t o  pay f o r  water  d e l i v e r e d  w i t h  a s p e c i f i e d  p r o b a b i l i t y .  

o n l y  l a t e l y  t h a t  demand management and m o d i f i c a t i o n  was cons idered s e r i o u s l y .  

E s t i m a t i o n  o f  water  demand i n  a r e g i o n  i s  a t  bes t  a d i f f i c u l t  problem, and 

much o f  t h e  d i f f i c u l t y  stems f rom what appears t o  be t h e  i n h e r e n t  i naccu racy  o f  

t h e  da ta  ( " n o i s y  data") .  Thus i t  appears t h a t  a necessary s tep  i n  t h e  a n a l y s i s  

o f  r e g i o n a l  water  demand i s  t h e  f o r m u l a t i o n  o f  a model capab le  o f  h a n d l i n g  

n o i s y  data. A r e c e n t  s tudy  (Kher and Sorooshian, 1986) cons ide rs  t h e  mon th l y  

mun ic ipa l  water  demand i n  Tucson, Ar izona, Q, as a f u n c t i o n  of t h e  mon th l y  fam- 
i l y  income It, t h e  average p r i c e  o f  water  P t ,  month ly  average r a i n f a l l  

month ly  average tempera ture  T t ,  and month ly  e f f e c t i v e  e v a p o t r a n s p i r a t i o n  Et. 

Thus 

Thus, even i f  s i l v e r  were t o  reach t h e  u t i l i z a b l e  p a r t s  o f  t hese  

The p lann ing ,  imp lementa t ion ,  and 

( v )  Demand m o d i f i c a t i o n .  M o d i f i c a t i o n  and management o f  demand i s  p robab ly  

A l l  t o o  o f t e n  

It i s  

R t ,  

Qt = f(It, P t ,  R t ,  Tt, E t )  = a0 + a l I t  + a2Pt + a3Rt + a4Tt + a5Et. (2-1) 

Assuming a no ise  l e v e l  o f  10-30% i n  t h e  independent v a r i a b l e s ,  an a l g o r i t h m  i s  

developed t o  g i v e  bounds on model parameters a i  (i=O,l,...,5) and on t h e  no ise  

covar iance ma t r i x .  Thus t h e  model can y i e l d  a range w i t h i n  which f u t u r e  demand 

i s  expected t o  l i e .  

Water demand, e s p e c i a l l y  f o r  u rban r e s i d e n t i a l  use, i s  h i g h l y  i n e l a s t i c  ove r  

a broad range o f  p r i c e s ,  p a r t i c u l a r l y  i n  t h e  shor t - run .  However, l ong - run  

p r i c e  e l a s t i c i t y  f o r  r e s i d e n t i a l  water  i s  about -0.5 ( M a r t i n  and Thomas, 1986). 

Thus t h e  p o t e n t i a l  f o r  t h e  long- te rm demand m o d i f i c a t i o n  th rough p r i c e  a d j u s t -  

ments i s  s i g n i f i c a n t .  

A l t e r n a t i v e s  t o  groundwater m i n i n g  a r e  n e i t h e r  s imp le  no r  easy. 

t i o n e d  i n  t h i s  chapter  a r e  t h e  ma jo r  ones, y e t  n o t  exc lus i ve .  

run ,  m in ing  o f  groundwater seems t o  be a l e a s t  c o s t  s o l u t i o n  f o r  t h e  develop- 

Those men- 

In t h e  s h o r t  
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ment o f  r e g i o n a l  water  supp l i es ;  ye t ,  i t  i s  a myopic s o l u t i o n .  

t a n t  t ime hor izon ,  d e p l e t i o n  o f  r e g i o n a l  groundwater resources  may p resen t  a 

fo rmidab le  problem. 

i n h a b i t a n t s  e n t i r e l y  dependent on a q u i f e r s  f o r  i t s  water  supp l i es ,  i s  an exce l -  

l e n t  example o f  t h e  complex issues  r a i s e d  by cont inous  m in ing  o f  groundwater 

over  a l ong  p e r i o d  o f  t ime. (Metzger, 1986). 

I n  a more d i s -  

The problems o f  Tucson, Arizona, a c i t y  o f  about  600,000 

3 ECONOMIC ASPECTS OF MANAGING COMPLEX HYDROLOGIC SYSTEMS 

3.1 The Matur ing  Water Economy 

economy, where s c a r c i t y  values o f  water a r e  h igh  and r i s i n g .  Other cha rac te r -  

i s t i c s  o f  t he  mature water economy a re  (Randal l ,  1981): (a )  l ong - run  supp ly  o f  

impounded water i s  i n e l a s t i c ;  (b )  demand f o r  d e l i v e r e d  water  i s  h i g h  and grow- 

i ng ;  ( c )  phys i ca l  c o n d i t i o n  o f  impoundment & d e l i v e r y  systems a r e  decaying; (d )  

compe t i t i on  among a g r i c u l t u r e ,  i n d u s t r i a l ,  and urban uses, and ins t ream f l o w s  

i s  in tense;  (e )  e x t e r n a l i t y  problems a re  press ing ;  ( f )  s o c i a l  c o s t  o f  subs id i z -  

i n g  inc reased water  use i s  h i g h  and r i s i n g .  

poundment and d e l i v e r y  systems and p e r f e c t i n g  secure c la ims  t o  water  supp l i es .  

The matur ing  economy, w i t h  i n e l a s t i c  l ong - run  supp l ies ,  inc reased c o m p e t i t i o n  

among users and i n t e n s i f y i n g  e x t e r n a l i t y  problems, s h i f t s  t h e  focus towards de- 

mand management and c o o r d i n a t i o n  o f  t h e  use o f  a v a i l a b l e  supp l i es ,  o r  conjunc- 

t i v e  management o f  demand w i t h  ground, sur face ,  atmospher ic and l o w - q u a l i t y  

water. 

The pressure o f  i nc reas ing  economic s c a r c i t y  i s  f e l t  i n  bo th  t h e  t e c h n o l o g i -  

c a l  and t h e  i n s t i t u t i o n a l  water-management arenas. When t r a d i t i o n a l  sources o f  

new water supp l i es  have been exhausted and demand i s  s t i l l  r i s i n g ,  water  man- 

agement techno log ies  t u r n  t o  conserva t i on  and supp l i es  t h a t  can be developed by 

c o n j u n c t i v e  management t e c h n o l o g i e s - - a r t i f i c i a l  recharge, e f f l u e n t  reuse, 

weather m o d i f i c a t i o n ,  and d e s a l i n a t i o n - - e n t e r  t h e  s e t  o f  economic a l t e r n a t i v e s .  

Water management i n s t i t u t i o n s ,  on t h e  agency l e v e l  as w e l l  as i n  t h e  area o f  

p r o p e r t y  r i g h t s ,  exper ience a s i m i l a r  s h i f t  i n  focus. 

c i e s ,  us ing  r e g u l a t i o n ,  zoning, moral  suas ion  o r  p r i ce ,  rep lace  t h e  t r a d i t i o n a l  

supp ly  agency as t h e  l e a d i n g  water i n s t i t u t i o n .  

p r o p e r t y - r i g h t s  i n s t i t u t i o n s  u s u a l l y  do n o t  recogn ize  t h e  e x t e r n a l  impacts  o f  

water  use among h y d r o l o g i c a l l y  r e l a t e d  water  users. The cos ts  o f  t hese  e f f e c t s  

a r e  magn i f ied  when e x i s t i n g  supp l i es  a r e  f u l l y  u t i l i z e d ,  and p r o p e r t y  r i g h t s  

systems are  pressured by i n j u r e d  t h i r d  p a r t i e s  t o  account f o r  e x t e r n a l  e f f e c t s .  

p u b l i c  water-development p o l i c i e s  w i t h  m a r k e t - l i k e  w a t e r - a l l o c a t i o n  i n s t i t u -  

t i o n s  i n  o rder  t o  s a t i s f y  h igh-va lued uses. Market-based r e a l l o c a t i o n  r e q u i r e s  

I n t e r e s t  i n  con junc t i ve  management i s  c h a r a c t e r i s t i c  o f  t h e  ma tu r ing  water  

I n  the  "young" water economy, management focuses on supply,  deve lop ing  i m -  

Demand management agen- 

The "young" water  economy's 

F i n a l l y ,  i n c r e a s i n g  compe t i t i on  among users  c rea tes  pressures  t o  r e p l a c e  
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p r o p e r t y  concepts t h a t  account f o r  t h e  r e l a t i o n s  among h y d r o l o g i c a l l y  

i n t e r r e l a t e d  sources, o r  c o n j u c t i v e  management. 

3.2 Water Supply i n  a Complex System from t h e  Water-user 's P o i n t  o f  View 

Water a v a i l a b i l i t y  i s  a n a t u r a l  phenomenon w i t h  a h i g h l y  s t o c h a s t i c  element. 

Water demand, i n  c o n t r a s t ,  i s  r e l a t i v e l y  cons tan t ,  o r  p r e d i c t a b l y  seasonal. 

The v i a b i l i t y  o f  a s o c i a l  o r  economic a c t i v i t y  over  i t s  expected l i f e t i m e  de- 

pends s t r o n g l y  on t h e  a v a i l a b i l i t y  o f  dependable supp l i es  o f  wa te r  w i t h i n  t h e  

range o f  "reasonable" s u b s t i t u t i o n  f o r  t h e  d u r a t i o n  o f  t h e  community o r  t h e  ac- 

t i v i t y .  Whi le  t h e r e  a r e  s u b s t i t u t e s  f o r  water  ( c a p i t a l  inves tment  i n  conserva- 

t i o n ,  f o r  example), e l a s t i c i t i e s  o f  s u b s t i t u t i o n  tend t o  f a l l  r a p i d l y  as l ow  

l e v e l s  o f  water  use a re  approached. Because o f  supp ly  v a r i a t i o n  and t h e  h i g h  

c o s t  o f  s u b s t i t u t i o n ,  water  users  a r e  mo t i va ted  t o  seek secure wa te r  s u p p l i e s  

o v e r  t h e  e n t i r e  p lann ing  ho r i zon ,  and c la ims  on water  a r e  most o f t e n  h e l d  i n  

t h e  form o f  "water  r i g h t s "  o r  pe rpe tua l  c la ims  on p e r i o d i c  f lows- -acre  f e e t / -  

year ,  lo6 m3/yr, f t 3 / s e c ,  g a l l o n s  per  minu te ,  m3/sec--and n o t  i n  volumes--acre 

f e e t ,  ft3, ga l l ons ,  cub ic  meters. 

pressed as t h e  f r a c t i o n  o f  years  t h a t  a g i ven  l e v e l  o f  p e r i o d i c  f l o w  w i l l  be 

equa l l ed  o r  exceeded. 

