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ABSTRACT 

The d i f f e r e n t  s t r u c t u r e  o f  t h e  cos ts  o f  ground and su r face  wa te r  and t h e  
d i f f e r e n t  and complementary c h a r a c t e r i s t i c s  o f  bo th  k i n d s  o f  resources  make i t  
p o s s i b l e  t o  s o l v e  t h e  s p e c i f i c  needs o f  water  q u a n t i t y  and q u a l i t y  more 
adequately and economica l l y  i f  b o t h  resources  a re  used c o n j u n c t i v e l y .  H igher  
d i scoun t  r a t e s  favour  the  i n c l u s i o n  o f  elements i n v o l v i n g  l ower  i n i t i a l  
investment and g e n e r a l l y  w i t h  h ighe r  groundwater components. Lower d i s c o u n t  
r a t e s  favour  a h ighe r  p a r t i c i p a t i o n  o f  su r face  water .  

The ex te rna l  f a c t o r s  produced by groundwater pumping must be taken i n t o  
cons ide ra t i on  i n  any economic ana lys i s .  Examples o f  e x t e r n a l  f a c t o r s  a r e  water  
l e v e l  descents, sur face  water  f l o w  reduc t ion ,  degradat ion  o f  wet lands  and 
eco log i ca l  issues, water  qua1 i t y  d e t e r i o r a t i o n  and l a n d  subsidence. 

Th is  paper discusses the  economics o f  a r t i f i c i a l  recharge and i t s  r o l e  i n  t h e  
d i f f e r e n t  types  o f  c o n j u n c t i v e  use. I t s  importance i s  c r u c i a l  i n  some cases and 
secondary o r  marg ina l  i n  o the rs .  The amount o f  s t o r e d  ground wa te r  i n  many 
cases i s  severa l  tens  o r  hundreds o f  t imes  t h e  mean annual groundwater recharge 
1 eve1 . P1 anned overpumping a1 1 ows c o s t l y  p r o j e c t s  r e q u i r i n g  1 a rge  dams o r  
t r a n s f e r  s t r u c t u r e s  t o  be postponed. 

The u n c e r t a i n t y  i n h e r e n t  i n  r i v e r  f l o w  p r e d i c t i o n  and demand v a r i a b i l i t y  o r  
inadequate i n f o r s a t i o n  o f  t h e  hyd ro log i ca l  parameters o f  t h e  system can be 
counterac ted  by the  f l e x i b i l i t y  i n  t h e  seasonal and y e a r l y  use o f  ground wa te r  
which con junc t i ve  use schemes prov ides .  I n  many cases t h i s  rep resen ts  a k i n d  o f  
insurance aga ins t  adverse hyd ro log i ca l  o r  economic s i t u a t i o n s .  

1. INTRODUCTION 

Growing wa te r  needs, t he  c o n s t r a i n t s  caused by water  p o l l u t i o n  and t h e  c o s t  

of water  development p ro jec ts ,  i n c l u d i n g  t h e  c o s t  o f  respond ing  t o  s o c i a l  and 

environmental  concerns, a re  i n c r e a s i n g  d r a m a t i c a l l y .  F o r  these reasons, i t  has 

become impera t i ve  t o  take  i n t o  c o n s i d e r a t i o n  a l l  wa te r  sources and f a c i l i t i e s  i n  

o rde r  t o  s a t i s f y  p resent  and f u t u r e  water  demands. A d d i t i o n a l  b e n e f i t s  w i l l  be 

ob ta ined  i f  a water  resource  system i s  planned and/or opera ted  t a k i n g  i n t o  

cons ide ra t i on  t h e  advantage o f f e r e d  by t h e  c o n j u n c t i v e  use o f  ground and su r face  

water .  I f  the  m u l t i p l i c i t y  o f  o b j e c t i v e s  i n  wa te r  planning, t h e  d i f f e r e n t  

a l t e r n a t i v e s  f o r  ach iev ing  t h i s ,  and t h e  ground and su r face  water  

i n t e r r e l a t i o n s h i p  seem ev ident ,  i t  i s  adv i sab le  i n  most s i t u a t i o n s  t o  have 

recourse  t o  c o n j u n c t i v e  use; and n o t  o n l y  i n  a r i d  areas o r  those where water  i s  

scarce. Ground water  management cannot e x i s t  w i t h o u t  su r face  water  management; 

and surface wa te r  cannot be managed o p t i m a l l y  i f  t h e  groundwater r e s e r v o i r s  a r e  
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n o t  inc luded (Fowler, 1981). 

These p o s s i b i l i t i e s  are f a r  from being recognised unanimously and i n  f a c t  

conjunct ive use has been c a r r i e d  ou t  i n  few areas and i s  n o t  a customary 

p r a c t i c e  i n  the water resources p lanning agencies o f  most countr ies.  Analysis 

o f  the decisions and a t t i t u d e s  o f  water s p e c i a l i s t s  i n d i c a t e  t h a t  the m a j o r i t y  

o f  them favour surface water u t i l i z a t i o n .  Very o f t e n  groundwater resources are 

n o t  taken i n t o  considerat ion even i n  reg ions where in-depth and r e l i a b l e  s tud ies 

have confirmed the existence o f  formations whose u t i l i z a t i o n  would c rea te  very 

p o s i t i v e  r e s u l t s .  This u n j u s t i f i e d  d isregard o f  groundwater resources has been 

q u a l i f i e d  by Wiener (1972) as an evidence o f  a deep, unpremeditated pre jud ice,  

and def ined as "hydroschizophrenia" by Nace (1972) and analysed by Llamas 

(1974). 

r e s p o n s i b i l i t y  f o r  water p lanning has been taken over 

by the cen t ra l  government, a t  l e a s t  when making f i n a l  decisions on major 

p ro jec ts .  Large p r o j e c t s  usua l l y  have g rea te r  f i n a n c i a l  resources ava i l ab le  and 

have more favourable f i n a n c i a l  terms as we l l ;  these considerations, i n  a d d i t i o n  

t o  p o l i t i c a l  motivations, tend t o  favour the l a r g e r  more spectacular engineering 

p ro jec ts .  

