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EXECUTIVE   SUMMARY

Because  of  its  abundance  of  land  and  water,   Kansas  has   long  been  one  of
America's  lrost  prod`ictive  agricultural  states.     Individual  famiers  have  been
effectively  managing  these  resources  to  serve  their  short-terlrl  economic
purposes.     However,   no  long-range  management  plan  has  existed  for  groundwater,
the  major  source  of  irrigation  water  in  western  Kansasi  because  of  this  the
availability  groundwater  is  declining  noticeably.     In  particular  areas,  the
decline  is  so  large  that  irrigators  have  been  forbidden  to  drill  additional
wells,

This  study  demonstrates  the  use  of  modern  computer-modeling  techniques  in
the  management  of  a  limited  resource   such  as  groundwater  in  some  areas  of
Kansas.     The  Pawnee  Valley  in  south-central  Kansas  was  chosen  because  it  has
shown  a   large   decline  in  groundwater  availability.     A  mathematical  model  was
developed  to  study  the  effects  of  various  r[ianagement  options  on  the
gToundwater  in  the  Pawnee  Valley.     The  results  c)f  applying  this  model  to
conditions   in  the  Pawnee  Valley  provide  a  guide  for  lrianaging  groundwat.er
resources  over  the  next   10  years.

The  basic  conclusion  of  t.his  study  is  that  the  ground`rat.er  resources  in
the  Pawnee  Valley  are  highly  over-appropriated  and  some  action  by  the
irrigators  mist  be  taken  to  slow  down  the  rate  of  depletion.     It  rmist  be  kept
in  mind  that  the  computational  results  in  t.his  report  need  to  be  applied  with
caution  and  considerable  judgment,   because  of  the  inherent  assumptions  that
exist  in  any  groundwater  management  model  and  the  data  used  in  it.     The
results  of  this  study  are  intended  as  a  guide  rather  than  as  an  absolute.
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GROUNDWATER   MENAGRENT   OPTIONS
FOR   THE   PAWNEE   VALLEY   OF   SOUTH-CENTRAI.   KANSAS

MANOUTCHEHR   HEIDARI

ABSTRACT

A  groundwater  management  model  based  on  the  linear-systems  theory  and  on
the  use  of   linear  programming  ls  formulated  and  solved.     The  model  maximizes
the  total  amount  of  groundwater  that  can  be  pumped  f ron  the  system  subject  to
the  physical  capability  of  the  system  and  instit.utional  constraints.    The
results  are  compared  with  analytical  and  numerical  solutions.     Then,   this
rlrodel  i§  applied  to  the  Pawnee  Valley  area  of  south-central  Kansas.     The
results  of  this  application  support  the  previous  studies  about  the  future
groundwater  resources  of  the  Valley.     These  results  provide  a  guide  for  the
groundivater-resources  Irianagement  of   the  area  over  the  ne>fo   10  years.

INTRODUCTION

For  a  long  time  Kansas  has  been  blessed  with  natural  resources  that  have

helped  to  make  it  one  of  the  most  productive  agricultural  states  in  the  Unit.ed

States.     These  resources,   water  and  land,   have  been  rr`anaged  effectively  by

individual  farmers  to  serve  their  short-term  economic  purposes.     However,

because  of  a  lack  of  any  long-range  rrianagement  plan,   groundwater,   the  rriajor

source  of  irrigation  water  in  western  Kansas,   is  showing  noticeable  decline;

and  in  particular  areas,   the  decline  is  so  large  that  a  moratorium  has  been

declared  on  further  expansion  of  the  number  of  irrigation  wells.

One  of  the  areas  that  has  shcwn  considerable  decline  in  groundwater

levels  is  the  Pa`mee  Valley,located  in  south-central  Kansas   (Fig.1).     For

the  last  two  years  the  Geohydrology  Section  of  the  Kansas  Geological  Survey

has  been  studying  the  groundwater  resources  of  this  area,   resulting  in  this

report,   as  well  as  another  previously  published  report   (Sophocleou§,1980).

These  studies  were  carried  out  in  three  phases.

Phase  1:     A  hydrogeologic  invest.igation  of  t.he  Valley  was  conducted.     All



Figure   1.     Map   showing  the   location  of   the  st.udy  area   (Pawnee  Valley)   in
Kansas.

available  data  were  reviewed  and  new  water-level  data  were  collected.     Based

on  these  data,   conclusions  were  reached  about  the  boundaries  of  the  Valley,

thickness  of  the  water-bearing  formation,  physical  properties  of  the  forma-

tion,  and  the  amount.  of  lateral  and  vertical  recharge  to  the  aquifer.

A  hydrologic  budget  analysis  for  the  region  revealed  that  the  groundwater

resources  of  the  Valley  have  declined  noticeably  over  the  last  30  years,   and

many  areas  are  already  considered  over-appropriated.     It  also  showed  that.  each

year  an  average  of  0.5  inch  of  water  is  recharged  t.o  the  system,   and  almost

six  inches  of  water  are  withdrawn  for  irrigation.     This  mass  imbalance  has

caused  the  present  concern  of  some  farmers  about  the  future  of  their  water

resources   (Sophocleous,1980,1981).

Phase  2:     In  this  phase  the  results  of  the  previous  phase  were  quanti-

fied.     These  data  were  used  in  the  calibration  of  a  digital  computer  lrodel.



The  equat.ion  that  describes  the  flow  of  water  through  isotropic  porous  media

is:

V   .    (T(x)   Vh(x,t))   =   S(i)   #  -I:,   Q(J)6(x-x])

T(i)     =  Transmissivity   [I.2/T]

h(x,t)     =  hydraulic  head  at  x  at  time  t.   [L]

S(x)       =  s€orativity  or  specific  yield  at  x  (dimensionless)

Qj       =  magnitude  of  sink  or  source  at  j   [L/T]

6 (x-x] ) =  Dirac  delt.a  function

x    =  coordinate  of  a  point   (x,y)

t     =  time   [T]

M    =  total  number  of  sinks  or  sources.

In  terms  of  drawdown,   equation   (1)   may  be  written  as:

(1-a)           V.    (T(x)Vs(x,t))=S(;)¥=     ¥at_
where  s(x,t)   is   drawdown  at  x  at  time  t

Equation  (1-a)   is  subject  to  the  initial  condition

s(x,t)   =   0

and  boundary  conditions

s(I,t)   -0

and
@s(r    ,t)
8n

-0

on  r   (i.e.,   constant  head  a.C.)

on  r     (i.e.,   constant  flux  B.C.).

n  is  the  normal  direction  to  the  boundary,   and  r  and  r    are  segments  of  the

boundary  where  the  appropriate  condit.ion  applies.     This  equation  is  based  on

the  continuity  equation  and  Darcy's  law.