The e f f e c t i v e  p lann ing  ho r i zon  over  which these p e r i o d i c  f l o w s  a re  t o  be se- 

cu red  i s  d i f f e r e n t  f o r  d i f f e r e n t  t ypes  o f  water users.  

needs, it i s  g e n e r a l l y  q u i t e  l o n g - - i n  excess o f  100 years  cou ld  be taken  as a 

gu ide l i ne .  

cover  c a p i t a l  inves tment  and a reasonable re tu rn - -p robab ly  more l i k e  20-50 

years.  For mixed endeavors such as a g r i c u l t u r e ,  which i s  o f t e n  bo th  a s o c i a l  

and an economic e n t e r p r i s e ,  i t  may be something between these extremes. 

have d i f f e r e n t  q u a l i t y  r e q u i r e m e n t s - - i r r i g a t i o n  can u t i l i z e  water  t h a t  i s  t oo  

h i g h  i n  n i t r a t e s  f o r  mun ic ipa l  use; water  f o r  c o o l i n g  a genera to r  may c o n t a i n  

t o x i n s ,  b u t  some c o o l i n g  p l a n t s  may have h i g h e r  s tandards  f o r  t o t a l  d i s s o l v e d  

s o l i d s  than  even domest ic users. 

A community o r  an a c t i v i t y  i s  as i n t e r e s t e d  i n  t h e  q u a l i t y  and r e l i a b i l i t y  

o f  i t s  p e r i o d i c  water c l a i m  as i n  i t s  magnitude. We s h a l l  c a l l  t h e  p e r i o d i c  

f l o w  o f  a g i ven  q u a l i t y  which can be expected f o r  t h e  p e r t i n e n t  p lann ing  h o r i -  

zon w i t h  an 'acceptable' ' degree o f  c e r t a i n t y - - t h e  supp ly ' s  s u s t a i n a b l e  y i e l d .  

Sus ta inab le  y i e l d  has f o u r  components: a p e r i o d i c  f l o w  r a t e  (e.g. 250 m i l l i o n  

c u b i c  me te rs l yea r ) ,  a degree o f  c e r t a i n t y  (e.g. 92%), a t i m e  h o r i z o n  (e.g. 100 

years ) ,  and,an index  o f  q u a l i t y  (e.g. above t h e  U.S. Environmental  P r o t e c t i o n  

Agency standards).  A source o r  combina t ion  o f  sources i s  expected t o  y i e l d  a t  

l e a s t  250 m i l l i o n  cub ic  me te rs l yea r  o f  accep tab le  d r i n k i n g  water  f o r  92 o f  t h e  

n e x t  100 years. 

The r e l i a b i l i t y  o f  a water  source  can be ex- 

For community water  

For economic e n t e r p r i s e s  i t  i s  a t  l e a s t  t h e  p e r i o d  r e q u i r e d  t o  r e -  

Q u a l i t y  i s  another  impor tan t  dimension o f  t h e  water c la im,  D i f f e r e n t  users 

I n  t h e  absence o f  s to rage  t h e  s u s t a i n a b l e  y i e l d  o f  p e r i o d i c  s u r f a c e  f l o w s  
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i s  t h e  minimum f l o w  t h a t  can be expected w i t h  t h e  r e q u i s i t e  degree o f  

c e r t a i n t y ,  An example i s  shown i n  Fig. 1. 

---- SEASONAL FLOW - ANNUAL FLOW 
l'& RELIABILITY (oc- percent) OF YEARLY SUSTAINABLE YIELD 

0 I 1 I 1 1 I I I i 
1 2 3 4 5 6 7 0 9 

TIME, years 

Source: Loucks e t  al.. 1981 

Fig.  1. P e r i o d i c  streamflow w i t h  two l e v e l s  o f  sus ta inab le  y i e l d .  

A water user  who i s  dependent on surface f l ows  w i t h  a water demand above t h e  

minimum f l o w  l e v e l  w i l l  f i n d  i t s  needs a re  no t  met more f r e q u e n t l y  than  i s  

acceptable.  Sus ta inab le  y i e l d  can be inc reased by  b u i l d i n g  s to rage f a c i l i t i e s ;  

t h e  t h e o r e t i c a l  upper l i m i t  t o  t h i s  i nc rease  i s  t h e  average f l o w  o f  t h e  r i v e r ,  

and t h e  ac tua l  upper l i m i t  i s  below t h a t ,  depending on t h e  c a p a c i t y  o f  p h y s i c a l  

s to rage  s i t e s ,  annual surface evapora t ion ,  seepage losses ,  e tc .  Weather 

m o d i f i c a t i o n  techniques, which tend t o  i nc rease  f l ows  i n  peak years  r a t h e r  than  

i n  drought years,  can i nc rease  sus ta inab le  y i e l d  o n l y  i f  adequate s to rage  

e x i s t s .  

o f  t he  a c t i v e  s to rage c a p a c i t y  o f  a su r face  r e s e r v o i r .  

Fig. 2 shows t h e  v a r i a t i o n  i n  sus ta inab le  annual y i e l d  as a f u n c t i o n  
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ACTIVE RESERVOIR STORAGE VOLUME CAPACITY, K O  

Source: Loucks e t  al., 1981 

Fig.  2. 
Broken l i n e  i n d i c a t e s  p o s s i b l e  e f f e c t  o f  weather m o d i f i c a t i o n .  

Annual sus ta inab le  y i e l d  as a f u n c t i o n  o f  a c t i v e  s to rage  capac 

An example o f  a r e s e r v o i r  y i e l d  f u n c t i o n  i n d i c a t i n g  a l s o  t h e  probab i  

s u s t a i n a b l e  y i e l d  i s  shown i n  Fig. 3 (Buras, 1985). 

Sus ta inab le  y i e l d  takes  on q u i t e  a d i f f e r e n t  meaning f o r  groundwater 

t Y .  

i t y  o f  

s tocks .  

f e e t  o f  recove rab le  groundwater s tocks  has a zero sus ta inab le  y i e l d  i f  t h e  

p lann ing  ho r i zon  i s  i n f i n i t e ,  

has a 10,000 a c r e - f o o t  sus ta inab le  y i e l d ;  f o r  a 10-year ho r i zon ,  a 100,000 

a c r e - f o o t  sus ta inab le  y i e l d .  

o f  r e l i a b i l i t y  over  t h e  recove ry  per iod .  Fig. 4 i n d i c a t e s  t h e  s u s t a i n a b l e  

y i e l d  o f  one m i l l i o n  a c r e - f e e t  o f  recove rab le  groundwater w i t h  p l a n n i n g  Aor i -  

zons v a r y i n g  from t e n  years  t o  i n f i n i t y .  

Reclamat ion and reuse o f  wastewater can reduce t h e  r e q u i r e d  s u s t a i n a b l e  

y i e l d  f rom t h e  convent iona l  water  resource  by p r o v i d i n g  a s u b s t i t u t e  f o r  demand 

on t h e  resource. The amount o f  p o t e n t i a l  r e d u c t i o n  depends on how much o f  

water  used i s  a v a i l a b l e  f o r  rec lamat ion .  

L e t  x be t o t a l  p e r i o d i c  water  use. and t h e  p e r i o d  cons idered be t h e  i n t e r -  

An a q u i f e r  w i t h  n e g l i g i b l e  annual recharge c o n t a i n i n g  a m i l l i o n  ac re  

For a 100-year t i m e  hor izon ,  t h e  same a q u i f e r  

Groundwater s tocks ,  however, o f f e r  a h i g h  degree 

v a l  between f i r s t  d e l i v e r y  o f  f r e s h  water  and r e d l i v e r y  o f  t r e a t e d  e f f l u e n t .  

Then volume o f  waste water a v a i l a b l e  f o r  r e c l a m a t i o n  and reuse i s  gx, where 
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Fig. 4.  Groundwater depletion for various sustainable yields.  
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L e t  y be t h e  p r o p o r t i o n  o f  these losses ,  0 < y < 1. Then t h e  maximum p e r i o d i c  

y i e l d  o f  rec lamat ion  o f  wastewater i s :  

a x  = B y x .  ( 3 - 1 )  
Since reused water  i t s e l f  becomes wastewater and subsequent ly  a v a i l a b l e  f o r  

reuse, t h e  t o t a l  p o t e n t i a l  f o r  s u b s t i t u t i o n  o f  wastewater f o r  c l a i m s  on t h e  

water  resource  i s  t h e  sum o f  t h e  i n f i n i t e  s e r i e s :  

a x + a2 x + a3 x + .... = ax 1 1-a. ( 3 - 2 )  
This  f r a c t i o n  rep resen ts  t h e  supp ly -s ide  l i m i t  on e f f l u e n t  reuse p o t e n t i a l .  

On t h e  u s e r ' s  s ide ,  reuse p o t e n t i a l  i s  l i m i t e d  by  the  c a p a c i t y  o f  e x i s t i n g  us- 

e r s  t o  u t i l i z e  t h i s  lower  q u a l i t y  water. 

wastewater produced by t h e  community, t hen  f r a c t i o n  (3 -2 )  can be c a l l e d  t h e  

" s u s t a i n a b l e  y i e l d "  o f  e f f l u e n t  as a supp ly  source. Note t h a t  u n l i k e  o t h e r  

supp ly  sources, t h i s  one depends on t h e  l e v e l  o f  water use, x. 

I n  a h y d r o l o g i c  area where va r ious  a l t e r n a t i v e  sources a r e  present ,  j o i n t  

management can improve s u s t a i n a b l e  y i e l d  i n  terms o f  p e r i o d i c  magnitude, qua l -  

i t y ,  r e l i a b i l i t y ,  t h e  p lann ing  h o r i z o n  o r  a l l  f ou r .  

source o f  h igh  v a r i a b i l i t y  ( w i t h o u t  s to rage)  can be managed j o i n t l y  w i th  a 

groundwater s tock  by u s i n g  t h e  groundwater o n l y  when su r face  f l o w s  a r e  i n s u f f i  

c i e n t  t o  g i v e  a higher-magnitude, more r e l i a b l e  s u s t a i n a b l e  y i e l d  than  t h e  two 

sources toge the r  would have i f  t h e y  were managed independent ly.  S i m i l a r l y ,  a 

su r face  source w i t h  h i g h  concen t ra t i ons  o f  t o t a l  d i s s o l v e d  s o l i d s  (TDS) can be 

blended w i t h  a groundwater source w i t h  l ow  concen t ra t i ons  t o  reduce t h e  l e v e l  

o f  d e l i v e r e d  TDS. Fig. 5 shows a v e r y  s imp le  example, based on t h e  same su r -  

f a c e  f l o w  data  as Fig. 1, o f  independent and j o i n t  management s u s t a i n a b l e  

y i e l d .  