The a t t i t u d e s  r e l a t e d  above are due, i n  par t ,  t o  a l a c k  o f  understanding o f  

ground water occurrence and movement. Most hyd rau l i c  engineers have l i m i t e d  

experience i n  ground water s tud ies and many planners have n o t  had any formal 

education i n  hydrogeology, even though an appeal t o  increase hydrogeology 

s tud ies has f requen t l y  been made (Llamas 1974, Howell and Warman 1982). 

The i n c l u s i o n  o f  courses dea l i ng  w i t h  the d i f f e r e n t  aspects o f  ground water 

i n  the water resources departments o f  u n i v e r s i t i e s ,  and the d i f f u s i o n  o f  

technica l  and s c i e n t i f i c  accomplishments can co-operate t o  change those 

a t t i t u d e s  i n  the near fu tu re .  

I n  some countr ies the 

2. GROUND WATER COST STRUCTURE 

The main economic d i f f e rence  between ground and surface water p r o j e c t s  i s  

t h a t  i n  general i n i t i a l  investment i s  much lower i n  ground water and on the 

contrary  operat ion and maintenance costs  are higher. I n  surface water the 

i n i t i a l  investment per u n i t  o f  r e s u l t i n g  product i s  u s u a l l y  h igh and the 

operat ion and maintenance cost  small .  The exception i s  t h a t  surface water 

treatment needs f o r  urban uses usua l l y  requ i re  h igher  costs  f o r  energy and 

chemical s . 
cos t  

and b e n e f i t  i s  by reducing t h i s  t o  a present value through a discount f a c t o r .  

The se lec t i on  o f  the discount r a t e  t o  be used i n  hyd rau l i c  p r o j e c t s  has been the  

subject  o f  arduous debates. A lower r a t e  favours the  p r o j e c t s  i n v o l v i n g  a 

greater  component o f  surface water. A r a t e  which i s  more i n  keeping w i t h  the  

The c l a s s i c  way t o  compare the  d i f f e rence  o f  occurrence i n  t ime between 
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r e a l  p r i c e  o f  money favours d e f e r r i n g  the  more c o s t l y  investments f o r  

cons t ruc t i on .  For  example, t h e  present  va lue o f  a d o l l a r  which w i l l  be spent i n  

t e n  years t ime i s  0.322 i f  a 12% d iscoun t  r a t e  i s  a p p l i e d  and 0.104 i f  the  

expendi ture were t o  be made i n  20 years.  I f  a r a t e  o f  8% i s  used then t h e  

respec t i ve  values would be 0.463 and 0.215; a,nd app ly ing  a 4% d iscoun t  r a t e  t h e  

respec t i ve  values would be 0.676 and 0.456. See Table I .  

TABLE I 

Present value o f  a d o l l a r  t o  be spent i n  t h e  f u t u r e  

Discount r a t e  % 12 10 8 4 

10 years 0.322 0.386 0.463 0.676 
20 years 0.104 0.149 0.215 0.456 

Groundwater p r o j e c t s  o f f e r  t he  advantage o f  r e q u i r i n g  sma l le r  investments f o r  

which reason they are a more f i t t i n g  a l t e r n a t i v e  f o r  cases i n  which t h e r e  i s  

l i m i t e d  c a p i t a l  and h igh  i n t e r e s t  ra tes ;  on the  o t h e r  hand, as t h e  investments 

i nvo l ved  are smal ler ,  the r i s k  i s  lower  i n  v iew o f  t h e  hydrogeologica l  and 

market ing u n c e r t a i n t i e s  invo lved;  and as the  e x p l o i t a t i o n  o f  water  can be 

staggered, mod i f y ing  i t  as the  demand f o r  water  develops, then unproduct ive 

investments can be reduced t o  a minimum. On the  con t ra ry ,  a sca led economy i s  

one o f  the obvious, c l a s s i c  advantages o f  su r face  water.  

I n  the  1950s most coun t r i es  app l i ed  a s o c i a l l y  o r i e n t e d  d iscount  r a t e  which 

was s i g n i f i c a n t l y  lower than the  market r a t e .  I n  t h e  1970s a much h ighe r  

d iscount  r a t e  was appl ied,  as the cos t  o f  money had a l s o  increased (James and 

Rogers, 1976). It apparent ly  seems t h a t  t h e  energy c r i s i s  works aga ins t  t he  use 

o f  ground water  al though, i n  f a c t ,  t he  increased d i scoun t  r a t e  compensates f o r  

t he  increased c o s t  o f  energy (Gomez de Pablos, 1974). 

Comparisons a re  f r e q u e n t l y  made between the  c o s t  o f  r e g u l a t i n g  one cub ic  

metre o f  water  i n  a r e s e r v o i r  and o b t a i n i n g  i t  from a w e l l .  Fo r  t h e  sake o f  

accuracy, t he  c o s t  o f  t ranspor t ,  d i s t r i b u t i o n  and water  t reatment  would a l s o  

have t o  be taken i n t o  account, which c l e a r l y  tends t o  favour  ground water.  The 

o n l y  cos t  comparison known t o  be made on a n a t i o n a l  l e v e l  was c a r r i e d  o u t  i n  

France where t h e  gross produc t ion  c o s t  p l u s  water  t reatment  o f  a r i v e r  i s  0.14 

FF/m3 and o n l y  0.09 FF/m3 f o r  ground water  (Erhard-Cassegrain and Margat, 1983). 

The comparison would be even more unfavourable i f  r e g u l a t i n g  dams were t o  be 

const ructed.  