Sophocleous   ( 1980,1981)   used  a  two-dimensional  finite-difference  model

developed  by  Knowles  and  others   (1972)   to  identify  the  parameters  of  the



aquifer  K  and  S   (i.e. ,   calibration) ,   and  using  the  sarre  rriodel,   he  simulated

the  future  water-table  conf iguration  of  the  aquifer  as  a  result  of  six  differ-

ent  options  ranging  from  the  continuation  of  t.he  present  rate  of  pumpage  to  a

20  percent  increase  and  decrease  in  this  amount.     He  also  gave  a  detailed

hydrogeologic  description  of  the  aquifer.     The  conclusions  reached  in  that

study  were:     a)   the   groundwater  wit.hdrawals  in  t.he  Valley  have  caused  substan-

tial  decline  in  the  water  table,  b)  the  wet  periods  are  very  unlikely  to

reverse  water-level  declines,   and  a)  a  rather  bleak  fut.ure  is  indicated  for

groundwater  supplies  in  a  large  part  of  the  Valley  `inless  the  groundwater

management  districts  of  t.he  area  soon  make  important  decisions  regarding  their

water  supply.     Among  these  decisions,   a  freeze  on  new  irrigation  wells  and  the

implementation  of  a  depletion  allowance  of  not  more  than  40  percent  of  satu-

rated  thickness  are  mentioned.

Phase  3:     In  this  phase  a  management  lrodel  was  proposed  that  may  be

effective  in  the  overall  preservation  of  the  Valley's  fut.ure  groundwater

resources.     Any  groundwater  management  plan  in  Kansas  m`ist.  be  based  on  the

groundwater  laws  of  Kansas.     These  laws  are  based  on  the  doctrine  of  prior

appropriation   (i.e.,   the  seniority  of  the  water  users  in  any  management  plan

[mst  be  preserved).     Naturally,   the  best  management  plan  is  the  one  that

optimizes  some  objective  function  subject  to  a  set  of  physical,   economic,   and

legal  constraints.     One  can  formulate  two  types  of  plans:     one  plan  may  try  to

optimize  some  objective  function  based  on  an  economic  measure  such  as  cost,

gross  return,  or  net  returnj  the  other  plan  may  be  based  on  the  physical

capability  of  the  system  to  deliver  the  maxilnum  quant.ity  of  Vat.er  over  a

period  of  time  subject  to  a  series  of  physical,   legal,  and  institutional

constraints.    This  lat.ter  model  was  tested  on  the  proposed  area.     In  a  future

4



study,  we  plan  to  apply  a  rricldel  of  the  first  kind  to  the  area  to  evaluate  the

price  elasticity  of  crops  and  energy  on  the  optirrial  management  policy.

A   GROuNDWATER   MANAGEMENT   roDEL

In  any  optimal  r[ianagement  model,   an  objective  function  is  optimized

subject  to  a  set  of  constraints.     Among  the  constraints,   an  equation  of  state

that  mathematically  describes  t.he  t.ransition  of  the  state  of  t.he  System  from

one  stage  to  another  rust  exist.     For  9roundwater  flow,  the  equation  of  state

is  presented  in   ( 1).     Solution  of  this  equation  for  non-homogeneous  and  aniso-

tropic  systems  has  been  achieved  nunerically.     The  result  of  this  solution  is

a  set  of  values  Specifying  hydraulic  heads  or  drawdorms  at  each  designated

point  in  the  system  as  a  result  of  a ;E±]!=A set  of  punpage  rates.     However,

when  the  pumpage  is  unknown,   as   is  the  case  in  a  management  lrodel,   equation

( 1)   becomes   indeterminal`t.

In  order  to  present  an  equation  of  state  based  on   (1),  which  can  be  used

in  a  management  rrodel,   Maddock   (1972)   proposed  the  use  of   linear   systems

theory.     Other  investigators   (Dreizin,   1975j   rtoench  and  Kisiel,   1970j   Venetis,

1971;   Hall   and  Moench,    1972;   Morel-Seytoux  and  Daly,   1975;   Bathala   and  others,

1977)   have  also  reviewed  linear  systems  t.heory  and  have  applied  it  to  ground-

water  or  groundwater-surface  water  systems.     Recently  Gorelick  and  Remson

( 1982)   have  applied  the  principle  of  linear-systems  theory  to  the  management

of  mult.iple  gToundwater  pollutant  sources  in  a  steady  groundwater  region.



LINEAR   SYSTEMS    (CONVOLUTION   INTEGRAI.)

The  basic  t.heorem  that  I[iakes  linear  systems  analysis  applicable  to  water

resources  systems  is  t.he  convolution  integral  or  the  superposition  integral:
t

(2) s(t)   = Q(I)   B(t-T)   dt

where :

Q(t)   =  system  input   (system  stress  such  as  pumpage)

B(t)   =  system  unit  impulse  response  function

s(t)   =  system  output   (system  response  such  as  drawdown)

t  =  time

I  =  dummy  variable.

The  convolution  integral  is  applicable  to  linear  systems   (i.e. ,   the  boundaries

and  the  equation  of  state  do  not  change  with  time,  and  the  superposition  laws

are  applicable  to  them)    (Cheng,1959;   Bear,1979).     Equation   (2)   formulates

the  system.a  equation  of  state  in  a  linear  cause  and  effect  form.     It  has  been

applied  to  groundwater  problems   since   1935  when  C.   V.   Theis   (Theis,   1935)

applied  the  solution  of  the  heat-conduction  equation  based  on  this  integral  to

the  groundwater-f low  equation.

Maddock   (1972,1974a)   used  linear-systems   theory  and  Green's   functions   to

arrive  at  the  discrete  form  of   (2)   for  a  multi-well  system  consisting  of  M

wells  for  n  time  periods:

(3)

where

Mn
s(k,n)   =     I        I:     q(j,i)   B(k,j,n-i+1)

j=1   i-1

s(k,n)   =  drawdown  at  well  k  at  tine  step  n

q(j,i)   =  pumpage  of  well   j   during  period  i



B(k,j,n-i+1)   =  syst.em  unit  response  function  or  unit  drawdown  at  well  k

a§  a  result  of  unit  pumpage  at  well  j  for  the   (n-i+1)th

t.ime  period.

