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ABSTRACT 

The development of a mathematical model for s tudy of water manage- 

ment and budget of the  irrigated area of the Snake River Fan in eas te rn  

Idaho was  ini t iated in May, 1970. The study was  initiated t o  develop 

a l ternate  management solutions for  correcting the  problem of increasing 

high water  table  problems which h a s  been causing inconvenience and 

f inancia l  hardships t o  loca l  r es iden t s .  A more fundamental r eason  for the  

study was t o  develop methods of solving regional  groundwater problems. 

Water l eve l s  in wel ls  r a i s e  a s  much a s  40 feet  during the irrigation s ea son  

t o  within one - three feet  of the surface in some a r ea s .  

The s tudy area h a s  a dense  network of c ana l s  with seepage  r a t e s  

averaging 3 .5  cub ic  f e e t  per square foot per d a y ,  irrigated so i l s  with 

high infiltration r a t e s  and in some c a s e s  inefficient irrigation pract ices  

have contributed to  t he  f ac t  that  d ivers ions  for irrigation a re  significant  

in e x c e s s  of the  s t a t e  average.  In 1970 the  net diversion from the  Snake 

River was 16.5 ac r e  fee t  per irrigated ac re  and the  net  irrigation applica-  

tion was 9.6 ac re  fee t  per ac re  for the  entire irrigation season .  

The mathematical model i s  a digital  model and ut i l izes  al ternating 

direction implicit procedures for f ini te difference solutions t o  the  ba s i c  

flow equations.  A spec ia l  treatment of a flow boundary i s  incorporated 

in the model. Data on water t ab le  f luctuation,  s o i l s ,  crop distr ibution,  

irrigation divers ions ,  distribution system l o s s e s  and w a s t e s ,  evapotranspira- 

t ion,  and irrigation pract ices  were obtained for input to the  model. The 

input data t o  the  model i s  evaluated in two separate  input programs in 

order to  keep the ac tua l  program of the  model a s  general  a s  poss ible .  

An attempt i s  made t o  apply the  model t o  the s tudy a rea .  
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CHAPTER I 

INTRODUCTION 

The resea rch  s tudy on water  u s e  w a s  ini t iated in the  Rigby-Ririe 

a rea  of t h e  upper Snake River Basin about  May 1 ,  1970.  Concern for  

t h e  high water t ab le  problems being experienced in  t h i s  area resul ted  

in the  formation within Jefferson County of a sub-water committee t o  

inves t iga te  poss ib le  c a u s e s  and so lu t ions  t o  t h e  problem. This committee 

h a s  been  very coopera t ive  with the  Universi ty and t h e  Agricultural 

Research Service in formulating procedures for da ta  col lec t ion  and in 

securing some field da ta .  The County Commissioners of Jefferson 

County a l s o  have  b e e n  cooperat ive and  have  supplied a t  the  county 

court  house  a n  off ice for the full-time f ield man present ly  working 

in t h e  a r e a .  Meet ings  have  been  held  with t h e  Jefferson County Commision- 

e r s  and with the  members of t h e  Great  Feeder Cana l  Board under whose  

jurisdict ion a majority of the  irrigation water  i s  del ivered t o  t h i s  a rea .  

Good cooperat ion h a s  been received from the  loca l  farmers in  t h e  area 

a n d  from t h e  government a g e n c i e s  involved. 

In August 1970 a ques t ionnai re  w a s  s e n t  t o  r e s i d e n t s  of Jefferson 

County reques t ing  information on a n y  damage or  problems a s s o c i a t e d  with 

t h e  sub-water .  A to ta l  of 700 ques t ionnai res  were mailed with the  

cooperat ion of t h e  v n i v e r s i t y  of Idaho Extension Service.  Seventy-eight 

aff irmative re turns  were rece ived which indicated problems such  a s  water  

in basements ,  pota to  c e l l a r s ,  flooded f i e lds  or corra ls .  The locat ions  

of t h e  affirmative re turns  c lose ly  correlated with t h e  high water  t ab le  

a r e a s  a s  indica ted  in Figure 1 .  Es t imates  of damages  for 1970 amounted 

t o  nearly $24 ,000 .  
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Object ives  

Recognizing that  the problem of high groundwater t a b l e s  and drainage 

that  e x i s t s  in the  Rigby - Ririe area i s  typica l  a l s o  of other a r e a s  in the 

State of Idaho and because  of the  known high r a t e s  of irrigation divers ions  

t o  th i s  a r e a ,  th i s  project  area affords a n  excel lent  opportunity t o  study 

various a s p e c t s  of water  management in irrigation distr ibution sys tems .  

Therefore, t h e  object ives  of th i s  s tudy are: 

1 .  To develop a sui table  mathematical model such that  

theoret ical  solut ions c a n  b e  obtained in the  form of 

flow pat terns  for a genera l  three dimensional  non- 

homogeneous groundwater bas in  with any  water  table  

configuration. 

2 .  To inves t iga te ,  us ing the  mathematical model, the  

quali tat ive and quanti tat ive changes  in  inputs t o  the  

aquifer and the  underlying geology,  the  configuration of 

the  water  t ab le  and the  ground water  flow sys tem in 

the  Snake River Fan in eas te rn  Idaho. 

Study Area 

The water management study area  a s  shown in  Figure 2 i s  

located in Jefferson and Bonneville count ies  in Townships 3 ,  4 ,  and 

5N and Ranges 3 7  through 40E of the  Boise Meridian. The area  se lec ted  

for  s tudy comprises  approximately 100,500 a c r e s .  The c i ty  of Rigby, 

Idaho, i s  located  approximately i n  the center  of t h e  study area and i s  

t h e  county s e a t  of Jefferson County. Other communities in  the  area a re  

Lewisvil le ,  in the  western part of the  area ;  Menan and Lorenzo in the  
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northern part of the  area ;  and t h e  c i ty  of Ririe in the  eas te rn  part.  This 

area which is a n  old a l luvia l  f an  of the Snake River i s  served by a n  

irrigation system which w a s  developed in  the  l a t e  1800 ' s  by private 

and cooperat ive groups.  A former channel  of the  Snake River runs  e a s t  

and w e s t  through the  area and i s  u s e d  a s  a cana l  for the greater  part 

of i t s  length.  This c a n a l ,  referred t o  a s  the Great  Feeder C a n a l ,  de l ivers  

water to  some 17 smaller  c a n a l s  e a c h  one operated by a separa te  and 

independent  cana l  company or irrigation dis t r ic t .  The l ands  served by 

c a n a l s  from t h e  Great  Feeder system and other c a n a l s  diverting direct ly 

out  of the  Snake River have some of t h e  ea r l i e s t  water  r ights  in the  upper 

Snake River Basin, A s  a r e su l t  of t h e s e  ear ly  water r igh t s ,  water  for 

irrigation h a s  general ly not been in s c a r c e  supply.  With t h e  construction 

of t h e  Pa l i sades  Dam and reservoir  in 1954 by the  U .  S. Bureau of 

Reclamation, new s torage  r ights  purchased by t h e  individual  cana l  

companies have  firmed up t h e  irrigation water  supply s o  that  a shortage 

of water i s  not  l ike ly  t o  occur.  

The s o i l s  of the  area  are genera l ly  quite coarse ,  varying in  

texture from e a s t  to  wes t  a long the a l luvia l  fan .  The material from 

which the  irrigation c a n a l s  a r e  excavated i s  general ly rocky and quite 

permeable,  e spec ia l ly  in the  upper a r e a s  of the  fan.  



CHAPTER I1 

LITERATURE REVIEW 

In 1940, M. King Hubbert published h i s  c l a s s i c  paper,  "The 

Theory of Ground-Water Motion". In th is  paper the  physical  l aws  

governing the  s teady  s t a t e  flow of groundwater were presented for the  

f i r s t  time in  their  exac t  mathematical framework. Later s tudies  con- 

cerning groundwater hydrology a r e  that  from Jacob (1950),  Todd (1 959) 

and De Wies t  (1965),  which a r e  applied in  the determination of loca l  

aquifer condit ions (well and well f i e lds ) .  This resulted in the  mathematical 

solution of almost  a l l  t h e  practical  problems in well hydraulics (1935- 

1960).  

In the  1960 ' s  at tention ha s  turned t o  t he  regional picture and the  

groundwater bas in  h a s  been es tab l i shed  a s  an  acceptable  unit of 

hydrological s tudy.  The publicat ions of J. Toth (1962, 1963) a re  in  th is  

respect  very important. A s  in  Toth 's  work the  solutions therefore were 

limited t o  homogeneous media and apply only to  the  speci f ic  c a s e s  

treated.  There i s  a need to extend the solutions t o  more general  c a s e s .  

The mathematical express ion governing the  flow of water through porous 

mediums can  be  determined from the equations of motion and continuity,  

and the  l aws  of thermodynamics. This l e ads  t o  a nonlinear multi- 

dimensional  equation which i s  most amenable t o  computer solutions.  

Computer solutions have been obtained by analog (Tyson and 

Weber,  1964) ,  d igi ta l  (Weber, Pe te r s ,  and Frankel, 1968) ,  and 

hybrid (Vemuri and Dracup , 19 67; Femuri and Karplus , 1964) computers. 

Versatility in generali ty of t he  models i s  dependent on the extent  of 

the  simplifying assumptions used  t o  solve  the  groundwater equation. 
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A short  summary is given about further publicat ions in t h i s  field: 

- 'Selected Analytical Methods for Well  and Aquifer Evaluation' 

by William C. Walton,  1962. The pract ica l  applicat ion of 

se lec ted  analyt ica l  methods t o  well  and aquifer problems 

in  I l l inois i s  descr ibed in t h i s  report.  Aquifer t e s t s  are  

useful  tools  in th is  respec t .  

'Analyzing Ground-Water Problems with Mathematical Models 

and a Digital  Computer, ' by W. C. Walton and J .  C .  Neill ,  1961,  

In t h i s  paper complex aquifer condit ions a re  simulated with 

a mathematical model based  on the  image-well theory and the  

non-equilibrium formula. Problems a s  socia ted with geo- 

hydrologic boundaries a r e  simplified to considerat ion of a n  

infinite aquifer  in which rea l  and image wel ls  operate simultan- 

eously.  The image well  theory i s  applied t o  multiple boundary 

sys tems  by taking into considerat ion success ive  reflect ions on 

boundaries . 

- 'A Mathematical Model of a n  Existing Municipal Well Field' 

by Richard N. De Vries, 1968. In th i s  c a s e  a mathematical 

model using the Theis non-equilibrium equation was  formulated. 

Recharging image wel l s  were used t o  represent  the  physical  

boundary of the  aquifer. 

- 'Analysis  of Nonlineari t ies in Ground Water  Hydrology: 

A Hybrid Computer Approach, '  by Vemuri and Dracup, 1967. 

A hybrid computer method to  solve  nonlinear part ial  dif- 

ferential  equations describing the  flow of f luids i n  underground 

formations i s  d i s cus sed .  Using f ini te difference n?ethods, the  
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problems a r e  f i rs t  programmed by flow char t  for a pure d ig i ta l  

computer solut ion,  however,  major matrix inversion sub- 

routines in t h e  d igi ta l  flow chart  a re  replaced by a n  analog 

r e s i s t a n c e  network hardware result ing in  a reduction of 

computa tion time. 

- 'Digi ta l  Model of Alluvial Aquifer, '  by Peter  C.  Trescott ,  

George F.  Pinder, and John F. J o n e s ,  1970.  In th i s  paper 

a mathematical model using f in i te  difference was  developed 

to  simulate the  response  of a confirled aquifer  t o  pumping 

from one o r  more wel ls .  The groundwater reservoir  may be 

irregular in  shape and nonhomogeneous with infiltration from 

one or more l a k e s  and s t reams.  

- 'A Digital  Model for Aquifer Evaluation, '  by George F. Pinder, 

1970. This program s imulates  t h e  response  of a confined 

aquifer  t o  pumping a t  a constant  r a t e  from one or more wel ls .  

The groundwater reservoir  may b e  irregular in shape  and 

nonhomogeneous with infiltration from one or more l a k e s  and 

s t reams.  

- 'Digi ta l  Computer Simulation of a n  Aquifer: A C a s e  S t u d y , '  

by H a s s a n  Dabiri ,  Don Green ,  and John Winslow, 1970. A 

digita 1 computer model, b a s e d  on t h e  al ternating - direct ion 

implicit  method a s  is used by Pinder, i s  applied in a 

study of t h e  Equus-beds aquifer  of t h e  Wichi ta ,  Kansas,  

water-well f ie ld .  This model w a s  developed for a confined 

aquifer.  It may b e  used  in a n  unconfined aquifer  i f  t he  draw- 
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down d o e s  not  c h a n g e  s igni f icant ly  in  r e l a t ion  t o  t h e  sa tu ra t ed  

t h i c k n e s s .  



CHAPTER 111 

SYSTEM SIMULATION 

In order t o  ef f ic ient ly  determine and eva lua te  the  a l ternat ive  

solut ions  for rel ieving t h e  high groundwater t a b l e ,  a method of predicting 

the  response  of the  aquifer  t o  varying degrees  of change in the  input 

and  output i s  necessa ry .  Analytical solut ions to  the  b a s i c  flow equat ions  

a r e  not appl icable  b e c a u s e  of t h e  complexity of the  hydrogeologic s y s t e m ,  

varying boundary condit ions and high degree ' of simplification needed 

t o  secure  a solut ion.  Analog models of the  r e s i s t a n c e  - capac i t ance  

type would suffice.  However, desp i t e  the  reduction of computation 

t ime,  construction of  a n  analog i s  cos t ly  and the  s i z e  and flexibility 

required for t h i s  s tudy would be  difficult t o  achieve .  

The avai labi l i ty  of large  d igi ta l  computers and new fini te  difference 

techniques  for solving the  flow equations make a d ig i ta l  model most 

feas ib le .  The Genera l  Electric time-share unit in  Los Angeles is avail-  

a b l e  through t h e  terminal a t  the Snake River Conservation Research Center  

and a c c e s s  i s  ava i l ab le  to the  large IBM 360-75 sys tem of the  Atomic 

Energy Commission in Idaho Falls .  

The model being des igned desc r ibes  t h e  response  of the  aquifer 

due  t o  a wide range of condit ions.  I t  is genera l  enough t o  be  appl ied  

t o  other aquifers  and a r e a s  and will  accommodate non-homogeneous, 

anisot ropic ,  confined and  unconfined aquifers .  A l l  boundary condit ions 

normally encountered c a n  be  handled,  while experimental treatment i s  

given t o  the  flow boundary problems. Inputs t o  the modeled area include 

precipi tat ion,  c a n a l  s e e p a g e ,  irrigation appl ica t ion,  river l o s s e s ,  or 

drainage well inputs .  Output inc ludes  crop evapotranspirat ion,  well  
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d i scharges ,  natural spring discharges  and aquifer  leakage.  Inputs 

and outputs for th i s  model may be  different for each  node and variable 

in time. 

Mathematical Theory 

Forces 

There a re  two forces  act ing on a fluid element. The forces 

may be c lass i f i ed  a s  driving or res is t ing forces according t o  whether 

they tend to  produce the  motion or a r e  a consequence of the motion. 

Pressure gradient  and gravity represent  the  two driving forces 

act ing on fluid elements.  

If p i s  constant  in s p a c e ,  i t  is poss ible  t o  combine the  two 

potentials .  The combined potential  c an  be expressed in  three different  

ways: 

P 
+ =  7 + gh (energy/ma ss) 

The driving force act ing on a fluid element c an  be  expressed 

a 9  the negative gradient  of the  potential  which exis tence  is related t o  

t h e  space  coordinates.  

The res is t ing force i s  present  in a nonsta t ic  fluid sys tem.  For flow 

in porous media, the  res i s t ing  force is a surface force act ing tangential ly 

on the surface of fluid elements ca l led  shear .  
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Shear i s  re la ted  t o  the ra te  of' angular  deformation of the f luid 

e lements .  For Newtonian f luids the relat ionship i s  l inear over a 

wide range. (The coefficient  of proportionality is ca l l ed  v i scos i ty ) .  

The force per unit-volume c a n  b e  expressed as :  

z 
f = uVv in which 1 i s  t h e  to ta l  velocity vector. 
'I 

Fluid accelera t ion 
D v  

The fluid accelera t ion vector may be  des ignated by p - 
Dt 

The three components of y ( u , v , w )  can  be  written out a s  follows: 

The partial der ivat ives  with respec t  t o  s p a c e  coordinates a r e  known 

collect ively a s  the  convect ive  accelera t ion.  The terms containing the 

par t ia l  derivative with respec t  t o  time a re  known a s  the  local  accelera t ion.  

Because the  component veloci t ies  a r e  very smal l  in  porous media 

the  assumption i s  made that  the convective terms can  be neglected.  

For many c a s e s  of uns teady flow in porous material ,  t h e  loca l  accelera t ion 

i s  small  and c a n  be  neglected.  

By assuming that  the  accelera t ion term i s  negligible,  i t  i s  implied 

that  the inert ial  e f fec ts  on the  fluid e lements  a r e  negligible. With th i s  

assumpt ion,  i t  c a n  be  said that for t h e s e  e a s e s  Darcy ' s  Law is valid. 



Equation of motion 

According t o  Newton t h e  r a t e  of  change  of momentum with r e s p e c t  

t o  time of a n  e lement  of m a s s  is equa l  t o  t h e  r e su l t an t  force ac t ing  

on the element .  It fol lows (Navier-Stokes) tha t  

acce le ra t ion  = driving force + r e s i s t i n g  force  

The acce le ra t ion  term for laminar f low in  porous media i s  a s s u m e d  t o  

b e  ze ro  s o  tha t  equat ion  (1) r educes  to  

L 

VP* = P V  v (2 

v r ep resen t s  t h e  a c t u a l  ve loc i ty  of the  fluid e l emen t s  within t h e  pore - 

q a c e .  Fortransformation of t h i s  equat ion  (2) to  o n e  in  which the  ve loc i ty  

i s  a n  ave rage  ve loc i ty  t h a t  re fers  t o  a n  e lement  of s p a c e  including 

t h e  porous matrix a s  wel l  a s  the  e n c l o s e d  f lu id ,  a n  empirical  correlat ion 

h a s  been  found between t h e  ave rage  ve loc i ty  or s e e p a g e  ve loc i ty ,  q ,  and  
2 

0 1. This i s  the  ~ a r c g  equat ion  and is written a s  follows: 

in which k i s  propr t ional i ty  c o n s t a n t  tha t  i s  dependent  on the  s h a p e  and  

or ienta t ion  of t h e  pore s p a c e s .  Subst i tut ing 

P * k Pg  
H = -  anci K = 

Pg !J 

equat ion  (3) i s  written a s :  

g = -K vH H = hydraulic  head 

K = hydraulic  conductivi ty 



Equation of continui ty 

The principle of conservat ion  of m a s s  for a volume e lement  

requires:  

M a s s  inflow r a t e  - m a s s  outflow r a t e  = change of mass  s to rage  

in t ime.  This re la t ionship  c a n  b e  expressed  a s :  

where a=  t h e  rec iprocal  of E s ,  t he  bulk modulus of 

e l a s t i c i t y  of t h e  intergranular ske le ton .  

where B =  t he  rec iprocal  of Ew, t h e  bulk modulus of e l a s t i c i t y  

of water.  
o r  

Writing 

ax - 
a P and z = p B +  z 

With subs t i tu t ion  of t h e s e  t e rms ,  equat ion  (7) con ta ins  par t ia l  

de r iva t ives  of p with r e s p e c t  t o  t h e  s p a c e  coordina tes  and time and 

the  terms vx, v and  vZ. NOW, 
Y '  



If p i s  a  cons tant* ,  i t  follocvs that :  

-aE = aH aH a? = 

ax Pg , 8 = = P , T  a  Y 8 a z  p g  E a H  and 

Substituting t h e s e  re la t ionships  in to  equation (7) and for convenience  

subs t i tu t ing  h for H: 

ah ah ah 
Since  the  terms ax , - and a r e  smal l ,  t h e  quadrat ic  terms a r e  smal l  a Y 

and  c a n  b e  neglec ted .  This l e a d s  to: 

In order t o  so lve  th i s  equat ion  another  s implif icat ion i s  made by con- 

s idering water  a s  a n  idea l  f luid.  This implies tha t  @(a l ready  very small) 

becomes o ,  which l e a d s  to: 

pgrr = S s  

A s  c a n  b e  s e e n  t h i s  equation i s  a  confined aquifer  equation with 

no terms for l eakage  or dewatering of t h e  aqui fer  present .  The only 

*In order t o  convert par t ia l  der iva t ives  of p in to  par t ia l  der iva t ives  with 
r e s p e c t  t o  H I  a cons tan t  p i s  a s s u m e d .  This l e a d s  t o  a  
confl ict  in t h e  u s e  of B which i s  derived a s  a = ' A or: 6 i s  a  function of p .  

P aP 

The impact of t h i s  upon the  val idi ty of equation (11) is nullified by 
further simplifying assumpt ions .  
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way tha t  water  c a n  be  r e l e a s e d  i s  by the  compress ion  of the  inter- 

granular  ske le ton  s i n c e  water r e l e a s e d  d u e  t o  t h e  expans ion  of water  

i s  not cons idered  [BYO]. In order t o  b e  a b l e  to  d e a l  with ver t ica l  l eakage  

and dewatering of t h e  aquifer  the equat ion  c a n  b e  modified without 

diff icul ty by adding a f lux term W ( x ,  y ,  t )  . The s torage  coeff icient  S ,  

which r ep resen t s the  s torage  in t h e  sa tura ted  depth  of aquifer  i s  equa l  t o  

S s .  b where b i s  the  sa tura ted  t h i c k n e s s  of t h e  aquifer.  If b i s  

variable in  time then  equation (13) a p p l i e s  t o  water  t ab le  conditions. 

where w l ( k , y , t )  = 
W ( x , y , t )  

b 

This genera l  equat ion  c a n  b e  reduced t o  a more s imple approximate equat ion  

which is e a s i e r  t o  s o l v e  mathematical ly if i t  i s  a s sumed  tha t  ver t ica l  

ve loc i t i e s  in the  aquifer  a r e  smal l  compared t o  horizontal  ve loc i t i e s .  

ah ah  This means  t h a t  c a n  b e  disregarded with r e s p e c t  t o  ax and 

and implies  t h a t  the  hydraulic  head  h c a n  b e  cons idered  t o  be  cons tan t  
a Y  

ove r  the height  of the  a q u i f e r  b. This i s  ac tua l ly  the  ~ u p u i t - ~ o r c h h e i m e r l '  

assumpt ion  which is a good approximation if t h e  gradient  of the  water  

t ab le  is smal l .  Observat ion  of the  propert ies  of the  Snake River Fan Area 

ind ica te s tha t  t h i s  assumpt ion  c a n  b e  made. With t h i s  assumpt ion  

equat ion  (14) r e d u c e s  to: 



Finite d i f ferences  

Equation (16) can  b e  solved by us ing a f ini te  difference scheme.  

A rectangular  grid i s  superimposed on a plan view of the aquifer  (ground- 

water  reservoi r ) .  See  Figure 3 .  

Figure 3. Grid System for Finite Difference Equations 
Intersect ion of Any Two Lines I s  a Node 
Location. (i &notes  the  x-Direction; 
j Denotes the  y-Direction). 

The f i rs t  and second der iva t ives  of the  differential  equation a r e  

approximated by f in i te  d i f f e rences ,  using Taylor ' s  expansion where k 

des igna tes  the  time dimension.  

S i s  a cons tant  but may b e  different for e a c h  nodepoint ( i , j ) .  To 

el iminate terms introduced by the  terms ae and of equat ion  (1 6 ) .  
a y  

Taylor s e r i e s  i s  written for the  permeability va lues  a t  the  midpoint between 

two nodes: 



A X  
aKxi , 

Kxi- 1/2 
= K x . .  - -  I 

* . . a .  

1 , J  2 x 

Ax 
a K x  

Kx i , j  
= K x i , j  +7j- A . . . . a  

i+1/2 x 

~ K Y  
= Ky, - Q i d ]  

Kyi ,  j-1/2 2 a y  
. . . . .  

1 , j  

- aKyi . 
K ~ i ,  j +1/2 

+u 
- Kyi , j  2 a &  ' I  

. . . . .  

Rearranging gives:  

Substituting the f ini te difference express ions  (17) and (20) for the f i rs t  two 

terms of equation (16) l e ads  to: 

or: 

2Ax a x  (3- 2 AX 

Expression (2 6) rearranged gives:  

1 ($+- 2 a x  ax  i+l  j 

(Equation 27 continued on next page) 



Substi tut ing express ions  (23) and (24) for Kx , i n  express ion  (27) )  t h e  
i l l  

der iva t ives  of Kx: c a n c e l  out  and (27) r educes  t o  

The same procedure i s  used for the  third and fourth term of equation (16) 

which then  becomes: 

Subst i tut ing K1 = Kxi- 1/2 

KZ = Kx 
i+1/2, j 

K3 = Kyi,  j-1/2 

K4 = Ky i ,  j+1/2 

Equation (1 6) becomes 

K2 (h K1 K4 - h .  .) + -7- (hi-, , j  - h .  . )  + 7 ( h i , j + l  - h .  
(ax) 2 i + l l j  

I ' J  (Ax) (AX) 111 

The Bxplicit rrethod of solution 

Equation (3) h a s  more than one  poss ib le  method of solut ion.  The 

expl ic i t  method of so lu t ion ,  in  which the  s p a c e  der iva t ives  (lefthand s i d e  

of equation (16)) a re  approximated a t  the  time l eve l  t = k ,  y ie lds  t o  a 

s imple  solution, e x c e p t  tha t  the  following res t r ic t ion  between t h e  t ime and 

s p a c e  increments must b e  observed t o  ensure  stabi l i ty:  



At. 
1 

z r ( ~ ~ ) - ~  + ( A ~ ) - ~ I  

1 
An explanation of s tabi l i ty  i s  given by Carnahan,  Luther, Wi lkes  , pp. 452. 

The implici t  method of so lu t ion  

The implicit  method in which the  s p a c e  der iva t ives  a r e  approximated 

a t  the  time l e v e l  t  = k+l  l e a d s  t o  the  difference equation.  

The only known term in equation (31) i s  h , the  hydraulic  head a t  the  
i , j , k  

previous t imes tep ,  and  t h e  term W 1 ( i , j , k + l )  i s  computed a s  a known value 

for e a c h  t imestep .  

It  may b e  shown tha t  th i s  scheme i s  s t a b l e  (Carnahan,  Luther, 

1 Wi lkes  ) independent  of the  re la t ive  va lues  of AX, ~ y ,  and ~ t .  There a r e  

now five unknowns per  equat ion ,  and the  simple vers ion  of the  G a u s s i a n  

I elimination method given by the  algorithm for the  tr idiagonal  sys tem i s  no 

longer appl icable .  

G a u s s i a n  elimination may s t i l l  b e  u s e d ,  however,  but only a t  the  

expense  of a cons iderable  amount of computation. An a l ternat ive  i s  t o  

u s e  t h e  Gauss-Seidel  i te ra t ive  method (d i scussed  in  Carnahan,  Luther, 

1 
Wi lkes  , Section 7.24) al though t h i s  method may need a fa i r  number of 

i te ra t ions  for adequa te  convergence.  
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The Implicit Alternatinq Direction Method 

The implicit alternating direction method d i scussed  by Peaceman 

19 8 9 and Rachford , Douglas and Douglas and Rachford avoids t he se  d i s -  

advantages  and yet  s t i l l  manages t o  u s e  a system of equations with a 

tr idiagonal  coefficient  matrix for  which a simple algorithm affords a straight 

forward solution.  

Essent ia l ly ,  the principle i s  t o  employ two difference equations 

which a re  used in turn over succe s s ive  t imes teps ,  each of duration 

At /2  . 
The f i rs t  equation i s  implicit only in the x-direction and the  second 

only in the  y-direction. The f i rs t  equation i s  solved for the  intermediate 

values of hi , a t  t = k+1/2 which a r e  then used  in the  second equation,  
11 

leading t o  the solution h a t  the end of the  whole time interval a t  . i , j , k + l  

The p rocess  i s  repeated for the  next time s tep .  The advantage of t h i s  

scheme over a n  entirely explici t  technique i s  that  i t  is unconditionally 

s t ab le  ( investigated by the Von Neumann method)', and there i s  no 

stabil i ty restr ict ion on the s i z e  of ~t a s  in the explici t  technique.  

2 2 Convergence occurs with a d iscre t iza t ion error O[(At) + (Ax)  ] s o  tha t  

the choice of certain values  for At and AX (assured that  ra t io  AX/AY 

is constant)  h a s  a n  impact o n  the ra te  of th i s  convergence. A more 

elaborate explanation about s tabi l i ty ,  consis tency and convergence goes  

23 beyond the scope of th is  report but c a n  be  found in t ex t s  by Richtmeyer , 
16 18 Lax , O'Brien, Hymannand Kaplan . In order t o  u s e  the alternating- 

direction method, equation (31) i s  replaced by two similarly developed 

equations.  

The f irst  equation i s  implicit only in x-direction. 



+ W' ( i ,  j , k+l/2) (32) 

A s  c a n  b e  s e e n  in Figure 4a four other nodepoints a re  used  to  ca l -  

cu la te  the  intermediate value h a t  nodepoint ( i , j )  of which h i 8 j + l  
and h 

i l j - 1  

a r e  known (from previous t imestep) .  This l eaves  a maximum of three 

unknowns for equation (32),  applied to  nodepoint ( i ,  j )  . 
The equation must be  written for e a c h  node of the  row t o  completely 

define the  phys ics  of t h e  system. This procedure genera tes  for each  

row a sys tem of equations with a tridiagonal coefficient-matrix. For the  

entire matrix, intermediate va lues  a re  ca lcula ted  (for t  = k+1/2). 

The intermediate values  for the hydraulic head a re  used in the  

second equation,  which i s  implicit  only in y-direction. 



Figure 4a.  Calcula t ion  of Node Figure 4b. Calculat ion of Node 
( i ,  j )  in Equation (32) ( i , j )  in Equation (33) 
x-implicit .  Four Node- y-implicit. Four Node- 
points  A're Used t o  ca l -  points  Are Used t o  ca l -  
cu la te  Node (i , j )  . @ A  r e  cu la te  Node (i , j )  . @ Are 
Nodepoints Which Values Nodepoints  Which Values 
Are Unknown in Equation 1. Are Unknown in Equation 2 .  
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G9 i , j+l 

Figure 5 .  Leaky Aquifer for Nodepoint (i , j )  . 
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Similarly equation (33) must be  written for each  node but now in the 

column. For each  column a tridiagonal system of equat ions  i s  solved.  

6ee Figure 4b.) This second half t imestep  c a l c u l a t e s  t h e  hydraulic head 

a t  the end of the to ta l  time interval  at .  The t ransmiss ib i l i ty  T c a n  b e  

written as :  

T = ~ . b  where K = f ( i , j )  a nd b = b ( i , j , k )  

Since K i s  variable in p lace  and b variable in time and p l a c e ,  i t  fol lows 

for convenience: 

= b  Txi-1/21j.k i , j , k  a K 1  = T1 

= b  Tyi+ l /2 . j lk  i , j , k  *K2 = T2 

= b  
Tyi,j+1/2.k i . j . k  K4 = T4 

Writ ten out in ful l  and rearranged,  equation (32) becomes: 

+ W i ,  j , k+l/2 

with a l l  known va lues  on t h e  right-hand s ide  of t h e  equation.  



W i ,  j , k+l/2 c a n  be  written a s :  

W i ,  j , k+l/2 = w O i ,  j , k+S/2 - i , j  - - 
2bc.  , (2hc i l l  h i , j , k+1 /2  h i , j , k  1 (35) 

1 1 3  

in which woi,j , k+l/2 inc ludes  a l l  inputs  and outputs  of e a c h  node which a r e  

not a function of the  varying head of the aquifer.  This term e i ther  can  b e  

read  in a s  a n  array o r  generated in a sepa ra te  input program. 

The second term on the  right hand s i d e  of equation (35) i s  the  

l eakage  term which i s  variable and  dependent  on t h e  difference of head 

in the  confining l aye r  and aquifer ,  ( s e e  Figure 5.) 

Kv s = ver t ica l  hydraulic conductivi ty of the  confining layer .  
i l l  

b c .  . = t h i c k n e s s  of the  confining layer .  
111 

h c  , = hydraulic  head in the  confining l aye r  and assumed 
i , l  

t o  b e  cons tant  for e a c h  node point .  

Because  of the  la rge  a r e a ,  i t  i s  imposs ib le  t o  measure  the head of 

t h e  confining stratum a t  e a c h  nodepoint ( th i s  prac t ica l ly  means one  

piezometer  or well  a t  e a c h  node point of the  model) .  The assumption i s  

made tha t  the  head of the  confining layer  i s  cons tan t  in time for a l l  nodes 

and the  change in ver t ica l  l eakage  i s  proportional t o  t h e  change in aquifer  

head.  

Equation (35) can  then b e  subs t i tu ted  into equation (34) .  The 

l eakage  function con ta ins  a term with a ye t  unknown value  (h 
i t  j , k+1/2) 

which c a n  b e  transferred t o  t h e  le f t  hand s i d e  of equat ion  (34).  Both 

2 s i d e s  of equation (34) a r e  then  multiplied by (AX) . 
Kv 

i , j  



Equation (34) ,  which i s  implici t  i n  t h e  x-direct ion and  i s  wri t ten 

for every  nodepoint  in  t h e  row,  becomes  with t h e s e  subs t i tu t ions :  

T1(hi-l,  j ,  k+1/2 ) - (Tl+T2+-vl) (hi ,  , k+1/2 ) + T 2 ( h i + l f j , k + l / 2  
) 

= - 61T3 (h 
i , j - 1 , k  

) + (61 (T3+~4)+62)  (h 
i , j  , k  

) 

2 
- 61T4(hi, j + l ,  ) + (AX)  w O i , j  ,k+l /2  

2 
-  AX) Fac  (hc .  .) 

i , j  l l J  

Let 2 s  
y3 = (A At + Faci  ) (Ay12 

I 1 
-2s i  , 

4 = ( At + Fac  
i l l  

6 2  = 1/61 

and  multiplying by (Ay12, equat ion  (33) which i s  implici t  in  y-direct ion 

and  i s  wri t ten for eve ry  nodepoint in  t h e  co lumn,  becomes  with t h e s e  

subs t i tu t ions :  

T 3 ( h i , j - l  , k + l  ) - (T3+T4+~3)  ( h i , j , k + l  ) + T4(h i , j + l  , k + l  ) 

- 
- -62T1(hi - l  , j  , k+1/2 ) + ( 62 (TI +T2)+Y4) (hi , , k+1/2 1 

Equation (36),  which c a l c u l a t e s  the  rows  c o n t a i n s  t h e  term 

2 0 
(Ax) W i ,  j ,  k+l/2 (38) 



or  ,wri t ten differently: 

0 
AX AyW i ,  j , k+1/2 is t h e  to ta l  volume of water  appl ied  t o  or removed 

in  one  half t imestep  from one node tha t  r ep resen t s  a n  area  with d imensions  

of Ax and Ay. For convenience  l e t  

volume - - ~ i ,  j ,k+1/2 
A X  AYWO~,  j I '+I/' = (half ( ~ t / 2  ) 

in which mu = (2/A t) 

Q i ,  j , k+l/2 = volume of wa te r ,  appl ied  t o  node ( i ,  j )  during one- 

half t imestep .  (t=k t o  t=k+1/2) . 
2 0 Equation (37)  conta ins  the term ( ~ y )  W i , j  , k + l  

2 0 Similarly ( AY) W i , j , k+l  = (8yAxw0i, j , k + l )  

Let - AX = r l  and L-Y Ax = r 2  
A Y  

Equation (38) becomes r l  (mu(Qi, j , k+l/2))  (t=k t o  t=k+1/2) 

Equation (39) becomes r2 (mu(Qi, j , k + l ) )  (t=k+1/2 t o  t=.k+l) 

For simplicity, let :  

QC.  = 2Fac ,(AxAy) 
1 j i l l  

Equation (36) ,  ut i l ized for ca lcula t ion  in the  x-direct ion (x impl ic i t ) ,  

i s  s implif ied further: 

Let 

A = T1 

B = - ( T l + T 2 + ~ 1 )  



A,B, and C a r e  coeff ic ients  of the unknown headvalues .  D i s  the  

sum of a l l  known parameters. (The parameters on the  right hand s ide  

of equation 3 6) .  