Supposing uses e x i s t  f o r  a l l  t h e  

For example, a s u r f a c e  

t t0 

GROUNDWATER. INDEPENDENT. O W Y R  
9 '  

0 
I 1  2 l  3 I 4 l 5 '  6 ' 7 '  

Fig.  5. Independent and j o i n t  management sus ta inab le  y i e l d .  
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Water demand, the  amount o f  water users w i l l  a c t u a l l y  seek t o  acqu i re ,  i s  a 

f u n c t i o n  of  t he  va lue  o f  water  i n  economic and d i rec t -consumpt ion  a c t i v i t i e s ,  

t h e  c o s t  of  a c q u i r i n g  water, t h e  c o s t  o f  t h e  s u b s t i t u t e s  and complements o f  

water,  and h a b i t s ,  t a s t e s  and preferences. Some f l u c t u a t i o n s  o f  a c t u a l  y i e l d  

below sus ta inab le  y i e l d  can be absorbed by reduc t i ons  i n  demand, i n  response t o  

inc reases  i n  p r i c e  o r  cost ,  s u b s i d i z a t i o n  o f  s u b s t i t u t e s .  (water -conserv ing  

c a p i t a l )  o r  conse rva t i on  e x h o r t a t i o n s  which may a f f e c t  h a b i t s  and pre ferences .  

I n  per iods  o f  water  shortage, excess demand t h a t  i s  no t  absorbed by these  mech- 

anisms must be shu t  o f f  by r e s t r i c t i o n s  on water d e l i v e r i e s .  

Each water p r o v i d e r  may s a t i s f y  i t s  water  demand w i t h  a p o r t f o l i o  o f  

sources i n  c o n j u n c t i o n  w i t h  demand-management p o l i c i e s .  A m u n i c i p a l i t y  may 

h o l d  c la ims on su r face  f lows,  f o r  example, l a r g e  enough t o  s a t i s f y  i t s  water  
demand 60% o f  t h e  t ime, and enough r e s e r v o i r  c a p a c i t y  t o  s t o r e  excess f l o w s  f o r  

20% o f  t h e  years  o f  s h o r t f a l l ,  supplemented w i t h  c la ims on groundwater s tocks  
adequate t o  meet demand d u r i n g  t h e  remain ing  20%. 

s tocks  a r e  drawn down, t h e  c i t y  may choose t o  i n v e s t  i n  a r t i f i c i a l  recharge 
d u r i n g  h igh - f l ow  years. I f  demand grows over  t ime, dependence on t h e  resource  

can be reduced by implement ing reuse systems, i n  o rde r  t o  m a i n t a i n  s u s t a i n a b l e  

y i e l d  requirements w i t h i n  l e v e l s  o f  c la ims on t h e  resource  base. I f  t h e  muni- 

c i p a l i t y  operates i t s  water -supp ly  p o l i c y  c l o s e  t o  t h e  margin, i t  may f i n d  i t  

necessary t o  employ spec ia l  p r i c i n g  o r  conse rva t i on  campaigns d u r i n g  s h o r t -  

supp ly  years. 
h igh -cos t  p o l i c y ,  though most o f  t h e  cos ts  a re  borne by t h e  water  consumer and 

n o t  by the  p rov ide r .  

Some general  observa t ions ,  however, can be made. 

Storage i s  an investment a c t i v i t y ,  and t h e  h ighe r  the  e f f e c t i v e  d i s c o u n t  on 
f u t u r e  r e t u r n s  t h e  more c o s t l y  s to rage a c t i v i t i e s  are. 

Since much sur face  s to rage produces hydropower as a j o i n t  good, w h i l e  un- 

derground s to rage i s  energy-consumptive, t h e  pre ference o f  su r face  t o  under- 

ground s to rage a l t e r n a t i v e s  inc reases  as energy p r i c e s  r i s e .  

hand, s ince  su r face  s to rage exper iences l osses  t o  evapora t ion ,  w h i l e  s u b t e r r a -  

nean s to rage does no t ,  t h e  h i g h e r  expected f u t u r e  values f o r  s t o r e d  wa te r  are,  

t h e  more a t t r a c t i v e  i s  a r t i f i c i a l  recharge r e l a t i v e  t o  behind-dam s torage.  

E f f l u e n t  reuse i s  among t h e  more c o s t l y  means t o  secure water  supp l i es .  

However, some o f  t he  cos ts  o f  reuse o f  wastewater a r e  i n c u r r e d  w i t h  t h e  growth 

i n  demand i n  any case--growing c i t i e s  rep lace  cheap s e p t i c  tank  systems w i t h  

sewers; as sewage volumes overcome t h e  a s s i m i l a t i v e  c a p a c i t y  o f  t h e  env i ron -  

ment , h i g h t e r  t rea tment  standards a r e  imposed f o r  d i sposa l  o f  raw e f f l u e n t - - t h e  
c a p i t a l  investment r e q u i r e d  f o r  d i sposa l  o f  nonreused sewage i n  growing mun ic i -  

p a l i t i e s  reduces t h e  marg ina l  c o s t  o f  t rea tmen t  and d i s t r i b u t i o n  f o r  reuse. I n  

a d d i t i o n ,  growth o f  demand tends t o  c r e a t e  more water  uses t h a t  can be 

As these rese rve  groundwater 

Each o f  these p o l i c i e s  i s  c o s t l y ;  even denand-management i s  a 

The r e l a t i v e  c o s t l i n e s s  o f  t h e  p o l i c i e s  i s  s i t e - s p e c i f i c .  

On t h e  o t h e r  
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s a t i s f i e d  w i t h  l o w - q u a l i t y  water,  g i v i n g  r i s e  t o  a market f o r  e f f l u e n t  

quirement ( w i t h  t h e  r e q u i s i t e  degree o f  c e r t a i n t y  as a cho ice  v a r i a b l e  as w e l l )  

i s  a cha l l eng ing  b u t  we l l -de f i ned  economic o p t i m i z a t i o n  problem. 

i s  v a s t l y  compl ica ted  by t h e  f a c t  t h a t  t h e r e  i s  more t h a n  one water  u s e r  on a 

h y d r o l o g i c  system, and t h e  e f f e c t s  o f  these users  on t h e  resource  a r e  deep ly  

in te rdependent .  The a l l o c a t i o n  problem o f  a h y d r o l o g i c  system w i t h  m u l t i p l e  

use rs  i s  n o t  an o p t i m i z a t i o n  problem, b u t  a problem i n  game t h e o r y  (Buras and 

H i  e s s l  , 1987). 

3.3 Oppor tun i t y  Costs o f  Water Use i n  a Complex System 

The phases o f  t h e  h y d r o l o g i c  system a r e  i n  a dynamic balance w i t h  one ano- 

t h e r ,  so t h a t  changes i n  t h e  f l ows ,  p e r i o d i c i t y ,  o r  q u a l i t y  i n  one phase impact 

a l l  r e l a t e d  phases, see Fig. 6. Th i s  schematic r e p r e s e n t a t i o n  o f  a r e g i o n a l  

h y d r o l o g i c a l  c y c l e  i d e n t i f i e s  some o f  t h e  phys i ca l  i n t e r r e l a t i o n s h i p s  i n  t h e  

c o n t e x t  o f  water  management a c t i v i t i e s .  

F i n d i n g  t h e  minimum c o s t  p o r t f o l i o  t o  s a t i s f y  a g i ven  s u s t a i n a b l e  y e l d  r e -  

Th is  problem 

SURFAQ 
OUTFLOWS t 

SUBSURFACE 
OUTFLOWS 

Fig.  6. Schematic r e p r e s e n t a t i o n  o f  a r e g i o n a l  h y d r a u l i c  cyc le .  
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The b lue  l i n e s - - s u r f a c e  d i ve rs ions ,  su r face  storage, r e s e r v o i r  w i thd rawa ls ,  

pumping, impor ts ,  a r t i f i c i a l  recharge and reused wastewater - - ind ica te  sources 

o f  water supply. Some t ype  o f  l e g a l  c l a i m  i s  u s u a l l y  a t tached  t o  these water 

uses. 

systems and i n c i d e n t a l  recharge - - i nd i ca te  r e t u r n  f l ows  t o  t h e  system f rom water  

users.  These r e t u r n  f l ows  may be l e g a l l y  encumbered, as they  rep resen t  an e l e -  

ment o f  water supp ly  t o  which water users i n  t h e  subsequent phases o f  t h e  c y c l e  

may have a l e g a l  c la im. The r e d  l i n e s - - e v a p o t r a n s p i r a t i o n ,  water r e t a i n e d  i n  

t h e  vadose zone i n  t h e  recharge process, and consumptive use- - represent  poten- 

t i a l  losses  t o  t h e  system. Reduct ions i n  these elements rep resen t  a n e t  add i -  

t i o n  t o  t h e  t o t a l  water a v a i l a b l e  i n  t h e  cyc le .  

n a t u r a l  recharge, and subsurface and su r face  ou t f l ows- - rep resen t  n a t u r e ' s  por -  

t i o n  o f  t he  system. 

encumbered by water  c la ims o u t s i d e  t h e  r e g i o n  i n  ques t ion ,  as i n d i c a t e d  by t h e  

d o t t e d  green l i n e s .  

What can be seen here i s  t h a t  i t  i s  imposs ib le  t o  d e f i n e  a water c l a i m  a p a r t  

f rom the  use t o  which i t  i s  pu t ,  because t h e  use a f f e c t s  r e t u r n  f l ows  t o  t h e  

system; it i s  imposs ib le  t o  d e f i n e  su r face  i n f l o w s  o r  groundwater s t o c k  o u t s i d e  

t h e  con tex t  o f  water c la ims, because i n f l o w s  and s tocks  depend on wa te r  uses 

and t h e  na ture  o f  c la ims on water; i t  i s  imposs ib le  t o  cons ide r  wastewater r e -  

use ou ts ide  t h e  con tex t  o f  c la ims t o  su r face  and groundwater, because waste- 

water  t h a t  i s  n o t  reused c o n t r i b u t e s  t o  su r face  and groundwater f lows. 

l o n g  as water i s  no t  scarce, t h a t  i s  so l o n g  as changes i n  t h e  f l ows  th rough  

va r ious  p a r t s  o f  t h e  system do n o t  a f f e c t  t h e  l e g a l  c la ims  o f  water  users,  can 

t h i s  system be managed as d i s j o i n t  su r face  supp l ies ,  groundwater, wastewater,  

and sur face  s to rage systems. I n  economic terms, changes i n  water  uses c r e a t e  

o p p o r t u n i t y  cos ts  i n  terms o f  t h e i r  e f f e c t  on o t h e r  p a r t s  o f  t h e  h y d r o l o g i c  cy- 

c l e .  Before  l o o k i n g  a t  t h e  management i m p l i c a t i o n s  o f  these o p p o r t u n i t y  cos ts ,  

we should i t e m i z e  some o f  these o p p o r t u n i t y  cos ts  and i d e n t i f y  who w i l l  pay 
them. 