In  (3)   a(k,j,i)  "st  be  calculated  analytically  or  nunerically.    Bachala  and

others   (1977)   lists  analytical  solutions  for  calculat.ions  of  B's  for  different

aquifer  boundaries.     Haddock   (1972)   obtained  the  a.s  using  the  numerical

solution  of  the  groundwater-f low  equation  while  satisfying  Neunan-  and

Dirichlet-type  boundary  conditions  and  variations  in  physical  properties  of

the  aquifer.     The  procedure  proposed  by  Maddock  is  as  follows:     a)   the  domain

is  discretizedj  b)  values  of  hydraulic  parameters   (storativity  and  transmis-

Sivity)   are  assigned  to  each  discrete  Segment  or  nodej   a)   the  bo`indary  condi-

tions  are  identified  and  quantified  for  input  to  the  m3delj  d)  the  locations

of  wells  are  designa€edi  e)   starting  from  the  first  well  to  the  last,  a  purap-

age of  one  unit  is  assigned  to  that  well  for  the  first  time step and -
±±±±£± for  the  rest  of  the  tine  stepsj  and  f )  the  drawdorms  calculated  in  this

manner  become   the   B's   in   (3).

In  this  study  a  coxputer  program  developed  by  Haddock   (1974a),   which  uses

the  above  procedure  to  generate  the  response  functions,   (B's),   is  used.

The  use  of  the  response  function,   a,  to  calculate  drawdown  in  an  aquifer

may  be  demonstrated  as  follows.     Consider  a  homogeneous,   iBotropic,   confined,

non-leaky  aquifer  of  infinite  extent  with  one  fully  penetrating well.    The

drawdo\m  at  a  distance  r  from  the  well  at  time  t  is   (Theis,1935):

(4)

®-V

a,r,t,=#  ,     +dv
u



where

s(r,t)   =  drawdown  at  a  dist.ance  r  from  well  at  time  t

Q  =  constant  discharge  for  the  entire  pumping  period

V  =  dummy  variable

u-#
S  =  storativity  coeff icient

T  =  transmissivity

t  =  pumping  period.

Then,   following  the  procedure  outlined  above,   for  Q  =   1,   equation   (4)   for  N

time  periods  may  be  written  as:

(5) c.,r,i, -i
co-V

+dvui
i   -1,2,3,,,',N

where       Cl(r.i)   =  unit  drawdown  at  a  distance  r  from  well  at  the  end  of  ith

time  step,   t±,   caused  by  one  unit  pumpage  and
r2s

Bathala  and  others   (1977)   includes  a  scherriatic  presentation  for  the

solution  of   (4)  using  the  superposition  principle  for  three  t.ime  steps  with

three  different  rates  of  pumpage   (Fig.   2).     To  use   (5)   to  calculate  the  draw-

downs  sho\m  in  Figure  2,

I.et  ao   =  C'(r,0)   -   0

and8      =Q   -a           =   cL(r,i)    -cL(r,i-1).
i        i    i-1

For  t  =  0  to  t  =  ti   (With  q  =  qi)

(6-a)                        S(riti)   =  qiQi   =  qi(Qi-Cio)   =   q|Br



Pumpage

t2t3

Drawdown
Figure  2.     Schematic  representation  of  guperposition  principle.     Afcer  Bat.hala

and  others   (1977).

For  t  =  0  to  t  =  t2   (wit.h  q  =  c|i   for  0  to  t|,   and  q  =  q2  for  tl  to  t2)

(6-b)                         S(rit2)   =   qia2   +   Asi,2   =   qia2+(q2-q|)Cl|   =   ql82+q2B1.

For  t  =   0  to  t  =  t3   (with  q  =  qi   for  0  to  tii   and

( 6-c )

q  =  q2  for  t|  to  t2,   and

q  =  q3  for  t2  to  t3)
S(r.C3)   =  qTa3+Asi,3+AS2,3   =  qia3+(q2-qi)a2+(q3-q2)a|

=  qi (Q3-Q2 )+q2 (a2-ai )+q3 (ai-ao)

--q.83ng282+q38;



For  N  time  steps,   (6-c)   may  be  written  as:

(7)

N
s(riN)    =   ±=,   q]B(N-i+1).

Maddock   (1972)   calls   8  the  algebraic  technological  function  or  response

function.     Application  of  convolution  integral   (2)  €o  gro`lndwater  aquifers  is

contingent  upon  the  homogeneity  of  the  boundary  conditions.     Any  changes  in

the  boundary  conditions  lmst  be  explicit.Iy  lrodeled  by  a  capture  term.     A

capture  te]m  may  represent  transpiration,   leakage  from  a  confining  bed,  or  any

other  term  that  tends  to  modify  t.he  boundary  condit.ions  of  the  aquif er  sys-

tem.     For  unconf ined  aquifers  where  the  free-surface  boundary  conditions

change  with  time,  one  may  try  to  derive  the  appropriate  algebraic  technologi-

cal  functions   (Maddock,   1974b) ,   or  correct  the  drawdo\m  obtained  from  equation

(3)   by  a  procedure  proposed  by  .acob   (1944) :

(8) a = a,  . ±
2b

where:     s  =  drawdo`m  in  the  confined  aquifer

s'   =  drawdorm  in  the  unconfined  aquifer

b  =  saturated  thickness.

This  relationship  adjusts  the  drawdown  in  a  confined  aquifer,   s,   to  that  of  an

unconfined  aquifer,   s.,   rather  effectively  provided  that  s'   is  not.  excessive

in  comparison  with  b,  the  saturated  thickness.

FORMULATION   OF`   THE   MANAGEMENT   MODEL

Based  on  t.he  equation  of  state  given  in   (3) ,   several  types  of  lrianagement

models  rray  be  formulated.     These  models  seek  to  optimize  objective  functions

that  are  based  on  sorre  economic  criteria  such  as  cost  or  net  return.     In  this
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study  an  object.ive  function  based  on  the  physical  capability  of  the  system  is

proposed.     The  problem  to  be  solved  is  as  follows:

MN

(9-a)                        MaxQ=     I        I     q(k,n)
k=1   n-1

subject  to

( 9-b )

( 9-c )

(9-d)

( 9-e )

o   <   q(k,n)    <   Q(I,n)

M

I:      q(k,n)    >  9(n)
k=1

0   <   a(k,n)    <   Tb(k)

Mn
a(k,n)   =     I        I     q(j,i)   a(k,j,n-i+1)

j=1    i=1

for  all  k  and  n

for  all  n

for  all  k  and  n

where :

Q  =  sum  of   the  pumpages  of  M  wells   for  N  t.ime  periods

q(k,n)   =  p`impage  of  well  k   during  period  n

E(k,n)   =  upper  limit  of  pumpage  of  well  k  during  period  n

j|(n)   =  lower  limit  of  the  sun  of  pum|)ages  of  M  wells  chiring  period  n

a(k,n)   =  drawdown  of  well  k  from  the  start  of  pumpage  to  the  end  of  time

period  n

T  =  a   f raction     0  <   T   <   1

b(k)   =  saturated  thickness  of  well  k  before  pumpage  started

Yb(k)   =  upper  limit  of  drawdo\m  for  well  k  up  to  t.he  end  of  period  n.

