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ABSTRACT 
A Salinity Management Strategy for 

Stream-Aquifer Systems 

One of the press ing problems facing the irrigation int ensive areas of the worl d is the increasing salini t y 
of groundwater. Currently proposed solutions , such as agricu 1 tural sewe·ring and desalinization, require l arge 
.:apital investment. There appear to be few available alternatives which are both 101~ cost and effect i ve in 
control ling aquifer degradation from irrigation drainage. The ultimate result i n many areas may be abandonment 
o f the groundwater resource and increasing dependence on more expensive imported water. 

Presented herein is a cost-effective salinity management technique which may be feasible for many stream­
aqui f er systems. The basic idea is t o encourage appli cation of pumped w•ater downstream of the well from which 
i t i s pumped, rather than wi thi n its vicinity. ln this way, a mechanism is establ i shed for accelerating the 
downstream t ransport of salts in t he grourtdwater at a more rapid rate than would occur naturally through convec­
t Lon and di spersion , whi le sti l l satis f ying irrigation demands . The strategy is therefore referred to as the 
Acce l erat ed Salt TRANsport (AST~~) Method . Salt accumulation can be controlled i n this manner , while taki ng 
care t hat salt prob l ems are not s imply trans f erred downstream. 

A management algorithm i s developed for implementing the AST~~ method which combines a screening or 
1>pti rni z i.ng mode 1 wi th a detailed quantity-quality simul ati on model. The opti mizing mode l generates least- cost 
;I[ ternati ves for distributing ~;•ater over the basin . These alternatives are subsequently examined by the simu­
lation mode l as to their effectiveness i n controll i ng t he salt balance. A paramet er in the opt i mizing model 
can be adjusted so as to produce a desired degree of salinity control . 

The management al gorithm has been applied to Bonsall Subbasin in the Lan Luis Rey River Basin in order t o 
test its effectiveness . An 11 year historical period including a wide range of climatic variati on was used for 
t.hi s purpose . The simulation model of the Subbasin ~;•as based on a previous modeling effort carried out by the 
llnited States Geological Survey i n the area . 

~esults of the case study i ndicate that the ASTRAN method (1) is truly cost-effective, r equiring roughly 
10 '~ of the cost of tiling for this area , (2) encour ages balanced conj unctive use of surface water and ground­
water, and (3) is flexible enough to respond t o future management needs . 

vi 



Chapter I 
INTRODUCTION 

A. Groundwater Basin Degradation 

The potential for, or reality of, degradation of 
groundwater basins in irrigation intensive areas around 
the world is a pressing problem facing water planners 
and managers at all levels of government. Agricultural 
production in these areas is highly dependent on the 
availability of low cost water of suitable quality. 
Consequent ly, improperly managed river basins, where 
land and water are a llowed to deteriorate by salt ac­
cumulation, might seriously impair a nation's food 
supply. Increasing urbanization i ntensifies this pro­
blem by not onl y taking prime agricultural land out of 
production , but also creating expanding urban popula­
tions needing additional food which must be produced 
on the remaining productive land. Therefore, not only 
must nations conserve presently available arable land, 
but they must attempt to recl aim land now considered 
lost t~ agricultural production. Production loss may 
be due to salt accumulation in land, groundwater (if a 
reliable supply of good quality surface 1;ater is not 
available), or both. 

Hall [7], in a plea to recognize t his issue, has 
written: 

''Salt problems are particularly insidious. 
They do not come charging at you with trumpets 
blowing and bat tle flags flying , a sight to 
s et stirring the hearts of activists in any 
century. Rather, they slip in almost unnoticed . 
They invariably seem to promise to step aside 
and behave themselves in return for small addi­
tional concessions. Then one day, as witnessed 
by many dead civilizations, they assert their 
supreme command of the situation. Time is of 
no concern, for they are supremely confident 
of their ultimate victory. History is on their 
slde, as are the laws of physics, and chemistry, 
and biology. They have quiet l y destroyed, with­
out fuss or fanfare, more civilization than all 
of t ho mighty armies of the world. 

"Today, every arid land region of the world 
is in some intermediate or fina l stage of this 
process, and nowhere, it ~~ould seem, has there 
been establ ished a genuine detente with these 
deceptively simple destroyers of man ' s vaunted 
accomplislunents." 

In support of this argument, Varon [25] estimates 
that one-fifth of the irrigated land in t he United 
States and one- third of t he irrigated land i n the 
world is plagued by salt accumulation. Often, salt 
accumulation in land and salt accumulation in ground­
water go hand in hand. The emphasis in this research 
is the groundwater degradation problem, which is parti­
cularly compounded by its invisibl~ nature. The 
aphor ism, out of sight; out of mind is all too appli­
cable to salt bui ld-up in groundwater basins. ln 
spite of the danger, Hall fears t hat the necessary 
research and application will not be marshalled in 
time to effectively combat salt probl ems. Hopefully, 
however, the future will not substantiate thi s fear. 

Salts contributing to aquifer degradation can 
occur from many sources, such as combined and storm 

sewer discharges, prec1p1tation infiltrating through 
solid wast e landfills, animal feed lots, dairy farms , 
sewage settling basins , and irrigation return f l ows. 
Perhaps the most difficult to control are the nonpoint. 
sources such as drainage ~~ater from irrigation. Cer­
tainly, they seem to be the least visible . 

In this report, tho terms saZt aaawnuZation, 
aquifer degradation, and salinity problems will be 
used interchangeable to denote groundwater degradation. 
The term groundwater refers to water in the saturated 
:one . The term salt includes all of the dissolved 
solids found in the water, which correctly i mplies 
that this research is considering aquifer salinity 
from an aggrcgattd perspective . 

In an era of environmental awareness, it may 
surprise some that groundwater quality has not re­
cei ved more attention. It is important to arrive at 
priorities in addressing environmental problems, 
hecause they are corrected at great cost, and those 
problems that may be irreversible or most harmful 
must be correct ed first. The relative abundance of 
water in the United States has, perhaps, contributed 
to the low priority given to groundwater quality in 
this country. Since, however, over 97\ of the earth's 
fresh water exists underground, unpol luted aquifers 
are an extremely important natural resource. Further­
more, most water resources engineers agree that. inte­
grated, conjunctive use of sur face and groundwater i s 
the most efficient way to utili:e the total water re­
source. Hence, a fundamenta l motivation for this re­
search has been a belief that the groundwater resource 
must be preserved and protected if it is to be util~ed 
by man in the most beneficial way. 

Briefly, the objectives of t he research leading 
to this report were to develop a l ow capital invesment 
management strategy with the potential of retar ding, 
and even halting, aquifer dogradotion, and then test 
it with a well respected, commonly used stream-aquifer 
model simulating a real-world situation . The San Luis 
Rey River Basin in Southern California was chosen as 
the case study area, under cooperative agreement with 
certain interested federal, state, and local agencies . 
Once the validit y of the general management strategy 
had been confirmed, the goal was to devise an algorithm 
for i mplementing t he strat egy in the most economical 
way. The encouraging results of these studies are 
reported herein . 

B. Current Approaches to Groundwater Quality 
~lanagemen t 

A description of the state-of- the-art in water 
quality planning and management is given by Maletic 
(12], and listed in Table I-1. At first gl ance, it 
might appear that water planners and managers have a 
vast number of alternat ives from which to choose for 
controlling water quality in river basins . Upon 
closer examination , however, some of the alternatives 
are either infeasibl e, or of questionable effective­
ness. Notice, for example, that two of the Categories 
list desalting, which is still prohibitively expen­
sive. Under Categor y II I , Irrigation Souraes, im­
proved irrigation methods are listed as possible 
alternatives. These approaches tend to encourage the 



temporary storage of salts i n the unsaturated ~one . 
thereby controlling their release to the saturated 
:one. A high degree of control is required for the 
success of this approach , however, and considerably 
more research is needed. Di l ution is al so mentioned 
j$ an al ternative in this list, but it presupposes the 
availability of an adequate supply of good quality 
surface water, which might not be the case . 

The management technique presented herein 1o1ould 
appear to fall under Category I II (3), Groundwater 
Management, since it involves selective pumping and 
application of groundwater. It might also be classi­
fied under Categor y IV, River System Management . This 
t echnique is not presented as the ultimate solution to 
groundwater salinity problems, but a potentially via­
hie al ternat ive for consideration among the many other 
alternatives. The chal lenge to water planners and 
managers is to find the optimal mix of al ternatives 
that will meet water quality goals in the most 
beneficial way. 

TABLE I-1 

MAJOR CATEGORIES OF SALINITY CONTROL 

I. POINT SOURCES 

1. Desalt 
2. Divert/Evaporate 
3. Divert/Special Use 
4. Plug Wells 
5. Deep Injection 

11. NATURAL DIFFUSE SOURCES 

1. Collect/Desalt 
2. Col lect/Evaporate 
3. Collect/Special Use 
4. Watershed Management 

a. Vegetative conversions 
b. Forest management 
c . Structural measures 
d. Water harvesting 
e. Reduced sediment production 

5. Phreatophyte Cont rol 
a. Control of spread 
b. Repl acement vegetation 
c . Antitranspirants 

Ill. IRRIGATION SOURCES 

1. Improved On-rarm Irrigation Use 
a . Irrigation scheduling 
b . Improved farm irrigation systems 

1) Pipes and Lining 
2) Automation 
3) Advanced systems 

2. Improved Water Conveyance Syst ems 
a . Pi les, lining 

3. Groundwater Management 
a . Water table control (drainage) 
b . Selective pumping 
c. Groundwater r echarge 

4. Return Flow Management 
a. Collect/desalt_ 
b . Collect/sepcial use 

S. Evaporation Suppression 

IV . RIVER SYSTEM MANAGE~1ENT 

1. Alteration of Time Pattern of Streamflow 
2. Alteration of Time Pattern of Saline 

Discharges 
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V. DILUTION 

1. Augmentation 
a. Weather modification 
b . Geothermal resour ces 
c. Desalting 
d . Wastewater reclamation 
e. Conservation practices 

2. lmportat ion 

There are four river basins around the worl d which 
appear to be receiving the most attention in the area 
of stream-aquifer system 1oater quality management . 
They are: the Colorado River Basin, the Santa Ana and 
San Luis Rey River Basins in California , and the Murray 
River Basin in Australia . The Lower San Luis Rey River 
Basin is the area focused upon for this study. This 
basin is a nearly ideal stream-aquifer system for 
quality management research since there have been pre­
vious studies which lay a foundation f or the r esearch, 
and considerable data are available which aid in 
evaluat ing management schemes . In addition , the Santa 
Marg~rita-San Luis Rey Watershed Planning Agency (WPA) 
is highl y oriented toward solving the sal i nity pro­
blems in the area, which makes the implementation of a 
total management plan more probable. Recent studi es 
by the WPA are instructive as an example of applying 
the state -of-the-art in control ling aqui fer degradation . 

Table I-2 l ists the control measures considered 
by the WPA to halt aquifer degradation in the San 
Luis Rey Basin [21). Of the nine measures listed in 
Table I-2, only measures IV , VII, and IX were consi­
dered economical . Even is measures III and VI were 
adopted, which center around the t i ling of irrigated 
lands, the salt accumulation would only be slightly 
decreased , as shown in Figure 1-l (22]. 

TABLE I-2 

II'ATER QUALITY CONTROL MEASURES TO MEET THE 

FEASIBLE WATER QUALITY OBJECTIVES 

1. Improvement of Source Water Quality 

I I. Export of ~1unicipal Waters 

II I. Export of Agricultural Waters 

IV. Storm l~ater Conservation 

V. Demineralization and Exportation of Sal ts 

VI. Extraction and Ex?ortation of Salts 

VII. Land Use Control 

VIII. Weather Modification 

IX. Sea Water Intrusion Control 

For example, the Comprehensive Water Qua~ity 
Management Study (CW~4S) for the San Luis Rey Basin 
concluded that: 

"Gradual degradation of the groundwater 
would be permitted in al l basins except Warner 
Basin and the confined aquifers of the Murriet:a­
Tamecula groundwater area. The more sensitive 
quality oriented uses will be progressively eli­
minated from reliance on the groundwater supplies 
and will be forced to turn to the purchase of 
imported water . This pr ocess will satisfy all 
beneficial uses but through economic allocation 
of local groundwater or i mported supplies. 
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"The grolDldwater basins will become reservoirs 
of brackish water which will serve only the most 
salt toler ant beneficial uses. wnen t he econo­
mics of cost of production of desalted water 
crosses t he ascending l i ne of cost of comparabl e 
imported wat er, it wi ll be feasible and practi-
cal t o extract and demi ner alize t he groundwater, 
export i ng the salts t o the ocean, and reduce the 
quant ity of wat er imported" [21 ]. 

Projected Groundwater Quality 
( Palo and Pauma Basins l 

1 6 00 r-----.------,------~----~------, 

No Salinity Control 

Limited 
Agricultura l Sewering 

(Tiling ) 

.2 100 0 
~ 
c .. ... c 
0 
u 
11'1 
0 .... 
c 
;; 
0 
c:o .. 
0' 
0 
ii 
~ 4 0 0 

200 

E~ttens ive 

Agricul tura l Sewering 
(Til inq) 

O L-----~------~----~------~----~ 
2010 2000 2020 1970 1980 1990 

Year 

Fi gure I-1. Pro ject ed Degr ada tion of Pala and 
Pauma Aquifers 

Computer modeling studies on t he upper Santa Ana 
River Basin by Water Resources Engineer s, Inc. [23] 
were apparently some of the fir st effor ts at st udying 
the t otal r iver basin management problem; i . e . , in­
cluding groundwater and surface water quant ity and 
qual ity. Though these studies did not investigate 
feas i ble control measures, they did suggest some posi ­
tive actions, such as t he exportaion of salts and irri­
gation management . Most of the present plans consider 
desalting as a main correct ive and hope that some of 
the various desal inization methods will become econo­
mical i n the near future . This may happen, but a 
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dependence on it as the main corrective seems 
dangerously optimistic . 