The green l i n e s - - e f f l u e n t ,  wastewater recharge, r e t u r n  f l ows  t o  su r face  

The y e l l o w  l i n e s - - i n f l o w s ,  

Surface and subsur face  ou t f l ows  may, however, be l e g a l l y  

Only so 

(i) Groundwater pumping. The o p p o r t u n i t y  c o s t  o f  pumping groundwater i s  f e l t  

i n  phys i ca l  e f f e c t s  o f  removing t h e  water  f rom t h e  a q u i f e r  as w e l l  as t h e  d i s -  

inves tment  i n  s tocks  f o r  f u t u r e  use. These e f f e c t s  i n c l u d e  t h e  i nc rease  i n  
pumping l i f t  f o r  a l l  f u t u r e  pumping, a c o s t  borne by o t h e r  pumpers on t h e  aqu i -  

f e r ;  l a n d  subsidence as a r e s u l t  o f  removal o f  subsurface suppor t ,  a c o s t  borne 

by a f f e c t e d  landowners; changes i n  su r face  vege ta t i on  t h a t  i s  dependent on t h e  

water  tab le ;  i n f i l t r a t i o n  o f  s a l i n e  o r  o t h e r  l o w - q u a l i t y  water  as b a r r i e r s  t o  

t h e i r  i n f l o w  from o t h e r  subsur face  water  bodies a r e  removed (e.g. 

con taminat ion  o f  coas ta l  a q u i f e r s ) ;  and reduc t i ons  i n  su r face  f l ows  as su r face  
water  i s  d i v e r t e d  t o  r e p l e n i s h  t h e  cones o f  depress ion  c rea ted  by groundwater 

pumping (Young e t  al., 1986). To t h e  e x t e n t  t h a t  these c o s t s  f a l l  on persons 

sea water  
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o t h e r  than t h e  pumpers, t h e y  a r e  ex te rna l .  

( i i )  Surface d i ve rs ions .  The o p p o r t u n i t y  c o s t s  o f  su r face  d i v e r s i o n s  a r i s e  
f rom reduc t i ons  i n  i ns t ream va lues  such as hydropower genera t i on  (F reder i ck ,  

1986), t he  c o s t  o f  which i s  borne by those who pay h i g h e r  power p r i c e s  f o r  

power generated by f o s s i l  f u e l ;  f i s h e r i e s ,  w i l d l i f e  and r i p a r i a n  fauna, w i t h  

c o s t s  borne by t h e  p u b l i c  and t h e  customary b e n e f i c i a r i e s  o f  t h e  f i s h  and w i l d -  

l i f e  popu la t i on ;  and i n  d im in i shed  a s s i m i l a t i v e  c a p a c i t y  o f  t h e  stream and de- 

graded q u a l i t y  ( M i l l e r  e t  a l . ,  1986), w i t h  cos ts  t o  downstream water  use rs  and 

t h e  environment dependent on t h e  stream. I n  a d d i t i o n ,  recharge t o  t h e  a q u i f e r  

may be reduced and downstream d i v e r s i o n s  fo rec losed ,  t h e  cos ts  o f  which can be 

borne by t h e  a f f e c t e d  water  users.  It i s  common f o r  su r face  d i v e r t e r s  t o  be 

con f ron ted  w i t h  t h e  cos ts  o f  f o r e c l o s e d  downstream d ive rs ions ;  however, many o f  

t h e  i ns t ream losses  and reduced recharge cos ts  o f  d i v e r s i o n  a r e  e x t e r n a l  t o  t h e  

d e c i s i o n s  o f  t h e  d i v e r t e r .  

( i i i )  Surface storage. Surface s to rage  a l s o  has i t s  o p p o r t u n i t y  cos ts .  A 

f u l l  r e s e r v o i r  p rov ides  l e s s  f l o o d  p r o t e c t i o n ,  w i t h  c o s t s  t o  those w i t h  i n v e s t -  

ments on t h e  f l o o d p l a i n  and perhaps t o  t h e  p u b l i c  i f  f l o o d  damages a r e  p u b l i c l y  

indemni f ied .  Reservo i r  management f o r  s to rage  o f t e n  c o n f l i c t s  w i t h  management 

f o r  hydropower, and many r e s e r v o i r s  have a p o l i c y  which i s  s p e l l e d  o u t  i n  nego- 

t i a t e d  compromise between t h e  two i n t e r e s t s .  Reservo i rs  exper ience h i g h  r a t e s  

o f  evapora t ion ,  a s o r t  o f  annual r e n t  charged by t h e  atmosphere. These cos ts  

a r e  borne by those w i t h  c la ims  on t h e  s t o r e d  water.  

o p p o r t u n i t y  c o s t  o f  s to rage  i s  t h e  s a c r i f i c e d  c u r r e n t - p e r i o d  uses o f  wa te r  

s to red .  

F i n a l l y ,  o f  course, t h e  

( i v )  A r t i f i c i a l  recharge. Cur ren t -pe r iod  uses a r e  a l s o  s a c r i f i c e d  f o r  sub- 

su r face  storage. 

c ludes  t h e  va lue  o f  t h e  l a n d  used f o r  recharge i n  i t s  nex t -bes t  use, wh ich  

s i n c e  recharge i s  o f t e n  c a r r i e d  o u t  i n  a q u i f e r s  i n  h e a v i l y  popu la ted  areas, may 

be cons iderab le .  

l a n d  as a resource, and by whatever group bears t h e  c o s t  o f  recharge i n  p a r t i -  

c u l a r .  

c o s t  t o  pump i t  back up t o  t h e  s u r f a c e  aga in ,  a c o s t  which i s  borne by t h e  

wa te r  users  who recover  t h e  recharged water. 

( v )  E f f l u e n t  reuse. The o p p o r t u n i t y  c o s t  o f  e f f l u e n t  reuse i n c l u d e s  t h e  

l o s s  o f  r e t u r n  f l o w  o r  recharge f rom t h e  wastewater i f  i t  i s  n o t  reused. Whi le  

rec la imed  e f f l u e n t  o f t e n  c o n s t i t u t e s  an i m p o r t a n t  source o f  wa te r  supp ly  ( t h a t  

i s ,  t h i s  o p p o r t u n i t y  c o s t  may be s i g n i f i c a n t ) ,  raw wastewater i n  t h e  absence o f  

a reuse program c rea tes  a q u a l i t y  problem i n  t h e  environment w i t h  an oppor tu -  

n i t y  c o s t  t h a t  may be negat ive.  

t h e  water  users whose supp l i es  a r e  a f f e c t e d .  

( v i )  Weather m o d i f i c a t i o n  & d e s a l i n a t i o n .  

I n  a d d i t i o n ,  t h e  o p p o r t u n i t y  c o s t  o f  a r t i f i c i a l  recharge i n -  

Th is  c o s t  i s  borne by soc ie ty ,  i n  genera l ,  wh ich  l o s e s  t h e  

F i n a l l y ,  s t o r i n g  su r face  water  below ground i n v o l v e s  c r e a t i n g  an energy 

These cos ts ,  i f  uncompensated, a r e  borne by 

L i k e  groundwater u t i l i z a t i o n  a t  
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t h e  t u r n  of  t h e  century ,  these techno log ies  a re  a t  t o o  e a r l y  a s tage i n  t h e i r  

development and imp lementa t ion  f o r  o p p o r t u n i t y  cos ts  t o  be w e l l - d e f i n e d  o r  un- 

derstood. 

p r e c i p i t a t i o n  i n  o t h e r  watersheds as a r e s u l t  o f  c loud  seeding, and t h e  c o s t s  

o f  increased snowpack and heav ie r  r u n o f f  i n  t h e  b e n e f i t t e d  watershed. 

l a rge -sca le  d e s a l i n a t i o n  processes a re  c a p i t a l  and energy- in tens ive ,  w i t h  

o p p o r t u n i t y  cos ts  s e t  by t h e  nex t -bes t  use o f  t he  c a p i t a l  and energy r e q u i r e d  

f o r  t h e  desa l i na t i on .  I f  d e s a l i n a t i o n  i s  pub l i c l y -sponsored  o r  subs id ized,  

these cos ts  a re  d ispersed over  t h e  general  c i t i z e n r y ,  w i t h  t h e  r e s u l t a n t  con- 

c e r n  t h a t  d e s a l i n a t i o n  investments may be made f o r  p o l i t i c a l  reasons where t h e  

water  improvement achieved may no t  be t h e  bes t  a v a i l a b l e  use f o r  t h e  c a p i t a l  

and energy inves ted .  

3.4 I n t e r n a l i z i n g  E x t e r n a l i t i e s  i n  a Complex System 

s t u d i e s  o f  t he  common pool e x t e r n a l i t i e s  i n  groundwater pumping and suggest ions  

f o r  i n t e r n a l i z a t i o n  through t h e  p e r f e c t i o n  o f  we l l -de f i ned  p r o p e r t y  r i g h t s  i n  

t h e  s tocks  and f l ows  (Anderson e t  al., 1983; Smith, 1977; Bur t ,  1970). 

i n s t i t u t i o n a l  s tud ies  suggest t h a t  a c t u a l  groundwater r i g h t s  i n s t i t u t i o n s  do an 

adequate j o b  o f  i n t e r n a l i z i n g  t h e  common pool  e x t e r n a l i t y  (Nunn, 1986). 
The more i n t e r e s t i n g  problem o f  account ing  f o r  t he  e f f e c t s  o f  groundwater 

pumping on su r face  f l ows  has been addressed i n  Colorado and New Mexico i n  d i f f -  
e r e n t  ways. I n  Colorado, r i g h t s  t o  su r face  waters and t r i b u t a r y  groundwater 

have been i n t e g r a t e d  by a l l o w i n g  su r face  d i v e r t e r s  t o  use w e l l s  t o  s a t i s f y  
t h e i r  sur face  c la ims,  and by c l a s s i f y i n g  w e l l s  as t o  t h e  de lay  t ime  from t h e  

w e l l  f o r  a cessa t ion  o f  pumping t o  cause an inc rease i n  r i v e r  f low.  J u n i o r  
w e l l s  which would, i f  shut  down, c o n t r i b u t e  t o  t h e  f l o w  t o  a s e n i o r  s u r f a c e  

r i g h t ,  can be " c a l l e d "  t o  cease pumping i f  the  sen io r  r i g h t  i s  t h rea tened  

(Morel-Seytoux e t  al., 1973). 

e r  t o  purchase c la ims on s t o r e d  water t o  be used t o  s a t i s f y  such s e n i o r  group- 
i n g  r i g h t s  i n  t imes o f  shor tage (Young e t  al., 1986). 

c o s t s  o f  t h e  e f f e c t  o f  pumpers on su r face  f lows,  n o t  o n l y  were ground and sur -  
f ace  waters sub jec ted  t o  i n t e g r a t e d  management, b u t  s t o r e d  waters as w e l l .  