Objective  function   (9-a)   seeks  to  find  the  maximum  quantity  of  punpage

from  M  wells  for  N  tirre  periods.     Constraint   (9-b)   states  that  the  pumpage  of

a  well  cannot  be  greater  than  the  appropriated  right  of  that  veil,  Q(k,n).

Constraint   (9-c)   states  that  the  sum  of  the  pumpages  from  M  wells  during  any

11



time  period  will  not  fall  below  a  limit,  2(n).    This  limit,  A(n),  "y  be

chosen  based  on  the  mini[rurri  amount  of  water  required  to  grow  a  crop  with  the

least  amount  of  water.     Constraint   (9-a)   states  that  t.he  drawdown  in  each  well

at  any  time  will  not  exceed  a  limit,   yb(k).     In  Kansas,   this  limit  is  normally

set  by  the  local  groundwat.er  management  districts  and  is  a  f faction

(i.e. ,  T<1)   of  the  saturated  thickness,   b(k)   at  a  particular  well,   (k).

Constraint   (9-e)   guarantees  that  the  above  process  will  also  honor  the  conti-

nuity  equation  that  describes  the  f low  of  water  through  porous  media,   equation

(1).     The  response  function,   a,   is  calculated  using  a  discret.e  form  of  equa-

tion   (1)   and  a  procedure,   outlined  above,   developed  by  Maddock   (1974a).

In  order  to  avoid  any  confusion,   it  must  be  restated  here  that  t.he  so-

called  "optimal"  net  pumpage  policies  to  be  calculated  by  the  above  rnodel  are

based  on  the  physical  parameters  of  the  aquifer  and  on  man-made  constraints.

These  policies  may  or  may  not  be  related  to  a  set  of  optiml  policies  based  on

some  economic  criteria.

The  objective  function   (9-a)   and  constraints   (9-b  through  9-e)   form  a

linear  programming  model  that  can  be  solved  by  any  linear  programming  pack-

age.     For  each  well  there  are  two  unknowns   (q  and  a)   at  each  tili`e  step.

Therefore,   for  a  system  consisting  of ,   say,   100  wells  and   10  time  periods,   a

total  of   100  x  2  x   10  =  2000  unknowns  exist.     The   linear  programming  package

used  in  this   study  was   developed  by  Murtagiv  and  Saunders   (1977).

TEST   OF   THE   MANAGEMENT   MODEL

In  order  to  test  the  accuracy  of  the  management  model  formulated  above,

three  hypothetical  cases  were  studied.

Case  1 :    E[orogeneous  and  Isotrqpic  Infinit.e  Confined  Aquifer--A  homogene-

ous  and  isotropic  conf ined  aquifer  of  infinite  extent  with  one  fully  penetrat-

12



ing  pumping  well  in  the  middle  was  analyzed  by  the  rrodel  and  tine  optimal

pumpages  and  associated  drawdo`ms  were  calculated.     In  order  to  sirrulat.e

infinity,   the  dimensions  of  the  digital  model  were  assumed  large  enough  so

that  no  boundary  effects  mere  noted  at  the  well.     Then  the  optimal  pumpages

were  used  in  Theis'   equation  and  a  new  set  of  drawdowns  were  calculated.

Figure  3  shows  the  drawdo`i}n  versus   distance  calculated  ky  the  management  model

and  Theis'   equation  ac  the  end  of  two  ar`d  10  years  of  pumpage.     These  graphs

show  good  agreement  for  nodes  away  from  the  pumping  well.     For  small  distances

from  the  well,  the  inaccuracies  inherent  in  both  analytical  and  numerical

solutions  appear,   and  agreement  between  the  two  graphs  becomes  less  satisfac-

tory  as  the  distance  becomes  smaller.     The  error  between  the  two  graphs  for

points  away  from  the  well  is  directly  attributed  to  grid  spacing  (Ax)  used  in

the  numerical  model.     The  related  data  for  this  case  are  presented  in  Figure

3,

case  2 ;    ton-Eb-geneou8  and  Isotrcpic  confined Finit.e  apiifer--A  non-

homogeneous  but  isotropic  conf ined  aquifer  of  f inite  extent  with  no-f low

boundary  conditions  was  analyzed  by  the  rrianagement  mc>del  for  three  wells.

Since  no  natural  discharge  or  recharge  takes  place,   the  existence  of  no-f low

boundary  condition  does  not  create  any  capture  term  and  thus  the  drawdown

calculated  by   (2)   is  directly  applicable.     The  opt.imal  pumpages  of   100  acre-

feet/year  were  obtained  together  with  the  associated  drawdowns.     Then  these

pumpages  were  used  in  a  digital   groundwater  model  developed  dy  the  U.S.   Geo-

logical  Survey   (Trescott  and  others,   1976)   to  calculate  the  drawdowns.     Figure

4  shows  plots  of  drawdouns  versus  time  for  the  three  wells  ky  the  management

model  and  the  U.S.  Geological  Survey's  digital  groundwater  lrodel.     As  ob-

served,   the  data  are  distinguishable  only  at  Small  times.

13
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Distance  (Ax=2640 ft)

Figure  3.     Comparison  of  drawdown  versus  distance  curves  of  one  well  in  a
homogeneous  and  isotropic  aquifer  of  imf inite  extent  as  obtained  by
the  lrianagement  lrodel  and  Theis'   equation.

Case  3:    Effect  of  Tine  Incremenc,  At,  on  the  Acc`iracry  of  Regul.8--In

this  case  the  problem  of  Case  2  was  analyzed  by  the  management  model  with  time

increments  At  =   1,   2,   and  5  years   for  a  total  of   10  years.     Figu.re  5  shows  the

drawdown  versus  time  for  the  same  wells  as  obtained  by  the  lr`anagement  model

with  different  time  increments.    After  five  years  of  pumpage,  very  little

difference  in  drawdown  is  observed  among  the  three  wells.     This  leads  us  to

the  conclusion  that,   if  the  intermittent  data  points  are  not  needed,  almost

the  same  results  are  obtained  with  lmuch  less  coltputation   (10  time  increments

for  At  =   1   year  versus  two  time  increments  for  At  =  5  years).

14
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Figure  4.     Comparison  of  drawdown  versus  time  curves  of  three  wells   in  a  non-
homogeneous  and  isotropic  aquifer  as  obtained  by  the  management
model  and  U.   S.   Geological  Survey  digital  rtlodel.