For each  nodepoint in the row, equation (36) c a n  be  written 

a s  follows: 

For ca lcula t ion in the  y-direction (y implicit) s imilar  subst i tu t ions  

a r e  made. 

A = T3 

B = - (T3 +T4 + y3) 

C = T4 

(muQi, j ,k+l  - QC. .) 
1 1 3  

For each  nodepoint in  the column, equation (37) becomes 

Looking a t  the equat ions  (40) and (41) i t  i s  obvious that  the  

solut ion of t h e  sys tem of equations in  the x-direction i s  s imilar  t o  tha t  

in y-direction s o  further examination i s  confined t o  the  x-direction. 

Solution of the  equat ions  

For each row the  following sys tem of l inea r ' equa t ions  i s  developed 

for  e a c h  time step: 



The first  and the  l a s t  equation are modified forms of equation (40) .  

The f i rs t  equation is written for the  f irst  node which is a boundary node. 

The boundary node expresses  a property of t h e  system which reduces  the  

number of unknowns i n  t he  equation to  two. (Either the value of the  

hydraulic head is known and the  f irst  term (a h. ) i s  transferred to  t he  
0 0 

right hand s i d e  of t he  equat ion,  or the  value  of the  head a t  the  boundary 

is some function of the  succeeding head va lue ,  which changes  the co- 

efficient t o  a new value b and the  equation is a l s o  reduced t o  two un- 1 

knowns.) Another poss ibi l i ty  is an impermeable boundary. In that  c a s e  

~ ( b o u n d a r ~ )  is zero which makes t he  first term zero. The same can  b e  

sa id  of t h e  l a s t  equation.  

The matrix of coefficients  a ,  b ,  and c i s  ca l led  a tridiagonal 

matrix. With a maximum of three var iables  per equation the  system can  

eas i ly  be  solved by means of a recursion solution (Carnahan,  Luther, 

1 Wilkes  ) , 

i  
h .  = y i  - - B: hi+l 

in which t h e  cons t an t s  B~ and y i  a re  t o  be  
1 

determined. Substitution in the  ith equation of s e t  (43) g ives  



subject  t o  the following recursion relat ions:  

From the  f i rs t  equation of the  s e t  i t  follows that  

1 1 h = - - - - h  
b l  

whence B1 = b l  , 
b l  

Y1 = dl/B1 

Final ly ,  subst i tut ion of the recursion solut ion into the  l a s t  equation of 

the system yie lds :  

whence 

To summarize, the complete algorithm for the  solut ion of the tridiagonal 

sys tem is: 

1 

h.. = y. - 'ihi+l 
B ' 

I i  = N-1,N-2,  . . . 1 where the 
1 1 i 

6 ' s  and y k  a re  determined from the  recursion formulas: 



The values  of B and Y for any row or column are  computed in order 
1 1 

of increasing i ,  When the  l a s t  node in  the  row or column i s  reached,  

the  head i s  ca lcula ted in order of decreas ing i .  

Boundary Conditions 

The hydraulic head i s  ca lcula ted in a system of tridiagonal 

equat ions  in which t he  boundary equations have only two unknowns. 

The general  equation (row) for nodepoint ( i ,  j)  is: (k denotes  

the  kth half t imestep) .  

where a ,  b ,  c ,  and d are  known values.  

The two most common boundary condit ions a r e  the  impermeable 

ah  - 0 and the  constant  head condition where boundary, where - 

h(boundary) 
= C. The flow boundary for which the  head a t  the boundary 

i s  changing i s  more difficult t o  solve .  

Impermeable boundary 

The impermeable boundary condition ( ~ i g u r e  6)  c an  be  described 

by let t ing T(i-1 , j )  equal  zero  a t  nodes just  outs ide  the  boundary. This 

c a u s e s  the impermeable boundary t o  be a t  midpoint between the boundary 

node point and the node with zero  T. This zero T c a u s e s  the  coefficient 

' a '  in equation (44) to be  zero  s o  that  the equation i s  reduced t o  a 

boundary equation with two unknowns. 



Impermeable Boundary 

1 

Flgure 6 .  Impermeable Boundary. Ti-] I s  Node 
Out s i d e  the  Boundary. = 0 C a u s e s  

t o  B e  a t  the  Impermeable Boundary 
Midpoint Between the  Boundary Nodepoint  
,-rid th,. Notls with Zero T.  

I 
move boundary ( A-B) 
to ( C - D )  

I D 
new boundary 

Flgur-e 7 ,  The Original  Boundary I s  (A-B), Bordering t h e  
Confined Aquifer, At Some D i s t a n c e  in the 
Confined Aquifer t he  Inf luence  of t he  In i t ia l  
H e a d ,  Ho. I s  Negligible. If t he  Boundary I s  
Moved t o  or Beyond t h a t  Specific: Point (C-D) ,  
This  Boundary C a n  Be Desc r ibed  a s  a Cons tan t  
Head Boundary. 



3 3  

'Constant '  head b u n d a r y  

Boundaries for which the  head i s  known for every  t imestep  could 

include e i the r  l a k e s ,  reservoi rs  or regulated river boundaries.  

The river s t age  may b e  different in any t imestep .  Then 

i s  a known value a n d  i s  t ransferred t o  the  right hand s i d e  of the  equation 

leaving a boundary equation with two  unknowns. 

Experiment in flowboundary 

No flow and constant  head boundaries c a n  b e  handled quite  

eas i ly ;  however, when flow occurs  a c r o s s  boundaries for which the  head 

a t  t h e  boundary is changing then some function for defining t h e  head 

becomes necessa ry .  Several  poss ib le  a l t e rna t ives  t o  the  boundary problem 

a r e  cons idered .  

One solut ion i s  t o  write h a s  a 
(boundary) 

function of t ime.  

His tor ica l  records of t h e  change in h for a part icular  aquifer  throughout 

the  year  c a n  be approximated with a harmonic function. The program c a n  

then b e  run for t h e  preceding yea r s  in which t h e  computer must reproduce 

t h e  h is tor ic  va lues  of the  groundwater l e v e l s  in  the  remainder of t h e  

aqulfer .  If computed and  measured h is tor ica l  l e v e l s  d o  not a g r e e ,  the  

K va lues  within the  aquifer  may b e  ad jus ted  unti l  a sa t i s fac tory  f i t  of 

computed water  t a b l e  e levat ions  with measured v a l u e s  i s  obtained.  This 

method a l lows the  adjus tment  and refinement of var iables  using h is tor ica l  

d a t a .  However, i f  major changes  in hydraulic  ac t iv i t i e s  a re  made ( such  

a s  se t t ing  up a domest ic  well  f ield or change  in irrigation prac t ices)  

the function which def ines  the hydraulic  head of t h e  boundary becomes 

invalid.  



3 4 

Another solut ion can b e  applied if a c r o s s  the  flow boundary the 

unconfined charac te r  of the flow changes  into a confined charac ter .  This  

problem c a n  be  solved e a s i l y  in the mathematical model. The changes  

in hydraulic  head of the  unconfined aquifer  migrate through t h e  confined 

aquifer  and c a n  be  descr ibed by: 

A problem similar  t o  th i s  i s  encountered in bank s torage  ca lcula t ions  a s  

shown in  Figure 7 .  This equation ind ica tes  t h a t  a t  some d i s t a n c e  in  the  

confined aquifer t h e  influence of t h e  in i t ia l  h e a d ,  H o t  i s  negligible.  If 

the  boundary i s  moved t o  or beyond tha t  spec i f i c  point t h i s  boundary c a n  

b e  desc r ibed  a s  a cons tan t  head boundary.* 

A third poss ib i l i ty  i s  a s  fo l lows,  (See Figure 8 ) .  The new 

hydraulic  head a t  (t = k) i s  ca lcula ted  in a sys tem of tridiagonal equa t ions ,  

in which the boundary equat ions  have  only two unknowns. In t h i s  c a s e ,  by 

cut t ing  off the  aquifer  a t  point (ib, j ) ,  three unknowns remain b e c a u s e  nothing 

is known about  t h e  nodepoint with h i  , (( ib , j )  i s  the  boundary node 0 )  

To el iminate one  of the  unknowns a means must b e  found t o  

e x p r e s s  h in  terms of h i b , j , k  and  h i b + l , j , k  us ing hydraulic  i b - l , j , k  

head va lues  which a re  ca lcula ted  in t h e  previous half t imestep .  

The solut ion is considered  t o  b e  valid if the  following condit ions 

a r e  present:  

1 .  That part of the  aquifer  tha t  i s  c u t  off by  t h e  flow boundary 

ex tends  suff iciently far s o  tha t  the  boundary condit ion 

(ca l led  condit ion end) which terminates  th i s  part will  not 

inf luence  the  aquifer  head in t h e  vicini ty of t h e  flow 

*For t h e  Snake River   an the  aquifer  had t o  b e  extended very far 
in South-West d i rec t ion  t o  obtain such  a cons tan t  head boundary. This  
implied a grea t  enlargement of the  s tudy a r e a .  Because of t h i s  r e a s o n ,  
th i s  solut ion was  not appl ied .  



Flow Boundary 

1 

Outside 

Nodepo in t  : (ib-1, j )  ( i b ,  j )  ( i  b*l ,  j) ( i b t 2 ,  j )  ( i b t 3 ,  j )  

Figure 8. Hydraul ic  Head  in t h e  Vicinity of t h e  Flow 
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boundary. Only changes  ins ide  the  aquifer ,  contemplated 
', . 

in  the  model, may influence the  boundary nodes.  

2 .  No major hydraulic ac t iv i t i e s  take  p lace  c lo se  to those  

boundary ., nodes . 
3. If these  major hydraulic ac t iv i t i e s  d o  occur  then they must 

occur for every nodepoint in the  vicinity of the boundary 

nodes. For ins tance ,  if leakage to  a n  underlying aquifer 

occurs in t h i s  model then th is  must be  a n  act iv i ty  that 

i s  shared by a l l  nodes c lo se  to  th i s  spec ia l  boundary.. 

Satisfying t he se  three condit ions d ic ta tes  that  the  change in 

hydraulic head per t imestep is not abrupt in the  vicinity of the  boundary, 

or the  change is a gradual one.  

With th i s  in mind then: (See Figure 8) 

al. - A 
7 - 
a2 02 

Ratios of average hydraulic s lope c lo se  

to  boundary points .  a1 and a2 are  the  

average s lopes  of the  watertable in the  

previous half t imestep (:k-1). 

Then , 

and 



and 

hib-l  , j , k  c a n  now b e  expressed  in  terms of h ib ,  , 
and hib+l , , 

according to: 

- - 
h i b - l , j , k  h i b , j , k  - @(AX) 

Substi tut ing for i32 in  t h i s  express ion y ie lds  to: 

With t h i s  procedure h ib - l ,  j ,  i s  def ined for  the  in i t ia l  t imestep  and the  

sys tem of equat ions  c a n  b e  solved by subs t i tu t ing  express ion  (45) for 

h i b - l . j . k  i n .  the  following equation: 

This y ie lds  a boundary equation with two unknowns: 

The routine of the  program s o l v e s  t h i s  sys tem of row equat ions  star t ing 

from nodepoint ( ib ,  j )  and c a l c u l a t e s  s u c c e s s i v e l y  for t  = k the  va lues  

for nodes  ( i b + l , j ) ,  ( ib+2,j)  . . 

i b T I I j  i b , j  ib_+l,j  ib-+2,j 

f lzw boundary 
- 

' h i b - l , j , k  w a s  ca lcu la ted  with equat ion  (45) which is a n  approximation 
-, 

b e c a u s e  the  r a t io  a2/a 1 u s e s  the va lues  for  hydraulic  head of the  k-1 

( ~ r e v i o u s )  t imestep .  

Because now the  hydraulic head  v a l u e s  for nodepoints  ( i b , j ) ,  

1 j , (ib+2 , j )  e t c .  a r e  known for t=k a new value  for hib - , , k  c a n  

b e  ca lcu la ted  us ing t h e s e  nodepoints .  S ince  the  charac ter  of the  



hydraul ic  s lope  h a s  more resernblance t o  a quadra t ic  funct ion t h a n  t o  

equation (45),  the  new value  for h .  i s  ca l cu la t ed  with a second  l b - - l # ~ ~ k  

degree  polonomial which u s e s  the boundary head  hib . and  two i n s i d e  

va lues  h and hib+2,  j , k (backward d i f ferences) .  This ref ined 
i b + l , j , k  

approximation fo rces  t h e  ou t s ide  boundary point (ib-1 , j )  t o  "behave"  

in  the  same  way a s  poin ts  in s ide  t h e  boundary. The ref ined approxima- 

t ion of the hydraul ic  head for nodepoint  (ib-1 , j )  wil l  b e  u s e d  in t h e  next  

half t imes tep  t = k+l t o  cal .culate  new va lues  for t h e  r a t i o  a 2 / a l .  

In checking nut t h i s  procc4ure, i t  appedra'ed n e c e s s a r y  tha t  t h e  

phys ica l  propert ies  of t h e  nodes  c l o s e  t o  t h i s  boundary b e  known fair ly 

accura te ly .  The re la t ionship  be tween the  depth  of aqui fer ,  the hydraulic  

conduct iv i ty ,  the s to rage  coeff ic ient ,  t he  impedance of t h e  leaky aquifer  

and the  in i t ia l  water  t ab le  condit ion should b e  fair ly wel l  matched.  

If the e s t i m a t e s  of t h e  hydraulic  parameters ,  conduct iv i ty ,  s torage  

coeff ic ient  or o ther  a r e  not accura te  near  t h e  boundary, then  a highly 

uns teady s t a t e  condit ion e x i s t s  in  which t h e  water t ab le  va lues  will  

change  rapfdly in a few t imes teps  t o  match t h e  mentioned input parameters .  

This  i s  i n  cont radic t ion  with t h e  condi t ions  a s sumed  for th is  boundary 

so lu t ion .  

This highly uns teady s t a t e  condit ion i s  prevented if t h i s  

matching happens  more gradually.  Therefore, a check  of t h e  u2 r a t i o  
a 1 

i s  introduced in  t h e  main program to control  the  r a t e  of change  in 

hydraulic  s l o p e .  In t h e  program a n  upper lfmit for the  head d i f ference  

be tween t h e  succeed ing  nodepoints  i s  incorporated and a n  upper and lower 

l fmi t  for the  hydraulic  s lope  r a t ios  ( a2 /a l ) .  These  c h e c k s  a r e  app l i cab le  

t o  nodepoints  ( ib ,  J)  , ( ib+ l  , j )  and (ib+2, j )  . 
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These limiting va lues  can  be  chosen  according t o  the character  

of the aquifer  and wi l l ,  af ter  chosen ,  remain a s  cons tan t s  in the program. 

Reference t o  t h e s e  values  will occur under the  name CONTROL CONSTANTS. 

Solution of the limiting values  depends  on  the  aquifer  properties a t  

the  location of t h e  flow boundary. A d i scuss ion  on t h e  treatment and 

solution of the  flow boundary controls  i s  shown in  Appendix A.  

Provided condit ions ( I ) ,  ( 2 ) ,  and (3) a s  descr ibed on pages  34 and 36 

are  sa t i s f i ed ,  t 'h is  solut ion for a flow boundary i s  appl icable .  

Computer Program of the  Model 

Cbmputa tion of the hydraulic head 

A computer program in  FORTRAN-IV language i s  written t o  solve  

t h e  f ini te  difference equat ions .  It ca lcu la tes  the  new hydraulic head i n  

a system of tr idiagonal  equations for both rows and columns i n  succeeding 

half  t imes teps ,  us ing  the recursion formula a s  descr ibed on p a g e  29 through 31. 

Let N b e  the  l a s t  node in  a row and NN the  f i rs t  node. If one con- 

s ide r s  t h e  ca lcula t ion of a row a t  timest,ep k t h e  routine f i rs t  genera tes  

t h e  tr idiagonal  matrix coeff ic ients  a h i ,  c ,  and d .  (i denotes  ith node 
i "  1 1 

in row) for i  = NN, NN+1, . . . . . . . N. 

It then c a l c u l a t e s  intermediate values:  

C 
a c i i-1 d .  - a .  Y. 

i  I B i = b  - and Y i  = 1 1 1-1 - i 
'i 'i-1 ' i  

for i = NN, NN+l ,  . . . . . N. 

The new hydraulic head hi i s  ca lcula ted  according to: 

- 
hi - yi - A hicl , i = N - 1 , N - 2 ,  . . . . . . NN, 

'i 



In  FORTRAN IV language: 

Similar routine i s  u s e d  for ca lcula t ion  of the  columns.  

Input 

A s  explained on  page  29, the  main program c a l c u l a t e s  the  new 

hydraulic  head in  a sys tem of t r idiagonal  equat ions  for  both rows and 

columns in  succeeding half t imes teps .  

The genera l  equat ion  for a row or column for the  nodepoint ( i , j )  i s :  

+ C h i + l , j , k  = d while the  boundary nodes have  only 

two unknown head v a l u e s  on the  lef t  hand s i d e  of the  equation.  

For e a c h  nodepoint o r  boundary point  the  va lues  of the  cons tan t s  

a ,  b ,  c ,  and d a r e  ca lcula ted .  However, dependent  on the  "charac ter"  

of the  nodepoint,  the computation of t h e s e  cons tan t s  i s  different.  In order 

t o  d is t inguish  between the  cha rac te r s  of the  different nodepoints  and h e n c e  

t o  a l low for the  right computation of the  cons tan t s ,  both for computation 

in the  x-direct ion (rows) and in t h e  y-direction (columns), a r rays  a r e  introduced,  

ca l l ed  

1 .  NCX(i,j)  and 

2.  NCY(i, j ) ,  which. 
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g ive  t o  each  nodepoint a number according to  the character  of the  nodepoint. 

In th i s  way for e i ther  t h e  x or y d i rec t ion,  the  computer routine c h e c k s  

the  character  number of the  nodepoint being ca lcula ted  and carr ies  out the 

right computation via a n  ass igned  "GO TO'' s ta tement .  The following 

character  numbers a r e  introduced: (NC = character  number). 

For ca lcula t ion of rows (x-direction) for nodepoint ( i , j ) :  

descr ip t ion nodepoint descr ip t ion boundary 

NCX = 1: nodepoint i s  outs ide  study area 

NCX = 2: nodepoint is ins ide  study area 

NCX = 3: nodepoint le f t  of t h i s  node is boundary 
node a t  s t a r t  row : constant  head 

NCX = 4: nodepoint r ight  of th i s  node i s  boundary 
node a t  end row : constant  head 

NCX = 5: nodepoint i s  boundary node a t  s t a r t  row : impermeable boundary t o  
lef t  o f .  th i s  node 

NCX = 6: nodepoint i s  boundary node a t  end row : impermeable boundary t o  
right of th is  node 

NCX = 7: nodepoint is boundary node a t  s tar t  row : flow boundary 

NCX = 8: nodepoint i s  boundary node a t  end row : flow boundary 

For ca lcula t ion of columns (Y-direction) for  nodepoint (i , j ) :  

descr ip t ion nodepoint descript ion boundary 

NCY = 1: nodepoint is outs ide  study area  

NCY = 2: nodepoint i s  ins ide  study area 

NCY = 3: nodepoint below th i s  node is boundary 
node a t  s tar t  column : constant  head 

NCY = 4: nodepoint above th i s  node i s  boundary 
node a t  end column : constant  head 

NCY = 5: nodepoint i s  boundary node a t  s tar t  
column : impermeable boundary 

below th i s  node 



NCY = 6: nodepoint i s  boundary node a t  end : impermeable boundary above  
column t h i s  node 

NCY = 7: nodepoint i s  boundary node a t  s t a r t  
column : flow boundary 

NCY = 8: nodepoint i s  boundary node a t  end 
column : flow boundary 

Figures 9 a ,  9b  and 9 c  show t h e  arraysNCX(i, j )  and NCY(i,j) for the  

hypothetical  c a s e  of a square  i s land surrounded by a ' cons tan t '  head water  

body on three s i d e s  and  a n  impermeable boundary on the  remaining s i d e .  

The ,remaining nine a r rays  tha t  a r e  entered in t h e  program are: 

3 .  i j : a n  ar ray  tha t  deno tes  whether the  nodepoint ( i f  j )  i s  

loca ted  in  a n  unconfined or  confined aquifer .  

NN(i ,  j )  = 0 ---+ unconfined 

NN(i , j )  = 1 - confined 

4 .  KX(i,j) : a n  array of the  hydraulic  conductivi ty in the  x-direct ion 

Cft/day1/100 

5.  KY(i, j )  : hydraulic  conductivi ty in  the  y-direction rft/day1/100. 

6. Z( i , j )  : t he  e levat ion  of t h e  aqui fer  bottom rftl. 

7. P H I ( i l j I l  : t he  in i t ia l  hydraulic head in t h e  aquifer  a s  in i t ia l  

condi t ions  for the  f ini te  difference equat ions  [ft]. 

8 .  PSI(i , j )  : t h e  hydraulic  head of a poss ib le  leaky aquifer fftl .  

9 .  SURF(i,j) : the  landsurface  e levat ion  [ftl. 

10. S ( i , j )  : s torage  coe f f i c i en t s ,  d imensionless .  

2 11. FAC(i, j )  : impedance of t h e  l eaky  aquifer  rft/day 1x10. 

The to ta l  source  term Q ( i , j , k )  i s  read in a s  a three  dimensional  array 

3 from t h e  input program in which Q ( i , j  , k )  i s  ca lcu la ted  [ft / 1 / 2 ~ t 1 .  

Other input da ta  are:  

MICX : If MICX = 2 t h e  ca lcula t ion  of the  rows (x-direction) 

will  appear  a s  a contour plot on microfilm. If MICX = 

0 no output on microfilm wil l  be  g iven.  



I-- Impermeable Wall ( T z O )  

Figure 9a .  Plain View of Hypo- 
the t ica l  Island Sur- 
rounded by Water  and 
With One Impermeable 
Side. 

Figure 9b. Array NCX(i,j)for 
Is land.  

1. Outs ide  Boundary Node 
2 .  Ins ide  Boundary Node 
4 .  Node t o  the Right of 

This Node I s a Cons tan t  
Head (end of row) 

5. Node h a s  Impermeable 
Boundary t o  the  Left 
( s ta r t  row). 

Figure 9c .  Array NCY(i,j) 

. Outs ide  Boundary Node . Inside Boundary Node 

. Node Below This Node 
I s  a Constant  Head 
(s ta r t  column) 

4.  Node A bove This Node 
i s  a Cons tan t  Head 
(end column) 



NPY 

- 

44 

MICY : similar  ru les  for MICX apply but for ca lcula t ion of the  

columns (y-direction) . 
NIM : variable which d ic ta tes  the  des i red  number of contour 

l e v e l s  in  the  contour plot.  

NSER : variable tha t  i s  direct ly related t o  MICX = 2 and MICY = 2 such 

that  if NSER = 1 a contour map will b e  plotted for the  half 

t imesteps  with k = 3 ,  5 ,  7 ,  9 ,  11 ,  e t c .  If NSER = 2 

a contour map will be  plotted for the  half t imesteps  with 

k = 3 ,  7, 1 1 ,  1 5 ,  e t c .  

XA and YA : var iables  which re la te  to  the  s i z e  (x- and y-direction) of 

the  contour plot .  

N PX : if NPX = 2 t h e  ca lcula t ion of the  rows (x-direction) wil l  

be  printed out a s  a n  array for every t imestep.  If NPX = 0 

no printed output. 

: similar  ru les  apply for NPX, but for calculat ion of t h e  

columns (y-direction) . 
: variable tha t  r e l a t e s  t o  the  to ta l  source  term Q ( i ,  j ,  k) . 

If NQ = 1 ,  t h e  to ta l  source  term Q ( i ,  j ,  k) will be  read 

in  from f i l e  a s  a three  dimensional  array ca lcula ted  in a 

separa te  input program. If NQ = 2 ,  t h e  to ta l  source  

term will be t h e  same for each  nodepoint i .  e: . .Q(i,  j ,  k) = 

FLUX for k = 1 ,  2 ,  . . . NFLUX. If NQ = 3 ,  t h e  to ta l  

FLUX 

NFLUX 

source  term will be  zero for each  nodepoint for each  k. 

: variable which value represents  the  to ta l  input for one  node 

3 per half t imestep when NQ = 2 [ft /1/2Atl. 

: deno tes  number of half t imesteps  (k) for which Q ( i , j  ,k)  = 

FLUX. Used when NQ = 2. 
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a m p l i f i c a t ~ o n  factor  ui t v f a l  souace term ( J ( I , J , ~ ) .  Used 

a l w a y s ,  independent of the  va lue  of NQ. 

amplif icat ion tac tor  b y  w h ~ c h  the  KX array and MI array  is 

multiplied. 

deno tes  t h e  time dimension of the  source  term Q ( i ,  j ,  k). 

It  is t h e  maximum value of k .  

t o t a l  number of nodes  In row, 

to ta l  number of nodes  in  column, 

length of one  t imestep  [days],  

lenyth of mesh in x-direction i n  gt-111 sys tem [ftl ,  

length of meshin y - d ~ r e c t i o n  in  grid sys tem [ftl. 

to ta l  numbers of half t imesteps  for which length of t imestep  

i s  DELT. If k)LTS length of t imestep  = 2 DELT. 

to ta l  number of half t imes teps  of the complete s imulat ion.  

var iables  which value  indica tes  t h e  number of half t imes teps  

for which a n  array of the  depth t o  water  t ab le  i s  printed out.  

DIF 

Other var iables  a r e  input var iables  which a r e  re la ted  t o  the  flow 

boundary: 

CONTROL CONSTANTS: These a r e  the  var iables  which control  t h e  

behavlor of t h e  flow boundary a s  desc r ibed  

in Appendix A. The CONTROL CONSTANTS 

c o n s i s t  of: 

: maximum head difference between succeeding nodepo in t s  a t  

flow boundary Tftl, 

: sugges ted  va lues  of head d i f ferences  be tween suceedfng node- 

points  a t  flow boundary. Uti l ized when flow boundary i s  o n  

end of row or column. 
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: maximum value '  for ra t io  (a2/a l )  for ei ther row or column. 

: minimum value for ra t io  (a2/a l )  for ei ther row or column. 

: suggested value  for rat io (a2,/a 1) i f  ac tua l  rat io exceeds  

the  l imits .  Utilized for ei ther row or column if flow boundary 

i s  on beginning of row or column. 

: suggested value for ra t io  (a2/a1) if t h e  ac tua l  ra t io  exceeds  

the  l imits .  Utilized for ei ther row or column i f  flow 

boundary i s  on end of row or column. 

Remaining for considerat ion a re  the  input variables which a re  related 

to  the  location of the  flow boundary in the  grid system. These are  the 

variables: NX, NXX, NYS, NYF, NYSS, NYFF, NY, N W ,  NXS, NXF, NXSS, 

and NXFF. The need for these  variables i s  d i s cus sed  in Appendix B. 

In d i scuss ion  of the  computer program, a flow char t  and l i s t ing of the  

main program are  included in Appendix C .  

Output 

Depending on t he  ' va lues  of input var iables ,  output of the calculated 

hydraulic head for e ach  half t imestep will appear ei ther a s  a contour plot 

on microfilm* and/or a s  a printout of hydraulic head va lues  in  a n  array. The 

input ar rays  and s ingle  variables are  a l s o  l i s t ed  with the output. 

Testing of the Model 

To check the  program several  t e s t  problems were developed to  show 

t h e  validity of the  model. The t e s t  problems were kept  simple so that  

the  computer solution could be  checked analyt ica l ly  . 

*A subroutine i s  included in the main program. If th is  subroutine i s  
ca l led  the  output will be  a contour plot on microfilm, 



Filterwell in a circular  i s l a n d ,  Tes t  1 

Figure 10a and l o b  give the  ar rays  NCX(i, j )  and NCY(i, j )  for t h i s  

simulation. In t h i s  c a s e  a s ingle  well  was placed in the center  of a 

circular  island. The rad ius  of the  i s land was  500 f e e t ,  The in i t ia l  

condi t ions  show a s t a t i c  horizontal water t ab le  and a zero  d ischarge  of the  

3 pump. For t >  0 Qpump = 24,960 ft /day. 

The storage coefficient  was chosen  a t  0.15. Hydraulic conductivi ty,  

2 KX = KY = 600.0 ft/day, and TX = TY = 6000 ft /day. 

The water t ab le  around t h e  is land was  k ~ p t  constant  a t  the  in i t ia l  

va lue  of 10 fee t .  For t h e  computer solut ion a t imestep  of 8 hours was 

chosen .  The computer solut ion shows that  t h e  s t eady  s t a t e  is reached af ter  

10 t imesteps .  

The analyt ica l  solut ion for the  s t eady  s t a t e  condition i s  s traight  

forward and can  be  descr ibed as :  

ut i l izing t h e  Dupuit assumpt ion of horizontal  flow. 

Figure 11 shows the  analyt ica l  solut ion of the  s t eady  s t a t e  condition 

compared with the  computer solut ion.  

At the  locat ion of t h e  well  t h e  two  solut ions  differ substant ia l ly ,  

however a t  this point both t h e  computer and analyt ic  solut ion differ from the  

exac t  solut ion.  For every other grid point in the  i s land,  both methods yield 

t h e  same resu l t s .  

The next ques t ion i s  whether the  r a t e  of drawdown for both the 

computer and analyt ica l  so lut ions  i s  t h e  same or  whether the  s t eady  s t a t e  

solut ion for both methods i s  reached in the  same time span.  

For the  ana ly t i ca l  solut ion the  non-equilibrium equation of Theis 25  

c a n  b e  appl ied .  The Theis equat ion,  however, a s s u m e s  t h e  perimeter of 



Figure 10a. Array for NCX(1, j )  of 
Island. Test 1. 

1. Node a t s i d e  A qulfer 
2. Node Inside A quifer 
3. Node to  the Tsft of T h i s  N.ode I s  

a n s t a n t  Head Node bow) 
4. Node to  the Right of This Node I s 

Constant Head Mode Row) 

Figure lob. Array for NCY(i,j) of Island. 
Test 1. 

1. Node 0 utside Aquifer 
.2. Node Lnside Aquifer 
3. Node Below This m d e  I s Constant fiead 

Node (Cblumn) 
4. Node A bove This  Node 1.s constant  H ead 

Node (Cblumn) 
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lower 
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lower number (X) represent the computer resul ts  

upper number (o) represent the analytical results 

100 2 0 0  3 0 0  4 00 5 0 0  

b f t .  
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represent the 

computer resul ts  

onoly t ico l  results 

Figure 1 1 . Comparison of the Analytically 
Determined Drawdown and the 
Results Obtained with the Com- 
puter Model. 



t h e  i s l a n d  a t  a n  infinite d i s t a n c e ,  s o  tha t  a difference between t h e  Theis  

solut ion and  the  computer solution (perimeter a t  600 f t . )  i s  expected .  

For smal l  va lues  of r and/or large  t ,  racobs13 method for solut ion of non- 

equilibrium equat ion c a n  be  appl ied ,  which i s  a simplification of the  Theis  

method. 

For nodepoint ( 7 , 6 )  r = 100 ft:  the  drawdown a t  different t imes c a n  

be  computed with J a c o b ' s  equation 

S = + 2 a  logt 4 ITT r S 4 ITT 

On semilogarithmic paper ,  th i s  i s  the  equation of a s traight  l ine of drawdown 

2.30Q s versus  t .  The s lope  of t h e  l ine  i s  equal  t o  4 7 1 ~  . For th i s  c a s e  the  
- - 

s lope  = ( 2 * 3 ) ( 2 4 ' 9 6 0 )  = 0.76 f t .  The drawdown obtained from the computer 
4 IT 6 ,000 

simulation i s  plotted on semilog paper for nodepoint (7 ,6 )  (Figure 12) .  The 

slope c a n  b e  found a s  the  vert ical  projection of the  intercept  of t h e  straight  

l ine  between two numbers on the time s c a l e  tha t  have logorithms one unit 

apar t .  From th i s  graph, a s lope  of 0.76 f t .  i s  obtained,  which i s  in ful l  

agreement with the  s lope  obtained with Jacob" solut ion.  

Two wells  in rectanqular  i s l and ,  Test  2 

In th i s  c a s e  a square  i s land is considered over which a n  18 x 18 grid 

i s  superimposed. (See Figure 13) .  

Location (7,  7) contain s one discharge  well. 

Location (1 2 ,  12) conta ins  one recharge well .  

3 
Both wel ls  pump a t  the  ra te  of 16,960 f t  /day. 

The in i t ia l  condition shows a s t a t i c  (horizontaj  water table  with 

no discharge  or  recharge a t  the  well s i t e s .  Outside the i s land the  water  

table  was  held cons tan t  a t  15.0 f e e t ,  and a storage coefficient  of 0.15 w a s  

se lec ted .  In the computer solut ion,  hydraulic head values  are  computed 
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Figure 1 2 .  Jacobs  Method for Solution of 

Nonequilibrium Equation. One 
Observation Well .  



constonl 
head 

Figure 13a.  Three-Dimensional Representation of Square Island 
with a Recharge Well a t  Node (12,12) and a Discharge 
Well  a t  Node ( 7 , 7 ) .  The Water Surrounding the Island 
&s a Constant  Level. 

i 
Figure 13b.  Grid System of Square Island.  Diagonal 1-1 I s the  

Same Diagonal 1-1 a s  Shown in Figure 13a.  
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for every t imestep for gria yol i lzs  which are 2110 fee t  apart '2nd for 

1 at = 0.333  days .  

Expected r e s u l t s  

1 .  Because of t h e  symmetric locatiun of t h e  two wel.ls,  a 

diagonal  l ine between the  two wel ls  will  appear  a t  which 

the water t ab le  does  not change and will  maintain the in i t ia l  

head value.  