Among t h e  p o s s i b i l i t i e s  f o r  weather m o d i f i c a t i o n  a r e  t h e  l o s s  o f  

Most 

( i )  Groundwater pumpinq. The resource  economics l i t e r a t u r e  i s  r e p l e t e  w i t h  

Some 

Th is  has g i ven  r i s e  t o  groundwater users  toge th -  

By i n t e r n a l i z i n g  t h e  

I n  New Mexico, t h e  r e l a t i o n  between ground and su r face  uses was f i r s t  recog- 

n i z e d  by g i v i n g  sur face  a p p r o p r i a t o r s  t h e  r i g h t  t o  " f o l l o w  t h e i r  water  t o  i t s  

source" i n  a r e l a t e d  groundwater a q u i f e r  ( F l i n t ,  1968), and then by r e q u i r i n g  

t h e  pumpers t h a t  a f f e c t  su r face  f lows t o  purchase and r e t i r e  su r face  water  

r i g h t s  t o  compensate f o r  those e f f e c t s  (Morel-Seytoux e t  al., 1973). 

magnitude of t he  e f f e c t  i s  c a l c u l a t e d  on t h e  bas is  o f  a h y d r o l o g i c  model o f  t h e  

aqu i fe r - s t ream r e 1  a t i o n s h i  p. 

Management t o  coun te rac t  t h e  e f f e c t s  o f  pumping on s a l t w a t e r  i n t r u s i o n  has 

g e n e r a l l y  taken a more c o l l e c t i v e  approach i n  c o n t r a s t  t o  t h e  p r o p e r t y - r i g h t s  

The 



336 

approach used i n  t h e  examples above. 

edge of Los Angeles, water  producers th rea tened  by s a l t w a t e r  con tamina t ion  o f  

t h e i r  water  source f i r s t  formed an assoc ia t i on ,  then c rea ted  a M u n i c i p a l  Water 
D i s t r i c t ,  sued t o  c u r t a i l  groundwater p roduc t i on ,  and f i n a l l y  formed a s p e c i a l  

Replenishment D i s t r i c t  t o  c a r r y  o u t  wastewater spread ing  opera t i ons  t o  b u i l d  a 

b a r r i e r  a g a i n s t  s a l t w a t e r  i n t r u s i o n  and t o  coo rd ina te  t h e  water  supp ly  a c t i v i -  

t i e s  o f  a number o f  d i s t r i c t s  t h a t  a f f e c t  t h e  q u a l i t y  o f  t h e  b a s i n  (Ostrom and 

Ostrom, 1972). 

Another e f f e c t  o f  sus ta ined  o v e r d r a f t  o f  groundwater i s  l a n d  subsidence. 

Ser ious  problems were c rea ted  i n  t h e  Cen t ra l  V a l l e y  o f  C a l i f o r n i a  and i n  p a r t s  

o f  Ar izona where a q u i f e r s  were overpumped c o n t i n u o u s l y  f o r  seve ra l  decades. 

These problems were analyzed f rom a l e g a l - i n s t i t u t i o n a l  p o i n t  o f  v iew o n l y  re -  

c e n t l y  (Brad ley  and Carpenter, 1986). 

(ii) Surface d i ve rs ions .  The i n t e r n a l i z a t i o n  o f  t h e  c o s t s  o f  su r face  d i v e r -  

s i o n s  on o t h e r  aspects o f  t h e  h y d r o l o g i c  c y c l e  has been a major  m o t i v a t o r  i n  
t h e  development o f  water r i g h t s  law. Under t h e  r i p a r i a n  system o f  England, 

su r face  water  users  were s imp ly  p r o h i b i t e d  f rom imposing c o s t s  on o t h e r  s u r f a c e  

wa te r  users. As developed i n  t h e  eas te rn  Un i ted  States,  t h i s  " n a t u r a l  f l ow"  

d o c t r i n e  evo lved t o  pe rm i t  a " reasonab le  use" o f  t h e  su r face  f l ow ,  wh ich  was 

i n t e r p r e t e d  t o  mean t h a t  "reasonable" c o s t s  c o u l d  be imposed on o t h e r  wa te r  us- 

e rs .  I n  an e f f o r t  t o  encourage inves tment  i n  m i l l s ,  New England s t a t e s  went so 
f a r  as t o  g r a n t  spec ia l  powers e q u i v a l e n t  t o  eminent domain t o  m i l l  owners, a l -  

l o w i n g  them t o  f l o o d  upstream p r o p e r t i e s  i n  o rde r  t o  s t o r e  water  f o r  power 
(Horowi tz ,  1973). 

t r i n e  evo lved i n  o rde r  t o  pe rm i t  e a r l y  i n v e s t o r s  i n  water  d i v e r s i o n  t o  impose 
c o s t s  on those who came l a t e r  t o  t h e  stream. 

Most western s t a t e s  have recogn ized t h a t  r e t u r n  f l ows  from water  uses make 

up an impor tan t  component o f  t h e  water  supp ly  and have burdened t h e  water  r i g h t  

w i t h  an o b l i g a t i o n  t o  m a i n t a i n  those r e t u r n  f lows:  t h i s  means t h a t  o n l y  t h e  

q u a n t i t y  o f  water consumpt ive ly  used can be t r a n s f e r r e d ,  i n  o r d e r  t o  p r o t e c t  

wa te r  users  who r e l y  on r e t u r n  f lows.  Th is  was an e a r l y  form o f  c o n j u n c t i v e  
management--management o f  two d i f f e r e n t  d i v e r s i o n s  from t h e  same stream. 

The e f f e c t s  o f  d i v e r s i o n s  on i n -  

stream f l o w  uses, which i n  t h e  case o f  hydropower, may be even economica l l y  

more s i g n i f i c a n t  than t h e  d i v e r s i o n  uses, have n o t  been i n t e r n a l i z e d  (Butcher ,  
Wandschneider and Wh i t t l esey ,  1986). 

t h e  e f f e c t s  o f  d i v e r s i o n s  on water  q u a l i t y  has g i ven  r i s e  t o  t h e  Un i ted  S ta tes '  

huge inves tment  i n  a d e s a l i n a t i o n  p l a n t  i n  o rde r  t o  comply w i t h  t r e a t y  o b l i g a -  

t i o n s  t o  Mexico t o  p rov ide  water  above a f i x e d  q u a l i t y  ( M i l l e r ,  Weather fo rd  and 
Thorson, 1986). 

I n  West Basin,  C a l i f o r n i a ,  on t h e  western  

I n  t h e  western Un i ted  States,  t h e  p r i o r  a p p r o p r i a t i o n s  doc- 

However, many problems remain unresolved. 

The l a c k  o f  a mechanism t o  i n t e r n a l i z e  

F i n a l l y ,  subs id ies  on sur face  water  p rov ided  by  f e d e r a l  
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p r o j e c t s  has c rea ted  a " two- t i e red "  water system i n  t h e  western U n i t e d  Sta tes ,  

i n  which surface water developed a t  h igh  c o s t  i s  a p p l i e d  t o  low-valued uses, 

t h u s  d i s t o r t i n g  the  r e l a t i v e  c o s t s  o f  ground and su r face  water  and making r a -  
t i o n a l  sca rc i t y - respons ive  c o n j u n c t i v e  use on t h e  bas i s  o f  water-user dec i s ions  

imposs ib le  ( E l l i s  and DuMars, 1978). 
Water re leased  f rom su r face  s to rage  may cause f l o o d -  

i n g  and damages i n  t h e  lower  p a r t s  o f  a r i v e r  basin,  

t he re fo re  become l i a b l e  f o r  such damages, For t h i s  reason, t h e  r e s p o n s i b i l i t y  

f o r  f l o o d  c o n t r o l  ope ra t i on  o f  sur face  s to rage  f a c i l i t i e s  i s  o f t e n  assumed by a 
c e n t r a l i z e d  a u t h o r i t y ,  h i e r a c h i c a l l y  h i g h e r  than t h e  i n d i v i d u a l  r e s e r v o i r  man- 

agers. 
f o r  t h e  f l o o d  c o n t r o l  o p e r a t i o n  o f  tens  o f  r e s e r v o i r s  which i n c l u d e  i t s  own 

p r o j e c t s  as w e l l  as those cons t ruc ted  by t h e  U.S. Bureau o f  Reclamat ion (Wurbs, 

1987). 

Water s to red  i n  surface r e s e r v o i r s  i s  l i a b l e  t o  evapora t i on  losses. 

losses ,  which va ry  w i t h  c l ima te ,  may be cons iderab le .  For example, i n  t h e  

Upper Colorado R i v e r  basin,  average y e a r l y  evapora t ion  l osses  from s u r f a c e  

s to rage  exceed 600 m i l l i o n  m3, which a re  about  14% o f  a l l  t h e  consumptive uses 

(Water f o r  Energy Management Team, 1974). 

High Dam Reservo i r  a re  es t imated  a t  10 b i l l i o n  m3 annua l l y ,  on average 

( W h i t t i n g t o n  and Guariso, 1983). 

mu l t i pu rpose  r e s e r v o i r s ,  hydropower demands may c o n f l i c t  w i t h  re leases  f o r  

o t h e r  uses, such as i r r i g a t i o n  o r  water supply.  

dropower on water s to red  i n  su r face  r e s e r v o i r s  a r e  sharpened when wa te r  i s  
scarce. 

Lund, 1986). 
p lement ing  c r i t i c a l  pe r iod  a n a l y s i s  seem an e f f e c t i v e  way t o  deal  with t h i s  

p r o  b l  em. 

t h e  l a n d  sur face  i n  r e s e r v o i r s  c rea ted  by dams, 

e x t e r n a l i t i e s  i s  n e i t h e r  s imple,  nor  can i t  be fo rmula ted  i n  one a l l - embrac ing  

statement. It appears t h a t  f i r s t  we need t o  d e f i n e  s to rage  r i g h t s  w i t h  respec t  
t o  every  one o f  t h e  d i f f e r e n t  a c t o r s  in f luenced by water s t o r e d  i n  s u r f a c e  re -  

s e r v o i r s  and i t s  subsequent release. Next,  s to rage r i g h t s  have t o  have t h e  a t -  
t r i b u t e  o f  t r a n s f e r a b i l i t y ,  i.e. ho lde rs  o f  these r i g h t s  shou ld  be a b l e  t o  d i s -  

pose o f  them, and o t h e r  a c t o r s  should be ab le  t o  acqu i re  them. 
measure o f  q u a n t i f i c a t i o n  o f  s to rage  r i g h t s  has t o  be agreed upon. 

a r e  p o t e n t i a l  cand ida tes  f o r  subsur face  storage. 

f e r  has a s to rage c a p a c i t y  t h a t  i s  independent o f  t h e  amount i n  s to rage  a t  

(iii) Surface storage. 