Other economic aspects t o  be taken i n t o  cons ide ra t i on  a re  the  l o s s  i n  the  

water  t r a n s p o r t  and d i s t r i b u t i o n  networks, which i s  g e n e r a l l y  more s i g n i f i c a n t  

i n  the case o f  sur face water, and evaporat ion f rom t h e  r e s e r v o i r s .  I n  t h e  USSR, 
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t h e  t o t a l  l o s s  a t t r i b u t e d  t o  evapora t i on  has been quoted as 10% o f  t h e  t o t a l  

c o n t r o l l e d  volume. i n  t h e  

U.S. and 75% i n  t h e  Carpentras Canal i n  Provence (Erhard-Cassegrain and Margat, 

1983). I f  ground and su r face  water  a r e  used c o n j u n c t i v e l y ,  t he  b e n e f i t  o f  

l i n i n g  canals  t o t a l l y  o r  p a r t i a l l y  i s  n o t  e v i d e n t  i f  t h e  i n f i l t r a t e d  water  

recharges an e x p l o i t e d  aqu i fe r  ( C a l i f o r n i a  Department o f  Water Resources 1957, 

Morel-Seytoux e t  a1 , undated).  D i f f e r e n t  a1 t e r n a t i v e s  must be s imu la ted  t o  

compare t h e i r  appropr ia teness and economic i m p l i c a t i o n s .  

The v a r i a b l e s  a f f e c t i n g  the  c o s t  o f  water  pumped f rom a w e l l  was s t u d i e d  by 

Lopez-Camacho (1974). As a general  r u l e  t h e  most i n f l u e n c e  f a c t o r  i s  t h e  annual 

volume o f  water  pumped. A l l  t h e  o t h e r  f a c t o r s  be ing  equal, e.g. y i e l d  o f  w e l l s ,  

water  l e v e l s ,  drawdown, pump e f f i c i e n c y  . . .; water  c o s t s  more f o r  i r r i g a t i o n  

purposes than f o r  urban and i n d u s t r i a l  uses, as t h e  former system operates fewer  

hours annua l l y .  I n  many aqu i fe rs  the  y i e l d  o f  i n d i v i d u a l  w e l l s  exceeds t h e  

i r r i g a t i o n  needs o f  i n d i v i d u a l  p l o t s  o f  i r r i g a t e d  l a n d  T h i s  o f t e n  happens on 

t h e  Mediterranean coast  of Spain where i t  i s  normal t o  have an a s s o c i a t i o n  o f  

farmers owning and opera t i ng  a w e l l .  T h i s  i s  probably  a l s o  an i n h e r i t a n c e  o f  

t h e  need t o  share the  r i s k  o f  t he  d r i l l i n g  cos ts  n the  e a r l y  days o f  

groundwater development. I t  i s  obvious t h a t  t he  improvement o f  w e l l  

c o n s t r u c t i o n  techniques f o r  ach iev ing  g r e a t e r  s p e c i f i c  y i e l d s  and t h e  c o r r e c t  

des ign of pumping and e l e c t r i c a l  i n s t a l l a t i o n s  can reduce groundwater cos t .  

Loss i n  i r r i g a t i o n  networks has been quoted as 16.4% 

3. EXTERNAL FACTORS PRODUCED BY GROUNDWATER ABSTRACTION 

Groundwater e x p l o i t a t i o n  produces e x t e r n a l  f a c t o r s  such as r e d u c t i o n  i n  water  

l e v e l s ,  r e d u c t i o n  i n  r i v e r  discharges, sea water  i n t r u s i o n ,  l a n d  subsidence, 

wet land o r  eco log i ca l  degradat ion o r  l o n g  term v a r i a t i o n s  i n  water  q u a l i t y  i n  
i r r i g a t i o n  areas. P iezometr ic  d e c l i n e  increases energy cos ts  and i n  extreme 

cases leads t o  w e l l s  be ing abandoned and t o  t h e  need f o r  r e b u i l d i n g  them. 

Pumping o f  coasta l  a q u i f e r s  induces the  advancement o f  t he  s a l i n e  wedge which 

can cause w e l l s  t o  be abandoned and t h e  consequent r e d u c t i o n  o f  t h e i r  economic 

l i f e .  I n  t h e  case o f  o v e r d r a f t ,  a r t i f i c i a l  recharge f a c i l i t i e s  o r  i n j e c t i o n  

b a r r i e r s  have t o  be b u i l t .  Conjunct ive use, whether o r  n o t  t h i s  i n c l u d e s  

a r t i f i c i a l  recharge, can he lp  t o  reduce p iezomet r i c  d e c l i n e  o r  seawater 

i n t r u s i o n .  

The e f f e c t  o f  pumping on su r face  water  f l ows  occurs w i t h  a de lay  which 

depends on t h e  geometry and hydrodynamic parameter o f  t h e  a q u i f e r s  concerned and 

on the  l o c a t i o n  o f  t he  w e l l s .  Even i n  t h e  narrow f l u v i a l  a q u i f e r s  t h i s  de layed 

e f f e c t  has been used t o  operate a q u i f e r s  as s torage elements t o  r e g u l a t e  t h e  

f l o w  o f  t h e  r i v e r s  i n  con junc t i ve  use schemes when w e l l s  a re  pumped i n  low f l o w  

per iods.  The s tud ies  made i n  t h e  a q u i f e r - r i v e r  systems o f  t he  R i v e r s  Arkansas 

and South P l a t t e  i n  Colorado, USA, have become c l a s s i c s  (Moulder and Jenkins,  
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1963; Morel-Seytoux e t  a l ,  1973, Young and Bredehoeft, 1972, Bredehoef t  and 

Young, 1983). And i n  the  Un i ted  Kingdom con junc t i ve  use i n  a q u i f e r  r i v e r  

systems w i t h  a q u i f e r s  o f  r e l a t i v e l y  smal l  dimensions i s  be ing c a r r i e d  o u t  i n  a 

very s t r i c t  and pragmatic way (Downing e t  a l ,  1974, B i r t l e e s  and Reeves, 1979). 