Another example of l arge-scale planni ng is the 
combi nation of methods being considered for halting 
the degradat ion of t he Colorado River . Tabl e I -3 
itemizes t hese methods. I t is i mport ant to note , 
however , that the emphasis on this l i st i s sur face 
water. The i t em Source aontroZ probabl y i nvol ves 
storing sa lts underground in the saturated and unsatu­
rated zones, which sol ves the surface water quality 
problem only t o create another; i .e . , eventual degra­
tion of the aquifers. ~loreover, note the reliance on 
desalting costs, and other speculative salt control 
schemes. All in all, the technical picture is not 
encouraging; and as yet, the political and institu­
t ional obstacles have received little considerat ion. 

TABLE l -3 

PROJ ECTED SALINITY REDUCTIONS: COLORADO RIVER AT 
IMPERIAL OA!-1 (mg/1) 

Estt~;,ted :--lli:ait~· level 
Anticipatc<i r.:~n.:c• 

Source contt<>1 
V~getation ~~~anage.ent 

oe~alting 
~cather m.o<ilficotion 
Other pr octice5 

Total reduct i on 

Estimated nlin1ty l evel 
ranee•• 

1970 1980 1990 2000 

8~0 930 1100 1200 
(7l0-1030) (800-1340) (9S0-1340) (1040-1460) 

(·S4) (·130) (-130) 
0 ( -20) ( -40) 

( -0) ( .Jt)) ( -90) 
(-20) (-JO) (-90) 
(-6) (-20) (-20) 
- 80 - 250 - J SO 

(730- 1030) (730-1030) (730-1030) (730-1030) 

*Without sali11ity control programs 
' *With sal i ni ty control programs 

To summarize this section on Cur~ent App~oaches, 
though r egulat ion of groundwater quantity is rather 
advanced technically, the same cannot be said for 
groundwater qua lity. There are pumping, impor tation, 
and artificial recharge schemes that have been in use 
for some time ln quantity management. Salinity manag&­
ment , on the other hand, is much more difficult . The 
sol utions that ar e usually pr oposed are t i l ing (which 
depends upon having high quality wat er available), or 
desalinizat ion (which also is expensive and t echnically 
infeasible on a l arge sca l e , at the present time) . Of 
course , point source pollution is the most obvious and 
is the easiest to control technical ly. It is the pro­
blem of nonpoint sources, particular ly irrigation 
drainage, that is addressed here. Again, the control 
of irr igation applications in such a way as to sto~e 
salts in the unsaturated zone , thereby preventing 
them, at least for a time, f r om reaching the water 
table , is under heavy study . Despite these , and other 
management t echniques, it must be concluded t hat ther e 
is a dearth of effect ive and economical solutions to 
the problem of aquifer degradation. 

C. AaceZe~ated Sa'l,t TRANspo~t (ASTRAN) Method 

Many stream-aquifer systems may be conducive to 
applicat ion of a potentially cost- effective sa linit y 
management technique referred to as the AcaeZe~tBd 
Sa~t TRAllspo~t (ASTRAN) MBthod. The basic ideas lead­
ing to t he devel opment of this approach or iginat ed 
with Warren A. Hall, in conjunction with the Ir rigation 
Management Practices ( IMP) committ ee of the Council on 
Internat i onal Development (CID) , formerly named the 
Council of U. S. Uni versit ies for Soil and Wat er i n 
Ar i d and Sub-Humi d Areas (CUSUSWASH). 



The usual irrigation practice i s to appl y j(TO}md­
water on fields near the well supplyin~ the water. 
The AST~~ met hod, however, encourages the application 
of groundwater on downstream fields (via canals or 
pipes ) inste~d of on nearby fie l ds . That i s , fields 
proximate to a pumping well should be i rrigated, t o at 
least some extent , by water from upstream wells . Salts 
in t he pumped water can therefor e be transported down­
str eam at a fas ter rate than would occur naturally 
through flow in the satura t ed :one; hence , the name 
AcceZerated SaZt TRANsporot (ASTRAN) Method. The slow 
movement of gr oundwater tends t o cause an accumulation 
of sa lts from normal irrigation practice , since drain­
age water adds salt to the aquifer at a faster rate 
than i t can be naturally transported downstream. The 
idea behind this technique is to simply augment the 
natural process by transporting pumped wat er downstream 
via a surface distr ibution system of some kind. 

The management technique is il lustrated in 
Figure 1-2. This diagr am depicts on increasing sal t 
concentration downstream, s ince many stream-aquifer 
systems have t his characteristic. Such a condition, 
however, would not seem to be necessary for successful 
application of the ASTRAN method. It is , however, re­
quired for application of the management a l gorithm 
presented in this r eport. Appropriate modification of 
the algorithm could be car ried out, in case this condi­
tion does not exist . 

I t should be noted that if irrigation water 
•1 ual i t y i s the same as the ground1vater qual ity, then 
hy the time i t drains through the root :one and reaches 
the water table, it is generally of lower quality than 
the groundwater. This is due t o (a) transpiration of 
pure water by crops , leaving water 1vi th a higher con­
c~ntration, and (b) addition of salts which have accum~ 
1:1 t ed i n the unsaturated zone due to past irrigations 
and/or the chemical composition and geo l ogic charac­
teristics of the porous media . Of course, many complex 
~hcmical interactiory• can take pl ace between the water 
~nd soi l. It i s difficult to model these interact ions , 
however, because of (i) t he complexity of the inter­
active processes, and (ii) lack of field data for 
veri fying a model . 

What this points to is that even if extremely 
~ood qual ity water is always appli~d for ' irrigation 
purposes, aquifer degradation can stil l occur. Other 
methods are therefor e needed for controlling degrada­
tion. The ASTRAN method offers a simple , straight­
forward way of achieving control . 

From this prelimi nary discussion , some very 
general inferences about the basic requirements for 
~uccessful application of t he ASTRAN method can be 
drawn. 

1. Perhaps the most obvious requirement is t hat 
the combined average transport rates of pumped water 
bctng moved downstream, applied, and dra ined back 
down to the saturated zone , should be considerably 
~reater than the natura l transport by convection and 
di spersion. 

2. Since the emphasis is on transporting salts 
downstream, i n addition to meeting irrigation demands, 
it may be necessary to pump and transport more water 
than i s needed for irr igation, in order to control 
degradat ion. This may (or may not) require : (a) 
drilling additional well s; (b) providing additional 
artificial r echarge facilities; (c) augmenting the sur ­
face wat er distribution system. The cost-effectiveness 
t) f the ASTRAN method wi ll be highl y dependent on the 
~osts and potential capacities of these works. In 
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situ:ltions 1vhere l:Jr~c quantit ies of salt are known to 
exist in the unsaturated :one (e.g. , in the salt shale 
of Grand Valley , Colorado) , the ASTRAN method would 
h:we to he applied with great care since increased 
droin;J gc might accel erat e the degradation process . 

3. S1nce upstre3m groundwater is applied down­
stream , it is apparent that at least some water of 
reasonable quality, in addition to the gr oundwat er in 
the hast n , "il l be required for upstream lands. This 
might be: (a) local surface water; (b) imported ~< ator; 
(c) ground1~atcr farther upstre3m of the basin of 
interest; (cl) or a mixture of these. It would seem 
that if th~ groundwater in the basin 1-.'ere of a usable 
qual ity, then less of this addi tional water would be 
required. If, on tho other hand, the groundwater ~<ere 
of marginal, or even unusable , qual ity, t hen much mor e 
of this additional water ~<ould be needed to improve 
the situation . 

4 . In order to prevent salt problems from simply 
being transferred do~nstream, it seems c l ear that imple­
mentation of the ASTRA.."J method requires a tota l basin 
scope for its maximum effectiveness. It is assumed 
that t here is some way of ultimately removing sa lts 
f rom the basin , either .by pumping downstream ground­
water into on outfall or i nto a natural channel lead­
ing to the ocean . If the basin is closed, then a salt 
sink area must be identified. 

5 . Finally, it i~ obvi ous that considerable 
cooperation ~<Ould be required of water use r s in t he 
basin. It would probably be necessary to create some 
kind of basin-wide management authority for 1mplementmg 
the ASTRAN method . 

These deductions are admittedly vague . They do, 
h01vever, represent general guidelines for identifying 
stream-aquifer systems that would be candidates for 
successful application of the AST~~~ method. 

It is important to emphasize on~e again that the 
ASTRAN method has not been designed t o operate alone, 
but rather in conjunction with other methods so as t o 
produce the most economical mix of schemes to totally 
manage the stream-aquifer system. For example, tiling 
a downstream const riction in a basin might i ncrease 
t he di scharge Tate of poor quality rising water in 
order to increase salt export. ~1ixing imported water 
with the pumped groundwater or spatially varying their 
applications might also help. Or, it might be possi­
ble to use improved irrigation methods to s tore salts 
i n the unsaturated tone until the irrigation seoson is 
over . Then, they can be leached out and sent to the 
ocean as a sZug of poor quality water, or they could 
be pumped to an outfall. 

D. Objectives 

The research loading to this report was conduced 
to investigate the validity of the AST~~ method as a 
legitimate salinity management strategy for irrigated 
stream-aquifer systems. ~lore specifically, the objec­
tives were to: 

1. Test the technical feasibili t y of the ASTRAN 
method for contro lling groundwat er basin degradation 
by selecting a typical stream-aquifer system and simu­
lating its hydrological and hydrochemical response 
under the ASTRAN method. 

2. Construct a management algorithm whicn could 
be used to answer specific questions as to the import~ 
tion, pumping, and application policies necessary to 
implement the ASTRAN method in the most cost -effecti ve 
manner. 



Groundwater being Transported Downstream 
(Acce lerated Salt Flow) 

Transport 
Fur ther 
Downst ream 
or to Outfall 

Irrigation Water 
(Same Concentration 
as Pumping Well) 

Imported or 
Local Surface 
Water , 

- ---Increasing Salt Concentrat ion 

Figure r-2. A Schematic Diagram of the Accelerated Salt TRANsport 
(ASTRAN) Method 

As far as the authors are aware, a combined 
groundwater quantity and quality simulation model has 
only been applied to two areas : the Santa Ana River 
Basin [23] and a segment of the Arkansas River [9]. As 
mentioned earlier, the Lower San Luis Rey River Basin 
in San Diego County, California, was chosen for study­
ing the ASTRAN method. A portion of this study area, 
Bonsall Subbasin, was sel ected for initial investiga­
t ion. To reiterat e, this selection was advantageous 
for several reasons: (i) water quantity models for 
the area had already been calibrated and tested by the 
United States Geological Survey (USGS) , so that after 
some modifications , all that was required was the ad­
dition of a wat er quality model; (ii) considerable 
historical quantity and qual ity data are available; 
and (iii) a high degree of cooperation appears to 
exist among wat er users in the basin. 

The second objective of developing a management 
algorithm, for cost effective implementation of the 
ASTRAN method, represents an attempt to blend simula­
tion and optimization into a workable framework . An 
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optimizing model is developed to sareen out uneconomical 
alternatives. The remaining al ternatives are then 
tested by the quantity-qual ity simulation model as to 
their effectiveness in controlling groundwater degrada­
t ion. An iterative process is designed which involves 
sequential so l ution of the optimizing model and simu­
lation model until an adequate range of cost-effective 
policies are determined. 

These objectives have been pursued in view of 
political, social, legal, and other intangible con­
straints that might arise. Though beyond the scope of 
the work reported herein, the eventual goal of this 
continuing r esearch is to apply the ASTRAN method to 
the entire Lower San Luis Rey River Basin. 

E. Summary of Chapters 

The report continues with Chapter II, which 
describes the study area and gives a brief introduction 
to its geography, geology, hydrology, wat er quality, 
and exist ing water-related institutions . Chapter 111 



introduces the modeling methods used and compares them 
with the current state-of -the-art. A condensed out ­
l ine of the basis for the water quanti ty-quality 
simulation model is presented. This includes a des­
cription of the way exi st ing quantity and quality 
models were adapted and calibrated for purposes of this 
~tudy. Chapter IV presents the management algorithm 
by ~~h ich the ASTRAN method can be applied. The use of 
a screening (optimizing) model, in conjunction with 
the simulation model, is the crux of the algorithm. 
Chapt er V gi ves the results of the study, including 

6 

the computational experience of integrating t he simula­
tion model into the overal l management algorithm . 
Chapter VI considers t he nonquantitative factors in -
fl ucnci ng the implementation of the ASTRAN method in 
the San Luis Rey River Basin. The legal, political, 
and sociological constraints are evaluated . Chapter 
VII gives some general conclusions and recommendations 
for future research. Though the ASTRAN method has 
been applied to a particular river basin as a case 
study, i t is hoped that the experience gained here will 
facilitate its consideration in other areas as a viable 
salt balance management alternative . 



Chapter II 
DESCRIPTION OF THE STUDY AREA 

A. Geography 

The San Luis Rey River Basin is located in South­
ern California between San Diego and Los Angeles, as 
shown in Figure II-1. Figure II-2 depicts the Lower 
San Luis Rey River Basin in more detail . The Lower 
Basin includes the westerly four subbasins , which are 
separated from the Upper Basin by an earth dam. The 
entire river basin is composed of five subbasins which 
are named (proceeding from east to the Ocean) Warner, 
Pauma, Pala, Bonsall, and Mission, (see Figure 11-2). 
The total watershed is 565 square miles i n area. 
County road 76 runs from Oceanside to Lake Henshaw and 
various roads branch off to Fallbrook and other small 
settlements. The famous Palomar Observatory is near 
the boundary of the basin and several Indian reserva­
tions are located within the watershed. 