Reservo i r  managers may 

For example, i n  Texas t h e  U.S. Army Corps o f  Engineers i s  r e s p o n s i b l e  

These 

Evapora t ion  l osses  f rom t h e  Aswan 

Sur face  s to rage i s  used a l s o  t o  r e g u l a t e  f l o w  f o r  hydropower genera t ion .  In 

The c o n f l i c t i n g  c l a i m s  o f  hy- 

I n  those cases, a r i s k  a n a l y s i s  approach appears i n d i c a t e d  (Palmer and 

R isk  based approaches i n c o r p o r a t i n g  h y d r o l o g i c  u n c e r t a i n t i e s  com- 

These a re  o n l y  a few examples o f  e x t e r n a l i t i e s  generated by s t o r i n g  water  on 

The i n t e r n a l i z a t i o n  o f  these 

F i n a l l y ,  some 

( i v )  Subsurface storage. Here we must ment ion  t h a t  o n l y  p h r e a t i c  a q u i f e r s  

A p h r e a t i c  (unconf ined)  aqu i -  
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t h e  t ime. 

An impor tan t  i n s t i t u t i o n a l  i s s u e  r e l a t e d  t o  subsur face  s to rage  i s  t h a t  o f  

e s t a b l i s h i n g  r i g h t s  t o  t h e  water  s t o r e d  i n  an a q u i f e r ,  and t o  t h e  a q u i f e r  i t -  

s e l f .  Quest ions  a r i s e  rega rd ing  t h e  r i g h t  t o  use an undergound f o r m a t i o n  t o  

s t o r e  water  a r t i f i c i a l l y  recharged, and t h e  r i g h t  t o  p reven t  o t h e r s  f rom ab- 

s t r a c t i n g  the  s t o r e d  water. I n  o t h e r  words, can one i d e n t i f y  t h e  owner 

(whether an i n s t i t u t i o n  o r  an agency) o f  a subsur face  s to rage  f a c i l i t y ?  

a genera l i zed  s o l u t i o n  cannot be o f f e r e d  a t  t h i s  t ime  t o  t h i s  problem. 

p a r t i c u l a r  s o l u t i o n s ,  however, seem t o  emerge from l e g a l  precedents. 

ample, a c o n f l i c t  arose between t h e  c i t i e s  o f  Los Angeles and San Fernando i n  

C a l i f o r n i a  over  a p o r t i o n  o f  su r face  water  s t o r e d  by Los Angeles i n  t h e  aqu i -  

f e r s  u n d e r l y i n g  t h e  San Fernando v a l l e y  and n o t  used by Los Angeles. 

o f  San Fernando, a l t hough  i t  d i d  n o t  recharge t h e  a q u i f e r ,  wanted t o  e x p l o i t  

t h e  amount u n u t i l i z e d  by Los Angeles. The C a l i f o r n i a  c o u r t s  i n  1975 dec ided 

t h a t  t h e  c i t y  o f  San Fernando has t h e  r i g h t  t o  a p p r o p r i a t e  t h e  "upcaptured  r e -  

t u r n  flow," i.e. water  t h a t  Los Angeles had impor ted  and s t o r e d  i n  t h e  a q u i f e r ,  

p rov ided  t h a t  Los Angeles d i d  n o t  o r  c o u l d  no t  recap tu re  i t  and would o the rw ise  

go t o  waste (Tre lease,  1982). 

An a d d i t i o n a l  problem a r i s i n g  o u t  o f  subsur face  s to rage  o f  waters  i s  t h a t  o f  

changes i n  groundwater q u a l i t y .  M ine ra l  compos i t ion  o f  recharg ing  waters  i s  

a lmost  always d i f f e r e n t  f rom t h a t  o f  t h e  water e x i s t i n g  i n  an a q u i f e r ,  and i n  

most cases it has a h i g h e r  c o n c e n t r a t i o n  o f  t o t a l  d i s s o l v e d  s o l i d s  (TDS). Th is  

s i t u a t i o n  c rea tes  a problem wh ich  may be o f  immediate concern o r  o f  a 

longer - range timeframe, depending on t h e  r e l a t i v e  concen t ra t i ons  o f  TDS i n  t h e  

recharg ing  and groundwaters. O f  cons ide rab ly  g r e a t e r  concern, however, i s  t h e  

m i c r o b i o l o g i c a l  q u a l i t y  o f  recharg ing  waters. Con t ra ry  t o  some b e l i e f s ,  t h e  

s o i l  mant le  o v e r l y i n g  an a q u i f e r  i s  n o t  an e f f e c t i v e  f i l t e r  i n  t h e  l o n g  range, 

and evidence e x i s t s  t o  t h e  f a c t  t h a t  v i ruses- -and p robab ly  o t h e r  mic roorgan-  

isms--can s u r v i v e  and remain v i r u l e n t  over  l o n g  per iods  o f  t i m e  i n  t h e  ground- 

water  a t  depths o f  tens  o f  meters. 

( v )  E f f l u e n t  reuse. Reusing e f f l u e n t ,  i.e. t r e a t e d  wastewater,  i n v o l v e s  

r i s k s  t h a t  a re  l i t t l e  understood y e t  v e r y  r e a l .  Using i nadequa te l y  t r e a t e d  e f -  

f l u e n t ,  whether i r r i g a t i n g  a g r i c u l t u r a l  l ands  o r  urban landscaped areas, may 

p lace  t h e  p u b l i c  h e a l t h  i n  s e r i o u s  j eopardy  even i n  t h e  absence o f  an imaed ia te  

ou tbreak  o f  d isease on a l a r g e  scale.  Recent ly,  w i t h  t h e  i nc reased  s c a r c i t y  o f  

wa te r  resources  i n  many reg ions ,  e f f l u e n t  has been g r a d u a l l y  i n t r o d u c e d  i n t o  

t h e  ca tegory  o f  r e g i o n a l  resources  capab le  o f  s a t i s f y i n g  water  demand. 

t h e  a n a l y s i s  o f  e f f l u e n t  reuse has t o  be performed a t  t h e  r e g i o n a l  l e v e l .  

z a t i o n  o f  t h e  r e g i o n a l  n e t  b e n e f i t  d e r i v e d  from t h e  reuse and i t s  

A l i t e r a t u r e  search does n o t  y i e l d  comp le te l y  s a t i s f a c t o r y  answers, so t h a t  

Several  

As an ex- 

The c i t y  

Hence, 

An e f f i c i e n t  s o l u t i o n  t o  t h e  problem o f  e f f l u e n t  reuse cons ide rs  t h e  maximi- 
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r e d i s t r i b u t i o n  among t h e  va r ious  ca tegor ies  o f  users i n  t h e  r e g i o n  (D ina r  e t  

a l . ,  1986). 

e l  may be r e j e c t e d  by p rospec t i ve  users un less  acceptab le  c o s t / b e n e f i t  a l l o c a -  

t i o n s  a re  es tab l i shed.  A d d i t i o n a l  ques t ions  which may be r a i s e d  by users  r e f e r  

t o  t h e  f a i r n e s s  and reasonableness o f  these a l l o c a t i o n s .  O f  course, these 

ques t ions  a re  no t  r e s t r i c t e d  o n l y  t o  cases o f  e f f l u e n t  reuse; t hey  may be r e l e -  

v e n t  t o  many o t h e r  a c t i v i t i e s  r e l a t e d  t o  r e g i o n a l  development and u t i l i z a t i o n  

o f  water resources. 

I n  a d d i t i o n  t o  the  economic aspect o f  e f f l u e n t  reuse, t h e r e  i s  a l s o  t h e  i n -  

s t i t u t i o n a l  dimension. C e r t a i n  ca tegor ies  o f  uses may be r e q u i r e d  t o  use e f f l u -  

e n t  by l o c a l  r e g u l a t o r y  s t a t u t e s .  For example, ornamental f o u n t a i n s  and water  

bodies i n  p u b l i c  parks may be mandated by mun ic ipa l  laws t o  use e f f l u e n t .  

such cases, safeguards must be prov ided so t h a t  i n d i v i d u a l s  do n o t  have body 

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

ed  areas i n  areas o f  water s c a r c i t y  may be r e q u i r e d  t o  use e f f l u e n t ,  p rov ided  

t h a t  t he  wastewater has undergone t rea tmen t  and d i s i n f e c t i o n  a t  an advanced 

1 eve1 . 

However, t h e  economica l l y  e f f i c i e n t  s o l u t i o n s  a t  t h e  r e g i o n a l  l e v -  

I n  

S i m i l a r l y ,  g o l f  courses and o t h e r  landscap- 

( v i )  Weather mod i f i ca t i on .  There a re  two major p o i n t s  t o  be cons idered when 

d e a l i n g  w i t h  i ssues  generated by weather m o d i f i c a t i o n :  

t o  the  water developed by weather m o d i f i c a t i o n ;  and (b )  what k i n d  o f  l i a b i l i -  

t i e s  a re  i n c u r r e d  when induc ing  p r e c i p i t a t i o n  a r t i f i c a i l l y .  

been very  few la rge -sca le  p r o j e c t s  w i t h  s u f f i c i e n t  documentat ion t o  reach  any 

genera l i zed  conc lus ions  on these p o i n t s  (U.S. Bureau o f  Reclamation, 1987). 

There i s  l i t t l e ,  i f  any, i n c e n t i v e  f o r  a p r i v a t e  p a r t y  o r  p u b l i c  agency t o  

engage i n  weather m o d i f i c a t i o n  i f  they  w i l l  n o t  reap t h e  b e n e f i t s  o f  t h e  pro-  

j e c t .  

ve lope r  o r  w i l l  i t  be d i v i d e d  t o  users a long a stream ( o r  pumping f rom an aqu i -  

f e r )  i n  accordance w i t h  e x i s t i n g  water laws. The a d d i t i o n a l  r u n o f f  developed 

by  a c t i v i t i e s  aimed a t  weather m o d i f i c a t i o n  depends on t h e  amount o f  added 

snowpack and/or r a i n f a l l  and t h e  percentage o f  t h i s  added amount t h a t  reaches 

t h e  sur face  h y d r o l o g i c a l  sytem o r  pe rco la tes  i n t o  aqu i fe rs .  The p h y s i c a l  p ro-  

cesses r e l a t e d  t o  p r e c i p i t a t i o n  events a r e  u s u a l l y  analyzed u s i n g  c l o u d  models 

and/or  s t a t i s t i c a l  r e l a t i o n s h i p s .  The outcome o f  these analyses i s  t h a t  t h e  

phys ics  o f  c loud  seeding a re  n o t  f u l l y  understood, and s t a t i s t i c s  cannot  prove 

cause and e f f e c t  (Foote, 1978). Thus, t h e  answer t o  t h e  ques t i on  o f  who has 

( a )  who has t h e  r i g h t s  

So f a r ,  t h e r e  have 

A major ques t i on  i s  whether t h e  a d d i t i o n a l  water  w i l l  belong t o  t h e  de- 

t h e  r i g h t s  t o  t h e  water developed by weather m o d i f i c a t i o n  does n o t  ha 

and unambiguous answer. It seems, the re fo re ,  t h a t  t h i s  i s s u e  w i l l  be 

f rom a l e g a l  s tandpo in t  i n  c o u r t s  o f  law. 