In tense a q u i f e r  pumping can tempora r i l y  o r  permanently mod i f y  t h e  

a q u i f e r - r i v e r  r e l a t i o n s h i p  a l l o w i n g  some water  volume t o  i n f i l t r a t e  through i t s  

bed and thus increase t h e  a q u i f e r  storage. The a p p l i c a t i o n  o f  induced recharge 

on a l a r g e  sca le  has been suggested i n  the Ganges bas in  c o n j u n c t i v e l y  w i t h  

a r t i f i c i a l  recharge i n  u n l i n e d  canals t o  r e g u l a t e  the  r i v e r  f l o w  (Chaturvedy e t  

a l ,  1979). Economic l o s s  caused by l and  subsidence i s  o f  major  importance i n  

urban o r  coasta l  areas and minor  i n  r u r a l  environments. As t h e  phys i ca l  process 

o f  c l a y  conso l i da t i on  i s  n o t  a r e v e r s i b l e  one, l a n d  subsidence can be stopped 

b u t  n o t  a l l e v i a t e d  i f  p iezometr ic  l e v e l s  are r a i s e d  b y  means o f  a r t i f i c i a l  

recharge o r  decrease o f  groundwater pumping. 

The small i n f l u e n c e  o f  t he  dec is ions made by an i n d i v i d u a l  groundwater use r  

on the  f u t u r e  water l e v e l  d e c l i n e  i n  h i s  own we l l ,  and t h e  smal l  nega t i ve  

i n f l u e n c e  o f  h i s  own e x t r a c t i o n s  on h i s  water  costs, a l though n o t  on o t h e r  

users I ,  produces divergences between p r i v a t e  and s o c i a l  b e n e f i t s  (Bur t ,  1964). 

To c o r r e c t  such d ivergencies adequate l e g a l  and a d m i n i s t r a t i v e  r e g u l a t i o n s  must 

be drawn up. 

4. WATER QUALITY PROBLEMS 

Ground water  i s  u s u a l l y  more s a l i n e  than su r face  water  a l though i n  some cases 

the  opposi te  i s  t rue .  The water  imported v i a  the  Colorado Aqueduct t o  Southern 

C a l i f o r n i a  i s  s a l t i e r  than t h e  ground water  f rom coas ta l  a q u i f e r s  w i t h  which i t  

i s  recharged. I n  I s r a e l  water  f rom t h e  K inne re t  Lake recharged i n  t h e  coas ta l  

and l imestone a q u i f e r  i s  more s a l i n e  than ground water.  Other sources o f  

s a l i n i t y  are sewage waters, d i f f u s i o n  through the  i n t e r f a c e  between f r e s h  water  

and the i n t r u d e d  sea water and leakage increase f rom adjacent  a q u i f e r s  (Mercado 

1980). Another p o s s i b i l i t y  o f  o b t a i n i n g  an acceptable water  q u a l i t y  i s  by 

m ix ing  p r i o r  t o  i t s  use. 

I r r i g a t i o n  can increase c h l o r i n e  and n i t r a t e  con ten t  i n  ground water.  I f  

ground water i s  pumped f o r  i r r i g a t i o n  purposes, t h e  depression o f  g r a d i e n t s  t o  

the  aqui fer  o u t l e t s  r e s u l t s  i n  a drop o f  water  and s a l i n i t y  f l u s h .  

I r r i g a t i o n  w i t h  sur face water  i n  d r y  areas very o f t e n  c rea tes  dra inage and 

water  and s o i l  s a l i n i z a t i o n  problems which c o u l d  be m i t i g a t e d  by groundwater 

pumping. The most spectacular  example i s  t he  Punjab i r r i g a t i o n  system l o c a t e d  

i n  the  Indo a l l u v i a l  p l a i n  i n  Pakis tan where t h e  l a r g e s t  concen t ra t i on  

i r r i g a t i o n  system i n  the  wor ld  i s  located,  cove r ing  an extens ion o f  13 m i l l i o n  

hectares.  Aqui fer  recharge as a r e s u l t  o f  excessive i r r i g a t i o n ,  and f i l t r a t i o n s  

a long the 65,000 km o f  canals,  which are u n l i n e d  i n  most cases, has produced 
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very serious drainage and s a l i n i z a t i o n  problems. Over two m i l l  i o n  hectares had 

t o  be abandoned and each year t h i s  problem a f f e c t s  an add i t i ona l  25,000 hectares 

(Chaudry e t  al, 1979). This case was s tud ied i n  g rea t  d e t a i l  and a proposal made 

t o  const ruct  30,000 we l l s  w i t h  s u f f i c i e n t  capaci ty  t o  pump i n  the order  o f  

70.10' m3 o f  water per annum. The aims o f  t h i s  proposal are t o  lower the  

piezometric surface and e l im ina te  p a r t  o f  the s a l t  water, thus a l l e v i a t i n g  the  

drainage and s a l i n i z a t i o n  problems. 

I n  Soviet  Central Asia an estimated 25.109 m3 o f  water are discharged 

annually through a g r i c u l t u r a l  drainage systems i n  the zone under i r r i g a t i o n .  

Conjunctive use o f  surface and ground water has been proposed t o  u t i  

resources (Kats, 1975), 

5. ARTIFICIAL RECHARGE 

A r t i f i c i a l  recharge i s  an e f f e c t i v e  way t o  s to re  water, reduce 

i z e  these 

o r  s top 

dec l i n ing  p iezometr ic  leve ls ,  o r  p r o t e c t  coasta l  aqu i fe rs  against  seawater 

encroachment. Nevertheless i t  should be sa id  t h a t  conjunct ive use and 

a r t i f i c i a l  recharge are n o t  synonymous, as we s h a l l  discuss l a t e r .  One o f  the 

problems w i t h  a r t i f i c i a l  recharge i s  t h a t  very  o f t e n  i t  i s  c o s t l y  since i t  

requires, i n  a d d i t i o n  t o  the recharge elements de r i va t i on ,  t ranspor t  and 

sedimentation or treatment elements. Furthermore the operat ing and maintenance 

costs are usua l l y  high. I t  i s  advisable t o  take i n t o  considerat ion the 

p o s s i b i l i t i e s  o f  f i n d i n g  a cheap way t o  recharge water by a r t i f i c i a l  means, o r  

by tak ing  advantage o f  n o t  d e l i b e r a t e l y  planned recharge, as happens i n  the 

cases o f  l eak ing  dams, un l i ned  canals, induced recharge o r  i n c i d e n t a l  

o v e r i r r i g a t i o n  (Custodio, 1986). 