2. The drawdown a t  the  d ischarge  well  locatiorl will be  greater  

.- t.har1 th;. i;i:ild iii: a t  ~ t i e  ~ , , l : : . h , ! . ~ ~ t  ~ e ! . , , ~  11:is I S  ~ a i l ~ ( ~ ~ "  . .1 i ' y  

the  different transmissibi.lit . ies a t  the  t.wo lsc..:at,ions, (At the 

d ischarge  wel l  t h e  depth of ayuifer i.s l e s s  than a t  t h e  

recharge well  s i t e  (T di scharge  < T recharge) .  - 
Because no e a s y  analyt ica l  a l u t i o n  i s  ava i l ab le  for th i s  c a s e ,  no 

/ 

absolute  value check c a n  be  made. However, a check of the  expected 

r e s u l t s  i s  poss ib le .  

At the  computer sit ,e where th is  program was  checked,  a microfilm 

plotter-printer was  avai.lable. Wi.th the  rnai.n program, a subroutine was 

linked which plotted a contour map of the  solut ion for each r imestep,  

Figure 14 represents  a computer plot  of water table contours for the  18 
t h 

t imestep.  

A s  shown in Figure 1 4 ,  the  diagonal  of constant  head i s  e a s y  

to  de tec t .  

T h e  c o m  p u t e r  s.olution indicates  tha t  th is  system r e a c h e s  the  

ste'ady s t a t e  af ter  18 t imesteps  or 6 d a y s .  For the  s t eady  s t a t e  s i tua t ion,  

the head a t  the location of the  d ischarge  well i s  12.86 ft which i s  2.14 

f e e t  below t h e  in i t ia l  value,  and the  head a t  rhe 1oc;atiori of the  recharge 
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Figure 14.  A Computer Plot of Water  Table Contours of Test  
2 for t h e  18th Timestep. Discharge Well  a t  Loca- 
t ion (7 ,7 ) .  Recharge Wel l  a t  Location (12,12) .  
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wel l  i s  16 .87  which i s  1 . 8 6  fee t  h igher  than  the  in i t i a l  va lue .  

The foregoing problems d e a l t  with the  va l id i ty  of the program a s  

a s imula t ion  tool  i t se l f  and  showed tha t  t h e  cons tan t  h e a d  boundary t rea t -  

ment was  va l id .  

Flowboundary ,Solution - Setup  of .experiment 

With t h e  f low boundary so lu t ion  i t  i s  p o s s i b l e  t o  terminate a n  

aqui fer  by a boundary a c r o s s  which f low occur s  for  condi t ions  a s  desc r ibed  

o n  p a g e s  34 and  36. To t e s t  t h i s  boundary two c a s e s  were cons idered  

which were s u b j e c t  t o  the  same  input  c.onditions. C a s e  1 c c ~ n s i d e s s  dn  

aqu i fe r  which i s  terminated both by impermeable boundar ies  and  c o n s t a n t  

head  boundar ies  a s  shown in Figures 15a a n d  15b.  C a s e  1 shows  a c a s e  

of f low (s teady o r  uns t eady)  through a dam. The boundar ies  on  e a c h  s i d e  

of t h e  dam a r e  bod ies  of water  which ape kep t  a t  a cons tan t  l e v e l .  

C a s e  2 i s  a c t u a l l y  t h e  same  a s  C a s e  1 e x c e p t  t ha t  i t  i s  c u t  i n  half 

with a f low boundary a t  t he  loca t ion  of t h e  c u t ,  Figures 1 6 a  and 16b .  

F igures  1 7  and  18 show t h e  concep t iona l  idea of r e spec t ive ly  C a s e  1 and  

C a s e  2 .  

AREA INTEREST i s  t h e  s tudy a rea  for which a model i s  proposed.  

Under ce r t a in  cond i t ions  which a r e  desc r ibed  o n  page  34 a n d  3 6 ,  

i t  i s  not n e c e s s a r y  t o  expand t h e  model t o  a la rger  model, which cove r s  

a l s o  the  NO VALUE AREA (which i s  not of interes%), i n  order  t o  te rminate  

the  model with a conse rva t ive  boundary l i k e  a cons tan t  head  boundary.  

I n s t e a d ,  the  model c a n  b e  confined t o  t h e  AREA OF INTEREST and a flow 

boundary wi l l  t e rminate  the  model withou% introducing a s igni f icant  d i f fe rence  

i n  r e s u l t s .  

I t  must  b e  proven then  tha t  for both  C a s e  1 and  C a s e  2, t h e  model 

shows t h e  same  r e s u l t s  for t h e  AREA INTEREST if sub jec t ed  t o  t h e  same  
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Figure 15a .  Three-Dimensional Representa ti.on of C a s e  I. 
C a s e  I I s  a n  Aquifer Terminated by Constant  
Head Boundaries and Impermeable Boundaries. 

constant 

constant  head 

Figure 15b. A bchematic Representation of Figure 15a1  C a s e  I. 

Flow Boundary constant 
I head 

4 
-- 

I + --- I !  

4 
4 

l o n x  * 
Figure l 6 a .  Three-Dimensional Representation of C a s e  11. 

C a s e  I1 Is Actually the  Same a s  C a s e  I Exzept 
That It I s  Cut in Half with a Flow Boundary 
a t  the Location of the  Cut.  

Flow Boundary 

Figure 16b. A Schematic Representation of Figure 1 6 a 1  C a s e  11. 



Case I 

constant head 

no value area ore0 of interest 

Figure 1 7 ,  Under Certain Condit ions,  It I s  Not Necessary  to 
Expand the Model t o  a Larger Model (Case  I ,  Shown 
Above). This Covers Also the  NO VALUE AREA 
(Which Is Not of Interest)  in Order t o  Terminate the  
Model with a Conservative Boundary Like a Constant  
Head Boundary. Ins tead ,  t h e  Model Can Be Confined 
t o  t h e  AREA OF INTEPEST ( C a s e  11, Shown Below) and 
a Flow Boundary Will  Terminate the  Model Without 
Introducing a Significant Difference in  Resul ts .  

Case If 

flow boundary 

I 
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 

I 

4 
area of interest 

Figure 18 .  C a s e  11: The Model I s  Confined t o  the  AREA OF 
INTEREST Using a Flow Boundary. 



hydraul ic  a c t i v i t i e s .  

Flow boundary,  Tes t  3 

For a s i tua t ion  a s  shown in  Figure 1 9 ,  t he  hydraul ic  head  v a l u e s  for 

t h e  s t e a d y  s t a t e  condit ion a r e  determined ana ly t i ca l ly .  The cont inui ty  equa-  

t ion for uns t eady  flow i n  a n  i so t ropic  homogeneous medium is: 

in  which (d  i s  t h e  dra inable  poros i ty  and  K is t h e  hydraul ic  conduct iv i ty .  

10 
For s teady flow and under  t h e  Dupuit-Forchheimer a s sumpt ions  , t h e  squd t ion  

y ie lds :  

In t h e  computer  so lu t ion ,  Figure 19 is iden t i ca l  t o  C a s e  1 (Figure 20a ) .  

C a s e  2 i s  t h e  f low boundary so lu t ion  for t h i s  problem which is a c t u a l l y  

Figure 19 terminated in  t h e  middle of t h e  aquifer .  (Figure 20b).  The in i t ia l  

cond i t ions  for both  c a s e s  were  t h e  s t e a d y  s t a t e  v a l u e s  for hydraul ic  head .  

For both c a s e s ,  t h e  model w a s  run  for 21 t i m e s t e p s .  Since the  in i t i a l  

condi t ion  w a s  a s t e a d y  s ta te l the  computed head  v a l u e s  for C a s e  1 were  

t h e  s a m e  for a l l  t imes teps  a n d  equa l  t o  t h e  in i t i a l  cond i t ions .  In C a s e  2 

with t h e  flow boundary and  t h e  s a m e  in i t ia l  cond i t ions ,  t h e  ca l cu la t ed  head  

v a l u e s  were  t h e  same  a s  ca l cu la t ed  for C a s e  1 ,  Figure 20a ,  i , e .  for 

s t eady  s t a t e  t h e  f low boundary main ta ins  a s t e a d y  s t a t e .  

Flow boundary,  Tes t  4 

In t h i s  c a s e  both c a s e s  were sub jec t ed  t o  a n  input  term which w a s  

t h e  s a m e  for e a c h  node ,  a s  shown in Figure 21. 

3 Each nodepoint  was  g iven  recharge  of 3 , 5 0 0 , 0 0 0  f t  / sq .  mile./day 

during the  to t a l  s imula t ion  t ime.  At = 7 . 0  d a y s .  KX = KY = 2000 ft/day, 

S = 0.15 .  
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Figure 19 .  S teady Flow Through a n  Earth Dam 

I C =  Ini t ia l  Condition 

I I 

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \  

Figure 20a .  Schemat ic  Represen-  
t a t ion  of C a s e  I for 
Tes t  3 .  

Figure 2 0b. Schemat ic  Represen- 
t a t ion  of C a s e  I1 for 
Tes t  3.  

Input for each Node Input for each Node 

2 1 A x = 2 1  miles 

/=node I 

2=node 8 2 

3=node @ 
H o = 4 0 0 f t .  
HI= 3 0 0  ft. 

Figure 21.  Schemat ic  Representat ion of Tes t  4 .  C a s e  I and  C a s e  I1 
Are Subjec ted  t o  a n  Input Term, th  Same for Each Node,  
Each  Node H a s  a Recharge of 3.10' ft3/sq mile/day. 
a t  = 7 . 0  d a y s ,  S = 0 . 1 5 ,  KX=KY=2000 ft/day. Total 
Simulation Time I s 21 Timesteps .  
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The in i t i a l  condit ion fo r  b a t h  c a s e s  w a s  the  s t e a d y  s t a t e  condi t ion  

a s  desc r ibed  in T e s t  3. Both were run  for  21 t i m e s t e p s ,  Figures 2 2 ,  23 ,  

and  24 compare the  r i s e  of head  a s  a funct ion  of t ime a t  nodepoin ts  1 ,  2 ,  

a n d  3 for t h e  two c a s e s .  

Figure 22: 

Point  1 r e p r e s e n t s  t h e  nodepoint  a t  the  f low boundary.  For t h e  

f i r s t  1 1  t i m e s t e p s ,  there  i s  a lmos t  no  d i f fe rence  be tween  t h e  r e s u l t s  of 

C a s e  1 and C a s e  2. After t h e  11th t i m e s t e p ,  t h e  hydraul ic  head  in  C a s e  2 

t a k e s  on  a g rea t e r  va lue .  The to ta l  r i s e  for  poin t  1 i n  C a s e  1 i s  89  f e e t .  

The to t a l  r i s e  for point  1 in  C a s e  2 i s  81  f ee t .  The d i f fe rence  i s  8 

f e e t  or  8 .1% of the  r i s e  a f t e r  21 weeks  of t h i s  input  c o n d i t i o r , o r  2 .2% of 

t h e  aqui fer  depth .  There a r e  s e v e r a l  r e a s o n s  why t h i s  i s  o n  t h e  l a r g e  

s i d e .  

1.  For t h i s  t e s t  run  no  experimentat ion w a s  done  wi.th t h e  CONTROL 

CONSTANTS for t h i s  f low boundary.  A be t t e r  adapt ion  of t h e  

CONTROL CONSTANTS t o  t h i s  aqui fer  wil l  y ie ld  a be t t e r  r e semblance  

be tween  t h e  two  graphs .  

3 
2.  The input term of 3 . 5  mil l ion f e e t  per  squa re  mile per  d a y  i s  

qu i t e  large, which r e s u l t s  i n  a f a s t  r i s e  of t he  water  t a b l e  for  

which a smal le r  appl ied  t imes tep  would a l s o  y ie ld  more 

a c c u r a t e  r e s u l t s .  A s  c a n  b e  s e e n  a f t e r  21 t imes teps ,  no s t e a d y  

s t a t e  condi t ion  i s  r eached  which i s  a l s o  c a u s e d  by t h e  r a the r  

l a rge  input  term. An a n a l y t i c a l  comparison for t h i s  c a s e  with 

C a s e s  1 a n d  2 i s  not p o s s i b l e  b e c a u s e  t h e  r i s e  of water  

t a b l e  compared t o  t h e  dep th  of aqui fer  (350 f ee t )  is 8 0  f e e t  or 

23%. This  i s  very l a rge  s o  tha t  a compar ison  of t he  r e s u l t s  wil l  not 

b e  r e l evan t  b e c a u s e  the  Dupuit ~ o r c h h e i m e r ' ~  a s sumpt ions ,  on  
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which both t h e  analyt ica l  solut ion and the computer model 

are  b a s e d ,  a r e  violated.  It  would b e  useful  t o  repeat  th i s  t e s t  

with a smal ler  input term. With a smaller  input term, both c a s e s  

would reach a new s teady  s t a t e  condition. Lack of t lme,  how- 

ever ,  made i t  impossible t o  carry out  such a t e s t .  

Figure 23: 

For point 2 the  to ta l  r i s e  in C a s e  2 is 84 fee t  and the to ta l  r i s e  

in C a s e  2 i s  79 fee t .  A difference of 5 fee t  or 6 .3% of t h e  r i s e ,  This 

i s  a smaller  difference (or bet ter  fit) than for point 1 whlch I S  to be 

expected b e c a u s e  point 2 i s  farther  from the  flow boundary. 

Figure 24: 

For point 3 ,  the  to ta l  r i s e  in C a s e  1 is 79 f e e t  and to ta l  r i s e  in  

C a s e  2 i s  76 feet. This shows a difference of 3 f e e t  or  3.8% in r i s e  which 

i s  tolerable.  The resu l t  i s  obtained on a d i s t ance  of 2Ax from the  flow 

boundary. A graph which dep ic t s  the  difference i n  rise between t h e  two 

c a s e s  a s  a percentage of t h e  to ta l  r i s e  ve r sus  d i s t a n c e  from the  flow boundary 

in percentage of to ta l  length of aquifer i s  shown i n  Figure 25. 

This graph shows that  for 75% of the aquifer the difference between 

t h e  two models expressed a s  a percentage of the  r i s e  i s  l e s s  than or equal  t o  

3 .0%.  

Experimentation with the  CONTROL CONSTANTS will yield a bet ter  

r e su l t  s o  tha t  C a s e  2 g ives  a good simulation of C a s e  1. 

Flow Boundary, Test  5 

In  both c a s e s  t h e  model was  subjected  t o  a n  input term for each 

node in  the  respec t ive  aquifers .  Figure 21 app l i es  here a l s o ,  



Difference in 
Rise Between 
Case I and 
Case 2 in  
Percent of 
Total Rise 

Distance from Flow Boundary in Percentage 
of Total Length of Aquifer 

Figure 25.  T e s t  4: Di f fe rence  i n  R i s e  i n  Pe rcen tage  of To ta l  R i s e  Between 
C a s e  I a n d  C a s e  I1 a s  a Funct ion  of D i s t a n c e  From Flow Boundary 
i n  Pe rcen tage  of Tota l  Length of Aquifer. 
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At = one week.  Ini t ial  condit ions for both models i s  the  s teady 

s t a t e  condition a s  descr ibed in Test3.  Each nodepoint w a s  given a re-  

3 charge of 1 million f t  /day for the  f i rs t  9 1/2 weeks .  After the  recharge 

was  terminated,  the computer runs were continued unti l  both c a s e s  had 

reached again  their  in i t ia l  s t eady  s t a t e  condition. 

Objective of t h i s  was whether comparable nodepoints in  the  two 

c a s e s  showed t h e  same  changes  in hydraulic head a s  a function of time. 

Figures 26,  27 and 28 respect ively  compare t h e  r i s e  of hydraulic head a s  

a function of time a t  nodepoints 1 ,  2 ,  and 3 for the  two cases .  

Figure 26: 

Point 1 represents  the nodepoint a t  the  flow boundary. The maximum 

r i s e  of the water table  i s  27 feet for C a s e  1 and 25 fee t  for C a s e  2. 

During t h e  74 weeks  i t  t a k e s  to  regain the s teady s t a t e  condi t ion ,  

th  
the difference i s  nowhere greater  than 2 fee t  except  for values  of the  59 un- 

t i l  the  61Stweek. Because the  computer printout i s  given t o  the  nea res t  f ee t ,  

t h i s  could a l s o  b e  caused  by a roundoff error. 

A s  can  be  s e e n  both C a s e  1 and C a s e  2 reach the  maximum r i s e  

a t  t h e  same t imestep and t h e  dec rease  i n  head af ter  the maximum va lues  

t a k e s  p lace  i d  e n f i c a  11 Y .  C a s e  2 a l s o  g ives  here a good simulation 

of C a s e  1. Another test for both c a s e s ,  with a s  in i t ia l  head values  the  

maximum head values  obtained in above simulation (the c a s e s  then have 

a n  unsteady s t a t e  condit ion a s  start), would yield the same final  r e su l t s .  

Figure 27: 

The same c a n  b e  sa id  for th i s  nodepoint on a d i s t ance  of Ax (=1 mile) 

from the flow boundary with a sl ightly c lose r  r esu l t  for C a s e  1 and C a s e  2. 
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K =  1 3 5 7 9 1 1  13 15 17 19 2 1  23  25 27  29 3 1  33 35 3 7  39 4 1  43 45 47 49 
T i m e  1 2 3 4 5 6 7 8 9 1 0  11 12  1 3  1 4  1 5  1 6  17 18 19 2 0  2 1  22 23 24  
(Weeks) 

5 1  53 55  5 7  59 6 1  63 65 67 69 7 1  73 75 77 79 8 1  83 85 8 7  8 9  9 1  93 95 9 7  9 9  

25 26 27 28  29 3 0  3 1  32 33 3 4  35 3 6  3 7  38 39 40 4 1  42 43 4 4  45  4 6  4 7  48 49 

1 0 1  103 105  1 0 7  109 1 1 1  113 115 117 119 1 2 1  123 125 127  129 131 133  135  1.37 139 141  1 4 3  145  147  149 
5~ 5 1  5 2  53 54 55 5 6  57 SR 5 9  60 61 62  6 3  64 6.5 66  67 68 69 70 71 72 73 7 4  

Figure 27. Hydraulic Head a s  a Function of Time for Point 2, Calcu la t e  in Tes t  5. 
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T E S T  5 

+ = Result of Case I  

0 =Resu l t  of  Case  2 

K' 1 3 5 7 9 11  13 15 17 19 21  23 25 27  29 31  33 35 3 7  39 41  43 45 47 49 
T i m e  
(Weeks) 1 2 3 4 5 6 7 8 9 10 11  12 13 14 15 16  17 18 19 20 21  22 23 24 

51  53 55 57 59 61  63 65 67 69 71 73 75 77 79 8 1  83 85 87  89 9 1  93 95 97 99 
25 26 27 28 29 30 31 32 33 34 35 3 6  37 3E 49 40 41  42 43 44 45 46 47 48 49 

101 103 105 107 109 111 113 115 117 119 121 123 125 127 129 131  133 135 137 139 141 143 145 147 149 

50  51 52 53 54 55 56 57 58 59 60 61  62 63 64 65 66  67 68 69 70 7 1  72 73 74 

Figure 28. Hydraulic Head a s  a Function of Time for Point 3, Calculated in Test  5. 
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Figure 28: 

Again th i s  graph,  showing t h e  hydraulic head a s  function of time 

for nodepoint 3, shows a n  almost  ident ica l  curve for  C a s e  1 and C a s e  2 .  

The maximum difference var ies  between 1 and 2 f ee t  t o  the  neares t  foot .  

Conclus ions  

Test  1 ,  Filterwell in  i s l and ,  shows t h e  same r e s u l t s  for both the  

ana ly t i ca l  solut ion and the  computer solut ion which a l s o  shows tha t  the  

constant  head boundary in t h e  computer model works correct ly.  

Tes t  2 was  more or  less a qual i ta t ive  t e s t , b u t  never theless  shows 

that  t h e  computer model behaves  according t o  t h e  expecta t ions .  

Tes t  3, t h e  s t eady  s t a t e  condition, shows the  validi ty of t h e  impermeable 

boundary in t h e  computer model. Also the  flow boundary solution proves t o  

be  valid for a s t eady  s t a t e  condition. 

Tes t  4 and Test  5 show that  in severa l  different unsteady condit ions,  

ident ica l  r e su l t s  a re  obtained with a n  aquifer tha t  is terminated by a flow 

boundary, and comparable aquifer tha t  is terminated by a conservative boundary 

(constant  head boundary or  impermeable boundary). Only c l o s e  t o  the 

nodes of t h e  flow boundaries a r e  signif icant  differences noticed, but they 

a r e  mostly in  the  5% range which i s  considered t o  b e  negligible. By a 

good choice  of the  CONTROL CONSTANTS, which a r e  dependent  on t h e  shape  of 

t h e  aquifer  ins ide  and outs ide  the study a r e a ,  a termination of a n  aquifer  by 

a flow boundary c a n  b e  shown t o  b e  valid.  This ,  of course ,  i s  assumed a s  long 

a s  condit ions on pages  34 and 36 a r e  applicable.  This computer model 

h a s  shown t o  be  a valid simulation tool.  



CHAPTER IV 

APPLICATION OF THE MODEL TO THE SNAKE RIVER FAN 

IN SOUTHEASTERN IDAHO 

The Study Area 

Plan of the study a rea ,  %rid wstem 

Figure 29  shows a map of the study area .  Over th is  area a square 

grid is superimposed i n  which A X  = Dy = 1 mile. Every intersection of 

grid l i ne s  represents  a nodepoint. The location of the grid l ines  i s  chosen 

in his m a n n e r s  that  the  nodepoints are  si tuated in the center  of the  public 

land survey sect ions .  Input or output from the aquifer is poss ible  a t  every 

nodepoint. 

Boundaries of the  study area 

Figure 29 a l s o  shows the choice  and location of the  boundaries. 

The Snake River se rves  a s  a constant  head boundary for the  northeast  

and northern part of the  a rea .  For these  par ts ,  the r iver h a s  a fully 

saturated connection with the  groundwater aquifer. 

The southeas t  part of the aquifer i s  bounded by a mountainous area 

(called the  South ~ i l l s )  which serve a s  a natural no flow - or impermeable 

boundary. 

In the  southwe st corner the groundwater aquifer connects  with the  

deep  groundwater t ab le  of the  Snake River Plain via a sharp drop down 

in  hydraulic head.  Since the flow is generally in  southwest  direction,  

, t h e  boundary i s  composed of two types:  

1 .  art if icial  no flow boundary. This boundary appears  on the  

north and south s ide  of the  flow and i s  chosen perpendicular 

t o  the  general  direction of the exist ing equipotential l ines .  
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2 .  the flow boundary, a s  descr ibed on pages  34, 36, 37, and 38 

c l o s e s  the  study a r e a .  This solut ion for a flow boundary i s  appl ied  b e c a u s e  

the  propert ies  of th i s  part of t h e  s tudy area  s a t i s f y  the limiting condit ions 

of t h i s  so lu t ion ,  a s  descr ibed on pages  34 and 36. 

The aquifer ou t s ide  the  study area connec t s  with the  (general)  deep  

water  t ab le  in the  Snake River Plain which h a s  a more or  less confined 

charac ter  jus t  w e s t  of the  s tudy area .  The boundary of t h i s  Snake River 

Plain aquifer  i s  some one  hundred miles away.  

All nodepoints  c l o s e  t o  t h i s  spec i f i c  boundary have  the  same  source  

term. A l l  belong t o  t h e  same irrigation d is t r ic t  which d i s t r ibu tes  approximately 

a n  equa l  irrigation appl ica t ion  per  node. The stratum which under l ies  the  

aquifer a c t s  a s  a leaky aquifer  and d o e s  t h i s  for a l l  nodes c l o s e  t o  t h i s  

boundary. 

From t h i s  information the  input ar rays  NCX(i,j)  and NCY(i,j)  which 

deno te  t h e  charac ter  of the  nodepoints  i n  the study area a r e  determined. 

They a r e  included in Appendix H. 

Data Collect ion for the  Study Area 

The data  which a r e  entered in the  main program include 11 a r rays ,  

a s  descr ibed on pages  40 ,  41 ,  and 42.  

1 .  NCX(i, j )  



8 .  PSI( i , j )  

9 .  SURF(i,j)  

10.  S ( i , j )  

11 .  FAC(i,j)  

Other input da ta  i s  da ta  which spec i f i e s  the  output ,  r e l a t e s  t o  the  to ta l  

source  term Q ( i ,  j , k) , spec i f i e s  the  d imensions  of the  grid s y s t e m ,  spec i f i e s  

the  locat ion  of the flow boundary, and a s s i g n s  va lues  for the  CONTROL 

CONSTANTS. 

Remaining i s  the  source  term Q ( i , j , k )  which i s  generated in separa te  

input programs . 
Only the  above mentioned ar rays  a re  d i rec t ly  re la ted  t o  the  geohydrologic 

propert ies  of the  s tudy a rea .  

In order t o  g e t  re l iable  data for the  a r rays ,  a large amount of f ield 

da ta  i s  necessa ry .  A continuous data col lec t ion  program was begun in May ,  

1970,  in the a rea .  Cooperating loca l  r e s iden t s  have  great ly a s s i s t e d  in  

the  da ta  collect ion program. 

Geoloqy (Proqress Report ) 2 2  

Available well  logs  from the Department of Water  Administration and 

loca l  r e s iden t s  indica te  t h a t  the  gravel  aquifer i s  ex tens ive  over the  Fan. 

However, very few of the  domest ic  we l l s  for which logs  are  ava i l ab le  are  

over  100 f e e t  deep  s o  tha t  the  depth  of the gravels  i s  not d iscernib le  

over the  ent i re  Fan. One exploratory we l l ,  one and one-half miles north- 

w e s t  of Rigby i s  1008 fee t  d e e p  and indica tes  a 300 foot depth of gravel  

underlain by  170 f e e t  of c l a y  above b a s a l t .  Basal t  i s  encountered a t  

s h a l l o w  depths  south  of Ririe and f ingers of b a s a l t  extend eas tward  from 

the  Lewisvil le  Knolls on  the  western  edge  of the  area into the g rave l s .  



Because of the  lack of geologic information in the  a r e a ,  a cooperat ive 

geophysica l  s tudy was  undertaken in May 1971 with the  U. S .  Bureau of 

Reclamation. Electr ical  r e s i s t iv i ty  t r ansec t s  were run from ea  st t o  wes t  

a c r o s s  the  fan from the  Lewisville Knolls t o  the Snake River. Results of 

t h e s e  t r ansec t s  showed that  e lec t r ica l  res is t iv i ty  t e s t s  a s  they were run 

in t h i s  area were not  effect ive in revealing the geological  a s p e c t s  of t h i s  

aquifer ,  because  of a highly res i s t an t  layer  a t  the  surface which obscured 

t h e  deeper  formations. 

In genera l ,  a n  unconfined gravel  aquifer i s  as8umed, 100 feet deep  

in the  sou theas t  corner and along the Snake River, gradually increas ing 

t o  300 - 400 ft a t  the location of the  flow boundary. Clay l ayers  of varying 

th ickness  and a t  varying dep ths  a r e  interspersed throughout the fan.  

Ground water t  ab le  e levat ions  (Progress ~ e p o r t ' ~ )  

A network of some 40 wel ls  in the area  i s  be ing used  t o  monitor 

c h a n g e s  in the  groundwater table  throughout the year.  Figure 30 shows the 

locat ions  of wel ls  and we l l  points  being measured in the  network. Water  

s t a g e  recorders were ins ta l led  on seven  of t h e  we l l s  in  order t o  d e t e c t  

f luc tuat ions  of shorter period than the  normal weekly measurements. In 

the  vicini ty of Rigby, water  table  r i s e s  of 30 f e e t  or more have  been 

recorded for the  period from the  beginning of t h e  irrigation s e a s o n  unti l  mid- 

July. Figure 31 shows the  hydrograph of t h e  Clark wel l  northwest of Rigby 

for severa l  s e a s o n s  beginning with 1963. 

Water  table  contours for the area  indicate  a genera l  eas t -wes t  water  

flow with a rapid inc rease  in water  table  depth  on  the  wes t  and  southwest  

boundaries.  Figure 32 shows the  water  t ab le  contours interpreted from wel l  

measurements made on July 15 ,  1970. The flow is general ly from e a s t  t o  

west  with the  flow under the  Snake River south of the c i t y  of Roberts,  
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being a t  greater  depths  where the  gravels of the  fan apparently interfinger 
I 

into ba sa l t s  of the  Snake P-lain aquifer. 

Maximum groundwater table  e levat ions  usually occur in  t he  month of 

August and a s soc i a t ed  problems are prevalent during August and September. 

Figure 1 ,  page 2 shows t he  depths  t o  the water table  on August 30 ,  19 70 
- .  

a s  computed from the  groundwater contours.  The area north and west  of Rigby 

a s  indicated in the  figure had depths  t o  water of five fee t  or  l e s s  during 

July,  August and September of 1970. The area around the c i ty  of Ririe is 

a local  groundwater mound and some reports of damage have been received 

from th i s  area .  

Evaluation of the  input ar rays  

From above described data and maps of the area (Progress ~epor t " )  

values  can be  a t tached to  ar rays  like: 

1 .  NCX(i,j) 
They are  simply derived from the  boundary conditions 

2 .  NCY(i,j) 
a s  descr ibed on pages  72 and 73. -. 
The arrays NCX anti NCY a re  shown i n  

Appendix H. 

3 .  NN ( i ,  j)  , array denoting the confined or unconfined character  

of the aquifer. The Snake River Fan is an  unconfined aquifer. 

4 .  Z( i ,  j ) ,  the  elevation of the aquifer bottom. 

5 .  pHI(i, j , 1) , the in i t ia l  hydraulic head,  determined from the 

mea surements in exis t ing wel ls .  

6. SURF(i, j )  , the  land surface elevation.  

7. Geological  data reveal  a gravelly aquifer with a coarser  

medium c l o s e  to  the river and a f iner type a t  a n  interesting 

dis tance  from the. Snake River. From these  dat,a average values  
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for the  storage coeff ic ient  are  determined, varying from S = 0.22 

to  S = 0.15. This gives:  S ( i , j ) .  

8 .  PSI(i, j) the  hydraulic head in  the  confining layer and 

9 .  F A C ( ~ ,  j )  the impedance of the confining layer.  PSI(i, j )  and 

FAC(i,j) define t he  leaky aquifer in  t h i s  system. From water 

budget data  it is certain that  there i s  a l eaky  aquifer si tuated 

under a great  part of the  aquifer. Little, however, is known 

about th is  and only a n  approximation can  b e  made. The 

d i scuss ion  of the  determination of these  arrays  is s h o ~ ~ n  i n  

Appendix D. 

10 .  KX(i, j )  , the  hydraulic conductivity in x-direction and 

1 1 .  KY(i, j )  , the hydraulic conductivity in y-direction remain 

to  be  determined. The d i scuss ion  of determination of KX(i,j) 

and K Y ( i , j )  is a l s o  shown in  Appendix D.  

The total  source term Q ( i , j ,  k) is calcula ted in two input programs 

respect ively  Input Program I and Input Program 11, and entered in the  main 

program a s  a three-dimensional array.  The other input data are  chosen 

according t o  the  speci f ic  in  and output requirements. 

The Total Source Term ~ ( i ,  j , k) 

General  

The source term r l  (muQi, j ,  k ) ( s e e  page 27) for computation of the  

rows and the  source term r2 (muQi, j , k) for computation of t he  columns both 

contain t he  term Qi ,  j , k which represents  the  flux in a n  area Ax long,  A y wide. 

That i s  the  to ta l  f lux during a half time s tep  in cubic feet  for e ach  nodepoint. 

A s  can  be  s e e n  the  term h a s  two space  dimensions and one time 

dimension which makes i t  poss ible  to apply different inputs for each node 



for e ach  half t imestep.  This is a n  appropriate approach for aquifers with node- 

points that  have inputs which differ substant ia l ly  during the  time increments. 

The Snake River Fan in eas tern  Idaho i s  composed of many different irriga- 

tion d i s t r i c t s  i n  which input or output due to irrigation pract ices  varies 

substant ia l ly .  Due to  t h i s  and the physical  properties of the  aquifer ,  the  

r i s e  of the  water table  varies from 5 to  50 feet. Maximum r i s e  for a l l  

t h e  nodepoints does  not occur a t  the same time. To make a reasonable  

simulation of th i s  hydrogeological sys tem,  i t  was  considered necessary  t o  

approximate a s  accurate ly  a s  possible input for each n t ~ d e r ~ o t r t  c-.! - t  

t imestep.  For the Snake River Fan the grid s i z e  i s  25 x 20 nodes with a 

time cycle  of a year ,  divided into 42 half t imesteps .  A (25 x 20 x 42) 

matrix inc reases  the dimension s i z e  of the  model considerably,  but grid 

sys tems of th is  s i z e  do  not overload the  computer core capacity.  However, 

large s ized sys tems with a three dimensional input term do  need large 

computer fac i l i t ies .  In that  c a s e ,  i t  would be  convenient  to  assume a n  input 

that  i s  constant  in  time. For a n  aquifer i n  which the  source term cons i s t s  

mainly of pumped wel l s ,  th i s  i s  an  entirely appropriate method, 

The Source ,term Q(i ,  j , k) 

The source term Q ( i , j , k )  c a n  be  written a s  follows: 

Q ( i , j , k )  = -QI( i , j ,k)  - QS(i , j ,k )  - PE(i , j ,k)  + E( i , j , k )  + AMO(i , j ,k)  

+ PUM(i , j ,k)  - QCL(i , j ,k )  

where 

QI = input due t o  irrigation a t  each node during time increment 

QS = input due t o  canal  seepage a t  each node for time increment 



3 
PE = precipitat ion [L /TI 

3 
E = evapotranspirat ion [L /TI 
AM0 = change of average  water content  in  s o i l  profile above the 

water t ab le  [ L ~ / T ]  

PUM = out or input  due  t o  a pumped wel l  a t  node location ( i , j )  

3 for time increment (k-1) t o  klL /TI 

QCL = in or output due  to  a leaky aquifer which l eakage  per node 

3 i s  constant  i n  time [L /T] 

The total time c y c l e  of t h e  d ig i ta l  model is a fu!l yeas, HCWPTTPI", 

t h e  major agricultural  and  hydraulic ac t iv i t i e s  t a k e  p lace  during a cer ta in  

part of the  year.  In winter and early spring there i s  no irr igat ion'and 

because  of t h e  low temperatures, the  evapotranspirat ion i s  negligible.  The 

r e s t  of the  year irrigation i s  being pract iced.  A time table  for th i s  area 

is made in  which the  t imes teps  in  the irrigation s e a s o n  a re  At and a r e  

increased t o  2Atfor the  winter season .  

The irrigation s e a s o n  s t a r t s  when a l l  irrigation c a n a l s  are  f i l led for 

the  f irst  t ime. It  i s  extended t o  the  da te  af ter  which no irrigation t a k e s  

p l a c e  and  the evapotranspirat ion is negligible.  For t h i s  part of the year  the 

source  term is calcula ted  a s  a volume per half t imestep  (per mesh surface) 

s o  that  ~t (irrigation) = ~ t / 2 .  The r e s t  of the  year is ca l l ed  t h e  winter 

s e a s o n ,  and for  th i s  part of the  year  the  source  term is a l s o  ca lcula ted  a s  

a volume per half t imestep  but now At (winter) = 2 ~ t / 2  = At. 