APPLICATION   OF   THE   MANAGEMENT   MODEL

The  management  model  described  above  was  applied  to  the  Pavnee  River

Valley  of  south-central  Kansas   (Fig.   1),   an  area  t.hat  seems  rather  well  suited

for  its  application.     This  is  an  area  in  which  the  need  for  such  models  exists

and  substant.ial  hydrogeologic  data  have  been  collected  and  analyzed.    A  pre-

dictive  numerical  rriodel  has  been  calibrat.ed  for  the  area  and  used  to  simulate

the  expected  future  of  the  resource  as  a  result  of  a  given  pumpage.    The

coeff icient  mtrices  of  transmissivity  and  storat.ivit.y  and  other  data  calcu-

lated  in  tinat  calibration   (Sophocleous,   1980)   are  used  in  the  application  of

our  manageltLent  lrodel.
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Figure  5.     Colxparison  of  the  drawdown  versus  time  for  three  pumping  wells   in  a
non-homogeneous  and  isotropic  aquifer  as  obtained  by  the  management
model  with  different  tirre  steps.

AQUIFER   PARAMETERS   AND   BOUNDARY   CONDITIONS

Figure  6  shcIVs  the  idealized  boundary  of  the  study  area.     Figures  7,   8,

and  9  show  the  distribution  of  transmissivity,   specific  yield,  and  saturated

thickness  obtained  for  the  area.     In  Figure  6  the  boundary  conditions  used  in

this  study  are  also  specified,   i.e.,  boundaries  are  to  be  considered  as  no-

flow  unless  they  are  designated  by  CH,   specifying  a  constant-head  boundary.
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WELI,   FIELDS   AND   RELATED   DATA

In  order  to  evaluate  the  potential  pumpage  of  the  area,   a  number  of  well

fields  was  designated  in  the  area.     Figure   10  shows  the   location  of  61   hypo-

thetical  well  f ields  in  the  area.    Each  hypothetical  well  f ield  represents  the

total  pumpage  from  several  real  wells  in  its  vicinity.     These  locations  were

chosen  after  considerable  investigation  of  the  I[iaximum  number  of  well  fields

that  can  be  handled  efficiently  by  the  computer  program  used  in  this  study  and

of  the  size  of   the  coltputer  memory  available   (Honeywell  66/60  at  The  Univer-

sity  of  Kansas).     This  configuration  of  well  fields  is  by  no  means  the  only

configuration  that  can  be  used  in  this  analysis.     Had  some  other  well-field

configuration  been  chosen,   the  results  probably  would  have  been  somewhat

different.    Another  factor  that  affected  t.he  location  of  these  hypothetical

well  fields  was  the  amount  of  net  appropriation  in  an  area.     "Net  appropria-

tion"  is  defined  here  as  the  difference  betveen  appropriat.ion  and  recharge.

If  the  amoul`t  of  net  appropriation  in  an  area  was  high,   more  hypothetical  well

f ields  had  to  be  located  in  that  area.     In  Appendix  A  the  amount  of  net

appropriation  to  each  well  field  is  presented  together  with  the   1979  saturated

thickness  at  that  well  field.     The  net  appropriation  was  calculated  using  0.5

inch  of  recharge  per  year.

Net  appropriation  at  a  well  field  (k)   during  a  particular  period  of  tine

(n),   Q(k,n),   is  used  in  equation  9-b  as  the  upper  limit  of  pumpage.     It  is

assumed  that  the  net  appropriation  at  each  well  f ield  as  given  in  Appendix  A

remains  constant  for  each  year  of  the  analysis.     This  Appendix  may  not  show

the  actual  appropriated  pumpage§  for  sons  well  fields.     This  is  because,   in

designing  a  grid  system  such  as  the  one  presented  in  Figure  7,  a  decision  had

to  be  lrlade  as  to  what  appropriation  should  be  assigned  to  which  grid  point.
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As  was  stated  in  the  formilation  of  this  problem,  the  saturated  thickness

a€  well  field   (k),  b(k),   plays  an  important  role  in  the  decision-making  pro-

cess.     Equation   (9-d)   specifies  how  a  portion  of  the  saturated  thickness,

Tb(k),   is  used  as  a  constraint  in  the  problem.

The  lower  limit  of  t.he  sun  of  the  pumpages  for  a  time  period,  j|(n),   in

equation   (9-a)  was  set  equal  to  zero.     In  other  words,  we  decided  to  allow  the

sum  of  the  pumpages  to  vary  from  zero  to  any  upper  limit   (optimum  pumpage)   as

long  as   (9-b),   (9-d),   and   (9-e)   were   Satisfied.

TIME   PERIODS   USED   IN   THE   ANALYSIS

'nro  time  periods   (five  and  10  years)  were  used  in  the  application  of  the

management  model  to  the  Pawnee  Valley.     Annual  optimal  policies  were  calcu-

1at.ed  for  a  time  period  of  five  years  and  biennial  optimal  policies  were

calculated  for  a  time  period  of   10  years.     As  the  results  show,  many  of  the

appropriations  cannot  be  satisf led  over  these  periods  of  time.    Therefore,

longer  time  periods  were  not  considered  in  the  analysis.

SIMULATION   OF   1984   WATER-TABLE   CONFIGURATION

The  model  described  abov\e  calculates  the  residual  drawdown  at  a  particu-

lar  time  and  location.     In  order  to  calculate  the  remaining  saturated  thick-

ness  at  the  end  of  gone  time  period,   one  should  superimpose  the  drawdouns

associated  with  that  time  period  on  the  steady-state  water-table  condition  at

that  time.    However,  obtaining  a  steady-st.ate  water-table  condition  for  a

valley  that  has  been  under  pumpage  stresses  for  a  long  time  requires  substan-

tial  simulation  tine  with  zero  stress.     One  may  turn  off  all  the  pulxps,   ass`lme

a  kno`irn  recharge  rate,  use  the  existing  water  table  as  the  initial  condition,
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and  simulate  the  water-table  configuration  at  a  particular  time.    Depending  on

t.he  length  of  simulation  time,  the  simulated  water  table  will  be  different

f ron  the  initial  water  table  and  will  approach  the  steady-state  water  table  as

the  length  of  simulation  time  without  stress  increases.

To  obtain  the   1984  water  table,   the   1979  water  table  was  used  a§  the

initial  condition  together  with  all  the  relevant  data,   0.5  inch  of  recharge

per  year,   and  no  p`rmpage  in  the  calibrated  mc)del.     Examination  of  the  simu-

lated  water  table  indicated  that  this  water  table  is  a  good  approximation  to

the  steady-state  water  table.     Then,   residual  drawdowns  were  subtracted  from

this  Vat.er  table  to  obtain  the  remaining  saturated  thickness.     In  Appendix  A

the  1979  saturated  thickness  and  the  projected  1984  saturated  thickness  with

zero  pumpage  are  tabulated  fc)r  the  61  well  fields  under  investigation.