I n  the course o f  the a r t i f i c i a l  recharge process, the wa te r ' s  physicochemical 

and b i o l o g i c a l  p roper t i es  are transformed as i t  passes through a non-saturated 

zone and, as a r e s u l t ,  bacter ia ,  v i rus,  organic  ma te r ia l ,  heavy metals and many 

t o x i c  compounds are e l iminated o r  are g r e a t l y  reduced. This  method o f  t r e a t i n g  

p o l l u t e d  surface water i s  u t i l i z e d  ex tens i ve l y  i n  many cen t ra l  and nor thern 

European countr ies.  There a l so  e x i s t  many instances throughout the wor ld  where 

ground water i s  recharged using reclaimed waste water (Asano 1985), and a 

growing i n t e r e s t  i s  emerging i n  research t o  reduce pre-treatment needs. We have 

mentioned before t h a t  a r t i f i c i a l  recharge has a l so  been used as a means o f  

blending i n  the aqu i fe r  waters w i t h  d i f f e r e n t  chemical p roper t i es .  

The economic e f f e c t s  o f  r a i s i n g  water leve ls ,  a q u i f e r  p r o t e c t i o n  against  

seawater i n t r u s i o n  and aqu i fe r  storage a l l  through a q u i f e r  

and water system s imulat ion.  

need t o  be analysed 

6. INFORMATION UNCERTAINTY AND FORECASTING 

Wiener (1972) has b r i l l i a n t l y  noted the f o l l o w i n g  po in ts  concerning the  need 
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f o r  i n f o r m a t i o n  and t h e  u n c e r t a i n t i e s  wh ich  e x i s t  a t  t h e  t ime  o f  making 

dec i s ions  r e l a t e d  t o  su r face  and ground wa te r  use. 

I n  the  m a j o r i t y  o f  cases, stream f l o w  represents  a r a p i d  response t o  c l i m a t i c  

phenomena. Normal ly,  t h e  i n f o r m a t i o n  d e r i v e d  f rom ground-water r e l a t e d  da ta  

c o l l e c t e d  over  a few years  i s  more r e l i a b l e ,  i f  p r o p e r l y  analysed, than t h a t  

p rov ided  by sur face-water  r e l a t e d  da ta  c o l l e c t e d  ove r  a l o n g e r  p e r i o d  o f  t ime.  

The i n e r t i a  o f  t he  aqu i fe rs ,  caused by t h e  l a r g e  amounts o f  wa te r  s to red ,  

i n t e g r a t e s  a l o n g  p e r i o d  o f  hydrometeoro log ica l  phenomena and sho r t - te rm da ta  

c o l l e c t i o n  can p rov ide  much b e t t e r  o v e r a l l  i n fo rma t ion .  

F l u c t u a t i o n s  i n  t h e  magnitude o f  t he  f l o w  a r e  g r e a t e r  i n  su r face  water  than  

i n  ground water .  M id  o r  l o n g  te rm p r e d i c t i o n s  o f  s t reamf low d ischarge cannot be 

made. Streamflow d ischarge i s  s t o c h a s t i c  by  na tu re  so i t s  behav iour  can o n l y  be  

t r e a t e d  i n  terms o f  p r o b a b i l i t y .  Groundwater behav iour  i s  much l e s s  e r r a t i c  and 

more d e t e r m i n i s t i c  as a r e s u l t  o f  t he  no rma l l y  c l o s e  r e l a t i o n s h i p  between t h e  

s to red  water  and t h e  a q u i f e r ' s  average recharge. 

Groundwater e x p l o i t a t i o n  r e q u i r e s  low, i n i t i a l  investment;  however, t h e  

opera t i ona l  c o s t s  a re  high. Surface wa te r  e x p l o i t a t i o n  r e q u i r e s  a l a r g e  

investment,  w h i l e  ope ra t i ona l  cos ts  a r e  no rma l l y  lower .  

I n  the  case o f  su r face  water,  t h e  inves tment  r e q u i r e d  i s  u s u a l l y  i n d i v i s i b l e ,  

which a l so  e n t a i l s  a l e n g t h y  i n o p e r a t i v e  p e r i o d  d u r i n g  t h e  study, c o n s t r u c t i o n  

and d e c i s i o n  making process. I t  may t a k e  yea rs  f o r  t h e  p r o j e c t  t o  become 

a c t u a l l y  e f f e c t i v e  i n  ope ra t i ona l  terms. The l a r g e  inves tment  i n v o l v e d  a l s o  

imposes g r e a t e r  demands on t h e  i n f o r m a t i o n  requ i red .  Con t ra ry  t o  t h e  above, t h e  

investment r e q u i r e d  f o r  ground water  i s  d i v i s i b l e  and t h e  i n o p e r a t i v e  p e r i o d  

much s h o r t e r .  T h i s  i n t roduces  t h e  a d d i t i o n a l  advantage o f  i t s  be ing  much more 

adaptable t o  i n c r e a s i n g  water  demands. 