For the  s tudy area the  major irrigation c a n a l s  a r e  f i l led in  the  f i rs t  

half of May.  Diversions t ake  p lace  unti l  November 25th or la ter .  

s t  For the model t h e  irrigation s e a s o n  s t a r t s  May 1 and ends  

t h December 11 . A t  is chosen  a s  1 4  d a y s .  



With t h i s  in  mind the  following scheme c a n  b e  s e t  up.  . . 
I.  Irrigation S e a s o n ,  at( i rr igat ion)  = 1 week 

Q ( i , j , k )  = -QI - QS - PE + E + AM0 + PUM - QCL 

11. Winter  Season ,  ht(winter)  = 2 weeks  

Q ( i , j , k )  = QS + PUM - QCL (QI = PE = E = A M 0  = 0) 

Table 1 s h o w s  the two s e a s o n s  for a year  s imulat ion.  

Table 1. Time Table of t h e  Two S e a s o n s  for  Computer Model  

'7 z June 5 

Feb 

March 

April 

~ ( i , j  , 2) = source  term for the  f i r s t  haelf t imes tep  
~ ( i , j , 4 3 )  = source  term for the  l a s t  half t imes tep  
k r ep resen t s  t h e  number of half t imes teps  + 1 
Q ( i ,  j , 2 )  i s  t h e  f i r s t  term ca lcu la t ed  

With the ) arrow a fu l l  time s t e p  i s  v i sua l i zed .  The irrigation s e a s o n  
i s  from k = 2 ,  . ., 33. Winter  s e a s o n  is from k = 34, . . . 4 3 .  
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For th i s  a rea  t h e  source  term Q ( l , l , k )  1s not ca lcula ted  in one 

input program. The evapotranspirat ion term and precipi tat ion term a r e  

ca lcula ted  in a sepa ra te  program, Input Program I . The r e s u l t s  of th i s  

program is a part  of the  input  of t h e  second program, ca l l ed  Input Program I1 

in which t h e  to ta l  source  term is ca lcu la ted .  

Input Program I: Calcula t ion  of the  Precipi tat ion 

and  Evapotranspiration Terms of Q( i  , j  , k) 

Climate (Proyress Report ) 2 2 

The Rigby - Ririe a rm of Jef ferson County l i e s  in  the  cl imatological  

area known a s  t h e  Upper Snake River Pla ins  with moderately warm summers 

0 
a n d  ra ther  seve re  winters .  Temperatures average  about  68 F in  July and 

0 0 
17 F in January and 0 F temperature or  lower genera l ly  occurs  for a t  l e a s t  

16 d a y s  a year .  

The growing s e a s o n  averages  123 d a y s  i n  durat ion and  the growing 

0 degree d a y s  above 40 F average  3710 degree  d a y s .  Precipi tat ion ave rages  

8 . 7  inches  with 25% occurrirg in May a n d  June and  sunshine  ave rages  from 

80 t o  85% of poss ib le  i n  July - September. Average windspeeds ,  genera l ly  

from t h e  southwest  r ange  from 10  - 15 miles per hour with high winds of 

40 - 60 m i l e s  per  hour occurring most often i n  April. 

Crop distr ibution (Proqress Report ) 
22 

The crop evapotranspirat ion i s  ca lcu la ted  with da ta  b a s e d  on the  

crop distr ibution for t h e  22 ,000  a c r e s  of t h e  Burgess Canal  Company, a n  

irr igat ion d i s t r i c t  in the  s tudy a rea .  

Crop distr ibution throughout the  s tudy area i s  nearly uniform s o  

t h a t  t h e  assumpt ion is made t h a t  t h e  crop distr ibution for each  nodepoint 
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(159 mile = 640 a c r e s )  in  the  study area i s  t h e  s a m e ,  The evapotranspiration 

term i s  then only a function of time and the  subsc r ip t s  with respec t  t o  the  

s p a c e  coordinates a r e  dropped. Evapotranspiration is E(k).  

Potentia 1 evapotranspiration: PET 

Potential  evapotranspirat ion i s  the  evapotranspirat ion for a well 

watered crop with a n  aerodynamically rough surface l ike  alfalfa with about 

12 to  18 inches  of top  growth. 

Under t h e s e  condit ions the ra te  of PET i s  controlled mainly by 

hea t  energy avai lable .  For t h i s  area the evaporltfve flux was  ca lcula ted  

20 us ing the Penman Combination equat ion,  a n  equation which i s  based  on 

the energy balance  concept  and aerodynamic data .  

A Y PE = -(Rn + G)  + -(IS. 36) (1.0+0. 0092W)(es-ed) 
A 9  A +Y (46) 

The coefficient  0.0092 of the  wind factor i s  s l ightly different from the 

original  value in t h e  Penman Equation s ince  it i s  adapted to  the  spec i f i c  

height a t  which t h e  anemometer i s  ins ta l led  for t h e s e  measurements.  

L Input Program I f i r s t  ca lcu la tes  PE in cal/cm and then converts  

i t  t o  a depth equivalent  in i n c h e s ,  us ing 585 cal/gm a s  la tent  hea t  of 

vaporization. 

Potential evapotranspirat ion (PET) = PE/148 5 . 9  [inches/da yl 

Data aol lec t ion 1 

In order t o  u t i l ize  equation (46), da i ly  data  of the  following var iables  

a r e  necessa ry .  

1 .  day and  month of year ,  respect ively  MO(1) and ND(1) 

2. mean or maximum a i r  temperature,  TX(1) in  OF 

3. minimum a i r  tempe'rature, TN(1) in OF 

4. dew point temperature,  TD(1)  in'^ 



5 .  wind ve loc i ty ,  W(1) in miles/day 

6 .  so la r  r ad ia t ion ,  RS(1) in Langleys 

7. c l e a r  day  r ad ia t ion ,  RSO(1) in Langleys 

PET(1) = potent ia l  evapotranspirat ion a t  f i r s t  day  of irrigation s e a s o n  

s t  
(May 1 S t ) .  In the  computer program the  to ta l  number of d a y s  (s tar t ing May 1 ) 

i n  the  irrigation s e a s o n  i s  ca l l ed  NDAYS. 

For t h i s  a rea  most of the da ta  w a s  ava i l ab le ;  however ,  for so la r  

radia t ion  no  da ta  of the  s tudy  a rea  w a s  ava i l ab le .  Solar radia t ion  data 

w a s  ava i l ab le  from the  irrigation d i s t r i c t s  near  Twin F a l l s ,  anl? a rol-!-elation 

be tween RS Twinfalls and RS Study area  w a s  made. Via a dummy var iable  

NOWN, the  program conver ts  the RS Twinfalls t o  RS Study area  a s  fol lows:  

If (NOWN = 0) then  RS(1) = 37.015 + 0.86433RS(I).  A z e r o  va lue  

for NOWN ind ica te s  tha t  no  so lar  radia t ion  da ta  of the  s tudy area  i s  

ava i l ab le  and therefore u s e s  correlat ion with another  a r e a .  If NOWN is 

nonzero ,  t h i s  correlat ion i s  neglec ted  a n d o w n  data is u s e d .  

The funct ion ENl(A) conver ts  the  temperature t o  equivalent  sa tura t ion  

vapor p res su re  va lue .  After ca lcula t ing  the  var iables  which a r e  used  in 

equat ion  (46) ,  the  evapotranspirat ion i s  ca l cu la t ed  a s  follows: 

PET(1) = T ~ ( I ) * ( R N ( I )  - GEST(1)) + T2(1)*(15.36)*(1, 0 

in which (in comparison with equat ion  (46)) 

Tl ( I )  
A - - 

- A+Y 

VDEF(1) = (es-ed)  

1485.9 = convers ion  factor  (cal /day into inches/day) 



Crop coefficient  

In order t o  obta in  the  a c t u a l  evapotranspirat ion for a crop the  potential  

evapotranspirat ion h a s  t o  be  multiplied by a crop coefficient  varying usua l ly  

14 
between 0 and 1 . O .  The crop coefficient  ( Jensen ) represents  "The combined 

re la t ive  ef fec ts  on  the  r e s i s t a n c e  of water  movement from the  so i l  t o  t h e  

var ious  evaporat ing su r faces  and  t h e  r e s i s t a n c e  t o  the  diffusion of water  vapor 

from the  su r faces  t o  t h e  atmosphere and the  re la t ive  amount of radiant  energy 

ava i l ab le  a s  compared t o  t h e  reference crop."  A crop coefficient  curve 

is shown in Figure 33. 

For the  different c r o p s ,  crop coefficient  curves  have  been  developed 

14 
(Jensen ) which a r e  descr ibed by a polynomial l ike:  KC = C1 + C2*A 

+ c~*A'  + c ~ * A ~ .  Two such polynomials compute the  crop coefficient  in  

which A r ep resen t s  the  to ta l  time s i n c e  s t a r t ,  expressed  a s  a percentage 

of the  t o t a l  t ime from planting t o  effect ive cover.  The beginning and end 

for  th i s  curve i s  the  d a y  of planting and the  day of effect ive (full) cover  

or  cut t ing.  The second polynomial computes the  r e s t  of the  curve ,  s tar t ing 

a t  the  e f fec t ive  cover  o r  cut t ing d a t e  with A expressed a s  time in d a y s  af ter  

effect ive (full) cover .  

To obtain t h e  da i ly  va lues  of  the  evapotranspirat ion for e a c h  crop,  

the  crop coeff ic ient  is multiplied by t h e  potential  evapotranspirat ion.  

Data collect ion 2 

In order t o  ca lcu la te  a combined crop coeff ic ient ,  if  more crops  

a r e  p resen t ,  the  following data  i s  necessary:  

1 .  number of crops  (LAST) 

2 .  t h e  coefficients  C 1 ,  C 2 ,  C 3 ,  C4 for t h e  crop coefficient  

polonomial of e a c h  crop.  
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3.  the  d a y  of planting of e a c h  crop 

4. day  of ef fec t ive  coverage 

5 .  d a y  of cut t ing 

6 .  day  of planting re la t ive  t o  s tar t  of the  irrigation s e a s o n  

in the  model (May lS t ) .  This i s  necessa ry  in order 

to correlate the r ight  va lue  of potential  evapotranspirat ion 

with crop coefficient  va lue  for speci f ic  d a y s .  This 

correlat ion i s  shown in Figure 34 and 35,  

DAYS = t o t a l  number of d a y s  between planting and effect ive cover. 

UNM = number of d a y s  between planting and s tar t  of model if planting 

i s  before s tar t  model.  

NPL = number of d a y s  between planting and s tar t  model if planting 

i s  a f ter  s t a r t  model, 

LF = number of d a y s  between s tar t  model and l a s t  d a y  crop is  on the  

f ield.  

LTS = number of weeks  af ter  which "winter" s e a s o n  s t a r t s .  

Actual e,vapotranspiration 

The computer program f i rs t  computes the  da i ly  evapotranspirat ion of e a c h  

crop in inches .  The half  t imestep  in the  irrigation s e a s o n  i s  1 week.  In 

order to  g e t  the  va lue  per  ~ t ( i r r i g a t i o n ) ,  da i ly  va lues  a r e  summed up t o  weekly 

values .  

For th is  s tudy 4 crops  were considered for which the  crop distr ibution 

i s  a s  follows: 

Grain 31% Weighting fac tor  OO(1) = 0.31 

Alfalfa Hay 2 7% OO(2) = 0.27 

Potatoes 31% OO(3) = 0.31 

Pasture 11% OO(4) = 0 , 1 1  



For e a c h  crop t h e s e  weekly va lues  a r e  multiplied by the  appropriate 

weighting factor  (OO(1) , I  = 1 , 4 ) ,  divided by 12 t o  convert  inches  in to  f e e t ,  

and multiplied by the  area  of the  node (&*Ay) t o  obta in  the  weighted value  

a s  a to ta l  volume per node p e r ~ t ( i r r i g a t i o n )  in  cub ic  f e e t ,  

3 
For e a c h  crop t h e  weighted crop evapotranspirat ion in f t  /at (irrigation 

i s  known ; E ( j  , i), j = crop number, i  = number of week. 

In order t o  g e t  the to ta l  crop evapotranspiration/node the  weighted 

va lues  a r e  summed up.  For half t imestep  (I): 

EVAP(1) = E(1 , I )  + ~ ( 2 ~ 1 )  + E(3, I )  t E(4,I)  

Precipi tat ion 

Daily va lues  of precipi tat ion were obtained from the weather  s t a t ions  

in  the  a r e a .  Here t h e  assumpt ion i s  made tha t  t h e  average  rainfal l  i n  the 

area  i s  the  same for e a c h  node. Because of the  s i z e  of t h e  area, th is  i s  

a sa t i s fac tory  approximation. 

3 Values for precipi tat ion in ft /At (irriga tion) a r e  ca lcu la ted  under the  

name PRE(K) in the  l a s t  part  of the  program. 

The weekly va lues  for  the  crop evapotranspirat ion and precipi tat ion 

a r e  now used  in the  second  input program,. Input Program 11, which ca lcu la tes  

the to ta l  source  term. 

A flow char t  and l i s t ing  of Input Program I i s  included in Appendix E. 

Input Proqram 11: Calcula t ion  of the  Total Source Term Q ( i , j  , k )  

Genera l  

The source  term Q ( i , j , k )  i s  composed of two parts: 

I .  Source term for irrigation s e a s o n  
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11. Source term for winter  s e a s o n  

At(winter) = 2 weeks  
k = 3 4 ,  35 ,  . . .,  43 

They wi l l  b e  d i s c u s s e d  s u c c e s s i v e l y .  

Part I  of i n p u t  program 11, source  t e r m  for i r r iqa t ion  s e a s o n  

The irr igat ion term QI( i ,  j , k) 

The irrigation sys tem for th i s  a rea  was  developed i n  the  l a t e1800 ' s .  

A former channel  of the  Snake River runs  e a s t  and w e s t  through the area  

and is used  a s  a c a n a l  for the  grea ter  part  of i t s  length.  This c a n a l  

de l ive r s  water  t o  some 17 smaller  c a n a l s  e a c h  one operated by a sepa ra te  

and  independent  c a n a l  company or i rr igat ion d i s t r i c t .  The g r o s s  a c r e s  

which a r e  served by e a c h  c a n a l  company va r i e s  from 3 3 , 0 0 0  t o  1 , 1 0 0  and 

t h e  to ta l  water d ivers ion  per  g r o s s  a c r e  per yea r  i s  a l s o  different  for t h e  

2 2 
various c a n a l  companies  (Progress Report ) . 

For the s tudy a rea  a square  grid i s  superimposed on t h e  plan 

Ax = a y  = 1 mile = 5,280 ft .  Hence  one  nodepoint cover s  1 square  mile 

= 640 a c r e s .  

*General  note  o n  t h e  s e e p a g e  term. The c a n a l  s e e p a g e  term c a n  
b e  expressed  a s  Q S ( i , j , k )  = ~ S ( i , j , k ) . ~ ~ ( i , j , k )  where:,  AS = 
t o t a l  wetted area  of c a n a l  a t  t ime k per  node surface  ( A X B A Y  i n  square  f t . )  
IS = s e e p a g e  r a t e  in  c u b i c  f e e t  per  squa re  foot per  day a t  t ime k .  

S ince  t h e  normal operat ing procedure for  c a n a l s  in the  s tudy ea i s  t o  
maintain water  l e v e l s  a s  nea r  maximum a s  p o s s i b l e  (Progress Report "1 t he  
change  in wetted area  with t ime i s  smal l  and becomes  a function of ( i , j )  
only.  Q S ( i , j , k )  +QS( i , j )  

Functional  r e l a t ionsh ips  be tween c a n a l  seepage  r a t e  and depth  
t o  water  t ab le  requi re  knowledge of t h e  ver t ica l  hydraulic  conductivi ty in  
t h e  aqui fer  and  would b e  diff icul t  t o  determine.  Since l i t t l e  da ta  i s  avai l -  
a b l e  on K va lues  and s e v e r a l  measurements  of IS in  c a n a l s  throughout the  
area  have  been  made,  IS ( i , j )  is read  in a s  a n  array and the  v a l u e s  changed 
in different  computer runs  if n e c e s s a r y .  
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Each c a n a l  company i s  g iven a number, e . g .  Burgess Cana l  Company 

h a s  number 1 ,  and a l l  nodepoints which belong t o  th i s  Cana l  Company a r e  given 

t-he samecharacter  number (which i s  1 in th is  case). The charac ter  name for 

t h e  nodes i s  ca l led  NIR(i, j). 

The to ta l  qumber of  nodes  within one irrigation d i s t r i c t  i s  represented  

by the variable D(1) in which I i s  the number of t h e  irrigation d is t r ic t .  

For the  c a s e  of the  Burgess Canal  Company, (25 nodes)  I = 1 ,  and ~ ( 1 )  = 25. 

Figure 36 shows a n  arbitrary c a n a l  d i s t r i c t  with main irrigation cana l .  Over 

t h i s  map a square  grid i s  superimposed.  In th is  example the  namber of c a n a l  

d is t r ic t  i s  3: s o  nodepoints ( i , j )  within th is  d i s t r i c t  have  NIR(i,j)  = 3.  There 

a r e  24 nodes within the  d i s t r i c t  s o  D(3) = 24. Figure 37 shows array 

NIR(i , j )  for th i s  d i s t r i c t .  

Total numbers of irrigation d i s t r i c t s  in s tudy area  i s  NI. The 

assumpt ion i s  made tha t  within the  c a n a l  company or irrigation d is t r ic t ,  

t h e  irrigation appl ica t ion  per node (QI ( i ,  j , k) ) ,  for a n  arbitrary t imestep 

i s  the  same.  Q I  ( i ,  j ,  k) then becomes QI ( m ,  k) in which m deno tes  t h e  

irrigation d i s t r i c t  and k the  t imestep.  

Considering irrigation d i s t r i c t  1 ,  the  to ta l  net d ivers ion  per 

at (irrigation) is: (Total inflow in d i s t r i c t  - Total outflow)/At(irrigation) . 
The to ta l  net  diversion is a multiplication of a term cal led  TA(m,k) t imes 

D I F A / ~ . O  in which subscr ip t  m deno tes  the  irrigation d i s t r i c t .  In t h i s  

c a s e  m = 1 .  

TA(m,k) i s  a s p e c i a l  form of the  to ta l  net d ivers ion ,  and is read in 

a s  a t o t a l  volume per irrigation d i s t r i c t  per  half t imestep  in cub ic  fee t  

per second which f lows  for one day .  TA(m,k) is in cfs -days  b e c a u s e  

recorded d ivers ions  a re  published in t h i s  form. 

The cons tan t  DIFA = 3,600.0(sec) 24.0(hours)  7.O(days); hence ,  if 

TA(m, k) is multiplied by D I F A / ~ .  0 ,  the  to ta l  net d ivers ion  for one  half 

t imestep  in cub ic  f ee t  is obtained.  
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Figure 36.  Map ,  Showing Irrigation Distr ict  No. 3. D(3) = 24 
or; There Are 2 4  Nodes in Irrigation Distr ict  3 .  

Figure 3 7 .  Array of NIR(i,j) for Irrigation Distr ict  3 .  A l l  
Nodepoints Within Dis t r ic t  No. 3 Have NIR(i,j) of 
3.  This Array Enables  the  Computer to  Scan Through 
the  Matrix and Calcula te  the  Total Distr ict  Seepage 
for Every Irrigation Distr ict .  
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This to ta l  net  diversion i s  not used  to ta l ly  a s  irrigation applicat ion 

s i n c e  part i s  l o s t  by s e e p a g e  out of the d is t r ic t  c a n a l s  ca l led  the  d is t r ic t  

seepage .  To bring c lar i ty  the  following variables a r e  defined: 

The cana l  distr ibution for each  node in a part icular  irrigation dis t r ic t  

m i s  composed of 

a .  d i s t r i c t  cana l s :  c a n a l s  in  node ( i ,  j )  belonging to  irrigation 

d i s t r i c t  m.  

b . non-district canals :  c a n a l s  of other irrigation d i s t r i c t s  which 

p a s s  over node ( i , j )  of irrigation dis t r ic t  m, 

c. non-irrigation canals :  c a n a l s  other than irrigation canals t&i& cb m t  de-  

l iver  t o  the z e a :  and which remain full during the  entire .year (e. g .  

Snake River or  Great  Feeder) .  

From t h i s ,  i t  fol lows that  the  seepage  for each  node in a part icular  

irrigation d i s t r i c t  m is divided in to  three parts: 

d is t r ic t  seepage:  seepage  from dis t r ic t  c a n a l s  

non-district seepage:  s e e p a g e  from non-district c a n a l s  

non-irrigation seepage:  seepage  from non-irrigation c a n a l s  

RATE(i, j )  i s  the  average  s e e p a g e  ra te  per  node read in a s  a n  array 

in ft/day. 

ARTOT(i, j )  is the  to ta l  wetted area  per node except  for the wetted 

area  of the non-irrigation c a n a l s ,  read in  a s  a n  array in  thousands  of 

ARW(i,j) is t h e  to ta l  wetted area  per node of the  non-irrigation 

2 c a n a l s ,  read in a s  a n  ar ray  in thousands  of ft . 
ARFOR(i, j )  i s  the  to ta l  wetted area per node of the  non-district 

L c a n a l s ,  read in  a s  a n  array in thousands  of ft . 



AROWN(i, j )  i s  the  to ta l  wetted area  per node of the d i s t r i c t  

c a n a l s  and i s  ca lcu la ted  by subtract ing ARFOR(i, j )  from A R T O T ( ~ ,  j): 

2 
AROWN(i, j )  = (ARTOT(i, j )  - ARFOR(i, j ) )  in thousands  of f t  . 

To obtain the  va lue  for the  d i s t r i c t  s e e p a g e  term a s  a volume for one half  

t imes tep ,  t h i s  amount h a s  to  b e  multiplied by (1 ,000  * A t(irrigation1). 

Def ine  the multiplication factor  MULT(i, j )  a s  

MULT(i, j )  = 1 ,000*RATE ( i ,  j ) * ~  t (irrigation) 

and the  d is t r ic t  s e e p a g e  becomes 

3 
d i s t r i c t  s e e p a g e  ( i ,  j )  = MULT(i, j)*AROWN(i , j )  i n  f t  /At(irrigation) 

To ca lcu la te  the  to ta l  d is t r ic t  s e e p a g e  term for- irrigation d is t r ic t  1 ,  

t h e  following routine w a s  developed.  

The computer s c a n s  through the rows and columns and c h e c k s  the  

value of NIR(i, j) . If NIR(i , j )  i s  1 (node in d i s t r i c t  I ) ,  t h e  d i s t r i c t  seepage  

term for  t h i s  node i s  obtained by multiplying MULT(i, j )  and  AROWN(i, j )  . 
The next  node ( i ,  j )  for which NIR(i, j )  i s  a l s o  1, i s  t rea ted  t h e  same,  and 

th i s  value for d i s t r i c t  seepage  i s  added to  the  previous to ta l .  

The to ta l  d i s t r i c t  s e e p a g e  for d i s t r i c t  1 i s  ca l l ed  SSEEP(1). 

S S E E P ( ~ )  = MULT(i.j)*AROWN(i,j) 
NIR(i, j ) = l  

This i s  done  for a l l  irrigation d i s t r i c t s .  With th i s  in mind, i t  

fol lows tha t  the  to ta l  irrigation appl ica t ion  AT for t imestep  k in irriga- 

tion d i s t r i c t  m is: 

To be  a b l e  t o  s tudy the  e f fec t s  of a change  in to ta l  ne t  diversion 

on t h e  hydraulic  h e a d ,  the  term TA(m, k)*DIFA/7.0 i s  multiplied by C H I  
i 

a factor  which c a n  b e  changed for  different production runs .  Within 

irrigation d i s t r i c t  the  irrigation appl ica t ion  i s  the  same for each  node.  



96 

Let A(m) be  irrigation applicat ion per  node/^ t (irrigation. 

Then 

A(m) = ( T A ( ~ ,  k)* ( D I F A / ~ .  O ) * C H - S S E E P ( ~ ) ) / D ( ~ )  

Note tha t  in the  way the  d is t r ic t  seepage  term SSEEP(m) i s  ca lcu la ted ,  

t h e  seepage  of the  d i s t r i c t  c a n a l s  s e c t i o n s  which a re  s i tua ted  in other  

irrigation d i s t r i c t s  ( these  sec t ions  a re  denoted a s  n o n d i s t r i c t  c a n a l s )  i s  

not incorporated in SSEEP(m), a s  should be .  The error introduced by th is  

i s  negligible because  the  percentage of to ta l  d i s t r i c t  cana l  area denoted 

a s  non-district a r e a ,  i s  negligible compared t o  the  percentage of total d i s t r i c t  

c a n a l  area which l i e s  in the  own irrigation d i s t r i c t ,  s o  err-or made in the  

ca lcula t ion  of the  total  irrigation appl ica t ion  m for d i s t r i c t  m i s  negligible.  

The reason  for the  d is t inc t ion  between d i s t r i c t  and-non-district c a n a l s  

i s  tha t  on a microscopic s c a l e  ( i .  e .  per nodepoint ) ,  t he  r a t io  between 

non-district and d is t r ic t  cana l  area may b e  qui te  la rge .  For some nodepoints  

t h e  nondistr ict  s e e p a g e  term i s  la rge  while no d is t r ic t  cana l  p a s s e s  over t h i s  

node (d is t r ic t  seepage  = 0) s o  tha t  t h e  nond i s t r i c t  canal  s e e p a g e  h a s  a large 

impact  on the water ba lance  for tha t  part icular  point.  

Summarized: The irrigation term per node in irrigation d is t r ic t  m 

i s  for t imestep  k 
to ta l  no. 

Total net d ivers ion  , d i s t r i c t  of 
seepage  nodes - - 4 - 7  

QI(m, k) = A (m) = ( ~ A ( r n ,  ~ ) * ( D I F A / ~ .  O ) * C H - S S E E P ( ~ ) ) / D ( ~ )  

The s e e p a g e  term QS(i ,  j )  

A s  sa id  in the  genera l  note on the  s e e p a g e  term on page 9 1 ,  

QS i s  only a function of the s p a c e  coordinates .  



The to ta l  seepage  for one nodepoint i s  a sum of 

d is t r ic t  seepage/node 

non-district seepage/node 

non-irriga t ion se@page/node 

To b e  ab le  t o  study the  e f fec t s  of changes  in t h e s e  seepage  terms 

on the hydraulic head in s u c c e s s i v e  production runs ,  the  following terms 

a re  added: 

A d is t r ic t  seepage  (DAOWN ( i ,  j ) )  , and 

A non-district seepage  (DAFOR (i , j ) )  . 
3 The to ta l  seepage  term/node i s  cal led RESEEP(i,j) [ft /At(irrigationl. 

RESEEP(i,j) = MULT(i,j)*(AROWN(i,j)+ARFOR(i,j)+ARW(i,j) 

-DAOWN (i , j )  -DAFOR (i  , j )  ) 

in which 

DAOWN = change in d is t r ic t  wetted area 

DAFOR = change in non-district wetted area 

The to ta l  input from irrigation and seepage  for nodepoint ( i ,  j )  and 

half t imestep k i s  AM(m) + RESEEP(i,j). This i s  for  nodes in irrigation 

dis t r ic t  m .  Therefore, 

1 .  Any change in irrigation applicat ion c a n  b e  represented 

by a change in to ta l  net diversion (change CH) 

2 .  Any change in d is t r ic t  seepage  or non-district seepage  

c a n  b e  expressed in A d is t r ic t  seepage  and  A non-district 

seepage .  This can  a l s o  be done in  combination with the 

RATE(i, j ) .  

In here the  assumption i s  made that  a d e c r e a s e  of seepage  will  

r e su l t  in a n  e x c e s s  of c a n a l  was te  and not a s  a n  inc rease  of net  d ivers ion,  

which would inc rease  the  irrigation applicat ion.  



The precipi tat ion term PE (k) 

This term i s  read  in from Input Program I under the name PRE(k), 

The evapot ranspi ra t ion  term E (k) 

This term h a s  a l s o  been  d i s c u s s e d  in Input Program I and i s  read  

in under the  name EVAP(k) from t h i s  program. 

C h a n s e  of water  c,ontent t e r m  AMO(i, j  , k )  a s  volume per nodepoint 
p e r  A t ( i rr igat ion)  

The term AM0 which i s  a funct ion  of x ,  y and t  c a n  be written: 

-- 
(3 = average  moisture content  over  profile in f e e t  per foot of 

s o i l  moisture, 
- 

a 0 - = the  change  in time of t h i s  average  moisture content .  a t  ~ - - 
~ T ( x y )  = the  profile above  the sa tura ted  zone  in which .a_4! i s  s igni f icant  

a t  

AREA = area of the  nodepoint,  
- 

a o The term - ZT may or may not b e  s igni f icant  depending on the  value 
a t  

of ZT, Values for 5 a t  the beginning of the irrigation s e a s o n  ( t  = 0) c a n  

b e  es t imated  or mea sured.  During the  irrigation s e a  s o n  Q wil l  i nc rease  t o  

a ce r t a in  value around which i t  a l t e r n a t e s ,  depending on  irrigation p rac t i ces  

(Figure 38) .  
- 

a o 
At sometime t = t  , the term - ZT becomes  ins igni f icant  if the  

c a t  - 
f luctuat ion of about  the average  moisture content  ca l l ed  5 i s  

e 

smal l .  

AT = t  -t  i s  a function of 5 poros i ty ,  ZT, and the  r a t e  of 
C 0 0 '  

water  supply .  If ZT i s  sma l l ,  AT wil l  be  smal l  and the  change  in 

s torage  may b e  neglec ted .  However,  if ZT i s  la rge  t h i s  term could 

have  a s ign i f i can t  damping ef fec t  on the  r i s e  of the  water t a b l e l a n d  
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Figure 38: Average Soil  Mois ture  Content  i n  Fee t  per Foot of 
Soi l  Profile a s  a Function of Time, Inf luenced by 
Irrigation P rac t i ces .  

therefore inf luence  the  time r e s p o n s e  of t he  water  t ab le  in  the  

region.  

In the  f in i te  d i f fe rence  model ,  t h e  term 

- 
ao ZT(x, Y)AREA i s  r ep laced  by: 
a t  

DELM(k)ZT(i, j)DELX DELY 

100.0 

in which DELM(k) = moisture con ten t  d i f fe rence  in  pe rcen tage  be tween  the  

kth and  (k- l l th  half t imes tep .  

DELM(k) is r ead  in  for every half t imes tep  and  i s  e x p r e s s e d  a s  a n  

a v e r a g e  va lue  for t h e  s tudy a r e a .  ZT(i, j )  i s  t h e  he ight  of t he  s o i l  profile 

which i s  s igni f icant  for DELM(k) in  f e e t  and  i s  r ead  i n  a s  a n  ar ray .  
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The pumping term PUM(i,  j , k) 

The pumping term rep resen t s  t h e  recharge  or d i scha rge  caused  by 

a pumped we l l .  Normally, t h e s e  we l l s  a r e  pumped a t  a r a t e  which wil l  

b e  cons tan t  during a l l  t imes teps .  So PUM wil l  b e  only  dependent  on t h e  

ra te  of pumping. The pumping ra t e  PU( i , j )  i s  read  in a s  a n  array in c f s .  

(Zero pump r a t e  ind ica te s  no pump a t  tha t  nodepoint) .  To obta in  the  pump 

term a s  a volume per  A t(irrigation),  PU(i ,  j )  i s  multiplied by DIFA(see 

page  9 2) .  

PUM(i , j )  = PU(i ,  j)*DIFA 

The cons tan t  l ea  kaqe term QCL(i ,  j )  

Q c L ( ~ ,  j )  = Q L ( ~ ,  j)*~~~X*~ELY*At(irrigation) in  which 

QL( i , j )  = l eakage  in ft/day. 

In t h i s  c a s e  input t o  or output from a n  unconfined aquifer  from 

underlying strata  is cons tan t  with time a t  e a c h  node s o  QL for e a c h  

node c a n  b e  read in a s  a n  ar ray .  

(Leakage which i s  variable and dependent  on the difference of head 

in  the  confining l aye r  and aquifer  is a l ready incorporated in t h e  f ini te  

d i f ference  equat ion) .  In  the  Input Program I1 (DELX*(DELY)*~t(irrigation) 

i s  replaced  by t h e  term COS. 

QCL(i ,  j )  = QL(i ,  j ) * c ~ S  

With t h e  d i s c u s s i o n  of the l a  s t  term, the  to t a l  source  term Q ( i ,  j , k) 

for  part I  of Input Program I1 which w a s  wri t ten a s :  

Q ( i , j , k )  = - Q I ( i , j , k )  - Q S ( i , j , k )  - PE(k) + E(k) + AMO(i , j , k )  

+ P U M ( i , j , k )  - QCL(i , j )  

i s  transformed in  the  computer program to: 
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~ ( i , j  , k )  = - A h )  - RE SEEP(^,^) - PE(k) + E(k) t, AMO(i , j )  

+ DIFAkPU(i, j)  - COSkQL(i ,  J )  (5 1) 

3 
i n  f t  /At(irriga t ion)  . 

Input  Proqram 11, Source Term for  Win te r  S e a s o n  

For t h i s  par t  t h e  input  term Q ( i , j  , k )  i s  r educed  to: 

Q ( i , j , k )  = PUM(i , j )  - Q C L ( i , j , k )  - Q S ( i , j , k )  

The pumping term PUM(i , j )  

The pumping term rema ins  t h e  s a m e .  Howeve r ,  t he  t i m e s t e p  i s  two 

t i m e s  a s  l ong .  At(winter)  = 2 At(irrigation) so t h a t  t h e  f ac to r  DIFA i s  re -  

p l a c e d  by  2*DIFA. 

The c o n s t a n t  l e a k a g e  term QCL( i ,  j )  

The l e a k a g e  term w a s  e x p r e s s e d  a s :  COS*QL(i, j) ,  COS i s  

r e p l a c e d  b y  WCOS in t h e  computer  program. WCOS = 2*COS 

The s e e p a q e  term QS ( i ,  j , k) 

S ince  t h e  i r r iga t ion  c a n a l s  a r e  empty dur ing  t h i s  t ime  of t h e  yea r ,  

t h e  on ly  s e e p a g e  p r e s e n t  i s  t h a t  from t h e  non-irr igat ion c a n a l s  with 

At (winter) = 2 At (irriga t ion)  . 
Q S ( i , j  , k )  = 2*MULT(i, j)*ARW(i,j) 

The to t a l  s o u r c e  term Q ( i ,  j , k) for par t  I1 of I n p u t  Program I1 c a n  

b e  wr i t ten  a s  fol lows:  

Q ( i ,  j , k) = 2*DIFA*PU(i, j )  - WCOS*QL(i , j )  - 2*MULT(i, j )  

* ARW(i, j )  (52) 

3 in f t  /ht(winter).  
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Alternative Solu t ior~  for the  Source Term Q ( i , j  , k )  

The above  desc r ibed  program approximates a s  accura te ly  a s  poss ib le  

t h e  source  term for e a c h  nodepoint in t h e  s tudy area  by simulat ion of 

t h e  i rr igat ion p r a c t i c e s  carr ied ou t  in  th is  a r e a .  