The area is l argely unsettled or rural and most of 
the crops are citrus , avocadoes, grains, dairy farms , 
etc . Scrub trees and native bushes are found through­
out the valley. The basin was divided into three sub­
units ( 3A, 3B, and 3C) in the Comprehensive Water 
Qual.ity Managt3ment Study (CWQMS) (21]. These three 
subunits comprise the San Luis Rey River Basin, while 
the rest of the subunits are the other watersheds ad­
j acent to the San Luis Rey River Basin. The areas of 
the subunits a7e: 

3A (Mission and Bonsall) 
3B (Pauma and Pala) 
3C (Warner) 

186 m~~ 
171 m~ 2 208 m1 

This study, as indicated, comprises the Lower San Luis 
Rey River Basin which includes subunits 3A and 3B. 
Table 11-1 gives further land use information on this 
area. 

B. Geology of the San Luis Rey River Basin 

The area of the San Luis River Basin has an in­
teresting geologic history [22]. From the Triassic 
Period the area was composed of pre-batholithic rocks, 
probably sandstones and shales. These were subjected 
to tectonic forces which resulted in folding, faulting, 
and metamorphism. From a body of molten granitic rock, 
many separate injections occurred along zones of struc­
tural weakness. Some of the existing rocks were in­
truded and assimilated by encroaching magma and now 
occur as roof pendants or inclusions of hybrid gneisses 
and schists. 

After emplacement of batholith, uplift occurred 
and allowed most of the overlying rocks to be removed 
by erosion. During the Tertiary Per iod, t he sea alter­
nately covered the area and receded . Uplift occurred 
later, causing the then level deposits to produce a 
rougher relief. During recent geol ogic time, crystal­
line materials have been weathering t o form the present 
terrain. 

There is a complex system of nearly parallel 
faults which result in earthquake activity. Almost 20 
earthquakes of magnitude 4- Richter have occurred within 
a SO mile radius of the north middle boundary of the 
river basin, with most of the epicenter s along the San 
Jacinto Fault Zone. 

The floor of the valley is composed of alluvi um 
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and valley fill of the late Pl ei stocene.Epoch. Beneath 
this are plutonic igneous rocks, some of which break 
through the alluvium. The northern boundary of t he 
basin is formed by the Agua Tibia Mountains which 
reach elevations of 6,000 feet and are about 20 miles 
long and eight miles wide. There are many fans, espe­
cially along the southwestern base of the Agua Tibia 
Mountains. The Agua Tibia fan in the Pala area prob­
ably built up so rapidly during the Late Pleistocene 
Epoch that it dammed the San Luis Rey River and caused 
the fine-grained lacustrine deposits which appear on 
many of the well logs of the Pauma Subbasin. Mos t of 
the valley fill in the various subbasins consists of 
recent alluvium. This alluvium is made up of sand, 
gravel , and silt, with occasional boulders. 

C. Surface and Groundwater Hydrology 

Taking a look first at t he surface water hydrol­
ogy, the San Luis Rey River runs about 35 miles from 
the Lake Henshaw Dam to the Ocean . The main channel 
originates in the northern part of the Warner Basin 
about 15 miles above Lake Henshaw. There are numerous 
creeks that flow into the main river all along its 
course. Some of these have been gauged at various 
times, but most are seasonal creeks. The two largest 
are Keys and Moosa Creeks . 

About ten miles west of Henshaw Dam there is a 
diversion structure for the Escondido Canal. The water 
remaining in the river just aft er this diversion 
averages 1,487 acre feet per year. Four miles down­
stream, due to inflows, this average flow increas es to 
3,736 acre feet per year. There is a gauging station 
at the Monserate Narrows , which separates the Pala 
and the Bonsall Subbasins. The gauging station has 
been in operation since about the middle 1930's. 

To indicate the overall rainfall and runoff re­
lationships in the Basin, Figure II-3 shows precipita­
t ion at Lake Henshaw superimposed over runoff as 
measured near the Bonsall Narrows . Figure II-4 gives 
the monthly stream flows for the station at Monserate 
Narrows over ~ two-year period, and Figure 11-5 shows 
the monthly s~eam flows for the station at Bonsall 
Narrows. 

As is common in stream-aquifer systems, the qual­
ity of the grounawater decreases toward the downstream 
end. The characteristics of the four main subbasins 
are given in Table II-2. The aquife·r characteristics 
of the four subbasins are similar, with the hydraulic 
conductivity ranging from 20 to 2,000 gpd/ft2 and the 
storage coefficient ranging from 0.1 to 0.16. The 
specific capacity of the wells varies from 25 to 140 
gpm/ft . Given the limited size of the four aquifers, 
it is apparent that management must be conducted care­
fully, both quantitatively and qualitatively. 

D. Water Quality 

As stated above and shown in Tabl e II- 2, the 
groundwater quality increases in total dissolved 
solids (TDS) as one moves downstream. Because of ex­
tensive irrigation, the aquifers have deteriorated 
over the years , with the greatest increase in TDS 
occurring in Mission and Bonsall Subbasins . It is seen 
from Figure II-2 .that each subbasin is separated from 
the ot hers by a narrow gorge (constriction) i n the 
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Figure II-1. Index Map to the Study Area 

valley floor . This causes a buiZd- up of groundwater 
and salt accumulation at these points . 

As an example of aquifer degradation , the trends 
of two wells with the most complete water quality 
records are sho,,·n in Figures TI-6 and I I - 7. Another 
well ·· (No. 20-P-3) showed a more dramatic degradation, 
but this was caused in part by its proximity to the 
Bonsall waste water disposal site and therefore gives 
a slightly exaggerated picture of the aquifer degrada­
tion . This particular source of groundwater contamina­
tion is scheduled to be corrected in the future by 
further treatment and transport to the ocean by a land 
outfall. 

Notice that the chemographs (i.e., graphs showing 
water quality vs. time) show a dispersion around the 
long term mean. Measurement of the TDS or electrocon­
ductivity (EC) of water is subj ect to large fluctua­
tions over a short period of t ime and area; also, the 
possibi lity for sample contamination is ever present. 
Since the purpose of the studies report ed herein was 
to study long term management effects, a mean historic 
value line was established for the main wells by re­
gression correlation, to which the model to be subse­
quently discussed was calibrated. 

The USGS report [13] and the CNQMS [21] gave two 
greatl y differing figures for the salt mass balance 
in the Mission and Bonsall Subbasins for 1970. The 
USGS report estimated that 6,860 tons of salt per year 
were accumul ating in the two subbasins, while the 
CWQMS estimated 49,490 tons annually. Field work con­
ducted by the senior author revealed t hat all of the 
imported i rrigation water (some 40,000 AF/year) is 
applied to the s urrounding hillsides , which are under 
extensive cultivation with citrus crops . Consequently, 
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Figure II-2 . Delineation of Subbasins within the Lower San Luis Rey River Basin [13) 
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the diff ering estimates of salt inflow are partly due 
to the USGS considering only the alluvial aquifer and 
the CWQMS including the hillside irrigation. 

One of the important questions is how much of the 
imported irrigation water which is applied to the hill­
sides will eventually reach the alluvial aquifer and 
when? The irrigation eff iciency of t he citrus grove 
irrigation systems is high, especially 1~here the newer 
trickle or drip irrigation systems are used. Neverthe­
l ess, even t hese syst ems require the eventual leaching 
out of accumulated salts occasionally, and the effect 
this will have on the alluvial aquifer is unknown. 
Field investigations did reveal t hat some of the his­
torical ly seasonal creeks were now flowi ng perennially. 
It appeared that this flow could have resulted from 
the mountain irrigation. 

TABLE Il-l 

LAND USE IN THE LOWER SAN WIS REY BASIN 

SUBUNIT 3A (354, 542 acres) 

includes 90% of the dwelling uni t s of the San 
Luis Rey River Basin 

has 88\ of the truck crops in the Basin 

has 56\ of the citrus cr ops in the Basin 

incl udes 63% of the total irrigated pasture 
in the Basin 

SUBUNIT 3B (98 ,900 acres) 

30% is indian r eservation 

15% is forest reserve 

16% is agriculture 
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Figure 11-3 Precipitation Index at Henshaw Dam and 
Runoff i n the San Luis Rey River near 
Bonsall Narrows (13). 
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E. Existing Institutional Structures Relating to Water 

The San Luis Rey River is located in Cal ifornia 
Region 9 for water pl anning purposes, which is the San 
Diego Region. l~ithin the San Luis Rey area, there are 
numerous water districts and municipal supply agencies . 
~lost of these buy Colorado River Wat er, which has a 
rather high salinity level , wholesale from the Metro­
politan Water District of California. It is expected 
that in the future they will purchase good quality 
California State Project Water for mixing purposes. 
Table II-3 shows the composition of the ~letropolitan 
Water District of Southern California. 

The various agencies within the Santa Margarita-­
San Luis Rey planning area are listed in Table II-4. 
These agencies have sho~~ a remarkably cooperative at­
titude among themselves . Together, they have formed 
the Santa ~largarita--San Luis Rey Watershed Planning 
Agency (WPA). Absent from this list are the various 
Indian tribes which have reservations in the river 
basin. There had been some discussion of inc luding 
them in the WPA; however , the Indians are presently 
involved in litigation concerning rights to Lake 
Henshaw Water. The effects of this litigation remain 
to be seen. 

The WPA is a confederation of the agencies within 
the t wo river basins and has operated on a remarkably 
low overhead. Often, the lack of cooperation between 
small agencies prevents any type of regional planning, 

TABLE II-2 

GROUNDWATER CHARACTERISTICS OF THE LOWER 
SAN LUIS REY RIVER BASIN (13] 

SUBBASIN AREA NUMBER OF WATER QUALITY 
(acres) WELLS (Tl)S in 11&/l ) 

Nlsston 6000 80 1000-SOOO 

Bonsall 5600 45 500- 4000 

Pal a 5500 33 300-1500 

Pa\.IIU 9500 75 S00-1000 

SPECIFIC YIELD SAI'E YIELD 
(AF) (.\F) 

90,000 

40,000 

53,000 

140,000 

10,300 

2, 800 

4 .700 

let alone action. However, it appears that the usual 
political and. sociological constraints, which have 
prevented regional planning i n other areas , may not 
apply here. The abil ity of the WPA to act as a central 
agency to implement river basin management schemes , 
such as the ASTRAN Method, will probably be tested in 
the near future. 

TABLE II-4 

~U~MBER AGENCIES OF THE SANTA MARGARITA- -SAN LUIS REV 
WATERSHED PLANNING AGENCY (21) 

Bonsall Heights Cal ifornia Water District 

City of Carlsbad 

DeLuz Heights ~lunicipal Water District 

Eastern Municipal Water District 

Fallbrook Public Utility District 

Fallbrook Sanitary District 

Mootamai Municipal Water District 

~ity of Oceanside 

Pauma Municipal Water District 

Pauma Val l ey Community Services District 

Rainbow Municipal Water District 

Rancho, California Water District 

Riverside County Flood Control and Water Conservation 
District 

San Diego County 

San Luis Rey Municipal Water District 

San Luis Rey Water Conservation District 

Santa Rosa Ranches Water District 

Valley Center Municipal Water District 

Vista Irrigation District 

Western Municipal Water District 

Yuima Municipal Water District 

TABLE II-3. COMPOSITION OF THE METROPOLITAN WATER DISTRICT OF SOI.JTiiERN CALIFORNIA [14] 
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Chapter HI 
STREAM-AQUIFER SIMULATION MODEL 

A. Overview of Groundwater Modeling 

Mathematical modeling, as an alternative to physi­
cal and other types of models, is increasing in 
popularity throughout the engineering disciplines. 
This trend has been precipitated by the availability 
of fast and accurate digital computers which can han­
dle large quantities of data, and to a lesser extent, 
by anal og computers. Considering only the particular 
area of stream-aquifer systems, one may divide the 
computer models into three types; according to the way 
in which the fundamental equations of flow through 
porous media are solved: (1) anal og model s, (2) fi­
nite di fference models, and (3) finite el ement models. 
The method of characteristics is another solution 
procedure which is used primarily for water quality 
models . It is beyond the scope of this report to de­
tail the development of these techniques . If they are 
unfamiliar to the reader, references are noted that 
give further detail. 

Analog models are constructed on analog computers 
which are able to perform the continuous mathematical 
operations in the model that simulate groundwater 
movement. This ~s accomplished through electrical 
circuitry composed of variable resistors, inductors, 
and capacitors. The major disadvantage of analog -· 
models is their inflexibility, since a new nctwor~ of 
these electrical elements must be constructed for each 
aquifer modeled. 

Both finite difference and finite clement models 
lltilize the digital computer. They approximate tho 
continuous solutions of partial differential equations 
(POE's) with discrete solutions. This is necessary 
because of the difficulty of analytically obtaining 
continuous solutions to general flow equations. The 
digital computer can generate discrete solutions by 
numerical differencing procedures which closely approx­
imate the continuous solutions. Finite element techni­
ques, which have recently received increased attention, 
use variational calculus to derive the differ~nce 
equations which numerical l y solve the PDE 's. In com­
paring the finite element method with the finite 
difference method, one text states: 

"For simple regular mesh networks, the 
difference equations derived by the t~ 
methods are identical. However, for certain 
problems, the finite element method has 
several advantages. Boundary condi\ ions 
are handled naturally by the method in 
contrast to the finite-difference m~thod, 
where special formulas have to be developed 
for the boundaries in many insta.nces. The 
size of the slements can be varied readily. 
Small elements may be used where variations 
are less severe . Also the presence of inho­
mogeneities and anisotropy is taken into 
account quite easi ly" [20]. 

Though many investigators claim that finite 
element models are superior, th~y are not as readily 
avaiiable or well documented 35 finite difference 
mod~ls. For this reason, the latter approach was 
usee here. The finite difference method solves a POE 
by constructing difference equations which approxi­
mate the POE. The discretization in space is accom­
plished by designing a grid system and then expanding 
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the POE about values at the centers (or nodes) of 
each of the rectangles via the Taylor Series. Appro­
priately adding or subtracting these resulting equa­
tions from each other yields the finite difference 
formulas for the firs t and second order derivatives. 
A discretization in time is also carried out and the 
resulting difference equations are then solved by some 
kind of iterative procedure (see Carnahan, et.al. [1]). 
The most popular iterative procedure for groundwater 
modeling is the so-called alternating direction impli­
cit procedure (ADIP), as discussed in Reddell and 
Sunada [19]. 