Fo r  t h e  cases, common th roughout  t h e  wor ld,  where t h e  h y d r o l o g i c a l  

i n f o r m a t i o n  i s  incomple te  and f o r  those where f u t u r e  wa te r  needs a r e  unce r ta in ,  

t h e  cons ide ra t i ons  mentioned above a r e  c r u c i a l l y  impor tan t .  The economic 

recess ion  exper ienced i n  t h e  l a s t  few yea rs  has had a d e c i s i v e  i n f l u e n c e  on 

reduc ing  expected water  needs i n  many p a r t s  o f  t he  wor ld .  Ground wa te r  can p l a y  

a more impor tan t  r o l e  i f  the  water  resources  system i s  conceived dynamica l l y  and 

t h e  u n c e r t a i n t i e s  which e x i s t  i n  r e l a t i o n  t o  t h e  water  resources  and demand a r e  

taken i n t o  account r a t h e r  than r e s o r t i n g  t o  a system which i s  s t a t i s t i c a l l y  

conceived and s t r u c t u r a l l y  o r i e n t a t e d .  

p lann ing  

and management o f  water  resources. The u t i l i t y  o f  s t r u c t u r a l  s o l u t i o n s  has been 

quest ioned, g r e a t e r  i n t e r e s t  i s  be ing  shown i n  an optimum u t i l i z a t i o n  o f  

e x i s t i n g  f a c i l i t i e s  r a t h e r  than  i n  i n v e s t i n g  i n  new ones, and i n  many c o u n t r i e s  

t h e  e r a  o f  c o n s t r u c t i n g  l a r g e  dams has p robab ly  come t o  an end (Wi l l ekee  1979). 

A l though ve ry  few f i n a n c i a l  eva lua t i ons  have been made o f  t h e  r e s u l t s  o f  some 

I n  t h e  l a s t  few yea rs  t h e r e  have been some impor tan t  changes i n  t h e  



354 

pro jects ,  there i s  s u f f i c i e n t  evidence t o  quest ion whether the r e s u l t s  o f  these 

l a r g e  const ruct ion p r o j e c t s  have l i v e d  up The problem 

o f  government subsidies f o r  major water p r o j e c t s  has been f requen t l y  questioned 

and the f i r s t  step towards determining a s o l u t i o n  should be an ana lys i s  o f  t he  

various a1 te rna t i ves  ava i l ab le .  

t o  expectat ions o r  not .  

7. ECONOMIC ASPECTS OF DIFFERENT CONJUNCTIVE USE TYPOLOGY 

O f  the d i f f e r e n t  funct ions u s u a l l y  i d e n t i f i e d  i n  a water resources system - 
source o f  water, storage and regulat ion,  t ranspor t ,  d i s t r i b u t i o n  and water 

treatment - we have no t  analysed i n  t h i s  paper the a q u i f e r  as a veh ic le  t o  

t ranspor t  water since an aqu i fe r  i s  genera l l y  unsu i tab le  f o r  t h i s  func t i on .  The 

cases i n  which the aqu i fe r  serves as a means o f  water d i s t r i b u t i o n  are n o t  

inc luded e x p l i c i t l y  e i t h e r ,  as t h i s  f u n c t i o n  i s  usua l l y  c l o s e l y  r e l a t e d  t o  i t s  

r o l e  as a means o f  storage. Aqui fers  prov ide a l t e r n a t e  means f o r  water 

d i s t r i b u t i o n  and substant ia l  savings i n  surface d i s t r i b u t i o n  systems. I n  

previous paragrahs we have mentioned the p o s s i b i l i t i e s  o f  a r t i f i c i a l  recharge as 

a means o f  water treatment and the  mix ing o f  d i f f e r e n t  k inds o f  water. 

I n  a d d i t i o n  t o  an aqui fer 's  e x p l o i t a b l e  resources, i t s  s tored water can a l so  

be u t i l i s e d  ( r e f e r r e d  t o  as the  "one time" reserve) causing a temporary 

overexpl o i  t a t i o n .  

I n  s p i t e  o f  the serious economic and soc ia l  problems the  o v e r d r a f t  o f  

aqui fers  can cause, i t  i s  n o t  necessary t o  r u l e  o u t  o v e r d r a f t  as a general r u l e .  

I n  fac t ,  the ove rexp lo i ta t i on  o f  ground water i n  C a l i f o r n i a  i s  one o f  t he  

reasons f o r  i t s  p rosper i t y  which f a c i l i t a t e d  i t s  economic development and 

consequently created the p r o p i t i o u s  cond i t i ons  f o r  c a r r y i n g  o u t  o the r  more 

c o s t l y  p ro jec ts  such as i n t e r b a s i n  t rans fe rs  from areas w i t h  the heaviest 

r a i n f a l l  i n  the nor thern p a r t  o f  the s t a t e  ( C a l i f o r n i a  State Department o f  Water 

Resources, 1957). 

The a v a i l a b i l i t y  o f  l a r g e  q u a n t i t i e s  o f  water i n  the aqu i fe rs  has prompted 

proposals f o r  the well-planned u t i l i s a t i o n  o f  the a q u i f e r - s  reserves as a means 

o f  de fe r r i ng  c o s t l y  const ruct ion p ro jec ts .  This has been done i n  I s r a e l  where 

such a methodology was proposed f o r  subsequent model l ing and economic 

op t im isa t i on  (Schwartz, 1980). 

I n  actual  f a c t  Planned Overdraf t  i s  n o t  a separate type o f  con junc t i ve  use, 

b u t  r a t h e r  a f i r s t  stage which can be fo l lowed by successive stages o f  

conjunct ive use o f  one type o r  another. Overexp lo i ta t i on  has a l so  been 

suggested i n  successive stages, fo l lowed by successive surface water development 

and conjunct ive use (Schwartz 1980), o r  as a permanent component du r ing  the  

e n t i r e  p lanning period. 

I n  the type o f  conjunct ive use we have termed A l t e r n a t i v e  Use, sur face 

rese rvo i r s  re lease more water i n  r a i n y  per iods o r  years and the aqu i fe rs  are 
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pumped more i n  d r y  per iods.  The e x p l o i t a b l e  s torage c a p a c i t y  t o  be used would 

be made a v a i l a b l e  by p iezometr ic  o s c i l l a t i o n s .  I n  t h i s  way, an underground 

storage area o f  37.109 m3 would become a v a i l a b l e  f o r  use i n  C a l i f o r n i a ' s  Centra l  

Va l l ey  w i t h  r e l a t i v e l y  small p iezometr ic  o s c i l l a t i o n s  i n  c o n t r a s t  t o  t h e  27.109 

m3 t o  be prov ided by sur face s torage ( C a l i f o r n i a  S ta te  Department o f  Water 

Resources, 1957). 