If a new irr igat ion prac t ice  were s e t  u p  for th is  a r e a ,  the  irriga- 

t ion requirements  will  b e  interpreted a s  follows: for t imes tep  k ,  

1 .  plant  requirement  = EVAP(~)  where COEl i s  a n  ef f ic iency 
COE 1 coeff ic ient  

2 .  l each ing  requirement = (COE2*EVAP(k)) , the  leaching requirement 
c a n  b e  expressed  a s  a 
percentage  of t h e  EVAP(k). 

3 .  conveyance  l o s s e s  and operat ion l o s s e s  = C O E ~ * E V A P ( ~ ) -  

The to t a l  i r r igat ion requirement  is then  

The to ta l  input  c a u s e d  by s e e p a g e  and irrigation i s  

while t h e  to ta l  source  term for nodepoint ( i ,  j) a t  t ime k is :  

To b e  a b l e  t o  inves t iga te  t h e  e f fec t s  of t h i s  approach on  the  

aquifer,  t h i s  solut ion i s  included in Input Program I1 and may b e  tried 

in the  production runs  of the s tudy a rea .  



Data Collect ion Input Proqram I1 

General  information of the study area (Progress ~epor t " )  

Water  supply 

A l l  of the irrigated l ands  in the  study area  are served from the  

Snake River with water  r ights  dating a s  ear ly  a s  June 1880. The majority 

of the area  i s  served by irrigation c a n a l s  diverting from the Great  Feeder 

Cana l  which s e r v e s  a s  a by-pass  for the Snake River main stream and 

general ly runs  continuously.  Management of del iver ies  t o  the smaller  in- 

dependent c a n a l s  is the  responsiLll j ty of a cooperat ive group cdiled t h e  

Great  Feeder Board. 

His tor ica l  d ivers ions  t o  the a rea  are  recorded in the  reports  of the  

watermaster  for Water  Dis t r ic t  36 of the  State of Idaho commencing in 1919 

through the present .  Some c a n a l s  se rve  l ands  in the s tudy area a s  wel l  a s  

land south of the a r e a .  A l i s t  of c a n a l s  diverting from the Snake River and 

Great  Feeder i s  contained in Appendix F. Figure 39 shows the  annual  di- 

versions for a l l  c a n a l s  for the  period 1919 through 1970 and a mass  curve 

of accumulated d i scharges  for the same period. The area irrigated under 

t h e s e  c a n a l s ,  a s  indicated in the Distr ict  36 records ,  h a s  not increased 

signif icantly over the period s o  that  t h e  trend of increase  in to ta l  di- 

versions is indicat ive of t h e  trend in total  d ivers ion per ac re .  Several  

i n c r e a s e s  in s lope  of the  mass  curve can  be  s e e n  af ter  dry periods such  

a s  1931-1935 and a l s o  af ter  the Pa l i sades  Reservoir became operat ional .  

Total d ivers ions  per  ac re  for the  period 1 May t o  30 September 

have increased over the  period and were recorded a s  10.2 af/acre in 

1969. On some c a n a l s ,  diversions were made in October and November 

which a re  not recorded in Dis t r ic t  36 records .  



r / ~ u m m a t i o n  of Divers ions 

Figure 39. The Annual Diversions for All C a n a l s  for the  Period 1919 through 1970 and A M a s s  
Curve of Accumulated Discharges  for the  Same Period. 
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Soils  

Agricultural s o i l s  of the  Snake River Fan a r e  dominated by medium 

texture s o i l s  a s  found on fans  and stream bottom l a n d s .  This so i l  group 

i s  identified a s  Group A in a r ecen t  so i l  survey by the  U.  S. Department 

of Agriculture Soil  Conservation Service.  Approximate locat ions  of the  

s o i l  a s soc ia t ion  in the  study area  a re  shown in Figure 40. 

The A2 a s s o c i a t i o n  primarily in t h e  lower e l eva t ions  of the  northwest 

sec t ion  of the  fan comprises  some of the  be t ter  crop land and c o n s i s t s  of 

s i l t  and c l a y  loams of 40-60 inches  depth  under-lain by sand and gravel ,  

The ava i l ab le  water  holding capac i ty  r anges  from 3.5  t o  13 inches  and 

averages  about 10 i n c h e s ,  These  s o i l s  a r e  moderately well  drained and 

a r e  present ly  ut i l ized a s  cropland.  

In the southern part of the  s tudy area and extending in to  Bonneville 

County, t h e  s o i l s  a r e  primarily of the  A3 a s s o c i a t i o n  cons i s t ing  of the  Bock 

and Bannock loam s e r i e s .  These  s o i l s  a r e  well drained with water  holding 

c a p a c i t i e s  from 4 t o  10 inches  and dep ths  of 20-60 inches  over sand and 

gravel .  In some a r e a s  top s o i l s  conta in  from 0 t o  50 percent  gravels .  

The nor theas t  part of the  s tudy area jus t  south of the  Snake River 

i s  c l a s s i f i ed  a s  s o i l  group A4 cons i s t ing  primarily of the  Blackfoot s i l t  loam. 

These s o i l s  a r e  well  drained with depths  general ly from 20 t o  60 inches  

above sand and gravel;  however,  one  s o i l  comprising about  15 percent  of 

t h e  area  i s  very shal low with dep ths  of 5 t o  20 inches .  Most  of the  s o i l s  

a r e  cropped with the  gravelly s o i l s  being u s e d  for pastureproduction. 

A s o i l  group C4 over l ies  t h e  Lewisvil le  Knolls a rea  and i s  presently 

used  only for  range and wildlife.  Water  holding c a p a c i t i e s  a r e  low,  1 .0  t o  

6.5 i n c h e s ,  and dep ths  a re  10 t o  40 inches  above  b a s a l t  bedrock.  
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Irriqation pract ices  

Border irrigation is used  extens ively  on gra ins ,  alfalfa and pasture.  

Large stream s i z e s  a re  prevalent with turnouts from the cand l s  regulated 

in  most c a s e s  by individual farmers,  Large siphon tubes  a re  used  for  

border irrigation and overnight s e t s  a re  not uncommon, 

Irrigation pract ice  on three pota to  f i e lds  and two bordered grain f i e lds  

w a s  evaluated  in 1970. Tes t  r e s u l t s  show tha t  intake r a t e s  are  very high. 

Border irrigation of gra ins  resul ted  in 12 t o  15 inches  of water being applied 

to i.rrigate a 1,300 f t ,  run. Many fi ,elds are  longer than ?tiis dlir!  :<l.-:~.d;:~ :; 

used  were a s  m.uch a s  cx~uld be held in the hclrder. Overnight illrigation with 

reduced stream s i z e  c a n  resu l t  in a lmost  twice th i s  applicat ion while the s o i l  

profile wi l l  hold only 5 inches  of water .  

Furrow irrigation of pota toes  was  about 50% efficient  for 2 inches  

irrigation on furrows of 1,000 f t .  length early in the  s e a s o n  where the 

wheel  compacted furrow was  used .  U s e  of non-compacted rows early in t h e  

s e a s o n  gave about 20% efficiency.  

Later in t h e  s e a s o n  the  v ines  fa l l  into the rows and intake r a t e s  

inc rease .  Stream s i z e s  used ranged from 10 t o  80 gpm. Wheel  compaction 

a t  the  right so i l  moisture can  b e  very effect ive in reducing the in take  r a t e  

of these  so i l s .  Nearly a l l  f ie lds  could benefit  from more leveling and the  

high intake r a t e s  measured indicate tha t  th is  arza  could benefi t  from sprinkler  

irrigation. 

Surface Water d iversions 

Irrigation divers ions  for the  major c a n a l s  in the  study area for the  

May 1 - September 30 period a re  recorded in the  reports  of Water  Distr ict  36. 

These measurements performed by Distr ict  36 and U ,  S ,  Geological  Survey 

personnel  a r e  obtained primarily b y  periodic current metering of the c a n a l s  
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a t  se lec ted  rat ing sec t ions  and reporting of dafly staff gage readings by 

watermasters .  No standard water measuring d e v i c e s  are  in u s e  on the  

major c a n a l s .  During the  1970 s e a s o n  measurements were extended by Univer- 

s i ty  and ARS personnel  p a s t  the  normal September 30 cutoff d a t e  through 

November 30 or until  a l l  cana l s  had been  shut down for the winter.  Return 

f lows to the Snake River a t  the  Burgess Cana l  s p i l l ,  Long Island Slough, 

and Great  Feeder were measured throughout the sea  son .  Water  transported 

out of t h e  study area t o  the south was  measured in the Anderson, Farmers 

Friend,  and Harrison c a n a l s .  

Figure 41 shows the  recorded May - September d ivers ions  per- dcre 

from the  Snake River for a l l  c a n a l s  on the Snake River f a n .  The ac re  f e e t  

per ac re  values  were computed from d i scharges  and ac reages  for e a c h  irriga- 

tion dis t r ic t  a s  recorded in Dis t r ic t  36 records .  An increasing trend c a n  be  

observed with the  1967-69 divers ions  approaching 10 ac re  fee t  per ac re .  The 

s e a s o n a l  distr ibution of net d ivers ions  for 1970 i s  shown in Figure 42. 

The net  diversion i s  ca lcula ted  a s  the  measured diversion a t  the  cana l  head- 

g a t e s  minus a l l  surface  w a s t e s .  An irrigated ac reage  of 82 ,250  a c r e s  in the 

study area was  determined from 1966 aer ia l  photographs and d o e s  not include 

r o a d s ,  c a n a l  right of ways ,  farmsteads and undeveloped l ands  within the 

study a rea ,  Total d ivers ions  for May - November 1970 s e a s o n  were 1 , 5 0 7 , 0 0 0  

ac re  fee t  of which 100,000 ac re  fee t  was  measured a s  irrigation water 

t ransported out of the s tudy area and 48,200 a c r e  feet  returned t o  the  Snake 

River. The to ta l  net diversion for 1970 w a s  16 .5  ac re  fee t  per irrigated 

ac re  of which 14% was  diverted after  September 30,  

Cana l  seepaqe l J o s s e s  

The main cana l s  of the  sys tems  have  a to ta l  water surface area of 820 

a c r e s  of s l ightly l e s s  than 1% of t h e  irrigated a rea .  Seepage t e s t s  were 
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Figure 41.  Graph of the Recorded May-September Diversions per Acre from the  Snake River 

for All Canals  of the  Snake River Fan (Annual Irrigation Diversion).  C-' 
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made in 20 locat ions  in t h e  l a t e  summer and fa l l  of 1970 drld in 16 locat ions  

in  ear ly  spring of 1971. These t e s t s  were made by ~nflow-outi low measure- 

ment methods in r e a c h e s  with l i t t le  or no diverslor1 a t  t h e  time of measurement. 

The accuracy of any  one flow measurement i s  probably 5 or 10% which can  

l ead  t o  much variabil i ty in seepage  l o s s  measurements, but the  average  of  

many l o s s  measurements will  give values  tha t  a re  good es t ima tes ,  The 

average  of the  1970 t e s t s  was  3.55 ft/day with a range from 0 , 2  ft/day 

t o  1 1 , s  ft/day. The average  of the  16 t e s t s  made in ear ly  May,  1971 was 

3 - 2 8  feet/day with a range of 0 , 6 7  t o  12.07 ft/rlay. 

The sprlng t e s t s  had a n  average  vdlue that  wdr. 8% l c s s  tha11 the 

average  found in l a t e  summer, but t h e  r e a c h e s  t e s ted  were not the  same and 

t h e  channel  flow dep ths  were 1 1/2 to  2 fee t  lower in the sprlny,  

The average  l o s s  of 3 .43 ft/day for a l l  of the  t e s t s  would amount t o  

a to ta l  l o s s  of 2,810 ac re  f t .  per day  (or 1905 cfs) i f  i t  were applicable 

to a l l  the  main c a n a l s  in the system. Assuming a 150 day irrigation season ,  

t h i s  seepage  ra te  would involve a l o s s  of 428,500 a c r e  fee t  per s e a s o n  or 

about 28 percent  of t h e  yearly diversion.  Assuming a 200 day  s e a s o n ,  

which more nearly approximates the  ac tua l  operating procedure,  cana l  

seepage  a d d s  570,000 ac re  fee t  t o  the  aquifer ,  

Further s e e p a g e  l o s s  determinations were made in 1971 t o  improve 

on the  accuracy of t h e  es t ima tes  and to determine if some area  may 

have seepage  l o s s e s  that  a re  consis tent ly  above or below the  a v e r a g e .  

From the  aer ia l  photographs,  t h e  to ta l  wetted area per nodepoint 

was  determined. Also the to ta l  wetted area of non-distr ict  cana l s  per 

nodepoint (sq .  mile) and the to ta l  wetted. area of the  non- i r r~gat ion c a n a l s  

was  determined. 
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Snake  River l o s s e s  

Recognizing tha t  l o s s e s  in t h e  Snake  River a s  i t  f lows  over  the  f a n  

c a n  cont r ibute  t o  t h e  groundwater  t a b l e  r i s e ,  a n  a t tempt  w a s  made t o  

e v a l u a t e  t h e s e  l o s s e s .  ~ t e a r n s ~ ~  in  1928 reported l o s s e s  from 20 c f s  

t o  830 c f s  or  a n  ave rage  l o s s  of 288 c f s  o r  3 . 3  percent  of t he  flow from t h e  

measur ing  s t a t ion  a t  H e i s e  t o  Lorenzo,  a d i s t a n c e  of about  1 3 , 8  mi les .  In 

1970 current  meter measurements  were made a t  three  t imes  during t h e  year,  

during which the  r iver  w a s  maintained a t  cons t an t  d i s c h a r g e  a t  P a l i s a d e s  

Dam. Di scha rge  varied from 3,340 c f s  t o  1 7 , 0 0 0  c f s  and  computed l o s s e s  

varied from 808 c f s  t o  208 cfs or  a n  a v e r a g e  of 408 c f s ,  Based o n  a l o s s  

of 408 cfs for a 200 d a y  s e a s o n ,  l o s s e s  from t h e  Snake River accoun t  for 

4 1 , 6 0 0  a c r e  f e e t  of water  added  t o  t h e  aqui fer .  

Input d a t a  

From above  desc r ibed  information,  t h e  va r i ab le s  and  a r r a y s ,  

n e c e s s a r y  t o  compute the  source  term Q( i ,  j , k) i n  Input Program 11, c a n  

b e  genera ted  and  r e a d  in t h e  program. The input  d a t a  i s  shown in  

Appendix G .  

List  of va r i ab le s  and  a r r a y s ,  read  in: 

1.  DELM(1) = t h e  change  in moisture content  of t he  s o i l  during 

t h e  d i f fe rent  t ime s t e p s .  Assumed t o  b e  ze ro ,  con-  

s ider ing  the  gene ra l  information of t h e  s o i l s .  

2.  NROW: number of nodepoin ts  i n  row 

NCOL: number of nodepoin ts  in  column 

DEW(: s i z e  of mesh  su r face  [ftl .  

NTS: number of t i m e s t e p s  in i r r igat ion s e a s o n  

LTS: t o t a l  number of t i m e s t e p s  

NI: number of i r r igat ion d i s t r i c t s  i n  s tudy  area  
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NCHOIC: dummy var iab le  r e l a t ing  t o  c h o i c e  of computat ion.  

If NCHOIC = 2 ,  Q ( i ,  j ,  k) i s  c a l c u l a t e d  according  

t o  t h e  a l t e rna t ive  solutiorl  (paye 108  

If NCHOIC = 1 ,  Q ( i ,  j ,  k) i s  c a l c u l a t e d  according  

t o  t h e  a c t u a l  da t a  of t h e  s tudy  a r e a .  

CH: mult ipl icat ion factor  of ne t  d ive r s ion  per  node  

3 .  PRE (I).  EVAP(1) read  in from Input Program I ift3/half At1 

4 .  TA(1,N) ne t  d ivers ion  per  i r r igat ion d i s t r i c t  per t imes tep  rcfsl. 

5 .  Arrays of: N R ( i , j ) :  denot ing  t o  w h i r h  iri-lq:f7nr r? .  T T - -  <\rle 

( i ,  j )  be lonqs  

ARFOR ( i ,  j )  : t o t a l  wetted a rea  pe r  node [ft2/1,000] 

ARTOT ( i t  j ) :  t o t a l  non-distr ict  a r ea  per  node (ft2/1,000] 

ARW(i, j ) :  t o t a l  non-irrigation a rea  per  node (ft2/1,000] 

RATE ( i  , j): c a n a l  s e e p a g e  r a t e  [ft/dayl 

DAOWN (i , j ) :  change  in d i s t r i c t  wet ted  a rea  per node [ft2/1,000] 

DAFOR(i,j): change  in non-distr ict  wet ted  a rea  per  node [ft2/1,0001 

6 .  P i  , j :  t he  pumping term pe r  node  [ c f s ]  

Q L i j :  c o n s t a n t  l e a k a g e  term per  node  [ft/day] 

Z i  j :  moisture holding profile above  water  t a b l e  [ftl 

7 .  COE 1 , COE2 , COE3: i rr igat ion coe f f i c i en t s  

8 .  D(1): t o t a l  number of nodes  i n  i r r igat ion d i s t r i c t  (I) 

A f low cha r t  and  l i s t i ng  of Input Program I1 i s  a l s o  inc luded in  

Appendix G .  



CHAPTER V 

CALIBRATION OF THE MODEL 
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With the  approximate va lues  of the  geohydrologic parameters  and 

t h e  source term Q ( i , j , k ) ,  a cal ibrat ion of the model is feas ib le  s ince  the  

ca lcula ted  hydraulic  head va lues  of t h e  model c a n  b e  compared with 

h is tor ica l  d a t a ,  ava i l ab le  from a network of 40 we l l s  throughout the  a rea .  

The cal ibrat ion i s  at tempted in  two s t e p s .  

1. Calibrat ion without source  term ( Q ( i , j , k )  = 0) 

2 .  Calibrat ion with the  source term (Q(i,  j , k)  f 0) 

Calibrat ion Without the  Source Term 

Figure .43  shows  t h e  hydrograph of a typica l  wel l  in the study a r e a .  

The water  l eve l  in  the  wel l  r i s e s  qui te  sharply af ter  the  irrigation s e a s o n  

s t a r t s .  After reaching a peak in the  l a s t  half of August the  curve s t a r t s  

t o  dec l ine ,  The l eve l  d e c r e a s e s  s lowly till i t  r e a c h e s  a n  approximate 

s t eady  s t a t e  value a t  the  end of winter.  

To simulate t h i s  regime without the  source  term, the  input  term is 

s e t  t o  zero .  The va lues  for t h e i n i t i a l  water  table  array a re  the s t eady  

s t a t e  va lues  recorded a t  the  end of t h e  winter s e a s o n .  The program i s  

run  for 42 half t imesteps .  Since t h i s  i s  a s t eady  s t a t e  s tar t ing condit ion,  

t h e  computed head va lues  in  the  succeeding t imesteps  should not differ 

from the  ini t ial  condi t ions .  If changes  appear, they a re  due  t o  incorrect  

values of input  parameters .  For e a c h  succeeding run ,  parameters  a r e  

changed t o  obta in  a be t ter  resul t .  This t r ia l  and  error method procedure 

is continued t i l l n o  changes  occur in the  succeeding t imes teps .  This 

adjus tment  is time consuming b e c a u s e  the  influence of  e a c h  hydrologic  
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parameter  i s  different .  In order- t o  d i s t ~ n g u i s h  be tween influerlces of 

different  parameters ,  only one parameter a t  a t ime i s  changed.  I t  i s  

a l s o  n e c e s s a r y  t o  d e t e c t  the  in terac t ion  be tween the  various parameters .  

A combination of ad jus t ed  parameters  y i e lds  the  f ina l  solution, It i s  impor- 

t an t  to  note  that  no conc lus ions  c a n  be  made about  the  un iqueness  of t h e  

f ina l  solut ion obta ined .  The va lues  of the  ar rays  obta ined  by ca l ibra t ion  of 

a s t eady  s t a t e  may b e  incorrect  if checked in  t h e  uns teady  s t a t e  condit ion.  

For example ,  t h e  value of the s torage  coeff ic ient  array h a s  a la rge  influence 

on the  r i s e  and fa l l  of the  groundwater tab le  under u n s t ~ a d y  s t d t e  cond i t ions ,  

1:ut much l e s s  inf luence in s t e a d y  s t a t e  condi t ions .  Under uns teady s t a t e  

condi t ions  the  l eakage  term will  vary by a change  in hydraulic  head .  

Then the  ef fec t  of t h e  va lues  for t h e  impedance and hydraulic  head of t h e  

confining l aye r  on the  ca lcu la t ion  of the  hydraulic  head  in uns teady  s t a t e  

condi t ions  may be  different  than the  ef fec t  of t h e s e  parameters  on the  

ca lcula t ion  in s t e a d y  s t a t e  condi t ions .  

The ca l ibra t ion  without the  source  term yielded a good re su l t .  The 

devia t ion  of the  hydraulic  head af ter  42 half t imes teps  from the  in i t i a l  

va lue  s t ayed  mostly within 3 fee t  with a n  aqui fer  depth  of 300 fee t .  

In order t o  g e t  a good f i t  t h e  overa l l  va lues  for  t h e  hydraulic  

conduct iv i t ies  KX and KY, were a f ac to r  10-I  less than  in i t ia l ly  a s sumed .  

The va lues  fo r  the  impedance of the  l eaky  aqui fer  showed more variat ion.  

The va lues  fo r  t h e  var iables  and a r rays  which yielded the  f ina l  s t e a d y  

s t a t e  ca l ibra t ion  a r e  included in Appendix H .  Figure 44  shows  the  

wa te r table  e l eva t ion  a s  a computer contour plot .  



b 
Figure 44. Computer Plot of Water Table Contours for the Steady State Calibration. Multiply 

Numbers by 10 to  Obtain Water  Table Elevation Above Mean Sea Level. 
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Calibrat ion with the  Source Term 

In th i s  cal ibrat ion the  computer program was  run for the simulation 

of the  yea r  s tar t ing May 1 ,  1970 and ending April 3 1 ,  1971,  ut i l izing 

t h e  source  term a s  i s  ca lcula ted  in  Input Programs I and 11. The r i s e  

and fa l l  of t h e  water  table  a s  occurs  in the course  of the  simulation is 

compared with t h e  hydrographs of a number of wel ls  in the  s tudy a r e a .  

This s imulat ion showed c lear ly  tha t  the  parameter va lues  obtained 

i n  t h e  cal ibrat ion without source  term did not apply t o  the cal ibrat ion 

with the source  term. Some par ts  o i  the  aquifer  showed a higher r i s e  than 

the  h is tor ica l  r i s e  while other  par ts  showed a smaller  r i s e .  

The conclus ion can  be  d r a w n - t h a t  the  se lec t ion  of parameters  tha t  correct  

ly s imula tes  h is tor ica l  uns teady s t a t e  r e sponse  must a l s o  c a u s e  the  correct  

maintenance of t h e  s t e a d y s t a t e  condit ions with no source  term. This i s  

conceivable  s i n c e  the  s t e a d y  s t a t e  solut ion is not unique and therefore 

more solu t ions  a r e  poss ib le .  Actual ly,  th i s  " steady s t a t e "  cal ibrat ion i s  

only  car-ried out t o  obta in  parameter va lues  which a r e  a t  l e a s t  in  the  right 

order of magnitude, This i s  b e c a u s e  the s t a t e  a t  the end of the  winter time 

is a n  approximate s t eady  s t a t e ,  i .  e .  with n o  input succeeding the  winter 

t ime ,  the water  t a b l e  would follow a deplet ion curve a s  i s  shown in Figure 

54 which i s  approximately similar  to  the  deple t ion  curve of a runoff hydro- 

graph. ( ~ i g u r e  45).  

For th i s  cal ibrat ion t h e  same  t r i a l  and error method i s  u s e d .  It 

appeared  very diff icul t  to  g e t  a good simulat ion of t h e  h is tor ic  d a t a .  

There a re  three  n e c e s s a r y  conditions: 

1 .  model must be  a valid simulation tool .  

2 .  input (source term) Q ( i ,  j , k) must be  correct .  

3 .  hydrogeological parameters  of t h e  aquifer  must b e  correct .  
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Figure 4 6 .  Left Graph Shows t h e  His tor ica l  and Computed Rise of the  
Water  Table Before Changing of the  Parameters. The 
Graph on the  Right Shows the  Respective Rises After 
Changing of the  Parameters Values. 
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Figure 47.  Left Graph Shows the  His tor ica l  and Computed Rises  of the  
Water  Table Before Changing Parameters.  The Graph on the  
Right Shows the  Respective Rises  After Changing of the  
Parameter Values. 
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The f i r s t  two condit ions a re  reasonably  sa t i s f i ed .  Determinating 

a reasonable  va lue  for  the  hydrogeological parameters i s  more diff icul t .  

By changing one parameter a t  the  time the  influence of tha t  parameter 

c a n  b e  de tec ted .  However,  t h e  in terac t ions  between parameters  cannot  be  

determined.  Their re la t ionship  c a n  only be  obtained via a  cons iderable  

number of t r i a l s .  This procedure h a s  t o  b e  done for every pair.  With 

11 a r r a y s ,  of which 7 represent  the geohydrologic propert ies  of the  aqui fer ,  

i t  i s  poss ib le  t o  cons t ruct  numerous pa i r s ,  or even  a combination of p a i r s ,  

of which one  combination renders  t h e  correct  solut.ion. I r ~ v e s f  igdtiorl of 

a l l  poss ib le  (s ignif icant)  combinations t a k e s  cons iderable  time. In t h i s  

c a s e  more or l e s s  a t  random, va lues  of parameters  were changed and the  

newly obtained head va lues  compared with the  h is tor ica l  d a t a .  This w a s  

considered to  be  a fair  approach' s i n c e  from the  beginning, the  assumpt ion 

w a s  made tha t  only a few parameters  were incorrect .  

In the  course  of t h e s e  t r i a l s ,  a  good cho ice  w a s  sometimes made. 

A next choice  following the  a n a l y s i s  of previous data showed sometimes 

a poorer f i t  t o  h is tor ica l  d a t a .  Of ten ,  the  outcome of a  t r ia l  showed tha t  

in one  part of the aqui fer  the  simulated r i s e  of the  water. tab le  was  too 

small .  After analyzing the data some parameters  were changed.  This 

yielded a correct  r ise,  but the water  table  did not return to  the  h is tor ica l  

va lue  a t  the end of the  simulat ion period. In general  for t h e s e  

c a s e s , t h e  peak of the  water  table  occurred a t  a n  ear l ie r  s t a g e  (Figure 4 6 ) .  

Other parts  of the  aquifer  showed a s imulated r i s e  which was  too 

high. A change  of parameters  yielded a correct  r i se :  but in th i s  c a s e  a 

dec l ine  of t h e  water  table  below t h e  h is tor ica l  value a t  the  end of t h e  

winter time (end simulat ion) occurred,  accompanied by a l a t e r  peaking of the 

water table  (Figure 47) . 
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Sometimes a correct  s imulat ion for one  part of the aquifer  was  

ach ieved ;  but in order t o  obtain th is  correct  s imula t ion ,o ther  a r e a s  

which original ly had a good f l t  were d i  s turbed.  

These exper iences  made c lea r  tha t  the  assumpt ion of only a few 

incorrect  parameters was  highly optimist ic .  Values for the hydraulic 

conduct iv i t ies  KX and KY, the  impedance of the  leaky aquifer ,  FAC; t he  

hydraulic  head of t h e  confining l aye r ,  PSI; the  aquifer  bottom e leva t ion ,  Z: 

t h e  s torage  coeff ic ient ,  S; and the  choice  for confined or unconfined aquifer ,  

NN, which were assumed or roughly ca lcu la ted ,  appeared to b e  incorrect ,  

In th i s  c a s e ,  i t  i s  obvious tha t  a  random choice  of parameter 

combinations d o e s  not yield the correct  solut ion in the  most ef fec t ive  

way and a c lear ly  defined sys temat ic  approach should be taken.  



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

Conclus ions  

One part of the  ob jec t ives  was  t o  develop a su i table  mathematical  

model. The t e s t ing  of the  model showed that  impermeable boundar ies ,  

cons tan t  head boundaries and in th i s  model a l s o  flow boundaries c a n  b e  

handled quite easi1.y. In tes t ing  the model with sinl!>!e c a s e s  a very 

good agreement w a s  reached with the  ana ly t i ca l  so lu t ion .  

The model i s  genera l  enough to  b e  appl ied  t o  other aqui fers  and  

a r e a s  and will  accomodate nonhomogeneous an i so t rop ic ,  confined and 

unconfined,  leaky and  nonlea ky aquifers  . 
Inputs  and outputs  for th is  model may b e  different for e a c h  node 

and variable in time and a re  genera ted  in a sepa ra te  input program. 

The other part of the  ob jec t ives  was  to  apply the model to the  

Snake River Fan in sou theas t  Idaho. In order t o  apply  the  model correc t ly ,  

i t  appeared necessa ry  to  have  accura te  da ta  of: 

1 .  Input and output of every  node in the  s tudy area .  

2 .  Hydrogeological properties of the aquifer.  

The f i r s t  s e t  of da ta  i s  ca lcu la ted  in  separa te  input programs. In 

t h e s e  programs input and output for every nodepoint is ca lcula ted  . 
Inputs  include prec ip i ta t ion ,  cana l  s e e p a g e ,  irrigation appl ica t ion ,  

r iver  10s s e s  and drainage well  recharges .  Outputs  include crop evapotranspira-  
t 

t i on ,  pumped well d i s c h a r g e s ,  natural  spring d i scharges  and aquifer l eakage .  

The s tudy area  c a n  accomodate numerous different  irrigation d i s t r i c t s  with 

different irrigation appl ica t ion  r a t e s .  Via change in parameters ,  a range 
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of irrigation appl ica t ion  r a t e s  can  b e  s imulated i n  t h i s  program a s  wel l  

a s  l ining of c a n a l s  and  ins ta l l ing  of dra inage  c a n a l s .  

The input programs a r e  genera l  enough t o  b e  applied t o  different  

s tudy a r e a s .  The second  s e t  of da ta  w a s ,  b e c a u s e  of l a c k  of d a t a ,  

es t imated  a s  accura te  a s  poss ib le .  

The ca l ibra t ion  of the  model for s t e a d y  s t a t e  condi t ions  (no input 

or output  tha t  i s  variable in time) i s  e a s y  to  ach ieve .  This  a l s o  appea r s  

from the  r e su l t s  of s imilar  developed models  tha t  were appl ied  t o  s tudy 

a r e a s  in which the only output  ex i s t ed  of a cons tant ly  pumped well  f je ld .  

For th is  a r e a ,  input a s  wel l  a s  output  va r i e s  with time. It 

appeared  tha t  with variable input ,  the  water t ab le  configuration i s  much more 

s e n s i t i v e  to  incorrect  v a l u e s  of the  hydrogeological  parameters .  

The correct  combination of parameter va lues  c a n  only be  obtained 

if a sys t emat i c  approach i s  t aken .  

Recommendations 

The model c a n  accomodate  aqui fers  over  which a squa re  or rec tangular  

grid i s  superimposed.  I t  may be use fu l  t o  inc lude  the  poss ib i l i ty  of having 

a grid sys tem cons i s t ing  of different grid spac ings  in the  x-direct ion a s  wel l  

a s  the  y-direct ion.  Then boundar ies ,  input ,  and output  c a n  be  loca ted  more 

accura te ly  . 
More c a n  b e  s a i d  about  the flow boundary so lu t ion .  For convenience  

of d i s c u s s i o n ,  i t  i s  a s sumed  tha t  the groundwater f low c a n  b e  desc r ibed  by 

In the  al ternat ing d i rec t ion  implicit  method, a row equation i s  so lved with 

a2h 2 x implici t  and y exp l i c i t .  The terms 7 and - a a r e  approximated with the  
ax 

2 
a Y 
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cen t ra l  difference form. Let k - 1  be  the  previous t imestep .  Equation 

(54) becomes:  

For conven ience ,  l e t  

F?ilwriting equation (55) with the  unknown head va lues  on the  left hand 

s l d e ,  equat ion (55) y ie lds  

A boundary equat ion  h a s  only  two unknown head  va lues  in order t o  so lve  

t h e  sys tem of t r idiagonal  equat ion  of the  row. Let the  f i r s t  node in the  

row b e  a flow boundary node.  To reduce  t h e  number of unknowns to  two,  

the  head  va lue  hi- l  , , i s  approximated (in the model) with the  R-method 

(rat io method) a s  follows: 

in which 

Equation (57) becomes:  

Let D represent  the  r ight  hand s i d e  of equat ion  (56).  With express ion  

(58) subs t i tu t ed ,  equat ion  (56) becomes  a f low boundary equat ion  with 

two unknowns: 



There i s  another  solut ion to  the  flow boundary and i s  a log ica l  consequence  

of t h e  R-method . This i s  ca l l ed  the  FD-method (forward difference method) . 
Ins tead  of es t imat ing  h with t h e  R-method, h may b e  approximated 

i - l , j , k  i - l , j , k  

by solving 

2 2 
a + ~ = ~ a h  

2 2 at  expl ic i t ly  for node (i-1 , j )  . 
ax ay 

2 
x and y a r e  then expl ic i t .  LLh- i s  approximated with a forward difference 

2 ax 2 2 
form, and 9 with the  cent ra l  d i f ference  form. y ie lds :  

a x  ax 
2 

With  express ion  (60) subs t i tu t ed ,  equat ion  (54) becomes  (with (AX)  = 

-2h i - l , j , k - 1  + h  i-1 , j-1 , k-1 = h  i - l , j , k  h i - l # j , k - 1  (61) 

so lv ing  for h g i v e s  
i - l , j , k  

h i - l l j l k  = -2h 
i , j , k - 1  + h i + l l j , k - l  + h i - l , j + l , k - l  

+h i - l ,  j-1, k-1 (6 2) 

With express ion  (62) subs t i tu t ed ,  equat ion  (56) becomes  a f low boundary 

equat ion  with a l s o  two unknowns: 

-3h + h  = D + 2 h  h 
i , j l k  i + l , j , k  i , j , k - 1  i + l l j l k - 1  

It would b e  in teres t ing  t o  inves t iga te  how t h e s e  two methods t o  so lve  

a flow boundary differ. Lack of time prohibited t h i s  inves t iga t ion .  Both 



methods u t i l i ze  some procedure to  e s t ima te  h i - l , j I k s  

The R-method i s  b a s e d  part ly on  t h e  implici t  procedure with error 

2  O [ ( k )  1 ,  part ly on  the  "expl ic i t "  r a t io  R ,  which i s  a funct ion of h a t  

t=k-1 (Equation 5 9 ) ) .  

The FD-method i s  b a s e d  on the  exp l i c i t  method with error O(LX),   q qua ti on 

6 2 ) )  . Both methods u s e  expl ic i t  procedures which inf luence  the s tabi l i ty  

and  convergence  of the  solut ion s o  tha t  some kind of control  

n e c e s s a r y .  The FD-method wil l  probably b e  more gene ra l  bu t  may b e  

more diff icul t  t o  control .  

The uns teady  s t a t e  ca l ibra t ion  must b e  sys t emat i ca l ly  approached.  