B. Water Quantity Model 

The finite difference water quantity model used 
i n this research is the Pinder-Bredehoeft Model [18]. 
This model was chosen for two reasons: (1) it is one 
of the most popular, proven models, and (2) it has 
recently been connected with a water quality model. 
The Pinder-Bredehoeft Model solves the two-dimensional 
f low equation, sometimes called the Boussinesq Equation 
(in tensor notation) : 

in which: 

S ~ + W(x
1
. ,t) 

at 
(III-1) 

xi = the spatial cartesian coordinates (i~l,2) (L) 

T.. the second order transmissivity tensor (L
2/T) 

lJ 
5 the storage coefficient (dimensionless) 

h the piezometric surface above some datum(L) 

W the volume flux per unit area (L/T) 

The boundary conditions are: 

l (lii-2) 
0 i=l' 2 

in which: 
given constant 

spatial impermeable boundary points 

spatial points bordering a body of 
surface water 

and the initial conditions are: 

h(x1,x2,0) = given constaut ( I II-3. 

Letting x
1 

• x and x2 = y , this equation can be 

expressed JS 

a (T 3h) + a (T 3h) + .!._ (T ah) + .!._ (T 3h) 
ax XX 3X ax XY ay ay yx ax ay YY ay 

S ah • we t) at x,y, (Ill-4J 



If the coordinate axes, x and y , are aligned with 
the principle t ransmi ssivity components T and T , 

XX yy 
then the Txy and Tyx components become zero and the 

two corresponding terms cancel out. Equation III-4 
simplifies to: 

(I II-5) 

Difference equations can be written for deriva­
tives in the x-direction, y-direction, and with respect 
to time, at the discrete points i, j, k. For example, 
the difference formulas for the derivative terms in 
the x-direction are [17): 

~h h. 1 . k - h . 1 . k 
0 - 1.- ,], l+ , ], 

ax - 2/lx (III-6) 

h . 1 . k - 2 h .. k • h. 1 . k 
l- ,), 1,) , l+ , J, 

(llx) 
2 (Ill - 7) 

where Figure III-1 shows the spatial discretitation of 
the node system with the corresponding ce'lls. Because 
the cell is considered to have uniform characteristics, 
the properties of the node automatically become that of 
the cell . In addition, the version of the Model used 
here assumes a constant transmissivity over time during 
a discrete model period, which only approximates the 
unconfined condition; however, the studies by Konikow 
and Bredehoeft (9) showed good results with th.i.s 
assumption. 

6X 

~ 
( i -1, j - 1) ( i . j -I) ( i+ I, j-1) . • • 

Node./ 

Cell - (i-1, j) (i,j) ( i+l , j} 
• • . 

(i-1, j+l} (i ,j+l) (i+ I, j+l} . • • 

Figure III-1. Node and Cell System for Developing the 
Finite Difference Expressions 

C. Water Quality Model 

The water quality model used in this study is the 
one developed by Konikow and Bredehoeft [9). When 
attached to the water quantity Pinder-Bredehoeft model , 
it is referred to here as the Bredehoeft-Konikow, or 
B-K Model . Before the salt transport equation in the 
B-K model can be solved, the solution t o the previously 
described flow equation is needed. Equation III-5, 
gives the groundwater flow velocities associated with 
each cell; and from this, the convective and dispersive 
dynamics of salt movement can be calculated. 

The basic salt transport equation solved by the 
model is: 

13 

ac a co .. !f_] a C -;:;- = -~ - ~ - -~- v.C)- M(x. , t) 
ot oXi 1] aXj oXi l 1 

{I II-8) 

i n which: 

C s TDS concentration of the water (M/L3) 

t time (T) 

xi = spatial cartesian coordinates (i=l, 2) (L) 

D .. • second order dispersivity tensor (L2/T) 
1 ] 

vi = seepage velocity in the xi direction (L/T) 

M = mass flux of the source or sink (M/L3T) 

In the 8-K ~~del, this POE is solved by a technique 
cal led the method of characteristics. The name arises 
from the use of characteristic curves which are sub­
stituted for the second order terms on the right hand 
side of equation III-8. Two excellent discussions of 
this approach are conta~ned in Reddell and Sunada (19) 
and Gardner~ (4). 

The concentration dynamics are approximated in the 
B- K ~lodel by generating particles in each cell that 
have position and concentration, such as in Figure 
!II-2(a). The model accuracy is proportional to the 
number of particles in each cell. The movement of 
these particles is governed by the characteristi~ 
curves, which yield their positions and concentrations. 
At the beginning of any discrete time step, each 
particle is given the same concentration as the cell it 
occupies. Each particle is then moved a certain dis­
tance in a direction computed from the seepage velocity 
multiplied by the increment of the time step. An exam­
ple arrangement is shown in Figure III-2(b). After 
consideration of dispersion effects, the new concentra­
tion of each cell is calculated by averaging the con­
centration of the particles terminating in that cell . 

The B-K Model can predict the piezometric surface 
and water quality for each node, plus provide mass 
balance information and other corollary data.. Though 
it is still being refined, the model has been used by 
the United States Geological Survey (USGS) for a major 
study on the Arkansas River (9]. The Model was com­
pared to detailed historical data and gave excellent 
results. A detailed documentation of the 8-K ~1odel may 
be obtained from the authors. 

D. USGS Models 

Prior to this research project, the USGS had 
calibrated the Pinder-Bredehoeft water quantity model 
for the historical period of 1947 through 1972 for all 
four subbasins in the Lower San Luis Rey River Basin. 
They had also operated the ~1odel for a five-year period 
into the future (to 1977). The USGS report detailing 
the procedure and giving the results of the study also 
includes some salt mass balance calculations for each 
subbasin in the Lower San Luis Rey River Basin (13] . 

The Pinder-Bredehoeft Model, originally applied 
by the USGS to the study area, contained a variable 
cell dimension capability, which was used to construct 
·the cell geometry for Bonsall Basin as shown in 
Figure III -3. Most of the cells were dimensioned 500 
ft. x 1000 ft. or 1000 ft. x 1000 ft . This quantity 
model was calibrated by comparing it against available 
well hydrographs. The results of this comparison are 
shown in Figure III-4. 
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Figure III-2(a). Initial Particl e Configuration 
in a Cell. 

' ' ' 

Movement of Particles in a 
/ Time Step (Concentrations 

/ Changed l 

' . 
' 

' ' ... • 

' .... 
' 'e 

' ' "e 

~vx 

L~ V I . v Seepage e oc1ty 
y 

Figure I II- 2(b) . Particle Configuration after a 
Time St ep. 
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The 8-K Model also uses a version of the Pinder-
8redehoeft model for the quantity section . It does 
not, however, have a variable cel l dimension capability. 
The cell dimensions of the 8-K Model were therefore 
made a uniform 500ft. x 1000 ft., which greatly in­
creased computer time, but enabled the water quality 
section of the B-K Model to be used directly. 

A large amount of rapid access core memory was 
needed for the B-K Model, using this finer uniform grid 
size, on the Colorado State University (CSU) digital 
computer. To correct this, a sophisticated technique 
of using over~ys was adapted to f it the large Model 
onto the CSU system. Neverthel ess, each computer run 
took so much time, that it was impossible to use the 
B-K Model as i t stood, for management studies, without 
exceeding the research budget. Consequently , only one 
model period was run with the combined 8-K Model. The 
water quality results were checked against the historic 
water quality data to see if the Model was reproducing 
the correct changes in water quality with the desired 
accuracy. When this was accomplished, the 8-K Model 
was simplified into what is called the Adapted Model. 

E. Adapt ed Model 

The Adapted Model was developed by first, incre~­
ing the cell dimensions. Figure III-5 shows this 
coaser grid system. Because there are many arrays in 
the Model with dimensions corresponding to the size of 
the grid system, this simplified grid system consider ­
ably reduced the required core storage and computer 
time. 

Second, some internal modifications were carried 
out which consi sted of eliminating some arrays by a 
doubting up procedure. That is, in some instances, 
one array could be adapted to do the work of two. For 
example, instead of having three arrays, one for 
transmissivity, one for hydraulic conductivity, and 
one for aquifer saturated thickness, the hydraulic con­
ductivity array was eliminated and calculated from the 
remaining two arrays when needed. The Adapted Model 
ran with significant savings in computer costs; more­
over, the available data seemed to justify the use of 
a coar ser grid syst~m. 

F. Model Calibration 

Before the water quality section of the Adapted 
Model was studied, the Adapted Model was checked 
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against the original Pinder-8redehoeft Model to ensure 
that the larger cell dimensions and smaller arrays did 
not affect the quantity results . 

The Adapted Model agreed very well with the more 
detailed USGS quantity model. The water table eleva­
tions agreed within ±1 foot for 95% of the nodes. The 
remaining nodes, usually in boundary cells, differed 
by no more than four feet . Slight adjustment of 
boundary nodes was necessary, in order to remain con­
sistent with previous USGS work, since the boundary 
conditions were approxima~ed by pumping and recharge 
wells. A comparison of Figure 111-6 and Figure 111-3 
reveal s that in addition to changing the cell di men­
sions, the Adapted Model slightly decreased the 
modeled area of the subbasin. 

Calibrating the water quality model consisted of 
two procedures: one comparing the historical water 
quality with the modeled water quality, and the other 
comparing the modeled salt mass balance with a mass 
balance computed directly from the data. The water 
quality comparison was the major aspect of calibration 
and is described below. The historic period during 
which water quality data were taken ranges from 1952 
to present. (Some recent water samples are being 
collected at the authors' request). There were only 
three wells that had continuous records over this 
period of time; however, there were other wells that 
had intermittent data which were also used. The wells 
with continuous records had not been measured consis­
tently, i.e., every six months or so, but had lapses 
of several years in some cases. Nevertheless, they 
provided an indication of the water quality trends in 
the basin . 

As shown in Figures II I -6 and I II-7, there is 
considerable variation of water quality around t he 
mean historic value line, and as mentioned above, this 
dispersion could not be modeled nor should it be 
modeled; consequently, the mean lines were used for 
the calibration procedure. Figures III-6 , and 111-7, 
and III-8 show the results of the calibration. The 
Model also followed the spot checks from the infre­
quent records of the other wells reasonably well. 

The amount of salts transferred in and out of the 
aquifer and the change in TDS is sensitive to the 
quality of drainage water reaching the aquifer f r om 
irrigation. To arrive at this, the assumed 70\ irri­
gation efficiency of the USGS report (13] was consider· 
ed reasonable. 

25 30 35 40 45 

Aonsall Subbasin 
figure III-5. Coar ser Cell Array for the Adapted Model 
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Figure III- 6. Historic vs. Modeled TDS for Well 20-P-3 (Node 6,15) 
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Figure III-8 . Historic vs. ~1odeled TDS for Well 1-P-1 (Node 5,43) 

If t he wa ter qua lity output of the Model fitted 
the long term trend line within t 20%, the ~~del was 
considered calibrated. Konikow used t 10% for his de­
tailed one-year study of the Arkansas River (9], but 
then that was assumed to be the maximum accuracy that 
could be obtained, considering the wide variance of 
TDS actually measured in t he f i eld . For t he long term 
historical study period used for the San Luis Rey 
River Basin , the ± 20% figure seemed adequate . As 
shown in Figures III-6, II I-7, and III -8, the modeled 
results we·re usually within ten percent of the historic 
trend lines . 

The selected values of t he parameter s Dij in 

equation III-8, which produced the output shown in 
Figures III-6 t o III -8, were based on suggestions i n 
some unpublished USGS notes. on the model [17).Isotropy 
was assumed for the · porous media, so that all that was 
required were estimates of longitudina l dispersivity 
t (i.e., in the direction of the velocity vector) and 

L 
transverse dispersivity ~T (i.e., lateral to the 

velocity vector ) . The longitudinal and transverse 
dispersion coefficients are then computed as: 
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DL = £LV 

DT tTV 

where V is the magnitude of the velocity vector . 
From these values of DL and DT' the Dij in equa-

t ion III-8 are easily computed, as shown in Reddell 
and Sunada [19). The suggested value of ~L was 

100ft., with cT/&L given as 0.3. These values gave 

what appeared to be reasonable results, so that no 
adjustments were made . 

It is important to realize that such a long term 
model only shows trends and with the relatively 
limited data avai lable , it would be of little value, 
if not actual ly misleading, t o attempt a finer calibra­
tion or give more detail . As any modeler kno1;s, a 
model can be made t o fit any data by adJusting the 
parameters. The subjective judgment as to when the 
adjustment becomes excessive is important to the -­
reliability of the model. For the Adapted ~1odel, it 
was fe lt that t he limited dat a suggested a larger cell 
geometry and more general interpretation of the model 
results. 



Chapter IV 
MANAGEMENT ALGORITHM 

~. Introduction 

The management algorithm is developed in four 
steps; 

1. Define the management problem in general terms, 

2. Quant i tatively formulate the management pr o­
p l em by defining the objective function and 
constraints, 

J . Apply an optimizing method to solve the quan­
tified problem, and 

4. Inter face the optimizing model with the simu­
lation model. 

In general terms, t he probl em is to control aqui­
t" it' r degradation in Bonsall Subbasin .in the most econo­
m i <::.tl way, within the hydrologic , physical, envir onmen­
t :•1, and non-quantifiable constraints. The ultimate 
):<1;1} is management of the entire river basin, but this 
is not pursued here. The questions to be ans1•ered are: 
from which sources shoul d water be obtained and to 
«h l\;h areas should the water be applied? Ideally , this 
'hould be accomplished in such a way that the aqui f er 
.,,; 11 remain stable over the long run, considering both 
' luuntity and quality. However, even if this ideal 
proves to be unobtainable, arresting the degradation 
nf the aquifer for some years or decades would be 
~xrremely beneficial. 