COMPUTATIONAI,   RESULTS

Five-Year  aptimal  P`xpage  I.olicies !±±| Nec  Appropriacion  as  a Con8t.faint

Based  on  data  presented  above  and  in  Appendix  A,   four  different  yearly

optimal  pumpage  policies  were  generated  for  a  total  t.ime  of  five  years.     All

yearly  optimal  pumpage  policies  used  the  same  data  except  the  percent  usable

saturated  thickness,   y.     The  values  of  T  used  were  25,   20,   15,   and  10  percent

of  usable  saturated  thickness.     These  values  of  T  were  chosen  after  a  review

of  the  management  policies  of  the  local  groundwater  management  districts.

When  T  =  25,   no  rare  than  25  percent  of  the  1979-80  saturated  thickness,   as

shown  in  Figure  9,  may  be  depleted  during  the  five-year  period.     Figure   11

shows  the  variation  of  five-year  opt.imal  net  pulxpage  policies  with  T.     Figure

12a  shows  the  yearly  optimal  pun:\page  polity  as  a  function  of  time  for  differ-

ent  y.s.
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Figure   11.     Opt.imal  five-year
pumpage  versus  percentage
usable  saturated  thickness
with  and  without  net
appropriation  as  a
constraint.
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Appendix  A  lists  the  remaining

saturated  thicknesses  at  the  end  of  t.he

f ive  years  as  a  result  of  yearly

optitral  pumpage  policies  for  different

Y's.     Figures   13a,   b,   and  a   Show  the

1979-80  saturated  thickness,   and  the

remaining  approximate  saturated  thick-

ness  contours  at  the  end  of   1984

for   T  =   25  and  T  =   10  percent.     From

these  figures  the  effects  of  different

policies  may  be  clearly  observed.

Fc>r  y  =   25  percent  the  volume  of   the

remaining  saturated  thickness  is  about

15  percent  smaller  than  the  volume  of

the  saturated  thickness  for  T  =   10

percent.

In  Appendix  I  the  distributed

optimal  pumpage  policies  are

tabulated  by  year  for  each  veil  field

and  different  T's,   together  with

percentage  of  five-year  net  appropriation  satisfied  by  this  punpage.    The  well

fields  that  satisfy  the  net  appropriation  are  shctwn.     Fc)r  further  development,

the  net  appropriation  of  well  fields   such  as   10,   19,   20,   and  57,   which  satisfy

100  percent  of  the  net  appropriation,   may  be  increased.     The  lirnits  of  these

increases  are  invest.igated  in  the  next  section.
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Five-Year aptinl Pixpage  Polic:ies t,ithout bet Apprapriat.ion  as  a Constraint

In  an  attempt  to  f ind  the  maximurl  amount  of  water  that  can  be  pur`ped  f ron

these  61  veil  fields,  we  generated  four  lrore  yearly  optimal  pumpage  policies

with  T  =  25,   20,   15,   and   10  percent.     In  these  policies  the  net  appropriation,

Q(k,n),   as  a  constraint  was  set  equal  to  a  large  enough  value  so  that  the

usable  saturated  thickness  together  with  continuity  (equations  9-d  and  9-e)

controlled  the  maximum  allowable  pumpage.     The  pumpage  policies   generated

under  this  condition  are  designated  as  optimal  pumpage  policies without  net

appropriation  as  a  const.raint.     In  Figures   11  and  12b  the  total  optimal  pump-

age  and  yearly  optirrial  pumpages  are  plotted  as  a  function  of   T  and  time.     As

expected,  when  net  appropriation  as  a  constraint  is  raised,   more  water  becomes

available  for  pumpage  and  pumpage  will  take  place  up  to  the  usable  saturated

thickness.     However,   this  increase  is  rather  insignificant  for  small  T.s.

Only  if  a  large  percentage  of  saturated  thickness  is  allowed  to  be  used  does

the  raising  of  the  net  appropriat.ion  constraint  allow  a  noticeable  increase  in

pumpage.     Appendix  C  shows  the  spatial  and  time  distribution  of  optimal  pump-

age  policies without  net  appropriation  as  a  constraint.     This  Appendix  further

supports   the  conclusions   reached  by  Sophocleous   (1980,1981)   that   some  areas

of  the  Valley  will  not  be  able  to  support  the  present  appropriation  over  a

long  period  of  time.     Indeed  for  T  =   10  percent,   some  well  fields   (for  exam-

ple,   33,   34,   45,   and  60)   must  be  considered  inoperative  or  at  besc  marginal.

Depending  on  the  management  district.s  and  irrigators'   points  of  view,   several

rare  well  fields  lray  be  eliminated.     This  will  rriake  lrore  water  available  for

the  adjacent  well  fields.     Even  for  T  =  25  percent  some  of  these  well  fields

(such  as  well  field  34)   remain  inoperative.

Table   1   summarizes  the  results  obtained  from  the  management  model  with

and  without  net  appropriation  as  a  constraint.
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Table   1.     Comparison  of  the  Five-Year  Optimal  Pumpages
Appropriation  as  a  Constraint.

With  and  Without  Net

Optimal  Pumpage
(1000  ac-ft/5  years)

y(8)
Change

j±±±[ Net  Appropriation
as  a  Constraint

Without  Net Appropriation
as  a  Constraint

96.9

135.4

167.0

191. 7

99.4

144 . 5

191.9

235.2

percent  increase  in  puxpage  can  be  expected  when  net  appropriation  is  removed

as  a  constraint,  while  for  T  =  25  percent  t.his  increase  is  22.7  percent..

10-Year  ap€1ml  Ptixpage  Policies  Vitho`iE  ke€ Appropriation as  a Constraint
In  order  bo  evaluate  t.he  potent.Ial  of  the  aquifer  over  a  longer  period  of

time,   the  opt.imal  pumpage  policies  were  calculated  on  a  two-year  basis  for  a

total  of  10  years  for  T  =  25  percent  of  the  usable  saturated  thickness.     In

these  calculations,   for  well  fields  that  had  the  potential  to  deliver  rrore

water  than  the  two-year  net  appropriation,  the  upper  limit  of  p`rmpage,

Q(k,n),  was  raised  so  that  all  the  usable  saturated  thickness   (25  percent  of

1979-80  saturated  thickness)  was  used  up.     The  results  of  these  calcula€ions

(Appendix  D)   show  that  over  a   10-year  period  a  total  of  323,181   acre-feet

(about  50  percent  of  the  10-year  net  appropriation)  may  be  pumped  from  these

61  well  fields  if  not  more  than  25  percent  of  the  saturated  thickness  at  each

well  f ield  is  used.     The  appropriations  sho`m  in  colurm  2  of  Appendix  D  for
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well   fields   5,10,14,   20,   22,   23,   30,   50,   51,   53,   57,   and   61   may   be   increased

to  the   levels  shown  in  columns  3  through  7  if  desired.     Well  fields  33,   34,

37,   41,   and  42  must  be  dropped  from  a   10-year  rr`anagement  plan.     Other  well

fields,   such  as  4,   27,   28,   43,   and  45,   can  be  considered  marginal  at  best,   and

if  they  are  dropped  from  a   10-year  rrianagement  plan  rrore  water  becomes  avail-

able  for  adjacent  wells.