One method i s  t o  record the  d i f ference  in  ca lcu la t ed  water  t a b l e  e levat ion  

a n d  h i s to r i ca l  water t ab le  e levat ion  a t  s igni f icant  t imes teps .  The d i f -  

f e rence  for e a c h  node i s  printed out  i n  a n  array.  Agreement of t h e  computed 

and the  h is tor ica l  va lue  will  appea r  a s  a zero .  This  i s  done  for the  

maximum water  t ab le  e l eva t ion ,  t h e  minimum water  t a b l e  e l eva t ion ,  and 

two in termedia te  e l eva t ions .  The computer s c a n s  through t h e s e  four 

"d i f ference"  a r rays  and  changes  ce r t a in  parameters  according  t o  t h e  magnitude 

of the d i f ference .  These  new parameter  va lues  a r e  entered  in  the program 

and a new simulat ion i s  run.  This i s  done  unt i l  maximum agreement  be tween 

computed and  h i s to r i c  va lues  i s  reached.  If s t i l l  not iceable  c h a n g e s  e x i s t ,  

the  s a m e  procedure i s  fol lowed,  but  then  o ther  parameters  a r e  changed.  

Another method i s  the method of trend su r face  a n a l y s i s .  Also he re  

dev ia t ions  from the  trend su r face  c a u s e  c h a n g e  of parameter  va lues .  

Other  parameter  opt imizat ion t echn iques  a r e  ye t  t o  b e  cons idered .  

Mos t  should provide t h e  correc t  combinat ion of parameter  va lues  for the 

cal ibrat ion of a model. 
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NOTATION 

average  surface  area between contour l i n e s  i  and i + l .  

2 dai ly  s o i l  hea t  flux in cal/cm . 
rec iprocal  of E the  bulk modulus of e l a s t i c i ty  of  the  s ' intergranular skele ton.  

hydraulic s lope  right of the  flow boundary a t  t=k-1. 

hydraulic  s lope  l e f t  of the  flow boundary a t  t=k-1. 

t h i c k n e s s  of t h e  aquifer.  

t h i c k n e s s  of the  confining layer .  

reciprocal  of  E t h e  bulk modulus of e l a s t i c i ty  of water.  w ' 

hydraulic  s lope  right of the  flow boundary a t  t=k.  

b c .  . - - 
1 1 1  

hydraulic s lope  l e f t  of the  flow boundary a t  t = k .  

crop curve  coeff ic ients .  

average  depth  of aquifer  a t  contour l ine  i .  

s lope  of sa tura t ion  vapor p ressu re  temperature curve. 

time increment.  

increment in x-direction. 

increment in y-direction. 

evapotranspirat ion in a one  mile wide a rea  between contour 
l i n e s  i  and i + l .  

t h e  es t imated  ac tua l  vapor pressure  b a s e d  on the  sa tura ted  
vapor p ressu re  a t  mean d e w  point temperature. 

erfcx = 

e - - 
s 

complementary error function,  

mean sa tura t ion  vapor pressure  in mb (based on the  
sa tura t ion  vapor pressure  a t  maximum and minimum dai ly  
temperatures .) 

shea r  force per  unit  volume. 

gravitat ional  acce le ra t ion .  



Lea - - 

gradient  - del ta  operator .  

potent ia l  a s  energy/weight.  

ini t ial  hydraulic  h e a d .  

ini t ial  hydraulic head .  

hydraulic  head .  

hydraulic  head in confining layer  a t  node i , j .  

e levat ion  of contour l ine  i .  

hydraulic  conductivi ty.  

ver t ica l  hydrau1,ic conductivi ty of confining layer  of node i ,  j . 
hydraulic  conductivity in  x-direction. 

hydraulic  conductivi ty in y-direction. 

hydraulic  conductivi ty in z-direction. 

permeability of porous medium. 

length of contour l ine  i. 

l eakage  in  one  mile wide area be tween contour l i n e s  i and i + l .  

Laplacian operator.  

porosi ty of porous medium. 

pressure  in tens i ty .  

potent ia l  a s  energy/volume. 

surface  water  flow a c r o s s  contour l ine  i. 

source  term or input term 

groundwater flow a c r o s s  ccntour l ine i. 

potential  a s  energy/ma ss 

dra inage  porosity.. 

r ad ius  of circular  i s l and .  

da i ly  net  radiat ion.  

wel l  r ad ius .  



P = densi ty  of medium. 

S = storage coefficient .  

Ss  = speci f ic  storage coefficient. 

T = t ransmissibil i ty.  

Tx = t ransmissibil i ty in x-direction. 

TY = t ransmissibil i ty in y-direction. 

u = velocity in x-direction. 

U = viscosi ty .  

v = velocity in y-direction 

VY = seepage veloci t ies  in x ,  y ,  and z-directions. 

v - = to ta l  velocity vector. 

W = to ta l  daily windrun a t  height of 2 meters in  miles. 

W(x ,  Y ,  t )  = source term. 

~ ' ( x , y ,  t )  = source term 

w O ( i ,  j , k+l/2) = source term. 

w = velocity in z-direction. 

A are  mean a i r  temperature weighting factors whose sum i s  1 b- and - 
A+Y A+Y 





APPENDIX A 

DISCUSSION AND SOLUTION OF THE FLOW BOUNDARY CONTROLS 



Discuss ion and Solution of the Flow Boundary Controls 

If the  es t imates  of the  hydraulic parameters (conductivity, s torage 

coefficients  or other) a r e  not accura te  near the  flow boundary, the  f low 

boundary will not yield t he  correction solution because  of the  exis tence  

of a highly unsteady s t a t e  condition in which the  water table  will change 

rapidly t o  match the  input parameters. This highly unsteady s t a t e  

condition i s  prevented if t h i s  matching happens more gradually. Therefore, 

a check of the  (a2/a l )  rat io i s  introduced t o  control the  ra te  of change 

of the  hydraulic s lope.  Also upper l imits  for the head difference between 

succeeding nodepoints are incorporated in the  program. A s  for t he se  

controls  a dist inction h a s  t o  be made between two c a s e s ,  dependent on 

the  location of the  flow boundary. 

' I.  Flow Boundary i s  on the  beginning of a row (Figure 48).  

~ e t  (5) max = RMAX ~ e t  (5) min = RMIN. 

RMAX and RMIN a r e  representa t ive  fixed values  chosen according t o  the  

aquifer propert ies.  a2 and a1 a r e  calculated from previous half t imestep 

head values.  

1 .  1f(5) > RMAX or (2) < RMIN 

(5) i s  made equal  to  a fixed 'average '  value AAN1. 

.. 2. The new calcula ted head values  (t=k) h l ,  h2 ,  and h3 

a r e  then used t o  ca lcula te  the  new value for hib-l , , k .  

Before doing s o  the di f ferences  in head va lues  between 

nodes ( ib ,  j )  (ib+l , j )  and (ib+2, j )  a r e  checked.  

Let DIF be  t he  arbitraryly maximum difference.  

3. If (h3-h2) > DIF, (h3-h2) i s  s e t  t o  BA3. If (h2-hl)  > DIF, 

then (h2-hl)  i s  s e t  t o  BA4. BA3 and BA4 a re  fixed 

'average '  values.  



\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \  \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \  
Flow Boundary on Beginning of Row 

Figure 4 8 .  Schematic Representation of the Hydraulic Head in the 
Vicinity of the  Flow Boundary Located a t  the  Beginning 
of a Row. 

t = k  

t =  k - l  

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \  \ \ \  \ \ \ \ \ \ \ \ \ \ \ \ \  
Flow Boundary o n  End  of Row 

Figure 4 9 .  Schematic Representation of the  Hydraulic Head in 
the  Vicinity of the  Flow Boundary Located a t  the End 
of a Row. 



11. Flow boundary i s  on the end of a row (Figure 49) .  

(2) i s  s e t  t o  a fixed 'average'  value AAN2. 

2 .  The new calculated head values (t=k) hO , h l  , and h3 

a re  then used to  calculate the new value for h ib+l , j , k' 
Before doing s o  the differences in head between nodes 

(ib-2, j )  , (ib-1 , j )  and (ib,  j )  a re  checked. 

Again, le t  DIF be the arbitrarily chosen maximum difference. 

3 .  If (hO-hl) > DIF, (hO-hl) i s  s e t  t o  DE 
3 ' 

If (hl-h2) > DIF, (hl-h2) i s  se t  t o  DE4, 

DE and DE4 are fixed 'average'  values .  
3 

The procedure desctibed in  I. and' 11. above Is 

executed for every half timestep. Similar procedures apply to the 

calculation of the columns. Reference t o  the s e t  of variables,  con- 

taining RMAX, RMIN, DIF, AAN1, AAN2, BA3, BA4, DE3 and DE4 will 

occur under the name CONTROL CONSTANTS. 



A P P E N D I X  B 

D I S C U S S I O N  A N D  TREATMENT O F  THE VARIABLES, REJATEL) 

T O  THE L O C A T I O N  O F  T H E  F L O W  BOUNDARY I N  T H E  GRID S Y S T E M  
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Discuss ion  and Treatment of t h e  Variables,  Related 

t o  the  Location of the  Flow Boundary in the  Grid System 

The var iables  t o  b e  d i s c u s s e d  a r e  re la ted  t o  the  locat ion of 

the  flow boundary in the  grid sys tem.  In order t o  understand the  need 

for t h e s e  var iables  the  ca lcula t ion  of three consecu t ive  half t imesteps  

for  the nodes  near  the  f low boundary i s  c:onsfdered, a s  shown in Figures 

5 0 ,  51 and 52.  

Figure 50 rep resen t s  the  ca lcula t ion  of the  nodepoints 

columnwise a t  t=k. 

Figure 51 rep resen t s  the  ca lcula t ion  of the  nodepoints 

rowwise a t  t=k+l .  

Figure 52 rep resen t s  the  ca lcula t ion  of the  nodepoints 

columnwise a t  t=k+2. 

The flow boundary is denoted a s  a wave l ine  (-). 

The impermeable boundary i s  denoted a s  ( S\\\\\\\\\\\k ) . The f igures  

a r e  explained a s  follows: 

Figure 50 In t h i s  half t imestep  the  head  va lues  in the columns 

a r e  ca lcu la ted .  For example if the  ith column 

i s  cons idered  a l l  nodepoints  (vert ical)  a r e  ca lcula ted  

including outs ide  point ( i ,  j b- 1 , k )  

Figure 51 In t h e  next half  t imestep  the  rows (horizontal] 

a r e  ca lcula ted  (t=k+l). The f i rs t  row that  i s  

ca lcu la ted ,  however,  i s  the  jbth rowf  the  second 
th 

i s  the  ( jb+l)  row,  e t c .  No new va lues  a r e  

ca lcula ted  for  nodes  b - 1  i + l b - 1  h i , s b - l , k + l  , 

hi+l  , jb-1; k + l t  
e t c .  a r e  automatical ly s e t  to  

zero  by the  computer.  This will  appear  t o  c a u s e  

problems in the next  ca lcula t ion .  





j=NYF 

Outside Inside 

Figure 51. Calculation of the Nodes Rowwise at t=k+l. No 
New Values are Calculated for Row (jb-1) , the 
Outside Boundary Nodes for t=k+l. 

i \\\\\\i\\\\\\, Flow 
0 

Direction - 
0 

Inside Outside 

j = N Y S S  0 

Figure 52. Calculation of the Nodes Columnwise at t=k+2. 
Outside Boundary Nodes Will be Calculated with 
the Ratio Technique. This Technique, However, 
Utilizes Values for (it jb-1) , (i+l, jb-1) etc. 
Evaluated at t=k+l, Whfch Have Not Been Cal- 
culated. 



Figure 52 In the  next  half t imes tep  (t=k+2), aga in  the  columns 

a r e  ca lcu la t ed .  Because  the  column s t a r t s  with a 

f low boundary,  t h e  ou t s ide  nodepoint (i  , j b- 1 , k+2) i s  

approximated by u t i l iz ing  previous half t imes tep  v a l u e s ,  

and h in i e e * ~  h i , j b + l p ~  h i , j b , &  i ,  jb-1 ,k+l 
t h e  r a t io  ( a2/ 31). However hi , jb- 1 ,  k+l  h a s  never  - 
been  calculated:!  

In order  t o  so lve  t h i s  problem, a n  extra routine i s  taken d p  in  t h e  

program t o  c a l c u l a t e  t h e s e  va lues  h Going back t o  i ,  jb-1 ,k+l" 
t h 

Figure 5 1 ,  the  ca lcu la t ion  of rows; After t h e  jb , the  ( jb+l ) th  and a l l  

further  rows  a r e  ca lcu la t ed  for t  = k + l .  The extra routine c a l c u l a t e s  

t  h t h e  (jb-1) - row. For ins t ance :  nodepoint ( i ,  jb-1, k + l )  is ca lcu la t ed  via a 

second  order polonomial us ing  nodes  ( i ,  j b ,  k+ l )  , ( i ,  j b+l  , k+l )  and ( i ,  jb+2, k+ l )  . 
In genera l  t h i s  problem occurs  if t h e  f low boundary i s  pa ra l l e l  

with e i ther  column or row di rec t ion .  In order t o  recognize  t h i s ,  introduction 

i s  made of input  var iables  loca t ing  t h e s e  'problem' poin ts .  In above  

desc r ibed  c a s e ,  the  f low boundary i s  para l le l  t o  row. ( s e e  Figure 53.) 

In the  computer program, af te r  ca lcula t ion  of the  r o w s ,  a check  i s  

made of t h e  va lue  NY. If NY> 0 then  ou t s ide  boundary nodes ,  para l le l  t o  

t h e  f low boundary, a r e  ca lcu la t ed .  They a r e  the nodes  with (PHI(1,NY-1 ,K), 

I=NXS, . . . . . , NXF) . 
If NY = 0 the  problem d o e s  not e x i s t  and t h e  routine is skipped.  In 

t h i s  c a s e  the  f low boundary was  on  t h e  beginning of t h e  columns.  Similar 

so lu t ion  a p p l i e s  if t h e  flow boundary i s  loca ted  on the end of the  column. 

If t he  f low boundary i s  para l le l  t o  t h e  column and on  the  beginning or  the  

end of a row,as imi la r  solut ion a p p l i e s .  



Figure 53 .  Flow Boundary I s Para l le l  to  Row and on the  Beginning 
of the  Columns. 

iJ; 
j b = N Y  + 
j b - I =  
N Y - I  
+\ 

Flow 

a a 

a a 

Inside 

Outside 

0 0 

i  = N X S  i  :NXF 
+i 

Figure 54 .  Flow Boundary Is  
Paral lel  to Row and 
on Beginning of the  
Columns. 

i - N X S S  i = N X F F  

+ I  
Figure 55. Flow Boundary I s  

Paral lel  t o  Row and 
on the  End of the  
Columns. 



j b + l  

j b 

j b-l 

Figure 56 .  Flow Boundary Is  Paral lel  t o  Column and on Beginning of 
Row. 

F l o w  
Direction Y 

'1 4 
Inside 

Outside 

0 0 0 /. ( 1 ,  jb-1) ( i+ l , jb-1)  

Figure 57 .  Flow Boundary 1s Parallel t o  Column and on End of Row. 



IN SCHEME: 

a .  Flow boundary paral lel  to row, checking s u c c e e d s  routine 

that  c a l c u l a t e s  the  rows.  

1 .  f low boundary on beginning of column. ( ~ i g u r e  54) 

Variables: NY, NXS, NXF 

Calcula ted  i s :  

PHI(1,NY-1,K) for I = NXS, . . . , NXF. 

2 .  f low boundary on end of column. ( ~ i g u r e  55) 

Variables: NYY, NXSS , NXFF 

Calcula ted  is:  

PHI(1 ,NYY+l ,K) for I = NXSS, . . . , NXFF. 

b . Flow boundary paral lel  to column, checking s u c c e e d s  routine 

tha t  c a l c u l a t e s  the  columns. 

1 .  f low boundary on beginning of row. (Figure 56) 

Variables: NX, NYS, NSF 

Calcula ted  i s :  

PHI(NX-l,J,K) for J = NYS,, . . , NY F 

2 .  f low boundary on end of columns.  ( ~ i g u r e  57) 

Variables: NXX, NYXX, NYFF 

Calcula ted  is :  

PHI(NXX+~ , K, J) for J = NYSS , . . . , NYFF 

Variables which loca te  termination of flow boundaries are:  

NX, NXX, NYS, NYF, NYSS, NYFF, NY, NYY, NXS, NXF, NXSS 

and  NXFF. 



APPENDIX C 

C-1. FLOWCHART OF THE MAIN PROGRAM 
THE GROUNDWATER MODEL 

C-2. LISTING OF THE MAIN PROGRAM 



C- 1. Flowchart of t he  Main Program 
The Groundwater  Model  



Page 149 shows  a s imple flow diagram of the  model. This flow 

diagram of the  model i s  composed of f ive s e c t i o n s  and two boxes .  These 

sec t ions  and boxes  a re  shown in more de ta i l  on pages  l50through 16Q 

Section I i s  shown on page 1 5 0 a n d  1 5 1 .  

I1 i s  shown on page 152 and 153 . 
I11 i s  shown on page 154and  1 5 5 .  

IV i s  shown on page  155and 156. 

V i s  shown on page 157and 1 5 8 .  

Box 1 i s  shown on page 159.  

2 i s  shown on page 160. 

In the  flow diagram, the  notat ion for the equat ions  in the thes i s ,  and t rans la t ion  

in computer laguage a re  used  interchangeably.  Reference t o  t h i s  notation 

c a n  b e  found in Appendix A and B and Chapter  I11 page  39 through 46, 
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SECTION 111 AND IV 
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C-2.  L is t ing  of the  Main  Program 

C PROGRAM : DIGITAL MODEL OF GROUNDWATER AQUIFER 
C USING A FINITE DIFFERENCE SCHEME: J .  L. J .  DE SONNEVILLE 
C OUTPUT AS A PRINTOUT AND/OR CONTOURPLOT ON MICROFILM 
C THE HYDRAULIC HEAD PHI IS D I M E N S I O N E D : P H I ( ~ ~ ,  1 8 / 3 1  

REAL MU 
DIMENSION ~ C X ( 2 5 , 2  0) , NCY(25,2 0) , S ( 2 5 , 2 0 ) ,  KX(25,2 01, K ~ ( 2 5 , 2 0 ) ,  

*~(25,20),~(25,20),~~(45),G(45),~X(25,20),TY(25,20),PHI(25,2O,3), 
*S~~~(25,20),QC(25,20),~AC(25,20),PSI(25,20),NN(25,20), 
* S U W A ( ~ ~  , 2 0 ) , ~ ~ 1 ( 2 5 , 2 0 )  , ~ ~ 2 ( 2 5 , 2 0 )  ,~~3(25,20),TC4(25,20),FU(3), 
* B A ~  (2) , D E ~  (2) ,AN1 (5) ,AN2(5) , D E L H ( ~ ~ )  

DIMENSION ~ ~ ( 2 5 ~ 2 0 )  , ~ ( 2 5 )  , ~ ( 2 0 )  ,Q(25 ,2O,  43) 
DIMENSION TTXX(25,20) 
COMMON/CONTRL/XLNTH , YLNTH 
M7=5 
NEER=O 

C THE SOURCE TERM Q( I ,  J , K )  CAN BE DIMENSIONED IN TWO 
C DIFFERENT WAYS :IF FOR ANY NODEPOINT ( 1 , ~ )  THE SOURCE TERM 
C VARIES FOR EACH TIMESTEP, THE SOURCE TERM +(I ,  J ,  K) HAS AS 
c K-DIMENSION THE NUMBER OF TIMESTEPS(NTS):THEN THE DUMMY VARIABLE 
C 'MORE' HAS THE SAME VALUE AS NTS ( N T S ) ~ )  
C IF THE SOURCE TERM IS DIFFERENT FOR EACH NODEPOINT BUT CONSTANT 
C FOR EACH TIMESTEP, THE SOURCE TERM HAS THE DIMENSION Q ( I ,  J ,  3)  
C THEN THE DUMMY VARABLE HAS THE VALUE 3 

R E A D ( M ~ ,  410)MICX, MICY, NPX, NPY, NQ,  NIM,  NSER, MORE 
R E A D ( M ~ , ~ ~ ~ )  XA, YA,AMPL, FLUX,BA3,BA4,DE3,DE4,AANl,AAN2 

415 F O R M A T E ( ~ F ~ . ~ , F I O . O , E ~ ~ . ~ , ~ F ~ . ~ , ~ F ~ . ~ )  
R E A D ( M ~ ,  410)NX,NXX,NYSIN~~,~~SSI N Y F F , N Y , F  
R E A D ( M ~ ,  736)RMAX,RMIN, DIF,VER, NFLUX 

736 F O R M A T ( ~ F ~ . ~  , F 5 . 1  , I 5 )  
READ(M7,405) NCOL, NROW, DELT,DELX,DELY,LTS,NTS,NSU~,NSU~ ,NSU3 

405 FORMAT(215,3F5.0,515) 
READ (M7 ,> 04) (DELH(K) , K=1, NTS) 
READ(M7,lOOl)FFF 

1001 FORMAT(F5.2) 
410 FORMAT(1215) 

XLNTH=XA 
YLNTH=YA 
DEL~=(DELX**~)/(DELY**~) 
DEL2=1. O / D E L ~  
R 1 =DE L ~ D E L Y  
~2 =DE LY/DELX 
D O  8 0 0  K = 1 ,  MORE 
D O  8 0 0  J=1 ,NCOL 
DO 8 0 0  1=1 ,NROW 

8 0 0  Q(I,J,K)=O.O 
X ( l ) = l  
DO 900 1=2 ,NROW 

9 0 0  X(I)=X(I-1)+1 
Y ( l ) = l  
DO 9 1 0  1=2 ,NCOL 



9 1 0  Y(J)FY(I-1)+1 
D O  1 K=l , N T S  

1 BE(K)=O,O 
NNCOL=NCOL-  1 
NNROW=NROW- 1 
NCUL=NCOL+l  
D O  4 0 1  J=Y , N C O L  

4 0  1 R E A D ( M ~ ,  5 0 0 )  (NCX(I ,  NCUL- J) , I = l  , NROW) 
D O  4 0 2  J=1 , N C O L  

4 0 2  R E A D ( M 7 , 5 0 0 )  (NCY(I ,  NCUL-J)  , I = 1 ,  NROW) 
D O  4 0 3  J=1 , N C O L  

4 0 3  R E A D ( M ~ ,  5 0 0 )  (NN ( I ,  NCUL-J) , I=1 ,NROW) 
D O  4 0 4  J-1 , N C O L  

4 0 4  READ(M~,~OO)(KX(I,NCUL-J),I=~ , N R O W )  
D O  4 0 6  J=1 , N C O L  

4 0 6  R E A D ( M ~ ,  5 00 )  (KY(1, NCUL-J), I = 1 ,  N R O W )  
5 0 0  FORMAT(2513) 

D O  4 0 7  J = l  , N C O L  
4 0 7  READ(M~,~O~)(Z(I,NCUL-J),I=l,NROW) 

D O  4 0 8  J = 1 ,  N C O L  
4 0 8  READ(M~,~~~)(PHI(I,NCUL-J,l),I=l,NROW) 
8 1 1   FORMAT(^ 6F5.O) 

D O  4 0 9  J=1 , N C O L  
409  READ(M7,  1 0 0 0 )  (PSI(1,  NCUL-J)  , I = 1 ,  NROW) 

1 0 0 0  F O R M A T ( ~ ~ F ~ .  0 )  
5 0 1  FORMAT(lGF5.0)  

D O  4 1  2 J = 1 ,  N C O L  
4 1 2  READ(M~,~~~)(SURF(I,NCUL-J) , I = 1  , N R O W )  

D O  6 1  0 J = 1 ,  N C O L  

C I F  NQ=1 , Q(1 ,  J ,  K) WILL BE READ I N  FROM FILE 
C I F  NQ=2 , Q(I , J ,K)=FLUX 
C I F  NQ=3 , Q(I ,J ,K)=O.O 

G O  T O  ( 2 , 3 , 1 3 ) , N Q  
3 D O  8 K=2 ,NFLUX 

D O  8 J=2 , N N C O L  
D O  8 I = 2 ,  N N R O W  

2 D O  1 2  K=2, MORE 
D O  1 1  J=1 , N C O L  

1 1  READ@) ( ~ ( 1 ,  J ,  K) , I = I ,  NNROW) 
1 2  CONTINUE 
1 3  CONTINUE 

D O  9 2 0  K = 1 , 3  
D O  9 2 5  J = l  , N C O L  
D O  9 2 5  I = l , N R O W  



9 2 5  PHI(1,  J ,  K)=PHI(I ,  J ,  1 )  
9 2 0  C O  NTINUE 

D O  9 3 0  J = I , N C O L  
D O  9 3 0  I = 1 ,  NROW 

9 3 0  F A C ( I , J ) = F A C ( I , J ) / ~ O . O  
D O  4 J = l  , N C O L  
D O  4 I = 1 ,  NROW 
KX(I, JI-KX(I, J )*AMPL 

4 KY(1, J)=KY(I, J)*AMPL 
D O  6 J=1 ,  NCOI, 
D O  6 I=1 ,NROW 
H ( I # J ) = P H I ( I ,  J ,  l ) - Z ( I , J )  
TX(I, J)=KX(I, J)*H (1, J) 
TYU, J=KY(I, J )*H(I ,  J) 

6 TTXX(1, J)=TX(I , J)/(lOO.O*AMPL) 
PRINT 7 0 0 ,  MICX, MICY ,NPX,NPY,  NQ,  NIM ,NSER, MORE 

7 0 0  FORMAT(lH1 , 4 X ,  W I C X =  ' , 1 3 , 4 X ,  ' M I C Y = \ I 3 , 4 X 1  'NPX =' , 1 3 , 4 X ,  'NPY =' , I 3  
*, 4X,,'NQ = , ' I 3 , 4 X ,  ' N I M  = I ,  I 3 , 4 X ,  'NSER=' , 1 3 , 4 X ,  'MORE=' ,  13) 

PRINT 701 
701 FORMAT (1FIO) 

PRINT 7@2,XA,YA,AMPL,FLUX,BA3,BA4,DE3,DE4,AANl,AAN2 
702 FORMAT(1HOi4X, 'XA = I ,  F 5 . 1 , 4 X 1  'XY = ' ,  F 5 . 1 , 2 X I  'AMPL=' , F 5 . 0 , 2 X I  'FLUX= 

* ' , F l @ .  O,3X,  ' B A 3 = ' , F 5 . 2 , 4 X I  'BA4=' , F 5 . 2 , 4 X 1  ' D E 3 = ' , F 5 .  2 , 4 X ,  ' D E 4 = ' , F 5 .  
* 2 , 4 X ,  'AANl='  , F 5 . 2 ,  l X ,  'AAN2=', F5 .2 )  

PRINT 742 
742 FORMAT(1HO) 

PRINT 7 4 3 ,  NX,NXX, NYS ,NYF,NYSS ,NYFF ,NY,  NYY,NXS, NSF,NXSS,  NXFF 
7 4 3  F 0 RMAT ( 1 H 0 , 3 X ,  'NX=' , I 3 , 3 X ,  'NXX=' , I 3 , 3 X ,  'NYS=' , 1 3 , 3 X ,  'NYF=' , 1 3 , 3 X ,  ' 

*NYSS=' , I 3 , 3 X ,  'NYFF=' , 1 3 , 3 X ,  'NY=' , 1 3 , 3 X ,  'NYY=' ,13 ,3X,  'NXS=' , 1 3 ,  3X, ' 
*NXF=' ,  I 3 , 3 X ,  'NXSS=' , 1 3 , 3 X ,  'NXFF=' ,13)  

PRINT 735 
735  FORMAT (1HO) 

PRINT 73 7 ,  RMAX, RMIN , DIF , VER , NFLUX 
737  FORMAT(lHO14X, 'RMAX=',F5.2,4X,'RMIN=', F 5 . 2 , 4 X 1  IDIF=' , F 5 . 2 , 4 X 1  'VER= 

* I ,  F 5 . 1  , 4 X ,  'NFLUX=' , I 5 )  
PRINT 703  

7 0 3  F O R M A T ( ~ H O )  
PRINT 7 0 4 ,  N C O L ,  NROW, DELT, DELX, LTS, NTS, NSU1, N S U 2 ,  N S q 3  

704  FORMAT(WO,4X, W C O L = ' ,  I 3 , 4 X ,  INROW=' , 1 3 , 4 X ,  'DELT=' , F 5 . 0 ,  4X, 'DELX=' , 
*F5 .O,4XZ 'LTS= ' ,  I 3 , 4 X ,  'NTS='  , I 3 , 4 X ,  ' N S U l = ' ,  I 3 , 4 X ,  'NSU2= '  , 1 3 , 4 X ,  ' N S U  
*3='  ,13) 

PRINT 706 
706  FORMAT(1Hl155X,  TABLE OF NCX(1, J )  ' )  

PRINT 7 0 7 ,  ( I ,  I=1, NROW) 
7 0 7  FORMAT(lH0, ' J / I 1 ,  2515) 

D O  708 J q l , N C O I ,  
N J=NCUL -7 

708 WRITE ( 6 , 7 0 9  (NT , (NCX(1,NcUL-J) , I= 1, NROW) 
709 FORMAT(!lHO,13, l X ,  2515) 

PRINT 7 1 0  
7 1 0  F O R M A T ( ~ H ~  , ~ ~ X , ' T A B L E  OF N C Y ( I , J ) ~ )  

PRINT 7 0 7 ,  ( I ,  I=!, NROW) 
D O  711  J = l , N C O L  
NJ=NCUL-J 



7 1  1 WRITE(6 ,709  (NJ , (NCY(1, NCUL-J) , I = l ,  NROW) 
PRINT 712 

712  F O R M A T ( ~ H ~  , 5 5 X ,  'TABLE O F  N N ( I ,  J ) ' )  
PRINT 7 0 7 ,  ( I ,  1=1 ,  NROW) 
D O  7 1 3  J = l , N C O L  
N J=NCUL- J 

7 1 3  W R I T E ( 6 , 7 0 9 ) N J ,  (NN(1,  NCUL-J) ,!=l , NROW) 
PRINT 714  

714  F O R M A T ( ~ H ~  , 5 5 X ,  'TABLE O F  PERMEABILITY KX(I, J ) ' )  
PRINT 7 0 7 ,  ( I ,  I = 1 ,  NROW) 
D O  715  J = l , N C O L  
T\TJ=NCUL- J 

7 1 5  WRITE(6 ,709  (NJ ,  (KX(1, NCUL-J) , I = 1 ,  NROW) 
PRINT 7 1 6  

7 1 6  F O R M A T ( I H ~ ,  55X, 'TABLE O F  PERMEABILITY KY(1, J ) ' )  
PRINT 707 , (111=1 ,NROW) 
D O  71 7 J = 1 ,  N C O L  
NJ=NCUL-J 

7 1 7  W R ITE ( 6 , 7  09 (N J , (KY(1, NCUL-J) , I=1 ,  NROW) 
PRINT 718 

718  FORMAT(1H1,45X1 'TABLE O F  AQUIFERBOTTOM ELEVATION Z(1, J) '1 
PRINT 7 0 7 ,  ( I ,  I = 1 ,  NROW) 
D O  719 J = l , N C O L  
N J=NCUL- J 

719  WRITE(6 ,72  O)NJ, (Z(E, NCUL-J) , I = l  , NROW) 
72 0 F O R M A T ( ~ H O ,  1 3 , 3 X 1  2 5 ~ 5 . 0 )  

PRINT 721  
7 2 1  FORMAT(lH1,  5 5 g ,  'INITIAL WATERTABLE PHI(1,  J ,  1 ) ' )  

PRINT 7 0 7 ,  ( I ,  I = 1 ,  NROW) 
D O  722 J = l , N C O L  
N J=NCUL- J 

722 WRITE?6,72O)NJ,(PHI(I,NCUL-J,l),I=l,NROW) 
PRINT 7 2 3  

7 2 3  F O R M A T ( ~ H ~  , 3 5 X ,  'TABLE OF HYDRAULIC HEAD DIFFERENCE O F  LEAKY 
"AQUIFER ' )  

PRINT 707 , (1 ,1=1 ,NROW) 
D O  724  J=1 , N C O L  
NJzNCUL- J 

7 2 4  W R I T E ( 6 , 7 2 0 ) N J ,  (PSI(I ,  NCUL-J) , I=1 ,NROW) 
PRINT 725  

7 2 5  F O R M A T ( ~ H ~ ,  50X, 'TABLE O F  LANDSURFACE ELEVATION SURF(1, J ) ' )  
PRINT 7 0 7 ,  ( I , I = l  ,NROW) 
D O  726  J=1 , N C O L  
NI *CUL- J 

72 6 WRITE ( 6 , 7  2 0) N J , (SURF ( I ,  N CUL- J) , I=1 ,  NROW) 
PRINT 727  

7 2 7  F O R M A T ( ~ H ~  ,45X,  'TABLE O F  STORAGECOEFFICIENT S(1,  J ) ' )  
PRINT 7 0 7 ,  ( I , I = l  ,NROW) 
D O  728  J=1 , N C O L  
NJzNCUL-J 

728   WRITE(^, 7 2 9 ) ~ ~ ~  (S(I ,NCUL-J) , I=1  ,NROW) 
729  FORMAT(&O, 1 3 ,  2X125F5.  2 )  

PRINT 7 3 0  



7 3  0  FORMAT( lH1  , 4 0 X ,  'TABLE O F  IMPEDANCE O F  LEAKY AQUIFER FAC ( I ,  J ) ' )  
PRINT 7 0 7 ,  ( I , I = l  , N R O W j  
D O  7 3 1  ]=1 , N C O L  
r\rJ=NCUL- J  

7 3 1  WRITE(6 7 4 0 ) N ] ,  (F 'AC(I ,NCUL-J)  , I = 1  , N R O W )  
7 4 0  F O R M A T ( l I 1 0 , 1 3 , 2 X ,  2 5 F 5 . 4 )  

PRINT 7 3 2  
7 3 2  F O R M A T ( l I I 1 , 3 5 X ,  'TABLE O F  INITIAL TRANSMISSIBILITY TTXX(I, J  

*)/I 0 0 .  O*AMPL')  
PRINT 7 0 7 ,  ( I ,  I=1 , NROW) 
D O  7 3 3  J=1,  N C O L  
N J=NCUL-  J  

7 3 3  WRITE ( 6 , 7 3 4 ) N J ,  (TTXX(1 'NCUL-J)  , I=1 , N R O W )  
7 3 4  FORMAT(lHO,13 , 2X:  2 5 F 5 . 0 )  

D O  1 0 0 2  J=1 , N C O L  
D O  1 0 0 2  1-1 NHOW 

D O  7  J=2 , N N C O L  
D O  7  I = 2 ,  N N R O W  
T C 1  ( I  , ] )= (TX( I -1 ,  J )+TX(I ,  J ) ) /2 .  0  
T C 2  ( I ,  J )=(TX(I ,  J )  +TX(I+l , J)) /2.O 
T C 3  ( I ,  J )=(TY(I ,  J- l ) + T Y ( I ,  ] ) ) /2 .O 