I n  La Plana de C a s t e l l h ,  on the  Mediterranean coast  o f  Spain, p iezomet r i c  

o s c i l l a t i o n s  rep resen t  an a q u i f e r  s torage o f  500.106 m3, th ree  t imes g r e a t e r  

than the  e x i s t i n g  sur face storage. I n  the  A lga r  a q u i f e r  p e r i o d i c  l e v e l  drawdowns 

represent  40.106 m3 o f  s torage as compared t o  the  30.106 m3 t h a t  t h e  Guadalest 

and Amadorio dams can s tore.  Also i n  Spain l a r g e  sca le  developments a re  

poss ib le  and have been suggested (Sahuqui l lo ,  1986). 

These type o f  schemes r e q u i r e  t h a t  a p a r t  o f  t he  demand can be served 

i n d i s t i n c t l y  by two sources and i n  some cases the  water  l e v e l  o s c i l l a t i o n s  can 

be high. When t h i s  i s  t he  case, i n  a d d i t i o n  t o  t h e  des ign and phys i ca l  

d i s t r i b u t i o n  o f  t he  d i f f e r e n t  components, i n c l u d i n g  w e l l s  and a r t i f i c i a l  

recharge elements, t he  opera t i on  o f  t he  system i s  c r u c i a l .  Optimal ope ra t i on  

depends on t h e  s t a t e  o f  t he  system, the  water  s to red  i n  dams, the  p iezomet r i c  

l e v e l s ,  the su r face  water  i n p u t s  and water  q u a l i t y .  

Improvements i n  mid o r  l o n g  term hyd ro log i ca l  f o r e c a s t i n g  would l e a d  t o  

s u b s t a n t i a l  economic gains i n  r e s e r v o i r  ope ra t i on  o f  con junc t i ve  use schemes 

(Jaquet te  1981). 

Greater use o f  ground water  can be made d u r i n g  drought  per iods.  Many 

European c o u n t r i e s  took advantage o f  t h i s  i n  the  summer o f  1976. I n  C a l i f o r n i a ,  

i t  helped reduce the  e f f e c t s  of  low-water i n  1976-77 t o  a s i g n i f i c a n t  ex ten t .  

Owing t o  the  i n i t i a t i v e  taken by p r i v a t e  i n d u s t r y  and, t o  a l e s s e r  degree, 

government ac t i on ,  t h e  e f f e c t s  o f  the drought  Spain was exper ienc ing  i n  t h e  

e a r l y  e i g h t i e s  were m i t i g a t e d  i n  some areas. I n  f a c t ,  t he  e f f e c t s  o f  t h e  

drought were lessened i n  t h e  areas where g r e a t e r  u t i l i z a t i o n  o f  ground water  was 

made and a methodology t o  t h i s  e f f e c t  has been proposed f o r  subsequent 

a p p l i c a t i o n  t o  con junc t i ve  use o f  sur face and ground water  (Sahuqu i l l o  1983). 

When l o c a l  su r face  waters a re  l e s s  impor tant ,  a q u i f e r s  can be used t o  s t o r e  

and d i s t r i b u t e  impor ted and l o c a l  sur face water  through a r t i f i c i a l  recharge. 

A r t i f i c i a l  recharge i s  c r u c i a l  t o  t h i s  t ype  o f  c o n j u n c t i v e  use which we c a l l  

Terminal o r  La te ra l  Ground Water Storage, as opposed t o  a l t e r n a t i v e  use where 

i t s  r o l e  i s  o n l y  complementary. C lass i c  examples o f  t h i s  type o f  c o n j u n c t i v e  

use are I s r a e l  and Southern C a l i f o r n i a .  I n  t h i s  type o f  scheme annual 

v a r i a t i o n s  of impor ted water  a re  minimum o r  r e l a t i v e l y  low and i n  any case a r e  

l e s s  impor tant  than i n  the  so c a l l e d  a l t e r n a t i v e  use. Here o p e r a t i o n  i s  l e s s  

impor tant  than t h e  phys i ca l  d i s t r i b u t i o n  o f  w e l l s  and elements o f  a r t i f i c i a l  

recharge and water  t r a n s p o r t  and d i s t r i b u t i o n .  The C a l i f o r n i a  S ta te  Department 
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o f  Water Resources i n  t h e  s i x t i e s  developed a methodology f o r  work ing on 

hyd ro log i ca l  , hydrogeologica l  , opera t i ona l  and economic s t u d i e s  f o r  these types 

o f  systems. I n  these s t u d i e s  a l a r g e  number o f  a l t e r n a t i v e s  were s imulated,  

a l s o  t a k i n g  i n t o  account t h e  d i f f e r e n t  va lues o f  water  i n  terms o f  i t s  s a l i n i t y .  

The A q u i f e r - r i v e r  Systems can be considered a subgroup o f  a1 t e r n a t i v e  use. 

I n  t h i s  t h e  a q u i f e r - r i v e r  r e l a t i o n s h i p  i s  o f  pr ime importance, a l s o  t h e  system 

opera t i on  i s  very  impor tant ,  ma in l y  o f  t he  ground water  component whereas t h e  

a r t i f i c i a l  recharge i s  o f  secondary importance. W i th  t h i s  t ype  o f  c o n j u n c t i v e  

use a l a r g e r  use o f  su r face  water  can be obta ined,  g i v i n g  t h e  ground water  t h e  

f u n c t i o n  o f  complementing the  d e f i c i t  i n  t h e  d r i e s t  years o r  seasona l l y  

throughout the  yea r .  