SUMMARY,    CONCLUSIONS,    END   RECOMMENDATIONS

In  this  study  we  have  developed  a  groundwater  management  model  based  on

the  use  of  linear  systems  theory  and  linear  programming.     This  model  is  capa-

ble  of  calculating  the  best  pumpage  policies   (optimal)   subject  to  physical  and

institutional  constraint.s.     It  was  tested  for  two  hypothetical  aquifers  and

the  results  were  validated.     Then,   this  model  wag  applied  to  the  Pawnee  Valley

of  south-central  Kansas,   an  area  for  which  considerable  hydrogeologic  data  had

been  prepared.

The  application  of  the  management  lrodel  to  the  Pawnee  Valley  was  done  for

61  hypothetical  well  fields  for  two  time  periods,   five  and   10  years.     For  the

five-year  time  period,   yearly  optimal  pumpage  policies  were  generated,   which

allowed  a  certain  percentage  or  less  of  the  1979-80  saturated  thickness  at

each  well  field  to  be  used  up  during  this  period.     These  percentages  were  set

at  T  =   10,   15,   20,   and  25  percent.     The  upper   limit  of  pumpage  was   set  equal

to  the  net  appropriation  for  that  site.    With  these  data  four  policies  were

generated  and  vere  designated  as  five-year  optimal  punpage  policies  ±!!i±i net

appropriation  as  a  constraint.     In  another  analysis,   four  more  policies  were

generated  using  the  same  data,   except  it  was  made  certain  that  all  the  usable

saturated  thickness  was  used  up.     This  was  done  by  raising  the  level  of  net
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appropriation.    This  policy  was  designated  as  f ive-year  optimal  p`mpage  policy

without net  appropriation  as  a  constraint.

For  the  lo-year  time  period,   two-year  optimal  pumpage  policies  vere

generated  using  25  percent  of  the  saturated  thickness  without  net appropria-

tion  as  a  constraint..     This  analysis  shows  that.  for  the  next  10  years  about  50

percent  of  the   1979  net  appropriation  may  be  satisfied   (about  32,318  acre-

feet/year) .

The  basic  conclusion  reached  in  this  study  is  that  the  groundwater  re-

sources  in  the  Pawnee  Valley  are  highly  over-appropriated  and  sore  action  by

the  irrigators  mist  be  taken  to  slow  down  the  rate  of  depletion  of  this  re-

source.     There  Seems  to  be  little  hope  that  the   1979  net  appropriation  of

64,018  acre-feet  lrlay  be  pumped  from  the  aquifer,   unless  the  irrigators  and  the

groundwater  management  districts  decide  to  use  a  high  percentage  of  the  Satu-

rated  thickness  over  the  next  five  or   10  years.     At  best  40,000-50,000  acre-

feet/year  may  be  pumped  over  a  five-year  period,   and  30,000-35,000  acre-

feet/year  may  be  pumped  over  the  next   10  years  if  25  percent  of  the  saturated

thickness  is  allowed  to  be  used  up.

One  riiay  recommend  that  the  users  of  this  precious  natural  resource  work

together  to  establish  procedures  for  monitoring  water  usage  and  levels.    A

management  plan  may  be  designed  for  a  period  of  t.ime,   say   10  years,   to  re-

allocate  the  groundwater  resources  based  on  seniority,   saturated  thickness,

and  a  crop-rotation  plan.     In  such  a  plan,   data  provided  in  this  report  my

become  a  useful   guide.     For  example,   according  to  Appendix  D,   not  more  than

2,751  acre-feet  can  be  pumped  from  well  field  1   for  the  next  10  years   if  only

25  percent  of  the   1979-80  saturated  thickness  is  allowed  to  be  used.     This  is

16  percent  of  the  1979  net  appropriation  to  this  well  field.     Therefore,   in  a

lrlanagement  plan,   only  about  2,700  acre-feet.  of  water  are  available  for  the
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users  associated  with  well  field  1.     On  the  other  hand,   according  to  Appendix

D,   well  field  57  can  deliver  considerably  more  water   (49,911.0  acre-feet  or

279  percent  of  the  1979  net  appropriation)   than  has  been  appropriated.     There-

fore,  the  farmers  can  apply  for  further  appropriations  in  this  area.

The  corrputational  results  in  this  report  mist  be  used  with  caution  and

considerable  judgment.    This  is  because  of  the  inherent  assumptions  that  exist

in  any  groundwater  management  lrodel  and  the  data  used  in  it.     The  data  and

model  used  in  thlg  study  represent  the  state  of  the  art.  in  data  collection  and

processing.     This  study  demonstrates  the  use  of  liiodern  techniq`ies  in  the

management  of  a  limited  resource  such  as  groundwater  in  sorr`e  areas  of  Kan-

sas.     The  results  can  be  of  help  to  the  managers  of  the  groundwater  management

districts  and  the  Chief  Engineer  of  the  Kansas  Department  of  Agriculture,  who

share  the  responsibility  of  management  of  groundwa€er  resources  in  the  Pawnee

Valley.    Because  of  the  errors  that  exist  in  any  data  collection  and  process-

ing,   one  has  to  use  professional  judgrrient  when  using  these  results.     O`ir

recol[imendation  is  that  these  results  be  used  as  a  guide  rather  than  as  an

absolute.
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Appendix  8.     Yearly  Optimal  Pumpage  Policies  for  Different  T's  E±£| Net  Appro-
priation  as  a  Constraint.

a.     T=   10  percent  of  usable  saturated  thickness

Well                    Net
Field      Appropriation

( Ac-Ft/Yr )

1688.9
2088.2
2160.1

2693.4
732.8

700.1
318.6

2734 . 3
477.8
192.2

598.5
69 1 . 2

1277.6
833.9
971.8

995.5
1246 . 0
618.2
185.5
205.8

516.1
263.3

1306.9
923.5

1225.3

722.8
853.8

1372 .1
1547 . 9
1039 .1

584.8
405.8
554.9
1 08 . 7

1329.3

Optima 1  Pillt`page
( Acre-Feet )