7  T C 4 ( I L  J)=(T\I(I,  J)+T'(I .  ]+1 ) ) /2 .0  
KL= 2 

4 0 0  D O  3 2 5  K L L = 2 , N T S , 2  
I F  (MORE . GE . 4 )  KI,=KLL 
NEER=NEER+l 
K= 2  
M U = 2 .  O*FFF/DELT 
D O  5  ] = I ,  N C O L  
D O  5  I = 1 ,  N R O W  
H ( I ,  J ) = P H I ( I ,  J , K - l ) - Z ( I , J )  
TX(1, J)=KX(I, J )*H (1 , J) 

5 TY( I , J )=KY(I , J )*H( I , J )  
D O  1 4 0  J = 1 , N C O L  
D O  1 3 5  I = l , N R O W  
K4=NCX(I ,  J) 
GA1-( (2 .  o * S ( I ,  J)/DELT)+FAc(I, J ) )*  (DELX**2) 
GA2=( ( -2 .0" s  ( I ,  J) /DELT)+FAC(I,  J ) ) * ( D E L X * * ~ )  
IF ( N C X ( I , I ) . L E . l )  G O  TO 1 3 5  
I F ( N N ( I ,  J ) )  : 5 , 1 5 , 1 0  

1 0  T l = T C l ( I , J )  
T2=TC2 ( I ,  J j  
T3=TC3 ( I, J) 
T4=TC4 ( I ,  J )  
G O  T O  1 6  

1 5  ~ l = ( T X ( 1 - 1  , J)+TX(I,  J ) ) /2 .0  
T2=(TX(I,  J )  + ~ X ( 1 + 1  , J ) ) / 2 . 0  
T3=(TY(I,  J - l ) + T Y ( I , J ) ) / 2  . O  
T~-(TY(I.I)+TY(I,S+~))/~. 0 



16 IF(KX(I-l,J).EQ,O) T1-0.0 
IF(KX(I+~,J).EQ.O) T2=0.O 
IF(KY(I,J-~).EQ.o) T~=O.O 
IF(KY(I, ~+1) .EQ. 0) T4=0.O 
GO TO (135,70,75,80,20,48,85,90) ,K4 

48 D=-DEL lXT3*PHI(I, 5-1, K-~)+(DEL~*(T~+T~)+GA~)*PHI(I, J,K-1)-DELI*T4* 
*PHI(I, j+1, K-~)+R~*(Mu*Q(I, J,KL)-Qc(I,J)) 

50 F=T1 
B--Tl-T2-GAl 

55 W=B-A*BE(I-1) 
G(I)=(D-A*G(I-I))/w 
NR4=I 
GO TO 125 

20 NRl=I 
T1=0.0 

70 D=-DET.~*T~*PHI(I. J-1, K-~)+(DEL ~~(T~+T~)+GA~)*PHI(I, J,K-1)-DELl*T4* 
*PHI(I, ~ + i  ,K--I)+R~*(MU*Q(I, J,KL)-Qc(1, J)) 
A=T 1 

72 B.+Tl-T2-GAl 
C=T2 

73 W=B-A+BE(Z-1) 
BE (I) *C/W 
G (I)=D-A*G (I- l))/W 
GO TO 135 

75 PITI(I-1, J ,K)+PHI(I-1, J ,  ~)+DELH(KL) 
D=-DEL~~T~*PHI(I, J-1, K-~)+(DEL~*(T~+T~)+GA~)*PHI(I, J ,  K-1)-DELL* 
*T4*PHI(f, J+1 ,K-1)-Tl*PHI(I-1, J,K)+Rl*(MU*Q(I, J,KL)-Qc(I, J)) 
A=O.O 
NRI=I 
GO TO 72 

80 PHI(I+~,J,K)=PHI(I*~,J.~)+DELH(KL) 
D=-DELl*T3*PHI(I, J-1, K-~)+(DEL~* (T3+T4) +GA2)*PH1(Ir J,  K-1)-DELY 
*T4*PH1(It J+l ,K-1)-'12 *PHI(I+l, J ,  K)+R~*(Mu*Q(I, J,KL)-QC(1, J)) 
GO TO SO 

85 D =DEL~*T~*PHI(I, J-1 , K-~)+(DEL~*(T~+T~)+GA~)*PHI(~, J, K-~)-DEL~* 
*T4*PHI(I, J+1, K-1)+~1* (MU"Q(1, J,  KL)-QC(1, J)) 
NR1 =I 
IF(PHI(NR~+~, J,K-~).EQ.PHI(NR~, J,K-1)) GO TO 86 
AN1 (K-~)=(PHI(NR~ , J ,  K-1)-PHI(NR1-1, J,K-l))/(P~1(NRl+l, J ,  K-1) 
*-PHI(NR~ .J,K-1)) 
IF(AN~(K-~).LT.RMIN.OR.AN~(K-~).GT.RMAX) GO TO 86 
GO TO 87 

86 ANl(K-l)=AANl 
87 A=O.O 

BzAN1 (K-l)*Tl-T2-GA1 
C = T ~  -Ti *AN 1 (K- 1) 
GO TO 73 

90 D=-DEL~*T~*PHI(I, J-1 , K-1) +(DEL~*(T~+T~)+GA~)*PHI(I, J,K-1)-DELI* 
*T~*PHI(I, J+l , K-1) +R1* (MU*Q(I, J, KL)-Qc(I, J)) 
NR4=I 
IF(PHI(NR~, J,K-1) .EQ.PHI(NR~-1, J,K-1)) GO TO 91 
 AN^ (K-l)=(PHI(NR4+1, J ,  K-1)-PHI(NR~, J,K-~))/(PHI(NR~, J,K-1) 



* - P H I ( N R ~ - 1 ,  J ,K-1))  
IF(AN~(K-~).LT.RMIN.OR.AN~(K-~).GT.RMAX) G O  TO 9 1  
G O  T O  9 2  

9 1 AN2 (K-1)=AAN2 
9 2  A=Tl-T2*AN2 (K-1) 

B = ? ~ * A N ~  ( K - ~ ) - T ~ - G A ~  
G O  T O  5 5  

c SOLVE SYSTEM OF TRIDIAGONAL EQNS , PUT SOLUTION INTO PHI(I ,  J  , K) 
1 2 5  PHI(NR4,  J, K)=G(NR4) 

LAST=NR4 -NR 1 
D O  1 3 0  KK=l,LAST 
II=NR 4 -KK 

1 3 0  PHI(I1, J, K)=G(II)-BE(II)*PH1(11+1, J ,  K) 
I F ( N C X ( N R ~ , J ) . E Q . ~ )  G O  T O  1 3 1  
G O  T O  1 3 2  

1 3 1  F U ( ~ ) = P H I ( N R ~ ,  J ,  K) 
FU(2)=PHI(NR1+l1  J ,K)  
FU(3)=PHI(NR1+2,  J  ,K) 
IF (FU(3) - F U ( ~ ) .  GT.  FU(2)-FU(1))  G O  T O  6 2 0  
IF(FU(3) .LT. FU(2) )  G O  TO 6 2 0  
IF((FTJ( 3 ) -FU(2) )  .GT.DIF. OR. (FJ (2 ) -FU(1) ) .  GT.DIF)  G O  TO 6 2 0  
G O  TO 6 2 1  

6 2 0  CONTINUE 
F U ( ~ ) = F U ( ~ ) - B A ~  
F U ( l ) = F U ( 2 )  -BA4 
P H I ( N R ~ + ~ ,  J ,  K)=FU(2) 
P H I ( N R ~ ,  J , K ) = F u ( ~ )  

6 2 1  BA1 ( ~ ) = F U ( ~ ) - F U ( ~ )  
BA1(2)=FU(2) - F U ( ~ )  
BA2=BA1(1) -BA1(2) 
PHI(NR1-1,  J ,  K ) = F u ( ~ ) - 3 .  O*BA1(1)+3. o * B A ~  

1 3 2  I F ( N c X ( N R ~ , J J . E Q . ~ )  G O  TO 1 3 3  
G O  TO 1 3 5  

1 3 3  F U ( ~ ) = P H I ( N R ~ - 2 ,  J ,  K) 
F U ( ~ ) = P H I ( N R ~ - 1 ,  J ,  K) 
F U ( ~ ) = P H I ( N R ~ ,  J ,  K) 
IF(F~N~)-FU(~).GT.FU(~)-FU(~)) G O  TO 6 2 2  
IF  (F U ( 1 ) .  LT, FU(2) )  G O  TO 622 
I F ( ( F U ( 1 ) - F U ( ~ ) )  .GT.DIF .  OR. ( F U ( ~ ) - F U ( ~ ) )  G T  1 G O  T O  622 
G O  TO 6 2 3  

622 CONTINUE 
F U ( 2 ) z F U  ( 1 ) - D E ~  
F U ( ~ ) = F U ( ~ )  - D E ~  
PHI ( N R ~ - 1  , J ,  K)=FY (2) 
PHI(NR4,  J , K ) = F u ( ~ )  

623  DE1 ( ~ ) = F U ( ~ ) - F U ( ~ )  
D E ~ Q ) = F U ( ~ ) - F U ~ ~ )  
D E ~ F D E  1 (2)-DE 1 (1) 
P H I ( N R 4 + l 1  J ,  K ) = F u ( ~ ) + ~ .  O*DE1(1)+3,O*DE2 

1 3 5  CONTINUE 
1 4 0  CONTINUE 

3 



IF(NY.E(J.0)  G O  TO 1 5 0  
D O  1 4 5  I-NXS,NXF 
F U ( ~ ) = P H I ( I ,  N Y , K )  
F U ( 2 ) = P H I ( I ,  NY*l , K) 
F U ( ~ ) = P H I ( I ,  NY*2 , K) 
IF(FU(~)-FU(~).GT,FU(~)-FU(1)) G O  TO 6 2 4  
IF(FU(3)  .Z,T. F U ( 2 ) )  G O  TO 6 2 4  
IF((FU(3j- -FiJ(2))  . G T .  DIF .  OR. ( F U ( 2 ) - F U ( 1  G T D I F )  G O  TO 6 2 4  
G O  TO 625  

624  CONTINUE 
F U ( ~ ) = F U  (3) -BA3 
FU ( 1 ) z F U  (2) = BA4 
P H I ( 1 , N Y t l  ,K)-FU(2) 
P H I ( I , N Y  , K ) = F U ( ~ )  

6 2 5  BA1 ( l ) = F U  ( 3 ) - F U ( ~ )  
B A l ( 2 ) - F U  (2) -FU (1) 
BA2=BA1(1) -F3A1(2) 

1 4 5  PHl(I,NY-l,K)=FU(3)-3.O*BA1(1)+3.O*BA2 
1 5 0  CONTINIJE 
152  IF(NYY.EQ.0) G O  TO 1 6 0  

D O  1 5 5  I=NXSS, NXFF 
F U ( l ) = P H I ( I ,  NYY-2, K) 
FU(2)=PHI( I ,  NYY-1 , K) 
FU (3)-PHI (1, NYY, K) 
IF(FU(1)-l 'Ki(2) . G T .  FU(2) -FU(3) )  G O  TO 6 3 0  
IF(FU(1)  .!.T. FtJ (2 ) )  G O  TO 6 3 0  
IF((FU(~)-E'iJ(2)).GT.DIF.OR. ( F U ( 2 ) - F U ( ~ ) ) . T . D I F )  G O  TO 6 3 0  
G O  TO 6 3 1  

63  0 CONTINIJE 
F U ( 2 ) = F U ( l )  -DE3 
FU(3)=FU(2) -DE4 
PHI(1 ,  NYY-1, K)=FU(2) 
PHI(1,  NYI', K)=FU(3) 

6 3  1 DE1 ( ~ ) = F U ( ~ ) - F U ( ~ )  
DE1 ( ~ ) = F U ( ~ ) - F U ( ~ )  
D E 2 = D E 1 ( 2 ) - D E l ( 1 )  

1 5 5  PHI(1,  NY)r'+-1, K)=FUel)+3.O*DEl (1)+3.0*DE2 
1 6 0  CONTINUE 
1 6 2  CONTINUE 

NCOUNT=KI,L 
IF(NPX. LT, 1) GO TO 3 7 7  
PRINT 1 6 3 ,  N C O U N T , D E L T , Q ( 8 , 1 0 , I ( L )  

1 6 3  F O R M A T ( ~ H ~  , 4 ~ ,  'NUMBER O F  STEP=' , I 3  ,4XI1DELT= '  , F S .  1 , 4 X I 1 Q = '  , E 1 0 . 4 )  
PRINT 1 6 7  
PRINT 1 6 7  

1 6 7  FORMAT(1FlU) 
PRINT 7 0 7 ,  ( I ,  I = 1 ,  NROW) 
PRINT 1 6 7  
D O  1 6 4  J = 1 ,  NCOL 
NJ=NCUL;] 



377 IF(MICX.LT. 1)  G O  TO 378 
DO 375 J = l , N C O L  
DO 374 I=1,  NROW 

374 HY(I,  NCUL-J )=PHI(~ ,  J , K) 
375 CONTINUE 

CALL CONPLT(X, NROW,Y, NCOL,HY ,NROW, NCOL, NIM, 1 ,  NROW, 1 ,NCOL,  'X' 
* , l , ' Y 1 , l , ' W A T E R  TABLE STUDY1,17) 

378 CONTINUE 
NEER=NEER+l 
DO 165 I=1,  NROW 
DO 165 J=1,  NCOL 
H(18J)=PHI(I l J rK)-Z(I l  J )  
TY ( I ,  J)=KY(I, J)*H (1, J)  

165 TX(I,J)=KX(I, J)*H(I ,  J) 
C CALCULATE THE HEAD PHI(1, J ,K+l )  AT EACH POINT OF THE MATRIX 
C FOR THE COT41TMNS (Y-IMPLICIT) 

DO 305 I=1,  NKOW 
DO 300 J=l ,NCOL 
K5=NCY (I ,  J) 
GA3=((2.O*S(I ,J)/DELT)+FAC(I, J ) )*(DELY**~)  
GA4=((-2.O*S ( I ,  J)/DELT) +FAG (I ,  J))* (DELY*"~)  
IF ( N C Y ( I , J ) . L E . ~ )  GO TO 300 
I ~ ( N N ( I , J ) ) 1 7 5 , 1 7 5 , 1 7 0  

170 Tl=TCl  ( I ,  J) 
T2-TC2 ( I ,  J) 
T3-TC3 (I ,  J )  
T4=TC 4 ( I ,  1) 
GO TO 176 

175 Tl=(TX(I-1, J)+TX(I , ~ ) ) / 2 . 0  
T2=(TX(I, J)+TX(I+l,  ~ ) ) / 2 . 0  
T3=(TY(IlJ-1)+TY(I, J))/2.O 
T4=(TY(II J)+TY(I, J+1))/2.O 

176 IF(KX(I--1,J).EQ.O) T1=0,0 
IF(KX(I+~ , J )  . EQ . 0 )  T2=O. 0 
IF(KY(1,J-l).EQ.O) T 3 ~ 0 . 0  
I F ( K Y ( I , J - ~ ) . E Q . o )  T ~ = O . O  
GO TO ~3OO,23O124OO245 ,220 ,  1 9 5 , 2 5 0 , 2 5 5 )  , K 5  

195 D=-DEL2*Tl*PHI(I-1, J,K)+(DEL2*(Tl+T2)+GA4)*PHI(It J,K)-DEL2*TZ*PHI( 
* I + l ,  J,K)+R2*(MU*Q(I, J ,KL+l)-QC(1,J))  

19 6 A=T3 
B=-T3 -T4 -CA3 

200 W=B-A*BE(J-1) 
G (J)=(D-A*G (J -1))/W 
NR4=J 
GO TO 290 

220 NR1-J 
T3=0.0 

230 D=-DEL2*Tl*PHI(I-1, J,K)+(DEL~*(T~+T~)+GA~)*PHI(I, J,K)-DEL2*T2*PHI( 
*I+1,  J ,  K)*R2* (MU*Q(I, J ,  KL+l) -QC(I ,  J ) )  
A-T 3 

232 B=-T3-T4-GA3 
C=T4 
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6 4 0  CONTINUE 
FU (2 )=FU (3)  -BA3 
F U ( l ) = F U ( 2 )  - B A ~  
P H I ( I , N R l + l ,  K+l ) -FU(2)  
PHI( I ,  N R ~  , K + ~ ) = F u ( ~ )  

64 1  B A l ( l ) = F U ( 3 )  -FU(2)  
BA1 (2)=FU(2)-FU(1)  
BA2=BA1 ( 1 ) - B A ~  (2)  
PHI(1 ,  N R ~ - 1 ,  K+l)=FU(3)-3.0*BA1(1)+3. O * B A ~  

2 9 7  I F ( ' N c Y ' ( I , N R ~ ) . E Q . ~ )  G O  TO 298 
G O  TO 3 0 0  

298  F t i ( l ) = P H I ( I ,  NR4-2,  K+l )  
Fo (2)  =PHI ( I ,  Nq4-1 , K+1) 
FU(3)=PYI(1 ,  NR4,  K+l)  
IF(FU(1)  -FU(2) .  GT.  FU(2) -FU(3) )  G O  TO 6 4 2  
I F ( F U ( 1 ) .  LT. F U ( 2 ) )  G O  TO 6 4 2  
I F ( ( F U ( ~ ) - F u ( 2 ) ) .  GT.  DIF .  OR. ( F U ( 2 ) - F u ( 3 ) )  .GT.  DIF)  G O  TO 642  
G O  TO 6 4 3  

642  CONTINUE 
F U ( 2 ) = F u ( l )  -LIE3 
FU (3 )=FU(2)  - D E ~  
PHI(1,  NR4-1,  K+l )=FU(2)  
PHI ( I ,  NR4,  K+l )=FU(3)  

6 4 3  DE1 ( 1 ) = ~ ~ ( 2 ) - F U ( ~ )  
DE1 ( 2 ) = ~ ~ ( 3 ) - F U ( ~ )  
DE2=DE1 (2)-DE l ( 1 )  
PHI(1,  NR4+1 , K+l)=FU(1)+3.0*DE l ( 1 )  +3.0*DE2 

3 0 0  CONTINUE 
3 0 5  CONTINUE 

IF(NX.EQ.  0) G O  TO 3 2 0  
D O  3 1 5  J=NYS, NYF 
F U ( ~ ) = P H I ( N X ,  J ,  ~ + i )  
F U ( ~ ) = P H I ( N X + ~  , J  , K+l)  
FU (3)=PHI(NX+2, J ,  K+l)  
I F ( F U ( 3 ) - F U ( ~ )  .GT.  F U ( 2 ) - ~ u ( 1 ) )  G O  TO 6 5 0  
I F ( F U ( ~ )  .LT.  F U ( ~ ) )  G O  TO 6 5 0  
I F ( ( F U ( ~ ) - F U ( ~ ) )  . G T . D I F .  OR. ( F U ( ~ ) - F U ( ~ ) )  .GT.DIF)  G O  TO 6 5 0  
G O  TO 6 5 1  

6 5 0  CONTINUE 
F U ( 2 ) = F u ( 3 )  - B A ~  
F U ( l ) z F u ( 2 ) - B A 4  
PHI ( N x + ~  , J  , K+l)=FU(2)  
PHI(NX,  J ,  K + l ) = F U ( l )  

6 5  1 BA1 ( l )=FU(3) -FU(2)  
BA1(2)=Fu(2)  - F U ( ~ )  
BA2=BA1(1)-BAl(2) 

3  1 5  PHI(NX-1, J , K + ~ ) = F U ( ~ ) - 3 .  O*BAl (1)+3,O*BA2 
3 2 0  CONTINUE 
3 2 2  IF(NXX.EQ.O) G O  T O  3 2 4  

D O  3 2 3  ]=NYSS,NYFF 
F U ( ~ ) = P H I ( N X X - 2 ,  J ,  K+1) 
FU(2)=PHI(NXX- 1, J  , K+l)  
F U ( ~ ) = P H I ( N X X ,  J ,  ~ + 1 )  



I I ' (FU(  1 ) - F U ( 2 )  . ( ; T - F U ( ~ ) - F U ( ~ ) )  G O  TO 6 6 0  
I F ( F U ( ~ )  ,LT .  I 'U(2) )  (.;C> TO 6 6 0  
I ~ ' ( ( I ' I J ( ~ ) - F u ( ~ ) )  , G T .  I I IF .  O R R  ( F U ( 2 ) - F U  G T D I F  G O  T O  6 6 0  
(;(.I TO  b b l  

6 6 0  CON'I 'INUE 
FU(2)=F 'U(1 ) -DE3  
F U ( 3 ) = F U ( 2 )  -DE4  
PH1 JNXX- 1  , J ,  K + l ) = F U ( 2 )  
PflI(NXX, J  , r ( + l ) = F U ( 3 )  

6 6 1  D E l ( l ) = F U ( 2 ) - F U ( 1 )  
DE 1  (2 )= I1U(3) -FU(2)  
D E Z - D E 1 ( 2 ) - D E l ( l )  

3 2 3  PIII(NXX+l , J , K+1)-FU(1)+3.  O W E  1  ( 1 ) + 3 . 0 k D E 2  
3 2 4  CONTINUE 
3 4 9  NCOUNT=KLL+l  

I I ' (NPL ' . IT . l )  GO T O  3 8 3  
l'H1!\11 I t13 NC;L/UN'I",UEI.T 
PHIN'I' 1 6 7  
PRINT 1 6 7  
PRINT 7137, ( I ,  I=1 , NHOW) 
PRINT 1 6 7  
1)0 3 2 6  J=1  , N C O L  
NJ-N GUL-J  

3 2 6  W H I T E ( 6 , l  b G ) N J ,  (PHI ( I ,NcuL-J ,  K+l)  , I -1 , N R O W )  
3 8 3  II ' (M1CY. LT. 1 )  G O  T O  3 8 4  

C 11' NSCK-1 , TIMESTEPS 3 , 5 , 7 , 9 , 1 1 , .  . . ETC.  WILL BE PLOTTED(CONT0UR)  
C I F  I\ISER=2 , TIMESTEPS 3 , 7 , 1 1 , 1 5 , .  . . . ETC WILL BE PLOTTED(CONT0UR)  

GIJ T O  ( 3 0 6 , 3 0 8 )  ,KSER 
3 0 8  I I q ( N ( ~ O U N ? " . ~ Q . 3 )  G O  T O  3 0 6  

IF(NEER.CQ.4)  G O  T O  3 0 7  
( 2 0  TO 3 8 4  

3 0 7  NEEH=O 
3 0 6  D(-1 3 8 1  J - 1 , N C O L  

D O  3 8 0  I = 1 ,  NROW 
3 8 0  HY(1,NCUL.-J)=PHI(I,J,K+l) 
3 8 1  CONTINUE 

CALL CONPLT(X,  NROW,Y,NCOL,HY,NROW,NCOL,NIM, 1 , N R O W ,  1 , N C O L ,  'XI 
* , 1 , ' Y '  , 1 , 'WATER TABLE STUDY' , 1 7 )  

3 8 4  CONTINUE 
J F ( N C O U N T . E Q . L T S )  DELT=2.0kDELT 
I F ( N C O U N T . E Q .  N S U l )  G O  T O  3 5 1  
I F ( N C O U N T . E Q . N S U 2 )  G O  TO 3 5 1  
I r ( N c O U N T . E Q , N S U 3 )  G O  T O  3 5 1  
(20 T O  3 2 9  

3 5 1  UC3 3 5 2  J = l , N C O L  
1 1 0  3 5 2  I = l , N R O W  
SUWALI.  J )=SURF( I ,  J ) -PHI( I ,  J , K + ~ )  

3 5 2  CONTINUE 
PRINT 1  b 8 ,  N C O U N T  

1 6 8  FORh/IAT(lH1,4X,  'NUMBER O F  STEP= ' ,  1 3 ,  ' SURFACE ELEVATION- 
*GROUNDWATER ELEVATION') 

PRINT 1 6 7  
PRINT 1 6 7  
PRINT 7 0 7 ,  ( I , I = l , N R O W )  
I'ICIVT 167  



DO 353 J= l ,NCOL 
N J=NCUL-J 

353 WRITE(6,8 12)NJ,  (SUWA(1, NCUL-J) , I=l , NROW) 
812 FORMAT(~HO , I3 ,3X,  25F5.0) 
329 DO 327 J=1 ,NCOL 

DO 327 I=1,  NROW 

99 STOP 
END 



APPENDIX D 

D-1.  DISCUSSION AND DETERMINATION OF THE INPUT ARRAYS PSI(I,J) AND FAC(I ,J)  

D-2.  DISCUSSION AND DETERMINATION OF THE INPUT ARRAYS KX(1, J) AND KY(I, J) 



D-1. D i s c u s s i o n  and  Determinat ion of the  Input Arrays PSI(i ,  j )  

and  FAC(i, j )  

The hydraul ic  h e a d  of t he  confining l aye r  ( leaky aquifer)  i s  a s s u m e d  

to  b e  c o n s t a n t  in t ime for e a c h  nodepoint .  The a r r ay  i s  ca l l ed  PSI ( i , j ) .  

Variation in aqui fer  h e a d  PHI(i ,  j , k) c a u s e s  variat ion in l eakage .  The 

impedance  of t h e  l e a k y  aqui fer  i s  denoted  b y  t h e  a r r ay  FAC(i, j ) .  Average 

v a l u e s  for pSI( i , j )  and  FAC(i , j )  c a n  b e  obta ined  by  us ing  overa l l  da ta  for  

water  in-and outf low in the  a r e a ,  recorded and computed in the  summer of 

1971.  (Progress  ~ e p o r t " ) .  A water  budget  i s  s e t  up u t i l iz ing  overa l l  

v a l u e s  for  t h e  growing s e a s o n  ( 180  d a y s  = May-November).  Cons ider  

a s implif ied map of the  s tudy a r e a ,  (Figure 5 8 ) .  

Snake River 

No f low 

Impermeable boundary 

Flow boundary 

Figure 58 .  Simplified Map  of the  Study Area Showing 
Groundwater  Leaving the  Area. 

A b a l a n c e  can  b e  s e t  up  a s  fol lows:  

-- 
Qd i 

- Total  ne t  d ivers ion  of i r r igat ion c a n a l s  into a r e a .  A 

t o t a l  of 1 , 5 0 7 , 0 0 0  a c r e  f e e t  w a s  measured .  
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- 
s o  

- Total sur face  water which i s  t ransported out  of the  a r e a .  

A t o t a l  of 100 ,000  a c r e  f e e t  w a s  measured.  

- 
'r s 

- Total flow of  sur face  water which re turns  to the Snake  

River during the s e a s o n .  A t o t a l  of 48 ,000  a c r e  f ee t  was  

measured.  

- 
Qsla  

- Total l o s s e s  in the  Snake  River ( seepage)  which returns t o  

area during the  s e a s o n .  Current  metering measurements  

r evea led  l o s s e s  of 808 cfs t o  208 cfs with a n  average  of 

408 c f s .  Based on a l o s s  of 408 c f s ,  t he  to t a l  f low coun t s  

for 40 ,000 a c r e  fee t  for the whole s e a s o n .  

Q - - Total l o s s  due  to  evapot ranspi ra t ion .  In Input Program I ,  
e v  

the  to ta l  evapotranspirat ion i s  ca l cu la t ed  a t  a va lue  of 2 

f e e t  for the  s e a s o n .  This  means a 162 ,000  a c r e  fee t  for 

the whole a rea .  

Q - - Total flow of ground water  which l e a v e s  t h e  a r e a .  A s  
90 

can  be  s e e n  in the map,  part of t h e  area  i s  bounded by 

no flow or impermeable boundaries .  Most  of t h e  area  i s  

bounded by the  Snake River which, according t o  the genera l  

c o u r s e  of the  equipotent ia l  l i n e s  of the  groundwater t a b l e , c a n  

b e  cons idered  a s  a no flow boundary a t  l e a s t  from point 

(1) t o  point (2) in  Figure 58 .  From point (1) t o  point ( 3 )  

a poss ib i l i t y  of flow under the  Snake Ri.ver e x i s t s  

al though very l i t t le  i s  known. 

The area of in t e res t  i s  t h e  sou thwes t  corner of the  

s tudy area  which i s  a flow boundary. Here ,  the  g rea te s t  

part of  the  groundwater flow l e a v e s  the  area  and the flow 

i s  genera l ly  in southwest  direct ion.  The width of t h i s  
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" funnel"  is abou t  13  mi les .  The aqui fer  depth  i s  300 f e e t  

and  t h e  ave rage  hydraul ic  s lope  i s  6 ft /mile.  If a  

ce r t a in  va lue  for t he  hydraul ic  conduct iv i ty  K i s  a s sumed ,  

a n  e s t ima te  of t h e  t o t a l  groundwater  flow for  180 d a y s  

c a n  b e  made.  Per d a y  a  f low of 900 c f s  l e a v e s  t h e  

a r e a .  This amounts  t o  3 2 0 , 0 0 0  a c r e  f e e t  for the  whole 

s e a  s o n .  

- - Total  l e a k a g e  ou t  of t h e  a r e a .  S ince  a l l  other  te rms 

of t h e  equat ion  a r e  known,  Qle c a n  b e  ca l cu la t ed .  

-900,000 a c r e  f e e t  for t o t a l  s e a s o n .  Qle, 

This i s  for o n e  d a y  5 , 0 0 0  a c r e  f e e t .  The s tudy  a rea  approximates  

abou t  1 2 8 , 0 0 0  a c r e s  s o  t h a t  t he  l e a k a g e  (average)  per  d a y  i s  c a l c u l a t e d  

a s :  

O o O  = 0 . 0 4  f t  or  0 .33  inches .  Da i ly  Leakage  = 128: 0 0 0  

This  i s  t h e  a v e r a g e  l e a k a g e  during t h e  s e a s o n  with t h e  assumpt ion  tha t  

t h e  l e a k y  aqui fer  unde r l i e s  t h e  t o t a l  a r ea .  

Leakage =(+) (hc - h) 

Kv = impedance  = FAC(i, j )  b  

Let t h e  a v e r a g e  head  d i f fe rence  b e  20 f t ,  then: 

0 . 0 4  = - 20.+Impedance = 0.002 [ l /day] .  (3 
From t h e s e  v a l u e s  a  s ta r t ing  va lue  for the  a r ray  pSI( i , j )  may b e  

der ived .  The v a l u e s  of t h e  a v e r a g e  impedance ind ica t e  t h e  order  of 

magnitude for the  l e a k a g e .  Wel l  t e s t s  showed t h a t  in  the  e a s t e r n  part  

of t h e  s tudy  a r e a ,  t h e  aqu i fe r  i s  under la in  by  a  th ick  c l a y  l aye r  s o  t h a t  

t he  impedance here  i s  zero .  To b a l a n c e  t h e  budget ,  t h e  va lues  for 

impedance  e l sewhere  a r e  made s l igh t ly  higher  t h a n  t h e  ca l cu la t ed  ave rage .  

This provides  the  t w o  a r r a y s  PSI( i , j )  and  FAC(i , j ) .  
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D-2. D i s c u s s i o n  and Determination of the  Input Arrays KX(i,j) and  K Y ( ~ ,  j )  

In order t o  g e t  approximate va lues  for the  hydraulic  conduct iv i ty ,  

a  t ransmiss ib i l i ty  computation w a s  s e t  up .  S ince  aga in  l i t t l e  i s  known 

abou t  the a r e a ,  the assumpt ion  i s  made tha t  KX!(i,j) = KY(i, j ) .  A ba lance  

w a s  s e t  up for t h e  Snake River Fan. 

The flow a c r o s s  5 contour l i n e s  i s  c a l c u l a t e d ,  going from 

contour l ine  4950 to contour l ine  q700 ( ~ i g u r e s  59 and  60) .  If no  

change  in s to rage  i s  a s s u m e d ,  the  following ba lance  c a n  be  s e t  

up (Figure 60) .  

0 q1 + Q1 - E l  - ~ e a  = q2  + Q2 + AS1 1 

........................................ where,  

Kidi(hicl -hi)Lei 
- 

i  
- with Kid. = Ti , or ,  

Li 1 

L 
i 

where ,  

Qi  
- - surface  water  flow a c r o s s  contour l i n e  i  

- - 
i  

groundwater f low a c r o s s  contour l i n e  i 

E - - evapotranspirat ion in  a c r e s ,  o n e  mile 
i  

wide be tween contour l ine  i  and i+l  



Figure 59 .  Simplified Map of the  Study Area. Figure 60 Shows 
a Cross-Section a s  Indicated by I-I. 

Lea , Lea Lea Lea Lea 

Figure 60. Cross-Section of Study Area. 1-1 a s  Indicated in 
Figure 5 9 .  



- 
Li 

- average  d i s t a n c e  be tween two contour l i n e s  

i  and  i+l  

h - - elevat ion  of contour l ine  i  
i 

A - - average  surface  be tween contour l i n e s  
i  

i  and i+l  

d - - average  depth  of aquifer  a t  contour l ine  i  
i  

Lei = length  of contour l ine  i  

Leai  = l eakage  in  a r e a ,  one  mile wide between 

contour l ine  i and  i + l  

In  August,  1971,  ex tens ive  current  metering was  carr ied out  

a long  the  f ive  contour l ines :  From t h e s e  mea surements  the approximate 

22 
va lues  for  Q. a r e  ca lcu la t ed  (Progress Report ) a 

1 

In order t o  c a l c u l a t e  E the  a s sumpt ion  i s  made tha t  the  i '  

ave rage  evapot ranspi ra t ion  i s  0 .75  inches/day.  Summarized, the  da ta  for 

t h i s  ba lance  compua t ion a re :  

h = 4950 f t .  Q1 = 4846 cfs Lel = 2.8 mi. L = 2.5 mi. 
1 1 

h2 = 4900 f t .  Q2 = 4383 c f s  Le2 = 6 . 7  mi. L2 = 2 . 8  mi. 

h 3  = 4850 i t .  Q3 = 3775 cis Leg =10.5  mi. L3 = 3 . 5  mi. 

h4  = 4800 f t .  Q4 = 3140 cis Le4 =14.8 mi. L = 2 . 1  mi. 
4 

h5  = 4750 i t .  Q5 = 2605 cis Leg =17.'4 mi. L5 = 1 . 5  mi. 



A = 9 . 5  s q . m i .  = A1 x 1/4"/Leirr,13 cfs.  
1 

A 2  = 19.13  s q .  mi. E 2  = A2 x 1/4"/LeiX15 cfs. 

A3  = 41.15 s q .  m i .  
E3  

- A3 x 1/4"/Leirc15 cfs 

A4  
= 22 .5  sq .  mi. E 4  = A4 x 1 / 4 " / L e i ~ 5  cfs 

Leal  = A1 x 1/3"/Lei X 7  c f s  

Lea2 = A2 x 1/3I1/Lei N,20  cfs 

Lea3 = A3 x 1 / J U / ~ e i  ;=20 cfs 

Lea = A4 x 1/3 "/Lei 2 5 2 0  cfs 
4 

5 
The a s sumpt ion  i s  made tha t  K a t  4,950 contour  l i n e  ( K l )  = 10 gpd/ 

2 7 
f t  (Meinzers) and  d l  = 150 f t .  T1 = 1 . 5  10 gpd/ft. 