The ques t ion  o f  l i a b i l i t y  o f  i n d i v i d u a l s  o r  agencies i n v o l v e d  i n  c 

i n g  opera t i ons  i s  concerned w i t h  p o s s i b l e  f loods ,  w i t h  o t h e r  downwind 

and w i t h  r i g h t s  o f  landowners. Weather m o d i f i c a t i o n  may cause deeper 

e a c l e a r  

reso lved  

oud seed- 

e f f e c t s ,  
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snowpacks than  usua l ,  so t h a t  t h e  p r o b a b i l i t y  o f  f l o o d i n g  d u r i n g  t h e  snowmelt 

p e r i o d  i s  increased. 

na, it seems t h a t  t h e  s o l u t i o n  t o  t h i s  problem i s  t o  suspend t h e  c loud  seeding 

opera t i ons  accord ing  t o  c r i t e r i a  p redetermined f o r  each watershed so e f f e c t e d .  

I t  might  happen, however, t h a t  f o l l o w i n g  t h e  suspension o f  c loud  seeding opera- 

t i o n s ,  an abnormal ly  wet p e r i o d  c o u l d  occu r  r e s u l t i n g  i n  f l ood ing .  I n  such an 

event ,  a l t hough  t h e  c loud  seeding o p e r a t o r  i s  c l e a r l y  l i a b l e  f o r  damages caused 

by  a d d i t i o n a l  r u n o f f  due t o  weather m o d i f i c a t i o n ,  t h e  p a r t y  damaged must prove 

t h a t  t h e  damage was caused by t h e  augmented f low. 

c louds  pass ing  ove r  t h e i r  p roper t y ,  i n t e r f e r e  unreasonably w i t h  l a n d  use i n  an- 

o t h e r  area. 

u n c e r t a i n t i e s  o f  l a w  (K i rby ,  1978). 

t o  t h e  d i sposa l  o f  b r ines .  

on t h e  sea coas t  a re  i n  a p o s i t i o n  t o  r e t u r n  t h e  b r i n e  t o  t h e  ocean w i t h  prac- 

t i c a l l y  no undes i rab le  e f f e c t s .  

c a n t  problems o f  b r i n e  d i sposa l  (Viessman and Welty,  1985). A l t e r n a t i v e  

methods o f  d i sposa l  i n c l u d e  evapora t i on  ponds, t r a n s p o r t  by p i p e l i n e ,  deep we1 1 

i n j e c t i o n ,  and c e n t r a l  s t o c k p i l i n g  o f  d r y  s a l t s .  

p l a n t s  must be opera ted  s u b j e c t  t o  a r e g u l a t o r y  agency oversee ing  t h e  env i ron -  

mental  q u a l i t y .  The power t h a t  such an agency needs shou ld  be v e r y  s i m i l a r  t o  

t h a t  ves ted  i n  a land-use a u t h o r i t y .  

p r a c t i c e d  i n  some p a r t s  o f  t h e  wor ld ,  i n c l u d i n g  Southern I s r a e l .  

pan ied  by t h e  same t y p e  o f  e x t e r n a l i t i e s  as l a r g e - s c a l e  d e s a l i n a t i o n  p l a n t s ,  

a l b e i t  o f  lower  i n t e n s i t y .  

3.5. Tools f o r  Managing a Complex System 

( i )  Proper ty  r i g h t s .  The comp lex i t y  o f  a r e g i o n a l  water  resources  system i s  

due no t  o n l y  t o  t h e  f a c t  t h a t  t h e  n a t u r a l  component has w e l l - d e f i n e d  su r face  
and groundwater h y d r o l o g i c a l  subsystems, bu t  a l s o  t o  t h e  apparent  i n p e r f e c t i o n s  

i n  t h e  socio-economic component. 
wa te r  pumped from an aqu i fe r  and d e l i v e r e d  t o  users. 

o n l y  t h e  c o s t  o f  d r i l l i n g  we l l s ,  pumping, d i s t r i b u t i n g  and managing t h e  water  

system, w h i l e  t h e r e  i s  no charge f o r  water  i t s e l f .  

s t o r e d  i n  an a q u i f e r  has no value, i s  no t  p r i ced ,  and i s  made a v a i l a b l e  f r e e  

o f  charge. 

p r o p e r t y  r i g h t s  f o r  groundwater (Smith,  1977). 

h i s t o r y  o f  man eve ry  t ime  t h a t  a resource  became t o o  scarce  t o  be managed e f -  

f e c t i v e l y  as common p roper t y .  

Given t h e  v a r i a b i l i t y  and u n c e r t a i n t y  o f  weather phenome- 

F i n a l l y ,  u n c e r t a i n t y  e x i s t s  r e g a r d i n g  whether landowners, by m o d i f y i n g  

The u n c e r t a i n t i e s  a r e  m o s t l y  u n c e r t a i n t i e s  o f  f a c t ,  r a t h e r  than 

( v i i )  Desa l i na t i on .  A ma jor  e x t e r n a l i t y  generated by d e s a l i n a t i o n  i s  r e l a t e d  

D e s a l i n a t i o n  p lan ts ,  even on a l a rge -sca le ,  l o c a t e d  

I n l a n d  d e s a l i n a t i o n  p l a n t s  may have s i g n i f i -  

I n  t h i s  case, d e s a l i n a t i o n  

D e s a l i n a t i o n  on a smal l  sca le ,  s a t i s f y i n g  the  needs o f  a s i n g l e  f a m i l y ,  i s  

It i s  accom- 

Consider,  f o r  example, t h e  p r i c e  charged f o r  
E s s e n t i a l l y  i t  covers  

By i m p l i c a t i o n s ,  water  

One a l t e r n a t i v e  approach t o  t h i s  problem i s  t o  e s t a b l i s h  s p e c i f i c  

The es tab l i shment  o f  s p e c i f i c  p r o p e r t y  r i g h t s  appeared i n  t h e  socio-economic 

For  example, when p r e - h i s t o r i c  man 
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rep laced  ga the r ing  by 

c rops)  were invented. 

water  cou ld  be es tab l  

v o i  r s  and/or a q u i f e r s  

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

S i m i l a r l y ,  i t  i s  conce ivab le  t h a t  p r o p e r t y  r i g h t s  f o r  

shed bo th  w i t h  respec t  t o  water s t o r e d  ( i n  su r face  rese r -  

and t o  water f l o w i n g  i n t o  a r e g i o n  d u r i n g  a y e a r l y  cy- 

c l e .  

r i g h t s  t o  r e a l  p r o p e r t y  ( land) .  

age when demand increases  beyond t h e  c u r r e n t l y  a v a i l a b l e  supp l i es  and a s i t u a -  

t i o n  of  s c a r c i t y  develops. Under these cond i t i ons ,  d i spu tes  may a r i s e  between 

users ,  which need t o  be s e t t l e d  th rough some form o f  regu la t i on .  

may be o r i e n t e d  toward reduc ing  demand o f  one c l a s s  o f  users  so as t o  a t t a i n  a 

management p o l i c y  t h a t  w i l l  meet t h e  r e g i o n a l  development goals. 

reduc ing  demand f o r  water i n  i r r i g a t e d  a g r i c u l t u r e  i s  t o  use t h e  concept  o f  

water  d u t i e s  (Emel and Yitayew, 1987). 

These r i g h t s  would be marke tab le  ( t r a n s f e r r a b l e )  i n  t h e  same way as 

( i i )  Regulat ion.  Regional water  resources systems may become complex t o  man- 

Regu la t i on  

One method o f  

P r i o r  t o  the  emergence o f  s c a r c i t y ,  water  a v a i l a b i l i t y  i s  ample w i th  respec t  

t o  demand, a s i t u a t i o n  t h a t  does no t  l e a d  t o  e f f i c i e n t  use. Reduct ion o f  use 

(and demand) may be accomplished th rough p r o p o r t i o n a l  reduc t i ons  o f  h i s t o r i c  

water  w i thdrawal ,  p ro  r a t a  r e d u c t i o n  o f  water supp l i ed  pe r  u n i t  o f  a rea ,  

r e d u c t i o n  o r  t e r m i n a t i o n  o f  users hav ing  lower  l e g a l  p r i o r i t i e s  t o  t h e  source 

o f  water, improvements i n  i r r i g a t i o n  e f f i c i e n c y ,  o r  by a d m i n i s t r a t i v e  f i a t .  

The concept o f  water du ty  seems t o  embody severa l  o f  these a l t e r n a t i v e s .  

d e f i n e d  i n  Ar izona, "The i r r i g a t i o n  water  d u t y  s h a l l  be c a l c u l a t e d  as t h e  

q u a n t i t y  o f  water  reasonably r e q u i r e d  t o  i r r i g a t e  crops h i s t o r i c a l l y  grown i n  a 

farm u n i t  and s h a l l  assume conserva t i on  methods being used i n  t h e  s t a t e  which 

would be reasonable fo r  t h e  farm unit..." (Ar izona Revised S ta tu tes ,  1980). 

Thus, 

Irrigation water duty 

The l e v e l  o f  assigned e f f i c i e n c y  t o  an i n d i v i d u a l  fa rming  opera t i on .  i n c l u d i n g  

t h e  u n i f o r m i t y  o f  water a p p l i c a t i o n ,  ranges from 70% t o  85%. 

sources systems can take  p lace  l o c a l l y ,  on a reg iona l  bas is ,  or under a b roader  

c e n t r a l  a u t h o r i t y .  

comings and none o f  them i s  s u f f i c i e n t l y  general  t o  cover  a l l  p o s s i b i l e  contin-. 

gencies. Under s p e c i f i c  cond i t i ons ,  however, one a l t e r n a t i v e  appears s u p e r i o r  

t o  o t h e r  two. 

Recent s tud ies  rega rd ing  water  supp ly  t o  t h e  m e t r o p o l i t a n  area o f  Washing- 

ton ,  D.C., i n d i c a t e  t h a t  r e g i o n a l  management and c o n t r o l  seem t o  be p r e f e r r a b l e  

t o  t h e  f ragmentat ion of  t h e  decis ion-making process i n t o  l o c a l  subun i t s  (Crews, 

1983). The major  supp ly  of water  t o  t h e  U.S. c a p i t o l  c i t y  i s  t h e  Potomac, a 

stream w i t h  v a r i a b l e  flow. The inc rease  i n  demand r e s u l t e d  i n  t h e  s i t u a t i o n  

As 

T o t a l  i r r i g a t i o n  requ i rements /Tota l  c u l t i v a t e d  area . 
Assi  gned i r r i g a t i o n  e f f i c i e n c y  

( i i i )  Cent ra l  and r e g i o n a l  c o n t r o l .  The management o f  complex water  r e -  

Each o f  these t h r e e  modes has i t s  advantages and s h o r t -  
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t h a t  t h e  maximum one-day w i thd rawa ls  exceeded t h e  minimum one-day f l o w  more and 

more o f ten .  A s u p e r f i c i a l  examinat ion  o f  t h i s  s i t u a t i o n  revea led  t h a t  t h e  p ro -  

blems stemmed p r i m a r i l y  f rom t h e  fragmented management o f  t h e  met ropo l  i t a n  

Washington area water  resources  system which prevented  t h e  es tab l i shmen t  o f  a 

p o l i t i c a l  consensus o f  what ought t o  be done t o  a l l e v i a t e  t h e  wa te r  shor tage.  