Operat ing ground water  i n  t h i s  way rep resen ts  an insurance aga ins t  drought  

(Sahuqu i l l o  1983). Bredehoeft  and Young (1983) a l s o  analysed t h e  r o l e  o f  t h e  

insurance t h e  farmers o f  t h e  South P l a t t e  make o f  ground water  where they  have 

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

s i m u l a t i o n  model which 1 i n k s  t h e  hydro logy o f  a c o n j u n c t i v e  s t ream-aqui fer  

system t o  an economic model which i nco rpo ra tes  t h e  farmers ’  behaviour .  The 

r e s u l t s  o f  t h e  model co inc ide  w i t h  t h e  w e l l  c a p a c i t y  a c t u a l l y  i n s t a l l e d .  Doing 

t h i s  has two b e n e f i t s :  i t  maximises the  expected n e t  b e n e f i t s  and min imises t h e  

v a r i a t i o n  i n  annual income. By i n c r e a s i n g  the  pumping c a p a c i t y  t o  such value, 

t he  va lue o f  f l o w  f o r e c a s t  i s  d imin ished,  coun te rac t i ng  a poor  f o r e c a s t  by 

pumping more ground water.  The r o l e  o f  reduc ing  t h e  unwant economic e f f e c t s  o f  

u n c e r t a i n t y  by u s i n g  more ground water  i s  d iscussed a n a l y t i c a l l y  by Tsur  and 

I s s a r  (1987).  They p rov ide  an e x p l i c i t  express ion f o r  t h e  va lue  o f  u s i n g  ground 

water  i n  t h i s  way i n  terms o f  t he  marg ina l  p r o d u c t i v i t y  o f  water,  t h e  p r o d u c t i o n  

f u n c t i o n  and the  v a r i a b i l i t y  o f  su r face  water .  

( C a l i f o r n i a  S t a t e  Department o f  Water Resources 1966, 1971). 

8.  APPLICATIONS OF SYSTEM ANALYSIS TECHNIQUES 

The d e t a i l  i n  which a q u i f e r  behaviour  i s  analysed v a r i e s  i n  t h e  d i f f e r e n t  

methods. The s imp les t  way i s  t o  cons ide r  a q u i f e r s  as elements w i t h  a few 

aggregated parameters. The commonest way i s  t o  a s s i m i l a t e  them t o  l i n e a r  

r e s e r v o i r s  r e l e a s i n g  a f l o w  associated l i n e a r l y  w i t h  a volume o f  water  s t o r e d  i n  

t h e  a q u i f e r  (Buras 1963, 1967, Sanchez 1983). B i r t l e s  and Reeves (1979) use 

m u l t i c e l l u l a r  non l i nea r  models w i t h  a few non l i n e a r  c e l l s .  U s u a l l y  t h i s  

s i m p l i f i c a t i o n  i s  used i n  t h e  h ighe r  h i e r a r c h i c a l  l e v e l s  and ve ry  o f t e n  

associated w i t h  o p t i m i z a t i o n  methods (Schwartz 1980).  O p t i m i s a t i o n  methods have 

been used w i t h  d e t a i l e d  a q u i f e r  models u s i n g  dynamic programming, l i n e a r  and 

non l i n e a r  programming (Gore l i ck  1983). 

Nevertheless,  f o r  complex systems, when t h e  i n t e r a c t i o n  between su r face  and 

ground water  and when s t o c h a s t i c  su r face  f low v a r i a t i o n s  have t o  be taken i n t o  
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considerat ion,  o r  where more than one su r face  r e s e r v o i r  e x i s t s ,  t h e  use o f  

s i m u l a t i o n  techniques i s  v i r t u a l l y  unavoidable.  This  i s  p a r t i c u l a r l y  t r u e  i n  

t h e  a l t e r n a t i v e  use type, o r  when q u a l i t y  problems have t o  be considered, and a 

l a r g e  number o f  a1 t e r n a t i v e s  o r  s y n t h e t i c  hyd ro log i ca l  sequences have t o  be 

s imulated.  I n  t h i s  case t h e  eigenvalue method (Andreu and Sahuqu i l l o  1987) i s  

t h e  most app rop r ia te .  ac t i ons  and 

i n i t i a l  cond i t i ons  are e x p l i c i t l y  t ransformed f o r  a q u i f e r s  i n t o  a s t a t e  vec to r .  

From t h i s ,  p iezometr ic  head f l o w s  and surface-ground water  in terchanges a re  a l s o  

e x p l i c i t l y  computed t o  s imu la te  c o n j u n c t i v e  use systems. 

I t s  most i n t e r e s t i n g  aspect i s  t h a t  ex te rna l  

9. CONCLUSIONS 

A1 though ground water  has ve ry  o f t e n  been over looked by p lann ing  s p e c i a l i s t s ,  

i t  can o f f e r  t echn ica l  and economic advantages worthy o f  cons ide ra t i on .  Ground 

water  can p rov ide  a d d i t i o n a l  resources as w e l l  as the  means f o r  water  storage, 

d i s t r i b u t i o n  and treatment,  which can be combined advantageously w i t h  su r face  

water  resources. Likewise, ground water  can p rov ide  o t h e r  advantages such as 

i t s  a d a p t a b i l i t y  t o  a progress ive increase i n  the  demand f o r  water, t h e  

p o s s i b i l i t y  o f  temporary o v e r e x p l o i t a t i o n  as a means f o r  d e f e r r i n g  c o s t l y  

cons t ruc t i on  p r o j e c t s ,  t o  m i t i g a t e  the  e f f e c t s  o f  droughts and a l l e v i a t e  

drainage problems. Another v i r t u e  o f  ground water  i n  c o n j u n c t i v e  use schemes i s  

the  insurance r o l e  i t  supp l i es  t o  o f f s e t  t h e  u n c e r t a i n t y  concern ing su r face  

f low,  hyd ro log i ca l  parameters o r  demand. 
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