Equation (64) becomes:  

in  which a l l  terms excep t  T2 a r e  known. T2 is c a l c u l a t e d  and  s u c c e s s i v e l y  

Equat ion (65) i s  so lved  for T3. This y i e lds  to: 

if d l  = 150 ft t hen  K1 = 13.000 ft/day 

d 2  = 180 ft t hen  K2 = 6.900 ft/day 

d3  = 250 f t  t hen  K3 = 5 .200  ft/day 

d 4  = 300 f t  t hen  K4 = 2 .300  ft/day 

d5 = 400 f t  t hen  K5 = 1 .300  ft/day 

Between the  contour  l i n e s  v a l u e s  for KX(i, j )  and KY(i. j )  a r e  interpolated us ing  

above der ived  va lues .  
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E-1. FLOWCHART O F  INPUT PROGRAM I 

E-2. LISTING O F  INPUT PROGRAM I 



E - 1  . Flowchart of Input Proaram L 
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INPUT PROGRAM I 
r---------------------------- 

-1  / Read I Read 
NDAYS /MO(I) RS(1) 

I 
NOWN 

I 
ND(1) RSO(1) 

c a l c u l a t e  vapor DO same for and for dew- 
pressure  of max- minimum point ternp- 

I 
LAST TX(l) W(l) + imum tempera- +,temperature 4 erature 

I 
MA TN (1) 
DELX TD (1) ture A=TX(I) B=TN (I) D = TD(1) I 

PRECIP(1) EXS=EN 1 (A) ENS=EN 1 (B) VPD (I)=EN 1 (D) I 
" 

(Check for so l a r  radiation) I 
Convert maximum and mini- Compute Calcula te  aver- 

X i s  vapor 
I 

mum temperature°F into now the  a g e  vapor pres-  
pre s sure degrees  ce l c ius .  

+ net radia-  sure: VP(1) 
I 

a, NOWN=O dewpoint ' Calcula te  TAX(1) 
TEN (I) 

I 
k x XVPD (I) I 
u 
3 

I 
gs Compute terms of net  radiation Compute net  radi-- Compute average  I 
8 EMT=FUNCTION (MO(I), ND (I)) a t ion  RN(1) temperature in OF 

\L v 
RLO(I)=FUNCTION (EMT ,x, SIGMF- TAVG (I)=TX(I) + 

I 
TAX(I), and TEN(1)) RN(I)=O. 77*RS(I) 

-RL(I) TN(I))*0.5 

> I ' 
RL=FUNCTION (RS (I),  RSO(I) , I 

and RLO(1)) - 
Calcula te  t he  weighting 

I 
fac tors  / + and / + 

I 
TNl(I)=O. 041+0.0125*TAVG(I) I 

GEST(1) -4.534*TAVG(I)**2/10**5 - 

TN2(1)=0.959-0.0125*TAVG(I) 
I 

Calcu la t e  the +4.545*TAVG(I)**2/10**5 I 
vapor pressure  GEST(I)=(TAVG (1)- 
def ic i t  TAVG(1-l)+TAVG(I-2) < I 

VDEF (I) +TAVG (I-3)/3.0*5 I 
I I 

GEST(1) Calcula te  the  da i ly  pot evapotranspirat ion in inches  per 
> - - day .  

GEST(2) PET(I)=(Tl (I)*RN(I)-GEST(I))+T~(I)*~~.~~*(~.O+O.O~~~*W(I))* VDEF(I))/1485.9 



----I ------ -- --- flor e a c h a ~ p l -  - - - - - - 
I 

/ ~ e a d  in wei- I I Compute for 
ghing factors every crop the 
for the different coefficient > 
crops. (OO(I), , cu rve  ti1 ef- 
I= 1 , LAST) fective cover 

i s  planting before or after s tar t  

'lanting i s  before s tar t  mode 

Estimate curve 

ER(I)=O. 12*PET(I) Read DAYS,UNM,LF,NPL,LTS 
NPL 

Evapotranspiration 

Compute how many per.. IST te  IST, NNDAYS, IFL, 
centage of days  till  
effective cover has  polonornia 1 till 

nornlal corn- effective cover. 

Calculate evapotranspira- AA i s  now time in 

tion b y  multiplying pot 
* evap. by crop coefficient 

ER(M)=CE(M)*PET(M) cover with 2nd pol- AA=l .  0 
~ n o m i a l .  Calculate 
subscriot of 1 s t  davL 



(NR=l, LAST) -2-  - - --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 7 ------- -------- 
Calculate the crop coeffi- 
cient  CE(M)=C(NV)+ and 4.  There 
C(NR, &)*AA+C(NR, 7)*AA** i s  a maximun 
2+C(NR88)*AA**3 check value. 

h 

Crop 3-alfalfa. After 
2nd cut  one h a s  t o  talc 

MM=h* culate the  polonomial 
with AA again starting 
a t  1.0 s ince  AA indica 
t e s  to ta l  time after eff 

AA=l. 0 cover or total time aft .  
cutting of alfalfa. So ralsey 
check for 2nd cut .day 
of 2nd cut  = MA. 

v False 
I I 

Calculate evapotran- 
spiration by multi- r------------- ------ -------- 
plying pot evap. by 

For each crop sum up th ?& = c ~ ~ f & i f &  
1 daily values a s  calculatdd of Subscrip' 1 s t  

to  values for ~t Irriga- 4 
tion and multiplying by 
the  weighing factor of t E 

r - - -  1 specific crop, Conv. t o  3 
I I For one crop: CE (NR , LL) =(ER (I) + 

Estimate crop evapotra. for 
I time after harvest. Estimate 
I for bare field till timestep 

I of irripation sea  son 
winter L -,--,,-,-------- ---- 

I - I 
._-- ---- ---- ---------- 

I LE=(I- 1)*7-3 Calcula te  t h e  to ta l  
~i~~~ subscr- E(NR ,I)=O. 15*PET evapotranspiration r--k------- I VAP(I)=(E(~ ,I)+ 1 I g 

I - ipt  of middle (LE)*7.0 for one nodepoint by E(2,I)+E(3,1)+ 

I summing up the  
I weighted values of 

L - -  I the  different crops 
EVAP(I) for a l l  AT U 



I Increment 

< LL LL=LL+l < 
Write EVAP(1) 
and PRE (I) for 
K=2, LTS 

- 

Zalcula te  now 
the precipitatior 
a s  va lues  for 
the  t imesteps 

1 I DELX 

I 

- > 
Precipitation = PRE PRE (LL)= 

+ o f  first 
t i m y t e p  - - 

j L L = ~  + 
Total no. 
of  da s 
,I,I=$DA,& - 

(PRECIP(I) +PRECIP(I+~) +PRECIP 
(I+~)+PRECIP(I+~)+PRECIP(I+~) + 
PRECIP(I+S) +PRECIP(I+6)*DELX* 



E-2. Lis t ins  of Input  Proqrarn I 

ENl=FUNCTION TO CONVERT TEMPERATURE TO VAPOR PRESSURE 
FUNCTION EN 1 (V) 
~N1=1.522+7.1*V/10**2+1.431*~**2/10**3+2.219*~**3/10**5+ 
&6.916*~**4/10**8+1.343*~**5/10**9 
RETURN 
END 

DIMENSION M0(225), ND(225) ,  TX(2251, TN(225) ,TD(225) ,  W(225) ,RS(225) ,  
*RSO(225), P R E C I P ( ~ ~ ~ )  ,VPD(225) , ~ A ~ ( 2 2 5 ) ,  TEN(225) , ~ ~ 0 ( 2 2 5 )  ,RL(225) 
* ,RN(225) ,  ~ A v G ( 2 2 5 ) ,  T l (225)  ,T2 (225) ,GEST(225) , v D ~ ~ ( 2 2 5 )  , P ~ T ( 2 2 5 ) ,  
* ~ v A P ( 2 2 5 )  ,VP(225) , 0 0 ( 1 0 ) ,  C ( l O , 8 )  , ~ R ( 2 2 5 )  ,CE(225) , E ( 1 0 , 4 5 )  ,PRE(45) 

M6=5 
M7=8 

C NOWN=DUMMY VARIABLE UF NOWN=O,INPUT DATA HAVE RS VALUES FROM 
C OTHER AREA. 
C MA=NUMBER OF DAYS AFTER START MODEL ON WHICH ALFALFA HAS SEC. 

*CUT 
READ ( M 6 , 3 )  NDAYS , NOWN , LAST, MA, DEWC 

C FIRST DAY OF COMPUTING PET IS FIRST DAY OF DIGITAL MODEL.NDAYS 
C IS TOTAL NUMBER OF DAYS OF CROP SEASON 

DO 50 1=1 ,NDAYS 
READ(M6, 33) MO(1) , ND(1) , TX(1) , TD(1) , W(1) , RS ( I ) ,  RSO(1) , PRECIP(1) 
A=TX(I) 
EXS=EN 1 (A) 
B=TN (I) 
ENS=EN 1 (B) 
D=TD (I) 
VPD(I) =EN 1 (D) 
VP(I)=(EXS+ENS)*O. 5 

C COMPUTE NOW RN(1) 
TAx(I)=((TX(I)-32)/l. 8+2 73)/100 
TEN (I)=((TN (I)-32)/1. 8+2 73)/100 
SIGMA=(8.132/10**3)*1440 
X=VPD (I) 
IF(NOWN.EQ. O)RS(I)=37. 015+Oe86433*RS(I) 
EMT=O,~~~+O.O~~*SIN((~O*~O(I)+ND(I)/~O. 0)-1.5)*3.1416/180.)  
RLO(I)F((EMT-O.O~~*SQRT(X)))*SIGMA*(TAX(I)**~+TEN(I)**~)*. 5 
RL(I)=(l .  ~ ~ * R S ( I ) / R S O ( I )  -Om18)*RLO(I) 
RN(I)=O. 77*RS(I)-RL(1) 
TAVG(I)=(TX(I)+TN(I))*O. 5 
T1 (I)=O. 041+0.0125*TAVG(1)-4.534*TAVG(1)**2/10**5 
T2(1)=0.959-0.0125*TAVG(I)+4.545*TAVG(I)**2/10**5 
IF(1-3)30 ,30 ,31  

30 GEST(I)=O. 0 
GO TO 35 

3 1 GEST(I)=(TAVG(I)-(TAVG(I-l)+TAVG(I-2)+TAVG(I-3))/3.0)*5 



3 5 VDEF (I)=VP (I) -VPD (I) 
G E S T ( ~ ) = G E S T ( ~ )  
PET(I)=(Tl (I)*(RN (1)-GEST(I))+T2 (I)* 15.36*(1.0+0.0092*W(I))  

**vDEF(I)) /~ 485 .9  
50  CONTINUE 

C LAST=VARIABLE WHICH REPR. THE NR. OF DIFF. CROPS PER SECTION 
DO 10  I=l,LAST 
READ(M6, l l )  (C(1, I), J=1 ,8 )  

1 0  CONTINUE 
READ(M6,S) ( 0 0 ( I ) ,  1=1 , LAST) 

5 FORMAT(9X, 1 OF5 .2 )  
11  FORMAT(8E10.4) 

DO 165 NR=l,LAST 
c READ IN TOTAL DAYS BETWEEN PLANTING AND EFFECTIVE COVER(DAYS) 
c COMPUTE HOW MANY PERCENT IS ONE DAY OF THE TOTAL(PCT) ,READ IN 
C HOW MANY UNITS HAVE PASSED TILL DAY WHICH IS THE START OFFI?O 
C GRAM 01.' DIGITAL MODEL(UNM) , IF  DAY OF PLANTING IS AFTER THE STA 
C RT. DAY OF THE DIG. MODELIREAD IN NUMBER OF DAYS FROM START 
C TILL SPECIFIC NUMBER OF DAYS AFTER WHICH THE CROP HAS THE LAST 
C CUT(LF).READ IN TOTAL NUMBER OF HALF TIME STEPS,AFTER WHICH 
C DELT IS DOUBLED(LTS) .READIN HOW MANY DAYS HAVE PAST IF 
c PLANTING DATE IS AFTER FIRST DAY OF DIG. MODEL. (NPL) 

READ(M6,16) DAYS,UNM,NPL,LTS,LF 
16 FORMAT(10X,2F5.O1315) 

FLOATzDAYS-UN M 
IFL=FLOAT 
PCT=lOO.O/DAYS 
IF (NPL(28 ,28 ,20  

20 DO 21 I-1,NPL 
2 1 ER (I)=O. 12*PET(I) 

C IST=FIRST DAY THAT EVAP. IS COMPUTED WITH POLONOMIAL 
IST=NPL+l 
NNDAYS=DAYS 
IFL=NNDAYS+IST 
AA=PCT 
G O  TO 29 

28 AA=PCT*(UNM+l . 0)  
IST-1 

29 DO 100  M=IST, IFL 
CE(M)=C(NR, 1) +C(NR, 2)*AA+C(NR, 3)*AA**2+C(NR1 4)*AA**3 
I F ( N R . E Q . ~ )  G O  TO 40 
IF(NR.EQ.4) G O  TO 42 
G O  TO 45 

40  IF(CE(M) .GT. 1 .0)  CE(M)=l .  0 
G O  TO 45 

42 1 ~ ( c E ( M ) . G T . ( 0 . 8 7 ) )  CE(M)=0.87  
45 ER(M)=CE(M)*PET(M) 

ER(M)=CE (M)*PET(M) 
AA=AA +PC T 

100 CONTINUE 
IFL=IFL+l 
AA=1 . 0  
D O  110 M=IFL,LF 
CE(M)=C(NR,  5)+C(NR, ~ )*AA+C(NR,  7)* AA**2+C(NR, 8)*AA**3 
AA=AA+l. 0 



IF(NR.EQ. 3) G O  TO 105 
I F ( N R . E Q . ~ )  G O  TO 106 
G O  TO 110 

105 IF(CE(M).GT. l .O)  CE(M)=1.0 
MM=M 
IF(MM.EQ.MA) A A = ~ . O  
G O  TO 110  

106  IF(CE(M).GT.(0 .87) )  CE(M)=0.87 
I l o  ER(M)=CE(M)*PET(M) 

LL=2 
D O  150  1=7,LF,7  
E  (NR, LL)=(ER(I) +ER(I-l)+ER(1-~)+ER (I-3)+ER(I-4)+ER(I-5)+ER(I-6))* 

*OO)NR)*DELX*DELX/~~.  0  
LL=LL+l 

150 CONTINUE 
DO 160  I=LL,I,TS 
LE=(I-1)*7-3 

160  E  (NR, I)=O. ~ ~ * P E T ( L , E ) * ~ .  0  
165 CONTINUE 

D O  168 I-2,LTS 
EvAP( I )= (E(~  , I )+E(2 , I )+E(3 , I )+E(4 , I ) )  

168 CONTINUE 
LL=2 
MIN 1  =NDAYS -1 
DO 170  I = l , M I N 1 , 7  
PRE (LL)=(PRECIP(I)+PRECIP (1+1) +PRECIP(I+Z) +PREcIP (I+3) +PRECIP( 

*1+4)+PRECIP(I+5) +PREcIP(I+~))*DELx*DELx/~z. 0 
LL=LL+l 

170 CONTINUE 
3  FORMAT(4X,413,F5.0) 

3 3  FORMAT(3Xf213, 6 ~ 5 . 0 , 5 X , F 5 . 2 )  
WRITE ( 6 , 1 8  0) (K, EVAP (K) , PRE (K) , K=2 , LTS) 

180  FORMAT(5X,13,5X,E16.6,5XtE16.6) 
STOP 
END 
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IRRIGATION CANALS DIVERTING FROM THE SNAKE RIVER AND THE GREAT FEEDER 



Irrigation C a n a l s  Diverting From The 

Snake River And The Great  Feeder 

Cana l  

Riley 

Anderson 

Eagle Rock 

Enterprise 

1 
Farmers Friend 

Butler I s land 

Harrison 

Rudy 

Burgess 

Clark and Edwards 

Lowd er  

E a s t  Labelle  

Rigby 

Is land 

W. Labelle and Long Is land 

Parks and Le wi sv i l l e  

North Rigby 

Other 10 (smal l  c a n a l s )  1 , 8 %  

Gross  Acres Served 

900 
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G-1 . Flowchart of Input Program I1 



INPUT PROGRAM I1 

/ ~ e a d  in chance DELT 
of moisture DE LX 

+NCHOIC 
NTS NI 
LTS CH 

u 
U 
4 

& 

Read in evapo- 
dansp l ra t lon  and 

+ precipitation from 
Input I Read P p '  - - f y i P ( k )  

7--------- 1 

ead net diver- 

1 I 

/ ~ e a d  =: , NCOL ead in for {=I,  NROW F O L ~ S  /i;Rrlgatlon 
C P Y  

1. )=O. b coefficients =o. 1~b:h.o. b E8EbCoE2 

I---- I------------ -1 

Calcu a t e  own 
I a we te  area per 

Calculate multiplication 
node factor for seepage per 
AROWN(I, J ) =  node MULT(1, J)=5 00. O* 
ARTOT(I, J ) -  RATE ( I ,  J)*DELT 
ARFOR (I ,  J) - - - - - - - - - - - - 

I elongs t o  irr. 
I 

Calculate the distr ict  True 
seepage term 
SSEEP(K)=SSEEP(K)+ 
MULT(I,  J)*AROWN (I ,  J )  

I-. 

1 w 
VI 

Calculate total  seepage term 
I 

per node RESEEP(I, J)=MULT(I 
* (AROWN (I ,  J )  + ARFOR (I ,  J )  \ 

+ARW(I , J )  - DAOWN (I ,  J )  
= DAFOR(1,R 

tion distr ict  (1) i s  





i I I 
r---- ---I I 

1 
Total  s o u r c e  term FF N T S a S T  I 

t a l  s o u r c e  term 
I 

1s c o n s t a n t  i n  t ime t i m e s t e p  
FF=-2.O* MULT(1, J)* 90 300 

- J)'#$~!~GYIFSPP'B = FF 





EVAP (k) 

EVAP (k) = to ta l  evapotranspirat ion per  nodepoint in rft3/half t imestepl  
for t imestep  k .  

3 
PRECIP(k) = t o t a l  precipi tat ion per  nodepoint in Tft /half t imestepl  for 

t imestep  k .  



TIME 
STEP 1  

2  0 .  

3  0.  

4  305 .  

5  1267 .  

6  2867 .  

7  6475 ,  

8  3830 .  

9  6495 .  

1 0  7678.  

1 1  8013 .  

12 7309.  

1 3  8854 .  

1 4  8745 .  

1 5  8651 .  

16  7751.  

1 7  7473.  

18  6629.  

19  6498.  

20 4678.  

21 4462.  

22 4596.  

23  3792.  

24 3432.  

25 3130.  

26 2630 .  

TOTAL NET DIVERSION PER IRRIGATION DISTRICT AND PER TIMESTEP 

[cfs-da ys/half t imestep] 

IRRIGATION DISTRICT NO. 
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G-3. Lis t ing  of Input Program I1 

C PROGRAM : INPUT2 
C CALCULATES TOTAL SOURCE TERM FOR EACH NODEPOINT FOR EACH 
C TIMESTEP FOR DIGITAL MODEL OF GROUNDWATER AQUIFER. 
C SOURCE TERM IS CALCULATED ON WEEKLY BASIS 
C SOURCETERM IS CALLED:Q(I, J ,  K) ,DIMENSION: ( 2 5 , 1 8 , 4 5 )  

DIMENSION D E L M ( ~ ~ ) ,  TA(17,35), S S E E P ( ~  7) , ~ ( l 7 ) ,  Z 
* T ( ~ ~ , ~ ~ ) , A R F O R ( ~ ~ , ~ ~ ) , A R O W N ( ~ ~ , ~ ~ ) , A R W ( ~ ~ , ~ ~ ) , R A T E ( ~ ~ , ~ ~ ) , D A O W  
*N(25,20)  ,DAFOR(25,20) ,RESEEP(25,20) ,A( l7 )  ,AMO(25,20)  ,EVAP(35), 
* P R E ( ~ ~ )  , Q ~ ( 2 5 , 2 0 ) ,  ~ ~ ( 2 5 ~ 2 0 )  ,ARTOT(25,20) ,NIR(25,20)  , Q ( 2 5 , 2 0 , 4 3 ) ,  
* M U L T ( ~ ~ ,  20) 

M6=5 
M 7=8 

C DELM=DELM2 -DELMl 'DELMZ=MOISTURE CONTENT ON END OF HALF TIME 
C STEP. DELMl=THE SAME ON THE START (IN PERCENTAGE) 
C NI=TOTAL NUMBER OF IRR. DISTRICTS IN DIGITAL MODEL. 
C NCHOICE=DUMMY VARIABLE WHICH CHOOSES THE SPEC. COMP. ONE 

*WANTS 
C COE1, COE2, COE3 ARE COEFFICIENTS WHICH RELATE TO IRR. DISTRICTS 
C NTS=TOTAL NUMBER OF HALF TIMESTEPS(+l) 
C LTS=LASTTIMESTEP AFTER WHICH DELT IS DOUBLED. 
C ARFOR(I, J)=TOTAL WETTED AREA;/I\JODE OCCUP. BY >FOREIGN> CAN. CO-S 
C AROWN(I, J)=TOTAL WETTED AREAYNODE OCCUP. BY )OWN) IRR. CANALS 
c ARW(I, J)=TOTAL WETTED AREA/NODE WHEN IRRIGATION HAS STOPPED. 
C DAOWN (I ,  J)=CHANGE OF WETTED AREA/NODE OF OWN CANALS(REDUC . =+) 
c DAFOR (I, J)=CHANGE OF WETTED AREA/NODE OF FOR CANALS(REDUC. =+) 
C THE AREAS ARE READ IN IN THOUSANDS OF SQ. FT. 
C RATE(1, J)=SEEPAGE RATE IN FT PER DAY 

READ (M6,170)  (DELM (I) , 1=2,10)  
170 FORMAT(~X, 9F5.0)  

READ(M6, ~~~)NROW,NCOL,DELT,DELX,NTS, LTS,NI, NCHOIC, C H  
171 FORMAT(SX, 2I5,2F5.OI 415, F5.0)  

C TA(1, N)=TOTAL DIVERSION TO IRR. DISTRICT-TOTAL OUTFLOW INCFS 
C FOR EACH IRRIGATION COMPANY. 

DO 690 K=2,LTS 
READ(M6,70O)EVAP(K), PRE (K) 

690 CONTINUE 
700 FORMAT(E13.6, 1X,E13.6) 

DO 175 I = l , N I  
175 READ(M6,172) (TA(1, N )  , N=2, LTS) 
172 ~ O ~ ~ A T ( 1 6 ~ 5 . 0 / 1 6 ~ 5 . 0 )  

DO 176 I = l l , N T S  
176 DELM(I~)  t o .  o 

C SSEEP1 (I)=TOTAL OWN SEEPAGE PER IRRIGATION DISTRICT 
c D(I)=VARIABLE THAT REPR.  TOTAL NO. OF NODES PER IRR.  DISTRICT 

READ(M6,177)(D(I) , I = l  ,NI)  
177 FORMAT(~X, 17F4.0)  

R E A D ( M ~ , ~ ~ ~ )  COEl ,COE2,COE3 
178 FORMAT(5X13F5.2) 

DATA PU/500*0.0/ 
DATA QL/500*0.0/ 



DATA ~ ~ / 5 0 0 * 0 . 0 /  
NCUL=NCOL+l 
DO 182 J = l , N C O L  

182 READ(M~,  600) (NIR(I,  NCUL-J) , I = 1 ,  NROW) 
600 FORMAT(2413) 

DO 185 J = l , N C O L  
185 R E A D ( M ~ ,  179) (ARFOR(I, NCUL-J) , I=1 ,NROW) 

DO 186 J= l ,NCOL 
186 READ(M6,179) (ARToT(I, NCUL-J) , I=1, NROW) 

DO 1 8 7  J = l  ,NCOL 
187 READ(M~,  179) (ARW(I ,NCUL-J) , I=1 ,NROW) 

DO 188 J= l ,NCOL 
188 READ(M~,~~~)(RATE(I,NCUL-~),I=~,NROW) 
181 FORMAT(~X, 25F3.1) 

DO 189 J = l , N C O L  
189 READ(M~,  179) (DAOWN(I, NCUL-J) , I=1, NROW) 

DO 190 J = l , N C O L  
190 READ(M6,179) (DAFOR(I, NCUL-J) , I=1,  NROW) 
179 F O R M A T ( ~ X ,  1 2 ~ 6 . 1 / 5 X ,  1 2 ~ 6 . 1 )  

DO 193 J = l , N C O L  
DO 193 1=1 ,NROW 

193 AROWN(I, J)=ARTOT(I, J) -ARFOR (I,  J) 
PRINT 730 

730 FORMAT(lH1) 
WRITE(6,750)(DELM(K) ,K=2,10) 

750 FORMAT(~HO,  5X, 'DELM(K)=' , 9 ~ 5 . 0 )  
PRINT 760 

760 FORMAT(1 HO) 
PRINT 765,NROW,NCOL,DELT,DELX,NTS,LTSlNI,NCHOIC,CH 

765 FORMAT(1 R O ,  3X, INROW=' , I 5 ,  3X, 'NCOL=' , I 5 ,  3X, 'DELT=' , F5.O,3XI 'DELX=' , 
*F5.O ,3X, 'NTS=' , I3,3X, 'LTS=', I3,3X, 'NI= ' ,  13, 3X, 'NCHOIC = I ,  13, 3X, ' C H  
*= I  ,F3 .0 )  

PRINT 730 
DO 710 K=2 ,LTS 
WRITE ( 6 , 7  15) EVAP (K) , PRE (K) 

710 CONTINUE 
715 F O R M A T ( ~ X , E ~ ~ . ~ , ~ X , E ~ ~ .  6) 

PRINT 730 
PRINT760 
PRINT 770 

770 FORMAT(lH0, 23X, 'TOTAL NETDIVERSION PER IRR. DISTR AND PER TIMESTEP 
* ' )  

PRINT 775 
775 F O R M A T ( ~ H O , I ~ .  ' T I M E I .  2 8 ~ .  'IRRIGATIONDISTRICT NO: I )  

PRINT 776,  ( I , I = l ,  17)  
776 FORMAT(1H , lX,  'STEP', 16,161 7) 

PRINT 760 
DO 780 I=2,LTS 
WRITE(6,785)I1 (TA(L,I) ,L=l ,  17) 

785 FORMAT(lH0, 14,2X, 17(2X1F5. 0 ) )  
780 CONTINUE 

WRITE(6,790)(D(I) , I = l  ,NI )  
790 FORMAT(1H113X, 'D( I )= ' ,  17F4.0)  



WRITE (6 ,79  j,) COE1, COE2 , COE3 
791 FORMAT(1HOI3X, 'COEl= '  , F5.2,3Xl 'COE2=' ,  F5.2,3X1 ' C 0 ~ 3 = ' ,  F5.2) 

PRINT 800 
800 FORMAT(lH1,4(JX, TABLE OF THE LOCATION OF THE VARIOUS IRR. 

*DISTRICTS NIK(1, J)  ' )  
PRINT 8 1 0 ,  ( I ,  I=1, NROW) 

810 FORMAT(~HO, ']/I '  ,2515) 
DO 815 J = l , N C O L  
NJ=NCUL- J 

815 WRITE(6,820)NJ, (NIR(I ,NJ) , I=l  ,NROW) 
820 F O R M A T ( ~ H O , I ~ ,  2515) 

PRINT 825 
82 5 FORMAT ( $I 1,40X, TABLE OF FOREIGN WETTED AREA/NODE ARFOR ( I ,  J) ' )  

PRINT 8 1 0 ,  ( I ,  1-1 , NROW) 
DO 830 J=1,  NCOL 
N J =NC UL- J 

830 WF?TTE(~ 835)NJ,  (ARFOR(I,NT),I=l ,NROW) 
835 E'Ok1vlAT(lHO,13,1X,25F5. U )  

PRINT 840 
840 FORMAT(1H1,40XI 'TABLE OF TOTAL WETTED AREA/NODE ARTOT(1, J ) ' )  

PRINT 8 1 0 ,  ( I ,  I=1, NROW) 
DO 845 J=1,  NCOL 
NJ=NCUL;J 

845 WRITE(6,835)NJ, (ARTOT(1,NJ) , I=1 ,NROW) 
PRINT 8513 

850 FORMAT(1HlI40X, 'TABLE OF WETTED AREA/NODE OF ANNUAL STREAMS 
*ARW(I, J )  ' 1  

PRINT 8 1 0 ,  ( I ,  I=1,  NROW) 
DO 855 J=1,  NCOL 
N J=NCUL- J 

855 WRITE(6,835)NJ, (ARW(I,NJ),I=l ,NROW) 
PRINT 870 

870 FORMAT(lH1 ,40X, 'TABLE OF AVERAGE SEEPAGE RATE/NODE RATE (I ,  J )  ' )  
PRINT 8 10 ,  ( I ,  1=1, NROW) 
DO 875 1-1 ,NCOL 
NJ= NCUL- J 

875 WRlTE(6,880)1TJ, (RATE(1,1TJ),I=l ,NROW) 
880 F O R M A T ( ~ H O , I ~ ,  1X,25F5.1) 

PRINT 885 
885 FORMAT(1Hl140X,'TABLE OF CHANGE OF OWN WETTED AREA/NODE 

*UAOWN (I ,  J )  ' )  
PRINT 8 1 0 ,  ( I ,  1=1, NROW) 
DO 890 J=1 ,NCOL 
NJzNCUL-J 

890 WRITE(6,835)lTJ, (DAOWN(1,NJ) , I=1,  NROW) 
PRINT 895 

895 FORMAT(1HlI40X, 'TABLE OF CHANGE OF FOREIGN WETTED AREA/NODE 
*DAFOR (I ,  J )  ' )  

PRINT 8 1 0 ,  ( I ,  I=1,  NROW) 
DO 900 J=1,  NCOI, 
N J=NC UL- J 

900 WRITE(6,835)NJ, (DAFOR(1,NJ) , I = l  ,NROW) 
PRINT 860 



214 

860 FORMAT(lH1, 40X, 'TABLE OF OWN WETTED AREA/NODE AROWN(I,  J ) ' )  
PRINT 8 1 0 ,  ( I ,  1=1 , NROW) 
DO 865 J=1 ,NCOL 
N J=NCUL- J 

865 WRITE(6, 835)NJ,  (AROWN(1, ITJ), I=1, NROW) 
COS=DELT*DELX*DELX/~. 0 
WCGS=2.O*COS 
DO 194 J= l ,NCOL 
DO 194 I-1,NROW 

194 MULT(I,J)=500.O*RATE(I,J)*DELT 
DO 100 K=l ,NI  
SSEEP(K)=O. o 
DO 105 J=l  ,NCOL 
DO 105 I=1,  NROW 
IF(NIR(I ,  J) . EQ. K)GO TO 103 
GO TO 105 

103 SSEEP(K)=SSEEP(K)+MULT(I, J)*AROWN ( I ,  J) 
105 C:3Nrl I N U E  

IF(K.EQ. 1)  SSEEP(1)=1.2*SSEEP(l) 
100 CONTINUE 

DlFA=3600.0*24.0*7.0 
DO 195 J= l ,NCOL 
DO 195 I=l ,NROW 

195 RESEEP(I,J)=MULT(I,J)*(AROWN(I,J)+ARFOR(I,J)+ARW(I,J) 
*-DAOWN (I ,  J) -DAFOR ( I ,  J))  

GO TO (2 1 0 , 2 3 0 )  , NCHOIC 
210 DO 240 M=2,LTS 

DO 215 K=l ,NI  
A(K)=((DIFA/~. O)*TA(K, M)*CH-SSEEP(K))/D(K) 

215 IF(TA(K,M) .LE. O .  1)  A ( K ) = o .  o 
DO 220 J= l ,NCOL 
DO 220 I=l ,NROW 
KK=NIR(I , I )  
IF(KK.EQ. O)GO TO 217 
IF(KK.EQ.20) GO TO 216 
IF(TA(KK,M) .LE. (0 .1 ) )  RESEEP(1, J)=MULT(I, J)*ARW(I, J) 
AMO(I,  J)=DELM(M)*DELX*DELX*ZT(I, j)/i 00 .  o 
Q(I  , J ,  MI=-A(KK) -RESEEP ( I ,  J) +AMO (I ,  J) +EVAP (M)-PRE(M) -QL(I, J) * 

*CQS+DIFA*PU(I, J) 
G O  TO 220 

2 17 AMO(I ,  J)=DELM(M)*DELX*DELX*ZT(I, j)/i 00. o 
Q (1, J ,  MI=-MULT(1, J)* (ARFOR (I ,  J) +ARW(I , J)-DAFOR ( I ,  J))  

*+AMO(I, J) +EVAP (M) -PRE (M) -QL(I, J) *COS+DIFA*PU(I, J) 
IF(M.GT.31) Q( I , J ,M)=Q(I ,  J,M)+MULT(I,J)*(ARFOR(I, J)-DAFOR(I,J)) 
G O  TO 220 

216 AMO(1, J)=DELM(M)*DELX*DELX*ZT(I, J)/lOO. 0 
Q ( I ,  J ,  M)=+AMO ( I ,  J) -QL ( I ,  J) *COS+DIFA*PU ( I ,  J) 

220 CONTINUE 
240 CONTlNLTE 

GO TO 260 
230 DO 250 M=2,LTS 

DO 245 J=1, NCOL 
DO 245 1=1 ,NROW 



AMO(I ,  J)=DELM(M)*DELX*DELX*ZT(I, J ) / ~ o o .  o 
Q ( I ,  J ,  M)=-EVAP(M)* (1.  o/cOE~+COE~+COE~)-RESEEP(I, J)+AMO(I,  J)+EV 

*AP(M)-PRE(M)-QL(I, J)*COS+DIFA*PU(I, J) 
245  CONTINUE 
2 5 b  CONTINUE 
2 6 0  LL=LTS+l 

D O  3 0 0  J= l  , N C O L  
D O  3 0 0  1=1 , N R O W  
FF=-2.O*MuLT(I1 J)*ARW(I, J)-WCOS*QL(I,  J)+2 . O*DIFA*PU(I, J) 
D O  2 9 0  M=LL,NTS 

2 9 0  Q ( I , J , M ) = F F  
3 0 0  CONTINUE 

D O  3 1 0  K=2,NTS 
PRINT 3 1 1  

3 1 1  FORMAT(lH1) 
D O  305 'J=1 ,'NCOL 

3 0 5  WRITE(~,~~~)(Q(I,NCUL-J,K),I = 1 ,NROW) 
3 1  0 CONTINUE 
315  ~O~MAT(9(2X,E12.5)/9(2X,E12.5)/6(2X,E12.5)) 
1 7 3  FORMAT(5X, 1 7 F 4 . 1 )  
1 7 4  F O R M A T ( ~ X , ~ F ~ . ~ / ~ X , ~ F ~ . ~ )  

STOP 
END 



APPENDIX H 

LISTING O F  THE I N P U T  DATA O F  THE MAIN PROGRAM FOR THE 

STEADY STATE CALIBRATION 





TABLE OF NCX(1,  J) 
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TABLE O F  AQUIFERBOTTOM ELEVATION Z(1 ,  J )  