As will be explained subsequently, the total 
rll;mag(;ment algorithm does not necessarily find t he 
k'-lst-cost soluti on, but rather gen~rates a :f'amiZ.y 
,,r l east-cost solutions. Each least-cost solution 
produces a certain salt mass balance in the basin; 
,·nnscqucnt l y, decision makers can choose a desired 
l cu~t-cost so lution based on both costs and subjective 
,·nns iderations as to the benefits of controlling degra­
dat lon. For example, allowing water quality to sightly 
,lcgr~dc may be preferable to keeping it constant, be­
,·:•usc of fi nancial constraints. In other instances, 
improving the groundwater quality may be more desirable . 

Si nce the basic idea behind the ASTRAN method is 
t o appropriately transport groundwater from one pl :1ce 
1 '' another, then this suggests that the optimi zing 
model might conform to a linear transportation prob l em 
format . There are, of course, a number of efficient 
codes available for so lving such problems, such as the 
l:nrd- Fulkerson primal -dual algorithm. The optimizing 
mode l is, in reality, a screening modeZ which rejects 
'"' ''conomical feasible solutions and supplies alterna-
1 ivc least-cost management str;.;tegies to the simulation 
model, which then tests them as to their ability to 
.:on trol salt degradation. 

As il lustrated in Figure IV-l,a dialogue between 
the optimi zing mode l and the simulation model can be 
cst:tblished which cent c1·s around a certain overall 
management decision variable that "'ill be expla ined 
later . 

The optimizing model is basical l y a s t atic one in 
that optimization is performed over the model time 
periods in a sequential manner . There appears to be 
no need to optimize over all mode 1 periods at once. 

The basin quanti t y and qual ity conditions produced 
:1t the end of a specified period of time, due to 
application of the management technique, serve as the 
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initial conditions for the subsequent period. The 
model periods may be historical, or they may be pro­
jections into the f uture . The historical mode l periods 
defined by the USGS were catagorized as wet, medium, 
or dry. From Figures I II - 6 to II I -8, it can be seen 
that some of the model periods were sever a l years i n 
l ength . 

Screen Out 

'---r--+1 Uneconomical 

Schemes 

Input Initial Value 
of Management 

Decision Variable 

Simulate 

Effect of 

Optimal Scheme 

Adjust 

L----------1 Monovement !+-- -----------' 
Decision 
Var iable 

FigurP TV-1 . Simplified Flow Piagram of The Manag~ment 
Al)aorirhm 

The clas~ical transportation problem a~ applied 
to this management problem is formu l at ed as follows: 

n m 

I z: ci).qiJ. 
i =l j= l 

i=l, ... ,n 
j=l, . .. ,m 

subject to: 

in 1-1hich: 

c .. 
lJ 

m 
L qi

1
. < s1 , i =l, ... ,n 

j=l 

n 
y 

i=l 
q .. >d., j =l, ... ,m 

l J - J 

q .. > 0 
lJ -

i=l, ... ,n j=l, ... ,m 

( !V-1) 

the cost of transporti ng water from source 

sect ion to demand section ($/ AF) 

the amount of water transferred from i to 

(AF/yr) 

the amount of water available at source 
section i (AF/yr) 

dj the amount of water needed at demand 
:;ection (AF/yr) 

Before solving the transportation problem for 
Bonsall Subbasin, the source and demand sections must 
be identified . For demonstration purposes, the Sub­
basin was divided into four sections , which define 
source and demand locations i n the basin corresponding 



to the above transportation problem formulation. 
Though this decision was rather arbitrary , the basis 
for it was (1) to make sure that the total irrigated 
area in each section was about the same, and (2) to 
have an adequate number of irrigation wells in each 
section. The maximum number of sections t hat it would 
be possible to define would occur if each section 
cor responded to one grid of the discretized finite dif­
ference approximation. The minimum number of sections 
would be two. If too many sections are defined, the 
management algorithm may become unduly complex. Iftoo 
few are defined, the management algorithm may not 
yield information of sufficient detail upon which to 
base actual management decisions. 

Figure IV-2 shows the actual sections used for the 
management al gorithm in this study. Referring to the 
transportation problem, s1, i=l, ... ,4, represent the 

maximum quantities of pumped groundwater available from 
each section j; the dj, j =1, ... , 4, are the irrigation 
demands for oach sectl on j. The maximum amount of im­
ported State Proj ect water (a mixture of Colorado River 
water and water from Northern California) that is 
available is designed as s5 , and s6 represents the 

maximum amount of gr oundwater available from an upsnream 
basin. ~fa xi mum exported water available as supply to 
downstream basins or to be placed int o an outfall is 
identified as d

5 
. Export is needed t o maintain the 

proper water quantity and quality balance. 

The transportation problem must now be augmented 
by a prob l em constraint on the average concentration 
(over a model period) of water applied to any section. 
This is the key factor in controlling degradation, 
since i f it is assumed that upstream groundwater is of 
better quality, then restriction on average concentra­
tion will encourage transport of upstream groundwater 
to downstream lands. The ASTRAN Method is therefore 
indirectly effected. The screening mode~ is then de­
fined as the transportation prob l em augmented by the 
water quality constraint. The basic transportation 
code must therefore be abandoned and the standard or 
revised simplex code used instead for solving the 
screening or optimizing model. 

The water quality constraint can be easily under­
stood by decision makers, since it is based on the 
well known leaching formula (5): 

D w 

0 w 

the 
for 

depth of 
leaching 

(IV-2) 

the supplied irrigation water 
(em) 

ET ~ the evapotranspiration or consumptive use 

EC w 

(em) 

the electroconductivity of the drainage 
water percolating past the root zone 
(micromhos/cm2) 

the electroconductivity of the applied 
irrigation water (micromhos/cm2) 

A regression correlation analysis was conducted 
for the San Luis Rey River Basin which yielded the 
following relationship : 

TDS = -2 + 0. 683 EC (IV-3) 

in which: 

TDS a the total dissolved solids (mg/1) 

EC = t he electroconductivity (micromhos/cm2) 

Figure IV-3 shows a plot of points used in the analyns. 
The coefficient of correlation was 0. 985 . 

The leaching formula must now be rearranged i n 
order to est ablish a linkage between the screening 
model and the simulation model. The dependent var iable 
should be drainage water quality and the independent 
variables should include all of the possible sources 
of water and their qualities . Also, quality is now 
expressed in terms of TDS. The water quality constraint 
is 
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in which: 

cdj 

c .. 
m) 

6 
L q . . C. 

i=l l) l 
cdj = _ 6.,.;;....;._ ____ ~ crnj 

CL q .. )-ET. 
i=l l) ) 

(IV-4) 

ave1·a.ge TDS concentration of the drain­
age water at section j over a model 
period (mg/1) 

upper bound on average TDS concentra­
tions of the drainage wa~er at section 
j (mg/1) 

average TDS concentration of irri ga­
tion water from source section i 
(mg/1) 

amount of water transfer red from source 
section i to demand section j 
(AF/yr) 

ET. = evapotranspiration at section j (AF/yr) 
J 

Realistically speaking , the Ci will vary over 

the model period, and are a function of the qij' 

Since the primary function of the screening model, how­
ever, is to provide rough management guidelines that 
are subsequently checked by the simulation model, a 
representative i nvariant value of Ci is used. 

Rearranging equation IV-4 to fit the standard linear 
programming constraint format: 

6 6 
cmj .L qij - .L qiJ.ci ~ c .ET. , j=l , . . . ,4 (IV-5) 

1=1 1=1 mJ J 
Figure IV-4 shows the location of the various waters 
and their corresponding qual ities. 

The basic management decision variable i s Cmj . 

Various combinations of values for C . could be se-mJ 
lected and the screening model solved fox each set of 
values . With a solution in hand, the computed optimal 
water distribution quantities, q~ .• are now available 

l) 

as d?Jreened data that can be inserted i nto the 
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Figure IV-4,. Water Quality Schematic of Demand Node 

simulation model, which will then predict the effect 
on salt balance in the· basin. Note that equat ion IV-5 
is a linking constraint between the screening model 
and the simulation m9del in that by varying C · , the 
resulting optimal qij will be influenc~d. whi~ wi l l 

in turn influence the s3lt bal ance predicted by the 
simul ation model. 

In order to simplify the process of changing Cmj' 

a variable DCON is defined which is independent of j; 

DCON = C . - C . (I V- 6) 

in which 
m] g) 

Cgj is the average quality of the ground-

water at demand location j , over a model period. 

Consequently, DCON may be thought of as the 
maximum allowed diff erence in concentration between 
the drainage water and the groundwater. The variable 
DCON is the device used to perturb the screening model, 
which in turn, generates the inputs to the simulati on 
model. Figure IV-1 i l lustrates this process in a 
sim~lified manner, where the management deaision 
VCU"!.-abl-e referred to is DCON and the effect of optimal­
scheme is the predicted distribution of concentration 
over the basin, at the end of the t i me period, as 
generated by the simulation model. 

Several add.i tional constraints are added in order 
to maintain certain historic or projected water ba­
lances in each section and over the entire subbasin, 
with the only variation occurring in intrabasin water 
t ransf ers, as generat ed via the ASTRAN technique . The 
first of these is a constraint to ensure that a pr oper 
quantity balance is maintained in the basin during a 
particul ar model period . Assuming that net subsurface 
inflow and outflow is approximately zero , then total 
imported water, plus total natural recharge minus total 
exported water and consumptive use, must equal some 
prescribed level 6W: 

4 4 4 4 4 

I Gs· • r q6j - r qiS r ETi I NRi + AW 
j =1 J j=l i =l i=l i=l 

(IV- 7) 

where NRi is the natural recharge in section i. 



In addition, any desired historical or projected 
water balances can be specified at the sectional level: 

s 6 

I qkj - I qik 
j=l i =l 

ETk · NRk + llWk , k=l, ... ,4 

(IV-8) 

Finally , only enough water should be pumped and 
applied to the same section as actually demanded, in 
order to prevent the screening model from pumping large 
amounts of this cheap water for l eaching and perhaps 
encouraging inefficient irrigation. This can be stated 
as: 

i=l, 0 0 0 ,4 (IV-9) 

Interestingly enough, this constraint appeared to have 
very little i nfluence on the solut ions. 

Notice that there is the possibility of allowing 
the supply and demand constraints to be expressed in 
terms of various combinations of inequali ties and 
equalities: 

t qij ~} s. 
l. 

I qij ~ } d . 
i J 

However, 

r q .. 
j 1) 

< s. - l. 

r <t .. 
i 1J 

> d 0 

J 

(IV-11) 

gives the most flexibility. These combinations have 
important management implications. For example, 
al l owing the demand to be exceeded permits artificial 
recharge, if it is needed to maintain the proper salt 
balance . 

In summary, the screening or optimizing model can 
be written as: 

subject to: 

s 
r qij 

j=l 

6 
r qij 

i:ol 

6 
c mj r 

ixl 

min 

qij' 
i=l , ... ,6; 
j=l, ... ,s 

< s. 
- 1 ' i=l' 0 0 0 ,6 

> d . 
' j=l, ... ,s - J 

6 
q .. - r (qijCi) lJ i=l 

> c .ET. 
' j•l , .. 0,4 - mJ J 
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4 4 4 4 4 
I qs. + r q6j - L q.s I ET. I NR. + llW 

j=l J j=l i :l 1 i=l l. i=l l. 

s 6 r qkj - I q.k = ETk -N' + llWk' k=l, 0 0 0,4 
j .. l i=l l. 

qii ~ di ' i=l, ... ,4 

qij ~ 0 • i•l , ... ,6 ; j=l, ... ,s 

C. Total Management Algorithm 

The screening model (or optimizing model) can now 
be linked with the simulation model (discussed in 
Chapter III) to form the total management algorithm. 
Future research will undoubtedly connect them formally 
into one model; as yet, however, efficient codes are 
not available for this so that the linkage is accom­
plished iteratively and sequentially. The primary 
means of linkage is the decision variabl e DCON. 

A gener al flow chart of the management algorithm 
is given i n Figure IV-5 . The basic steps in the algmi­
thm can be listed as follows: 

1. Choose an initial historical or projected 
model period for which all required initial conditions 
of water quantity and quality are given. 

2. Start with initial guesses for C . and DCON gl 
(which gives Ci and Cmi) for the screening model. These 

may be based on historical data or trial runs with the 
simulation model. 

3. Run the screening model and obtain optimal 
water distribution q .. for all i,j. 

lJ 
• 4. Operate the simulation model using the q ij 

and given initial water quantit y and quality conditions, 
and othe~ relevant data. If the total quantity applied 
to any section exceeds the demand, the remainder must 
be a l located over the potential recharge grids of the 
section in such a way that unattractive extremes in 
water level will not occur . For this study, excess 
water was allocated in such a way that water 'levels 
stayed between ten feet above bedrock and five feet be­
low the ground surface, for each node. 

5 . For the given value of DCON, the simul ation 
model predicts water levels and TDS levels, over each 
grid in the basin, for the end of the model period. 
For each section, average concentrations over the model 
period can then be computed. These' val ues become new 
estimates of C . , and we return to Step 3. Thi s pro-

p 
cedure continues until there is reasonable agreement 
between successive sets of Cgi' 

6. At the end of the iterative process of Step 5, 
the final quantity and quality pr edictions computed by 
the simulation model then serve as initial conditions 
for the next model period, and we retttrn to Step 2. 
This process continues for all model periods. Notice 
that the parameters c .. , s . , and dj may change with 

lJ l. 

each model period. 

7. Having sequential ly considered the desired 
number of historical or projected model periods, the 
overall basin degradation can be noted. If the rate of 
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Figure IV-5. Flow Chart for the Management Algorithm 

degradation is too high, then DCON should be reduced, 
which will more greatly restrict thll average concentra­
tion of the applied water. When the above proc~ss is 
repeat ed for this l ower value of DCON, the totaf cost 
will increase. A range of OCON values can be selected 
so as t o estimate the costs associated with various 
degrees of degradation control. 