Consequently, t h e  s o l u t i o n  t o  these problems d i d  no t  l i e  w i t h  an  "eng ineer ing  

f i x "  t h a t  would p rov ide  a d d i t i o n a l  wa te r  supply;  i n s t e a d  i t  cen te red  around 

t h e  i n s t i t u t i o n a l  framework o f  managing agencies. W i t h i n  t h e  met ropo l  i t a n  

Washington area t h e r e  a r e  25 independent water  supp ly  systems, rang ing  i n  s i z e  

from l e s s  than 3,500 m3/day t o  about  2x106m3/day, each o f  whom guard j e a l o u s l y  

t h e i r  p re roga t i ves  t o  make independent dec is ions .  A f u r t h e r  s tudy  commissioned 

by  t h e  U.S. Congress fo rmu la ted  a range o f  p lans  which a l l o w  t h e  l o c a l  a u t h o r i -  

t i e s  t o  make b e t t e r  dec i s ions  and y e t  reach some degree o f  r e g i o n a l i z a t i o n .  

A c e n t r a l i z e d  a u t h o r i t y  has, a t  l e a s t  t h e o r e t i c a l l y ,  t h e  p o s s i b i l i t y  o f  mak- 

i n g  i n s t i t u t i o n a l  changes t h a t  m i g h t  l e a d  t o  more e f f i c i e n t  management o f  r e -  

g i o n a l  water  resources, Yet ves ted  economic i n t e r e s t s  and p o l i t i c a l  expediency 

may pose cons ide rab le  obs tac les  (Sadan and BenZvi, 1987). 

have been made) and a l s o  i n v o l v e  a c e r t a i n  s o c i a l  cost .  

q u a n t i f y  t he  p o t e n t i a l  o f  i n s t i t u t i o n a l  change, we c o u l d  eva lua te  t h e i r  wor th  

and thus  t h e i r  c a p a b i l i t y  t o  fo rm a l t e r n a t i v e s  t o  f u r t h e r  eng inee r ing  and 

s t r u c t u r a l  development o f  a d d i t i o n a l  water  supp l i es .  Sadan and BenZvi examined 

t h e  s i t u a t i o n  i n  I s r a e l ,  e s p e c i a l l y  under t h e  assumption t h a t  new arrangements 

w i l l  evo l ve  f o l l o w i n g  r e l a x a t i o n  o f  i n s t i t u t i o n a l  b a r r i e r s .  The s tudy  u t i l i z e d  

an  advanced v e r s i o n  o f  a l i n e a r  programming a l g o r i t h m  s i m u l a t i n g  t h e  f u n c t i o n -  

i n g  o f  I s r a e l ' s  water  supp ly  system which i s  c l o s e l y  i n te rconnec ted  w i t h  t h e  

a g r i c u l t u r a l  sec tor .  H i s t o r i c a l l y ,  t h e  i n s t i t u t i o n a l  framework i n  I s r a e l  suc- 

ceeded i n  e s t a b l i s h i n g  o r d e r l i n e s s  and s t a b i l i t y  i n  t h e  development and d i s t r i -  

b u t i o n  o f  i r r i g a t i o n  water. A f t e r  about  h a l f  a cen tu ry ,  i t  e x h i b i t s  cons ide r -  

a b l e  r i g i d i t y  i n  t h e  a l l o c a t i o n  process which l e d  t o  i n e f f i c i e n t  use o f  water  

i n  a g r i c u l t u r e .  I n  a d d i t i o n ,  i t  i t s  "mature" phase, t h e  water  s e c t o r  i n  I s r a e l  

faces  s h a r p l y  r i s i n g  inc rementa l  c o s t s  o f  a d d i t i o n a l  supp l i es ,  such as reclama- 

t i o n  o f  wastewaters and d e s a l i n a t i o n .  

I n s t i t u t i o n a l  arrangements have a c e r t a i n  va lue  (o the rw ise  t h e y  would n o t  

I f  we a r e  a b l e  t o  

The s tudy  has shown t h a t  i n s t i t u t i o n a l  change- - l i ke  any s o c i a l  change-- 

seems t o  generate i t s  own res i s tance .  

change was mo t i va ted  i n  p a r t  by t h e  p r e s e r v a t i o n  o f  ves ted  i n t e r e s t s ,  and i n  

p a r t  by t h e  tendency t o  ach ieve  c e r t a i n  goa ls  r e f l e c t e d  by p u b l i c  sen t iment ,  
such as t h e  se t t l emen t  o f  t h e  southern  f r o n t i e r  o f  I s r a e l .  Because o f  these 

obs tac les ,  i n s t i t u t i o n a l  changes face  d i f f i c u l t i e s  i n  many p a r t s  o f  t h e  world. 

More s p e c i f i c a l l y ,  t h e  r e s i s t a n c e  t o  
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4 SUMMARY AND CONCLUSIONS 

4.1 Where a re  we now? 

The combined management of su r face  and groundwater resources  i n  a r e g i o n  i s  

becoming i n c r e a s i n g l y  more complex. Much o f  t h e  comp lex i t y  appears i n  t h e  area  

o f  wa te r - re la ted  i n s t i t u t i o n s ,  p r i m a r i l y  w i t h  regard  t o  p o l i c y  decis ion-making. 

The problems a r i s e  when t h e  growing demand f o r  water exceeds t h e  a v a i l a b i l i t y  

o f  surface supp l i es  and groundwater resources  beg in  t o  be e x p l o i t e d .  As demand 
cont inues  t o  inc rease,  so does t h e  pumpage from aqu i fe rs .  The onset o f  ground- 

water  mining, i.e. a b s t r a c t i n g  from a q u i f e r s  q u a n t i t i e s  i n  excess o f  n a t u r a l  

recharge, s i g n a l s  t h e  beg inn ing  o f  t h e  mature phase o f  t h e  r e g i o n a l  wa te r  econ- 

omy. A s a l i e n t  c h a r a c t e r i s t i c  o f  a mature water economy i s  t h a t  e x t e r n a l i t i e s ,  
stemming from phys i ca l  interdependence among c lasses  o f  water  users ,  a r e  n o t  

o n l y  more obvious, t hey  a l s o  l e a d  t o  i n e f f i c i e n t  a l l o c a t i o n s  o f  water. Under 

these cond i t i ons ,  t h e  wa te r - re la ted  cos ts  perce ived by t h e  i n d i v i d u a l  user  a r e  

d i f f e r e n t  from t h e  s o c i a l  c o s t s  i n v o l v e d  i n  t h e  development and d i s t r i b u t i o n  o f  
r e g i o n a l  water resources. Among t h e  approaches proposed by economists t o  reme- 

dy t h i s  undes i rab le  s i t u a t i o n  a r e  (O'Mara, 1986): 

d e f i n e d  t r a n s f e r r a b l e  water r i g h t s ;  (b )  i n s t i t u t i n g  a c e r t a i n  degree o f  regu la -  

t i o n  t h a t  i nc ludes  l e v y i n g  o f  taxes  and/or payment o f  subs id ies  w i th  t h e  o b j e c t  

o f  a d j u s t i n g  p r i v a t e  cos ts  t o  t h e  l e v e l  o f  s o c i a l  costs;  ( c )  c e n t r a l i z i n g  t h e  

c o n t r o l  over  t h e  reg iona l  water  resources so t h a t  t h e  e x t e r n a l  e f f e c t s  can be 

f u l l y  i n t e r n a t i o n a l i z e d  when c a l c u l a t i n g  cos ts .  

4.2 Quo vadimus? 

( a )  t he  coord ina tes  o f  t h e  c u r r e n t  p o s i t i o n ;  (b )  t h e  az imuth  o f  t h e  d i r e c t i o n  

o f  progress; and ( c )  t h e  v e l o c i t y  o f  mot ion.  

Regarding c u r r e n t  s ta tus ,  g e n e r a l l y  we can say t h a t  t h e r e  i s  a l i v e l y  i n t e r -  

e s t  i n  t h e  broad i ssue  o f  c o n j u n c t i v e  development and o p e r a t i o n  o f  r e g i o n a l  

su r face  and groundwater resources. More than  t h a t ,  we observe t h a t  a c t u a l  work 

i s  be ing  done t o  c l a r i f y  t h e  p o s s i b i l i t y  o f  u s i n g  a q u i f e r s  i n  c o n j u n c t i o n  w i th  

su r face  water supp l i es ,  as e x e m p l i f i e d  by t h e  c u r r e n t  s i t u a t i o n  i n  Ar izona 

( M i t c h e l l  and Putman, 1987). Some o f  t h e  c e n t r a l  i ssues  faced today  when man- 

ag ing  sur face  streams i n  c o o r d i n a t i o n  w i t h  a q u i f e r s  a r e  h i g h l i g h t e d  i n  t h i s  

paper. Moreover, t h i s  very  symposium and workshop on groundwater economics i s  

p robab ly  t h e  bes t  way t o  i d e n t i f y  t h e  c u r r e n t  p o s i t i o n ,  even i f  i t  v a r i e s  f rom 
p lace  t o  p l  ace. 

The d i r e c t i o n  i n  which we shou ld  p rogress  seems f a i r l y  c lea r .  We seem t o  
need c l o s e r  i n t e r a c t i o n  between t h e  s c i e n t i f i c  d i s c i p l i n e s  i n v o l v e d  i n  t h e  r e -  

s o l u t i o n  of  t h e  complex issues  o f  c o n j u n c t i v e  management o f  r e g i o n a l  s u r f a c e  
and groundwater resources. I n  p a r t i c u l a r ,  b e t t e r  and more i n f o r m a t i v e  d i a l o g s  

shou ld  be i n i t i a t e d  between h y d r o l o g i s t s ,  engineers,  and s o c i a l  s c i e n t i s t s .  

(a)  e s t a b l i s h i n g  w e l l -  

To answer t h i s  quest ion,-we must determine t h r e e  th ings ,  none o f  them easy: 
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F i n a l l y ,  t h e  speed w i t h  which we s h a l l  make progress  depends p r i m a r i l y  on 

us, t he  h y d r o l o g i s t s ,  engineers,  economists, and o t h e r  s c i e n t i s t s  s t u d y i n g  

these problems. C u r i o s i t y  i s  a power fu l  m o t i v a t i n g  fo rce ;  it may s t i l l  push us 

t o  g r e a t e r  i n t e r a c t i o n s  between d i s c i p l i n e s .  
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