Chapter V displays the results of the total 
management algorithm so as to highlight the sensiti~ity 
of the algorithm to DCON and the cost to the Subbas~n 
for an average change in salt concentration AC over the 
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basin . Normally, a water -manager would have two objec­
tives: (1) stabilize quantity mass balance (AW "' 0) 
and (2) stabilize the long term salt mass balance 
(AS~ 0). The goal is to stabilize the quantity objec­
tive, and use the aquifer efficientl y as a storage_ 
reservoir during dry periods, when AW ~ 0, and d~r1ng 
wet periods when oW > 0, so that the long term oW ~ 0. 
Table IV-1 shows how the salt concentration balance AC 
can vary with AW and the total salt balance 65. With 
the management algorithm thus constructed, the next 
chapt er presents the results of applying it to Bonsall 
Subbasin. 



TABLE IV-1 

POSSIBLE SALT CONCENTRATION CHANGES RESULTING 
FROM COMBINATIONS OF HYDROLOGIC 

AND SALT BALANCE 

HYDROLOGIC SALT CONCENTRATION 
BALANCE (6W) BALANCE (liS) CHANGE (tiC) 

Positive Positive Increase or Decrease 

Positive Neutral Decrease 

Positive Negative Decrease 

Neutral Positive Increase 

Neutral Neutral None 

Neutral Negative Decrease 

Negative Positive Increase 

Negative Neutral Increase 

Negative Negative Increase or Decrease 
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Chapter Y 
COMPUTATIONAL RESULTS 

A. Model Inputs 

I n order to evaluate the feasibility of the ASTRAN 
m<·thud, and gain experience with the management algo­
ri t"lun, a ten-year historical period consist ing of a 
dry period (model period 6) , an average per iod (model 
pniod 7) , and a wet period (model period 8) , was 
·;d,'cted. ~1odel period 6 was 7-1/2 years l ong, start­
lD!t from July 1958; model period 7 1-1as 3 years long, 
·,tart i ng from J anuary 1966; and model period 8 was 6 
llkHlths long, starting from January 1969. T1-1o reasons 
p•·umpted the decision to use this particul ar historical 
pe r iod: (1) prior to 1958, Bonsall Subbasin ground­
wat,•r had not degraded beyond the point of usability 
for irri gation , and (2) this per iod of time contains 
r he most accurate and extens ive records of water quan­
tity and quality . 

In 1958, groundwater quality in Bonsall Subbas i n 
was in roughly the same position as the present qual i t y 
i n the upstream Pauma and Pal a Subbasins . In order to 
make t he results obtained for the Bonsall Subbasin 
mvre directly applicabl e to Pauma and Pala, some as­
~umptions were applied to the water quality i nput . 
l'nr exampl e , the imported Colorado River Hater has 
ranged from a TDS of 700 to 800 mg/1, but as State 
1'1·oject water is added, this quality is proj ected to 
improve well below a TDS of 500 mg/1. Consequently, 
the imported water was conservativel y assigned a TDS 
of 500 mg/ 1. 

The screening model requires specification of 
average ground1•ater concentration l evels Cgi (l'hich 
~·il'l d the C.) . For this study, these values "'ere 
nJIIlputod blaveraging , over each Section, concentration 
I ~v<:'ls that wer e gi ven for the beginning of the model 
period . For model period 6, they were the actual his­
torical levels. For the remaining model periods , they 
were the levels at the end of the pr evious model period 
a~ comput ed by t he simulation model. The iterative 
process described in the previous chapter, for finding 
t he proper ave:rc;;ge concentr at ions over each model 
period, did not seem to be necessary since concentra­
tions did not vary appreciabl y under the ASTRAN method. 
Figure V- 1 shows t he aver age C . values used for the 
beginning of model period 6, inPrelation to tho 
actual TDS profile . 

One of the important constraints is the maximum 
amount of pumped water that can be suppl i ed from each 
~cction. In the absence of artif icial recharge, t he 
maximum sectional supply (s.) would be the safe yield, 
or the amount of Hater natufally flowing through the 
aquifer . If sufficient artifici al recharge 1-1ere avail ­
able , however, the maximum sectional supply would be 
limited by the aquifer char act eri stics (i. e. , how fast 
t he aqui fer can t ransmit water from arti f icial recharge 
areas to a pumping wel l). 

There are several ways one might estimate the 
maximum amount of water that can be transmitted through 
an aquifer . For this st udy, i t has been approximated 
by Darcy' s law. A repr esent ative hydraulic conduc­
tivity over each section was estimated, as well as the 
maximum real istic hydraulic gradient over each section . 
By us ing an average depth of saturated thickness and 
the length of each sect ion, maximal flow rates could 
be estimated. The smallest of these, 3200 AF/yr, was 
assigned as the s. val ue for all sect ions i . Several 
smaller yiel ds (i . ~., si = 2800 AF/yr) were used in the 
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screening model in order to see lvhat effec t this ~o~roulJ 
have on the solutions . 1\fhen the maximal sectional 
supply s. was decreased to 2800 AF/yr, the solution 
to t he scfeening model was similar to the solution 
that used 3200 AF/yr , though t he resul ting TDS l evel s 
computed by the simulation model t ended to be higher. 

Table V-1 list s the quantity and quality data for 
the various sources, in addition to demand data. The 
amount of available upstream groundwater is a debatab le 
figure. The mosc conservative procedure would be to 
set this amount to zero, and rely total ly on import ed 
water. Cost comparisons of the two approaches wi l l be 
given l ater . Evapotranspiration ET. 1-1as estimated by 
assuming an irrigation efficiency bf 0 . 70. 

* In app l ying the screening model results, q .. , to 
lJ 

the simul ation model, a one-acre arti ficial recharge 
area was assumed to have a capacity of recharging 1200 
AF/yr into the aquifer . This included one day a week 
for cleaning operations, and an aver age of four f eet 
per day of infilcration. Since the largest irrigation 
well in the Bonsall Subbasin has a capacity of 964 
AF/yr, this was considered to be the maximum probable 
capacity of any well. 

The quantity balance for t he enti r e basin ~Yas set 
at 

4 4 
~w f:ET.+LNR. 

i: 1 1 i: 1 1 

Thus, the right-hand side of equation IV- 7 is :ere. 
This ensured that the historical hydrologic balance 
in the basin \Yould be maintained, since it implied 
that t otal water imported into the basin, as speci fied 
by the 1\STRAN method, must equal the total exported 
1;ater. 

Likewise , historical val ues of awk were used in 
order to preserve historical sectional water bal ance . 
It should be noted that in actually rwming the screen­
ing model, qkS' q5k, and q6k were not included in 

equation IV- 8. Since they t urned out to have positive 
values when computed by the management a l gorithm, the 
sectional bal ances under the ASTRAN method did not 
exactly correspond to the hist orica l sectional balances. 
r uture cal cul ations should inc lude them. 

The object ive funct ion cost coefficients, cij ' 
i n the screeni ng model were conservat ively estimated 
as fo l lows . First, al l obvious ly nonoptimal transfers 
of l>~ater , such as transport ing poor downstream ground­
water upstream, were assigned an arbitrary penalty 
cost of 51000/AF . Next, the costs of transporting 
groundwater in unl ined canals were calcul ated a s shown 
in Tables V-2 and V-3. The use of unlined canals is 
reasonable since t he goal is to encourage downstream 
recharge. I t is assumed that the r elat ively even 
topography of the basin will a l low gravity flow and 
any required pumping can be handled by the existing 
syst em. Each c .. va lue (i=l, . .. ,4; and i.::_ j) IYaS 

1) 

then cal cul ated by adding groundwater cost to trans­
portation cost. For example, applying one acre-foot 
of groundwater to the same section from which it was 
pumped would cost $30. 62 , according to Tabl e V-2 . If 
the water were to be transported one section downstream, 
the unit cost woul d be $30.62 + $1 .50, or $32 .12 . The 
cost of art ificial r echarge was considered negligible 
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Figure V-1. Water Qual ity Profile for Bonsall Subbasin. 

since the cost of purchas1ng land fo r artificial re­
charge purposes is normally balanced by the value of 
excavated sand and gravel . 

The costs itemi : cd in Table V-2 assume a 30-year 
li fe a nd a discount rate of 8~; . ll'ell dri ll ing costs 
arc assumed to be $52/ft and tho average depth of a 
1•ell, 200 feet . The assumed power cost is $0.06/ 1\WH, 
1d th a pumping head of 150 feet and overall 10ell ef­
ficiency of 0. 72. These pumping costs are extremely 
conservative in that they ignore any current pumping 
capacity in the s ubbasin . 

The price of State Project water wus determined 
during a field trip, a f ter int erviewing several offi­
cials of the exi sting water districts in the San Luis 
Hey area . For Bonsall Subbasin, State Pro ject water 
does not retail for less than SS2/ AF, so this was the 
cost assi2ned to c5j . Stat e Proj ect water in the 

Pauma Subbasin retails at $75/AF and is projected to 
increase. Consequently , the cost of $52/ AF is conser­
vative and if the cost increases in relation to t he 
gr oundwater cost, the ASTRAN method should prove to be 
more beneficial. 

All of the c.. data are summarized in Table V-4 . 
l) 

~otice t hat t he cos t of exporting water from each 
sect ion is the same for all sect ions , and corresponds 
t o cii ' i=l, . . . ,4 . This is because i t i s ass~~ed 

that export can be accomplished by simp ly pumping water 
into the river channel. 

In discounting the capital investments, the 
annual cost i s not s ensitive to the l ife of the struc­
ture after 30 years; however, it is sensit ive to the 
di scount rate. This is a debatable number ; however , 
8% was used as a rough approximation . Anot her impor­
tant point is that the costs, while hopeful ly real istic, 
are not al l i nclusive, but primaril y meant to provide 
a means of comparing the sensitivit y of total cost to 
various l evels of degradation control, using the ASTRAN 
method . 
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B. Results of the ~!anagem~nt Al gor ithm 
In order to display the results of the management 

a l gorithm, based on the ASTRAN method, a series of 
figures have been prepared in order to ( 1) compare the 
aquifer degradation allowed by the ASTRAN method with 
the actual historical degradation, (2) to i 11 ustrate 
the screeni ng model solut ions, and (3) to illustrate 
the trade-offs in choosing which DCON val ue to use as 
the basis for a management strategy. 

First, Figures V-2 and V-3 show the historical 
degradation of Bonsall Subbasin in contrast with the 
degradat ion that would have occurred under the AST~~ 
method. Figure V-2 gives t he computed change in TDS 
for a cluster of downstream nodes which are pr oximate 
to a well having accurate and extensive water quality 
data. Figure V-3 shows the average change i n TDS for 
all of section 4 (farthest upstream) i n the Bonsall 
Subbas in. In as much as the water quality data and 
boundary conditions are only roughly known, this latter 
compar ison i s more conservative and not as dramatic as 
the former ; moreover, since the quality of the water in 
section 4 was good, l ess improvement was possible. 
The improvement is more noticeable downstream because 
the degradation builds up mor e rapidly due to the geo­
logic constrict ion between the subbasins. That is , 
salts pi~e up at the downstream end of the subbasin. 
Consequently, Figure V-2 shows a more dramatic 
improvement t han Figure V-3 . 

To further display the r esult s of the management 
algor ithm, Figures V-4 t hrough V-12 show the screening 
model solutions fo r various values of DCON. Exported 
water is designated as EXW, upstream groundwater as 
USGW, and State Project water as SPill. All the quanti­
ties shown are in units of acre- feet per year . The 
arrows represent water imported, exported , or trans­
ported from section to section. For exampl e , in 
Fi gure V-4 , q31 = 1659 is the quantity transported 

from section 3 to section 1. 



TABLE V-1 

WATER QUANTITY AND QUALITY DATA 

Model Periods 
6 7 8 

c. s. d. c. s. d. c. s. d. 
l l l 1 1 1 l 1 l 

(mg/e) (AF/yr) (AF/yr) (mg/e) (AF/yr) (AF/yr) (mg/e) (AF/yr) (AF/ yr) 

Section 1500 3200 1228 3200 1117 * 3200 752 

Section 2 1000 3200 832 * 3200 750 * 3200 845 

Sect ion 3 700 3200 667 * 3200 1083 * 3200 595 

Section 4 600 3200 729 * 3200 817 * 3200 1069 

St ate Project 
Water (5) 500 20000 NA 500 20000 NA 500 20000 NA 

Upstream 
500 3500 NA 600 3500 NA Groundwater (6) 650 3500 NA 

* determined by simulation model 
NA not applicable 

TABLE V-2 

COST CALCULATIONS FOR IRRIGATION GROUNDWATER 

Annual $/Acre 
Item Amount Foot 

Fi:xed Costs: 

Capital Recovery for Well $ 92.3 $ 5.56 

Insurance and Taxes 190 1.14 

Tot al Fixed Costs $111.3 s 6 .70 

Variabl e Costs: 

Operation and Maintenance $1040 $ 6.27 

El ectrical Energy 1930 11.63 

Revenue Tax for ~1\'10 1000 6.02 

Total Variable Costs $3970 $23.92 

TOTAL COSTS $5083 $30.62 

TABLE V-3 

COST CALCULATIONS FOR ASSUMED CANAL DESIGN 

Item 

Fixed Costs: 

Capital Recovery for Lined 

Annual 
Cost /mile 

Canal $2176 

Annual Maintenance Costs 800 

Cost 
AF/mile 

TOTAL COSTS $2976 $1. 50 (Lined) 
SO. 75 (Unl ined) 

Not e the fol l owing assumptions : 

1. Concrete lini ng is 2 i nches thick, which 
yields 5. 33 cu. yds . of concrete for 100 
lineal feet. 

2. The cost of concrete in place is $87/cu. yd., 
which i ncludes all excavation and engineering 
work . This yield an i nitial cos t of $4.64/ 
lineal foot. 
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TABLE V-3 (Continued) 

3. Assuming that t he average annual flow of the 
canal is 2000 AF, the cost per AF is Sl.SO/ 
mile. 

4. The average distance between consecutive 
supply and demand sources is 2 miles, which 
is the average distance between section mid­
points . 

5. The assumed canal design is as follows: 

\! v 
1-b---f 

The equation for f low in a trapezoidal channel 
(assumed design) is 

Q 

in which : 

b = 
D " 

e • 

7. '" 

X "' 

s " 
n = 

1.486(z + l/x)513D813s1/ 2 

1/ x + 2(z2 
+ 1} 112n 

2 ft. 

1. 73 ft. 

1 ft . 

e/D = 0. 578 

0/b • 0.865 

0.005 (slope of channel) 

0. 013 (roughness fact or for concrete) 

which gives: Q • 38 cfs (27, 500 gpm; 33,500 AF/yr) 

6. Since the cost i n Item 2 above, which aggre­
gates excavation and concr et e costs together, 
was the only one initially available to the 
authors, a figure that is one-half of the 
cost computed i n Item 3, namely $0.75/mi/AF, 
was arbi trar ily selected for unlined canal s . 
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Figure V- 4. Optimal Water Distribution, Period 6, OCON 100 
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Figure V-5. Optimal Water Distribution, Period 6, OCON = 200 
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Figure V- 7 . Opt imal Wat er Di stri but ion, Period 7, DCON 100 

Figure V-8. Optimal Water Distribution, Period 7, DCON 200 
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Figure V- 11. Optim::tl Water Distribution, Period 8, DCON = 200 
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Figure V- 12. Optimal Wat er Distributi on, Per iod 8, DCON • 300 
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TABLE V-4 

TRANSPORTATION COST DATA ($/AF/yr) 

" 

"" 

** 
+ 

DEMAND SECTIONS (j} 

1 2 3 4 

30.6 1000 1000 1000 
.. 

32.1 30. 6 1000 1000 

33.6 32.1 30 . 6 1000 

35.1 33.6 32.1 30 . 6 

52 52 52 52 

36.6 35 .1 33 . 6 32. 1 

State Project Water (SPW) 

Upstream Groundwater (USGW) 

Exported Water (EXW) 

5 + 

30.6 

30 . 6 

30 . 6 

30.6 

1000 

1000 

Note that often a secti.on is call~d upon simply 
to export water out of the subbasin , which actual ly 
implies that sal ts are being export ed, in order to 
maintain a proper quality bal ance. The portion of this 
water that could possibly be productively used in the 
next downstream subbasin will be known v.•hen all of the 
subbasins are combined into one management mod~l. The 
remaining water wou ld be pl aced in an outfal l and ex­
ported out of the entire bas in . The more water that 
can be used., the more economical the total strategy 
becomes . There was some amount of imported water 
applied to hill s ide irrigat ion areas outside the 
boundaries of the basin during the historical period . 
But, since irrigation effic iencies are high in these 
areas, t his amount was assumed negligible. 

It is obvious that application of the ASTRAN 
method requires the pumping, transport, and applica­
tion of ·more water than is needed for irrigation 
demand. These quantities tend to be higher for the 
drier periods . The export quanti ties were found t o be 
well within the expected available capacity in the 
river channel. The quantity of natural groundwater 
flow to ~li$sion Subbasin downstream was rel at ively un­
changed by the ASTRAN method though quality was sig­
nificantly improved . 

Figure V-13 displays the results of a sensitivity 
analysis on total cost and salt balance (6S), as a 
function of DCON, for model period 6. The pl ots for 
the other periods are similar . They imply that the 
decision maker must pay a greater amount for aquifer 
improvement if DCON is decreased from 200 to 100, than 
a decrease from 300 to 200 . \~nether or not this cost 
is just i f ied depends upon the benefits received . 

To further clarify the sensitivity of cost to 
aquifer degradation, Figure V-14 shows the plot of 
average cost vs. average concentration bal ance 6C 
over all t hree model periods . The same investment 
paramet ers of 8% and 30 year project life have been 
assumed. These costs would vary if the DCON decision 
variable were not held constant over the entire sub­
basin . I t should be noted that these costs were es­
timated under the more conservative assumption that 
a ll upstream groundwater (USGW) must be replaced by 
the mor e expensive Stat e Project water (SPW). 
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Figure V-14 also gives the average annual amounts 
of imported water required by the AST~~ method, over 
all three model periods, for various levels of degra­
dation control. These amounts can be compared with 
the average annual i rrigation water demand over the 
three periods , 1o~hich was around 3500 AF/yr. It is 
also assumed here that no upstream groundwater is avail­
able, and that the amounts shown as USGW in Figures 
V-4 to V-12 must be replaced with State Proj ect water . 

C. Discus sian of Results 

One advantage in utilizing an aquifer as a 
storage reservoir is that flow in porous media is slow 
enough so that control decisions do not need t o be ef­
fected on a short term basis . It would probably be 
adequate to operate the stream-aquifer syst em on a one 
year lag time, with the hydrologic input fr om the pre­
vious year dictating the strategy of the pr esent year . 
Also, a series of observation wells to monit or water 
level s and groundwater quality coul d furnish data to 
aid the decision maker in modifying the management 
strategy. It would be helpful, if not necessary, to 
monitor the electroconductivity (EC) of t he applied 
1;atcr to ensure that the quality of the mixture applied 
~·as close t o t hat qualit y cal led fo r by the management 
algorithm. The manager should not blindly follow the 
distribution scheme submitted by the screening model, 
but temper it with engineering judgment . Hopefully, 
t he screening model can be improved to where it will 
accurately predict system operating cost . 

Though in the past, the concept of safe yield has 
been criticized, the term will be used here to denote 
the condi tions necessary for nondegradation in water 
quality and a long- term steady state in groundwater 
storage. Therefore, the goal of managing t he total 
river basin, as well as the various subbasins, is to 
stay within the safe yield of the stream-aquifer sys­
tem or to have maintained only small long-term changes 
in stored 1o~ater and concentration level. Again, the 
ideal situation is that over the long-run ClW • 0 and 
ClC = 0 . 

These goals may, of course, be relaxed to fit 
fiscal and economic constraints; however, examination 
of the previously displ ayed results yields t he following 
conclusions: 

1 . As the goal of liC a 0 is approached , the 
marginal cost increases . 

2. As ClC decreases, the amount of water forced 
through the aquifer by the ASTRAN method 
increases. That is , the transport rate of 
salts downstream must increase. 

3. The balances 61~ and liC should be alloto~ed 
to vary (within bounds) as long as the long­
term values in a total management program 
approach zero . Table V-5 sho~<.'S how this 
might occur. For example, the stor ed water 
(lll~) during a dry period decreases . This, 
combined with other factors , causes the con­
centration balance (llC) to i ncrease. 
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TABLE V-5 

REACTION OF HYDROLOGIC AND SALT BALANCE 
TO PRECIPITATION 

Precipitation Water Concentration 
ClW t.C 

Dry <0 >0 

Average •0 =0 

Wet >0 <0 

4 . As DCON i s i ncreased (which is t he same as 
relaxing the quality constraint or increasing 
(liC) , the distance wat er is transported down­
stream is decreased . This can be observed 
by comparing Figures V-4 through V-6 or any 
three figures for the same pumping period. 

It can be seen from Figure V- 14 that the cost of 
achieving a concentration balance of t.C = 0 is around 
$390, 000 . As a means of comparison, the Joint Adminis­
tration Committee of the Santa Margarita -San Luis Rey 
l~atershed Planning Agency has estimated the cost of 
extensive agricultural sewering or ti l ing in Pauma and 
Pala Subbasins to be about S 44,600 , 000 [21]. In ex­
amining the 50-year land use projections for the San 
Luis Rey River Basin, the average project ed agricul ­
tural land usc in Pauma and Pala combined is about the 
same as t hat project ed for Bonsal l Subbasin. This 
gives an annual cost of S 3,900 ,000, using the same 
project life and discount rate used for cost estimates 
in the screening modef. Notice also from Figure V- 14 
that the amount of required imported water is rough ly 
one-half of the demand at 6C = 0, and tends to vary 
l inearly with liC. 

The results of these model ing s tudies on Bonsall 
Subbasin suggest the following general at tributes of 
the ASTRAN method: 

1. It appears to be a truly cost-effective, low 
capital investment approach to salt degrada ­
tion control (requiring about 10% of the cost 
of t i ling for this case s tudy). 

2. It encourages the conjunctive use of bot h 
surface water and groundwater for satisfying 
irrigati on demand (requiring SO% imported 
water and 50% groundwater for this case study 
at ClC = 0). 

3. Unlike capital intensive alternatives such as 
desalini zation and t i ling, i t i s a f l exible 
degradation control approach that allows de­
cision makers to alter future management 
policies in response t o future needs. 



Chapter VI 
IMPLEMENTATION 

~ . Legal Constrai nts 

There are three i mportant non-quantifiable 
..:onstraint s that must be cons idered: ( l ) legal, (2) 
sociological, and (3) political. ~11 three of t hese 
nwst be considered in applying the ASTRAN method to the 
;~<:tual real-world situation i n the San Luis Rey River 
Hasin , or any other basin. I t i s difficult to genera~ 
i;c ln these areas, so that the primary emphasis will 
be on the situation exiting i n the San Luis Rey area . 
llope fully, some general ins i ght s can be dr awn from this 
,•mphasis that could be helpful when considering the 
application of the ASTRAN method to oth.er areas. 

Though legal constraints are usual l y non-quantifl­
.ob le , they are more binding, perhaps, than those that 
.ore quantifiabl e. One of the problems with l egal con­
st raints , as well as the other constraints discussed 
in this chapter, is t he i nability to predict conse­
'luences of actions accurat ely. For many a lternatives , 
t he l egal consequences must be decided in the cour t s , 
so not even the best water l awyer can gainsay the re ­
sul ts. Nevertheless, the probable results of present 
and future litigations need t o be evaluated and future 
plans modif ied accordingly. 

California probabl y has the most complex water 
l:n; system i n the United States . I t operates under a 
combination of the Ripar ian Doctrine and the Doctrine 
" f l' r ior Appropriation. Basically, the Riparian Doc­
t rine , which originat ed in humid Eng land, says that 
any 1 and owner whose land borders a body of water (or 
l)Ver lies an aquifer) has a right t o share of that water. 
The Doctrine of Pr ior Appropriation says , first in 
: im,• , fiJ•st in right. That is , the first person to 
Jlllt water to beneficial use has a right to that water. 
Later appropriators, even though they have l and next 
to a 'ource of water, can only use whatever water is 
le ft over, if any . Generally speaking , in California , 
the Doctrine of Prior Appropriation applies to Federal 
lands and the Riparian Doctrine to non-Federal lands; 
however , there are exceptions . The San Luis Rey River 
llas in consists of both Federally administ ered l ands 
l the Indian reservations) and private lands . It i s 
po,;:;ible that t he various interests in the total river 
hasin could reach an out -of-court settlement or agr ee­
ment on the management of the river basin, but thi s 
remains to be seen . 

The legal probl ems inherent in total river basin 
m:magement, such as those that would be encount ered in 
the San Luis Rey River Basin, result from attempts to 
establish overall control of water distribution. This 
is not as complex for surface water as it is for ground­
water. Some have recommended a taxing system and others 
a pn c1ng system. Cummings and McFarland (2] have in­
vestigated the economics of t axing and Weschler (24) 
has investigated the a<.:tua l use of taxing i n California. 
I t was concluded f r om the latt er study that few , if 
any, water dis tricts were using a taxing system to 
optimally distribute water . It may be that a combina­
tion of pricing and taxing is the answer . 

An example of t axing gr oundwater pumping can be 
found in the Orange County Water District [ 16) . All 
of the well pumps are metered and t axes assessed each 
year to pay for the extensive art ificial recharge pro­
gram. The District heavily subsidizes agricultural 

water by assessing the municipal and i ndustria l (M and 
I ) water a much heavier tax. lf the Santa ~1argari ta­
Ssm Luis Rey Watershed Planning Agency (\v PA) carl g:r i" 
t he legal status of a water district covering the e n­
tire basin, then ther e is an exce llent chance t hat it 
could institute these management concepts. The control 
of pumping is import ant in or der to prevent lndividu~ l 
farmers from pumping and applying water on thci r own 
land , if that will accelerate the degradation problem. 
If such a practice were widespread, the ASTRAN methoJ 
would be rendered i neffective. 

A prici ng sy~tem for water could possibly be 
estab lished by the WPA such that t he price includes 
the cost of managing the entire system. Such a cost 
was included i n arriving at groundwater costs in the 
screeni ng model objective function. This would include 
recharge costs , extra pumping cost s, and increased 
distributi on system costs. In spite of these costs, 
however , managed conjunctive use of surface water and 
groundwat er would s t i ll probab l y be more economi cal 
than massive importation of State Pro ject water only . 
The central river basin authority, 1•hich is assumed 
here to be the WPA , could use the taxing system as a 
negative control · and t he pricing system as incentive , 
if such is needed, after the politi<.:al system is 
est ablished . 

There are some additional legal items . For ex­
ample, how can the WPA prevent a f armer from dri lling 
a well and vi olat i ng the overal l optimal pl an? Unless 

.well drilling in the river basin can be control l ed, it 
·'· may be necessary to use alternate legal means. The 

Public Health Department i n California has used i t s 
powers to control well pumping. In as much as 
California does not have an individual comparable to 
the State Engineer found i n most Western s tates, some 
alternative method of limiting individual act ion must 
be sought. 

Presently there are several court cases in the 
San Luis Rey area . The City of Es condido and the Vista 
Irrigation District are seeking a set tlement with the 
l ocal Indian tribes and their representatives concern­
ing future r i ghts to surface water that has in the 
past been leased by these cities f r om the I ndians . It 
wil l be year s before the courts can sett l e some of the 
complex questions, but thi s should not hinder the pro­
gress of planning if t hese court cases are taken int o 
consideration and t he possible outcomes allowed for in 
the planning . 

B. Pol itical Constraints 

As has been implied in the previous section, there 
must be a political organi:ation that can tax and sell 
water. Normally, this is difficult to bring about . 
Historically, such attempts have been fraught with fail­
ure . However, since t he WPA has al ready been f ormed 
and there seems to exist a spiri t of cooperation in 
the area, the possibility of vesting the WPA, or some 
simi lar organization , with the necessary political 
authority is encouraging. Such a success might provide 
an example for other basins , and i n impetus to follow 
suit . 

Basically,. what is needed is a water distr ict with 
authority that spans the entire river basin. A federa-
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Figure VI-1. Suggested Polit ical Organization for Managing Water in the San Luis Rey River Basin. 

tion of the existing districts , as l isted in Table II- 2, 
might he most feasible . Several instances have been 
recorded where existing districts balked at being re­
placed by a large district, but agreed to send repre­
sentatives to a central counci l that would exercise 
the same authority as the proposed large district. 

Figure VI- l shows a simple block diagram of a 
possible quasi-political organization to admini~tcr the 
overall basin water distribution. This would be a con­
federation of t he existing districts, and would have 
three i mportant responsibilities: (1) to coordinate 
the purchasing of all water, (2) to allocate optimal 
quanti ties and quali tics of ~oo•ater, and (3) to set 
water price~ and regulate taxes. 

The purchasing of water would consist of buying 
the correct amount of State Project water and mixing 
i t with various quantities and qua lities of ground­
water . For example, when all of the subbasins are 
joined in an overall management model, good qualit y im­
ported water would pr obably be sent to upper Pauma 
Subbasin, in order to maintain a proper water qual ity 
gradient over the whole area. That is , since upper 
Pauma Subbasin has the bes t quality groundwater, so the 
best quality imported water might be needed t o maintain 
a proper salt balance . This, of course, is only specu­
lation, and is gi ven for illustration purposes only. 

Allocating the water would require a degree of 
technical administration. Th"e proper quantities and 
qualities would have to be delivered t o each section 
of each subbasin . The t otal distribution system should 
be built for maximum fut ure flexibility. In other 
words, it should allow for future expansion and change 
in land usc. Perhaps each district would receive the 
wa·ter f r om the WPA and sell it t o the user; however, 
this would be in accordance wi th the overall optimal 
pol icy established by the WPA. 
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The pr1c1ng system and taxing system should raise 
enough revenue to support the long-term needs of the 
whole r iver basin . Possibl y, the pricing system would 
solve the financial constraints while the taxing would 
be used as more of a penalty payment. 

C. Sociological Constraints 

Sociological constraints are the most difficult 
to assess . They are closely tied to the politica l con­
straints hut a l so connected to l egal, fiscal, and 
economic constraints . In the past decade , p lanners 
and managers have learned that public involvement is 
necessary in any publ ic or quasi-public project. Pur­
suing the direction of establishing a large district 
to control the total river basin requires much skill 
and knowledge. Fortunately, people wit h such qualities 
appear to be available in the WPA. There are local 
land owners t hat have been in the area for many years. 
Several have the trust and respect of a l l the existing 
agencies and are examples of the happy circumstance 
when such catalysts exist. 

The sociological issues may be c larified when an 
actual wel l owned by an independent farmer needs t o be 
i ntegrated into an over all system. The farmer kno·ws 
what his well wi ll produce and how i t operates. To 
trade this for an unproven scheme is asking a lot of 
even the most enl ightened farmer. 

Several factors indicate that the sociological 
constraints may not be as difficult as might be ex­
pected. The existing structure of the WPA is a sjgni­
ficant step t oward marshalling the publ ic behind the 
total river basin management concept. Al so, Federal 
and State money that has been made available t o the 
WPA should encourage the various smaller districts 
in their cooperat ive effort. 



When considering the political constraints, the 
concept of a central organization as a federation of 
the smaller organizations has significant sociological 
implications. It is difficult for existing quasi­
political institutions to surrender their authority to 
a larger entity . This has been decried by some, but 
has a rational psychological basis . Though there may 
be an element of not want ing to lose authority on the 
part of existing leaders, there is the aspect of shift­
ing the decision making body further away from the 
~rass roots, and people naturally resist this. 

Often , changing from a small institution, where 
the constituents feel close to the governing body, to 
a large institution , where the people feel that their 
control has been taken away, can (and in some cases 
should) be resisted. For this reason, to have a work­
able transition from the many local bodies to a central 

authority, there must be a feeling of cooperation be­
tween existing institutions rather than a feeling of 
reor ganization and change. Thus far , the latter seems 
to have been the most preval ent case . 

The responsibility of engineers is to present 
water managers with technically feasible, cost effec­
tive alternati ves, and display these alternatives in 
such a way that the decision makers and the public will 
be able to clearly see the issues and alternatives. 
Here, it is important not to attempt to manipulate 
public opinion to choose what engineers and managers 
perceive to be the correct solution, but rather to 
honestly aid them in making the decision. Actually, 
the engineer should be relieved at being removed from 
the responsibility of making final decisions. It is 
the duly elected public official, who is hopefully 
sensitive to the desires and needs of his constituency, 
that should bear this burden. 
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Chapter VII 
SUMMARY AND CONCLUSIONS 

A. Summary 

A salinity management strategy called the 
Accelerated Salt TRANsport (ASTRAN) method has been 
developed for controlling groundwater degradation from 
irrigation drainage. The method encourages the trans­
port of salts downstream in an accelerated manner by 
appropriately selected pumping, surface transport, and 
recharge schemes. 

Successful application of the ASTRAN method to a 
stream-aquifer sys tem appears to require the following 
conditions: 

1. A combined average downstream transport rate 
of salts moving by pumped water, surface transport 
downstream, application, and drainage back to the 
saturated zone , which is considerably greater than the 
natural salt transport in the aquifer by convection 
and dispersion. 

2.. Relatively low required capital investment i n 
additional pumping capacity, surface transport works, 
and artificial recharge facilities . 

3. A source of at least some good quality import­
ed water, local surface water, or groundwater to meet 
a portion of the demand. 

4. A means of transporting salts out of the basin 
without simply transferring sal t problems downstream. 

A management algorithm has been constructed for 
applying the ASTRAN method in tho most cost-effective 
manner. The degree of salt balance control is decided 
upon by a river basin management authority, based on 
information provided by the management algorithm. 
Feasible guidelines are given which enable operation 
of the stream-aquifer system within various political, 
sociological, and legal constraints . 

The management algorithm consists of a screening 
or optimizing model which generates least-cost water 
distribution schemes, which are subsequently evaluated 
by an extensive quantity-quality simulation model as 
to their effect on the basic salt balance and nodal 
concentrations. The two model s are linked by a water 
quality decision variable which allows the decision 
maker to choose various degrees of degradation control 
and evaluate the objective and subjective costs and 
benefits. Where there are sufficient data, a family 
of least-cost solutions can be evaluated and the de­
sired one selected as the river basin operating policy. 

Results from extensive modeling studies carried 
out on Bonsall Subbasin in the San Luis Rey River 
Basin, San Diego County, California , indicate that t he 
ASTRAN method is: 

1. A cost-effective approach to degradation 
control. 

2. Encourages conjunctive uses of both surface 
water and groundwater; and 

3. Is flexible enough to respond to future 
management needs. 

37 

B. Utility of Modeling for Management 

The assumption of this research was that modeling 
is useful for managing and planning water resources 
systems. That is, of course, not a new finding, as 
others have given the same opinion [8]. To balance 
this conclusion, though, i t is important to note that 
i n simulation models the principl e of GIGO (garbage 
in-garbage out) is practicularly applicable and the 
modeler has a moral and professional responsibility to 
verify his input or basic data. 

Even though there are pitfalls in modeling , such 
as the mystique attached to a computer printout and the 
awe of the b~ck-box , management algorithms (such as 
the one presented in this research) are necessary; 
moreover, intuitive solutions must be increasingly 
viewed with caution. To borrow a term from Forrester 
[3], the solutions of many complex systems are counte~ 
intuitive . That is, not only may the seeming obvious 
solution not be best, but may produce the opposite of 
the results desired. 

An example of the counter-intuitive nature of 
solutions was presented by Konikow and Bredehoeft [10). 
It seemed obvious to many that the irrigation distri­
bution canals should be lined to decrease the seepage 
loss of irrigation water in the Arkansas River system. 
An extensive computer simulation of the system, however, 
showed that such seepage losses aided in maintaining 
proper groundwater quality and to stop them would be 
detrimental to the aquifer as a whol e. 

As implied above, the use of simul ation models in 
management studies has been mostly limited to operat­
ing the simulation model for several different manage­
ment situations and comparing the results . There have 
been several suggestions that simulation models con­
cer ned with water quantity be simplified and linked to 
management algorithms; however, as yet the waterquality 
aspect has not entered into this totaL management 
picture . This research has taken the next natural 
step and formalized the simulation model responses in­
to a total management algorithm . 

C. Natural Extensions of this Research 

This research has pointed out the need for 
additional work in two important directions: (l J the 
development of efficient simulation models that con­
tain both water quantity and quality aspects, and (2) 
combined simulation-management algorithms . There are 
many other areas in which the state-of-the-art needs 
to be extended, but these two seem to be the most 
pressing. More specifically: 

1. There is a need for construction of efficient 
simulation model s. The present finite difference 
stream-aquifer models are much too time consuming to 
be directly used in management studies. There have 
been investigations into more sophisticated simulation 
modeling techniques that use computer time more 
efficiently. One of the more promising areas appears 
to be the use of finite element models, which have 
the potential for greatly improving the modeling of 
stream- aquifer systems. 



2. Labadie [11] has suggested using simplif~ed 
models that are, however, more dependent on historical 
data for their calibration. An example of such models 
would be those which use discretekernel functions for 
predicting water levels [15]. That is, in the absence 
of adequate historical well level data, simulation 
models can oft en be roughly calibrated by assigning 
reasonable values for aquifer characteristics. The 
simulat ion model can then generate synthet ic wel l level 
data to augment in adequate historical data, which can 
then be used as a basis for calibrating these more 
computationally efficient models. This is because the 
latter models may not contain parameters that are 
physically interpretable, and are simply used to fit 
model output to available data. Having calibr ated the 
efficient model, it can then replace the more computa­
tionally time-consuming simulation model in order to 
carry out comprehensive management studies . 

3. Another need is to facilitate the use of 
simulation models by practitioners without their having 
to become proficient in modeling and experts on the 
inner workings of the model. At present, it is im­
practical for managers to use existing models without 
special training, due . to their high complexity. How­
ever, as user instructions are simpl ified and clarified, 
they will become a more useful tool in the whole disci­
pline of water resources. 

4 . In this research, a simulation model has been 
combined with an optimizing screening model in order 
to produce a management algorithm. This combined 
algorit hm, however, is not a hands-off program in that 
the two model s are linked and iterated via a human 
operator . The next natural step is to include t hese 
t wo processes in the computer code so the total algo­
rithm can operate unaided . At present this can be 
done only by greatl y increasing the computer cost; 
however, with effi ci ent simulation models, the formal 
connecting of the two models may be accomplished 
economically. 

5. There is a need for in-depth economic analysis 
concerning the use of management algorithms . ~tost 

managers and planners know that spending money for 
pl anning is economical, but this has not been demon­
strated quantitatively. It would be helpful to mana­
gers, modelers, and planners if it could be shown that 
u good plan is more economical than a poor one. In 
this st udy, the results seem beneficial and appear to 
justify the cost perhaps more d·ramatically than some 
other r i ver basin because the degradation of the San 
Luis Rey aquifer had been pronounced irreversible and 
any financially feasible solution would be welcome. 
However, there are cases when little formal pl anning 
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is effected and the solution or alternative chosen is 
not the best possible. The extra cost of good planning 
should save money in the long run. 

6. The problem of controlling stream-aqui-fer 
degradation can be easily formulated (though not so 
easily solved) a s a multi-objective optimization 
problem by i ncluding environmental impact, aquifer 
degradation, agricultural production , etc., explicitly 
in the object ive fun.:tion. This i s in contrast t ·o the 
approach t aken here of including aquifer degradation 
i n the constrain ts and solving for a range of possible 
limits. In this way, no explicit decision is made on 
an appropriate degradation level . The general problem 
of analyzing trade-offs between diverse and noncornmen­
surate objectives is a current subject of intense in­
vestigation, such as the work of Haimes and Hal l [6). 
Future studies should be directed at applying some 
of these newly developed techniques to tne aquifer 
degradation problem. 

7. For this particular study, perhaps the most 
uncertain source of groundwater degradation is the 
imported water that has been, and is being, used for 
hillside irrigatior.. How much and when will this water 
reach the al luvial aquifer? This is an important long­
range question that needs some car eful research to 
pr ovide an answer . 

8. Finally, as has been stated, the ASTRAN method 
is not set forth as a single-handed cure for degrada­
tion in stream-aquifer systems. It is only part of 
the solution and meant to be used in conjunction with 
other management schemes. There is a need to eva luate 
a ll of t he various ways the water quantity and quality 
can be managed in a river basin or subbasin to see 
which combi nations of these means produce the best 
solutions. Again, economics enter into the picture 
al ong with the environmental effects; however , sensi­
tivity analyses in these areas are needed . 

Returning to the importance of groundwater quality 
as defended in Chapter I; problems , such as aquifer 
degradation that may take decades to correct, must be 
properly anticipated. The obvious reason is that 
the t ime may not be available for a belated decision, 
that would correct the proble~ to have a beneficial 
effect . This is especially important when one con­
siders that some of the mos t critical salt buildup 
problems occur in the developing nations, which in 
turn have the mos t critical food and water shortages. 
The intellectual r esources of the water planning and 
management institutions need to direct a considerable 
amount of energy to solve these problems, both by de­
vising means of prevention, and strategies for 
correction. 
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