Year

Percent  of
5-year  Net

Appropriation
1                 2                     3             4                 5                  Satisf led

455.4         100.2
595.3          145.5
473.0         139.3
466.4         126.4
732.8        683.8

475.8            28.1
318.6         207.5
810.5          180.3
477.8        477.8
192.2          192.2

598.5         314.6
691.2         691.2

1152.2           153.7
833.9         520.9
971.8        443.4

778.0       1480.2
603.1            90.3
609.6           90.9
185.5          185.5
205.8         205.8

516.1          381.5
263.3         263.3

1238.1          221.2
923.5         201.5
719.3            98.5

722.8        235.5
550.7            28.4
395.8           57.9

1504.3         415.9
1039.1          955.0

584.8        584.8
405.8        405.8
456.1                0,
0,0,

669.5           81.8

91.3            83.7            77.0
134.4          125.3          117.6
120.5         104.6            90.9
117.2           109.4          102.5
438.6         383.0         339.0

26.4           24.7           23.0
66.0           60.4           55.2

146.6          120.7          100.6
241.0           99.7           78.5
192.2          192.2          192.2

66.3           59.9           54.3
297.4         207.1          163.7
129.0          107.7            90.2
179.8          151.4          129.3
226.2          192.0         166.2

130.5          116.3          104.8
79.2           69.2           60.3
77.3           64.6           53.0

185.5          185.5          185.5
205.8         205.8         205.8

105.9            58.1            24.5
263.3         263.3         166.4
189.9         164.4         143.4
115.2            83.7            60.6
72.9           53.7           39.2

114.3            68.4            41.9
8.8              0,                 0,

47.6           38.7           30.8
368.4        330.8        299.9
430.2         386.1         350.8

355.6         157.4         144.2
199.8           86.9           69.4

0,                   0,                   0,
0,                   0,                   0,

67.4           56.6           48.6

16.5
44.4
9.9

57.5
100.0

52.4
14.5
29.0

100.0
100.0
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1546.8
620.0
811.2

1338.6
572.9

572.9
1459 . 0
1471.9
998.9

1571 . 7

1051.2

666 .1
1965.5
1633.5
871. 8

649.0
698 . 2
769.2

2586.4
673.2

648.3
1785 . I
1061. 7
1943.3
1329 . 8

597 . 5

629.0          104.4
344.7            35.8
811.2          559.2

1338.6          524.1
572.9         572.9

572.9         561.8
1134.3                 0,
512.7            59.0
385.3           80.8
387.7            19.7

743.1             79.3
666.1         459.8

1538.4         333.2
1633.5         853.0
871.8         871.8

649.0        649.0
698.2        698.2
769.2        769.2
737.4         229.9
673.2         524.5

648.3        648.3
1785.1        1785.1
817.7          194.0

1226.6         544.3
269.2           54.7

597.5        573.5

73.4            50.0            32.1
3.2               0,                  0,

94.8           84.2           75.3
282.2         240.8         210.8
572.9        349.0        239.7

374.4
0.

26.5
64.4
12.5

61.6            48.7            38.7
71.4           64.5            58.7

274.9         229.8         194.3
454.0         356.1          291.7
871.8         528.0         346.5

562.0        279.5        208.9
344.4          162.9          115.0
628.7         572.7        555.4
199.5          174.2          152.6
115.9             54.1              14.6

303.0          174.8         140.8
1785.1        1785.1        1785.1

161.8          145.7          134.4
465.1         407.4         363.5

42.6           32.5           23.8

321.0         277.4         244.0
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41.1

59.1
100.0
27.4
30.9
6.4
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b.     T=   15  percent  of  usable  saturat.ed  thickness

Well
Field

Net
Appropriation

( Ac-Ft/Yr )

Optimal  Pumpage
( Acre-Feet )

Year
123

1688.9                  683.1          150.3
2088.2                 892.9         218.3
2160.1                    711.8          214.7
2693.4                699.6         189.7

732.8                 732.8         732.8

700.1                   700.1             55.7
318.6                  318.6         318.6

2734.3               1218.8         278.4
477.8                477.8        477.8
192.2                   192.2          192.2

598.5                598.5        598.5
691.2                  691.2         691.2

1277.6               1277.6         626.9
833.9                 833.9        833.9
971.8                 971.8         971.8

995.5                995.5        360.6
1246.0                  907.1          137.9
618.2                 618.2         387.7
185.5                   185.5          185.5
205.8                 205.8         205.8

516.1                      516.1           516.1

263.3                  263.3         263.3
1306.9               1306.9         768.3
923.5                923.5        687.2

1225.3                1090.7          157.7

722.8                 722.8        638.8
853.8                 853.8           60.0

1372.1                  597.2            89.7
1547.9                1547.9       1137.4
1039.1                  1039.1        1039.1

584.8                584.8        584.8
405.8                 405.8        405.8
554.9                554.9        496.6
108.7                    79.4              0.

1329.3                1008.7          130.1

1546.8                  952.5          165.3
620.0                 522.8           58.2
811.2                     811.2           811.2

1338.6                1338.6       1325.3

572.9                 572.9         572.9

137.0
201.5
188.2
175.8
732.8

40.2
209.1
229 .1
477.8
192.2

237.2
69 1 . 2
210.6
517.9
405.4

199.5
121.4

123.5
185.5
205.8

395.2
263.3
300.8
192 .1
116.5

216.9
22.1
73.8

577.8
1039.1

584.8
405.8

0,
0,

106.6

118.2

16.0
528.4
477.2
572 .9

41

45

125.6          115.6
187.9          176.5
164.3          143.1
164.1           153.7
732.8        556.2

37.7            35.2
93.1            85.0

188.0          156.3
382.2         135.4
192.2          192.2

93.4          84.8
526.3         296.4
179.2          152.5
241.2         205.0
301.3         259.4

177.5          159.7
106.3           92.8
104.8           87.4
185.5          185.5
205.8         205.8

126.4           66.4
263.3         263.3
261.2         227.9
139.7           101.3
85.9           62.8

150.5            97.9
0,0.

60.0           47.8
515.7         465.6
728.1         553.6

584.8        234.7
284.1           116.2
0.0,
0,0®

89.2           76.3

82.0            54.1
0.0.

132.2           117.8
387.8        334.5
572.9         512.4

Percent  of
5-Year  Net

Appropriation
Satisfied

24.8
64.3
15.1

81.7
100.0

38.0
21.9
42.8

loo.0
100.0

62.9
100.0

43.8
44.3
24.7



572.9
1459.0
1471.9
998.9

1571.7

1051.2

666 . 1
1965.5
1633.5
871.8

649 . 0
698.2
769.2

2586.4
673.2

648.3
1785.1
1061. 7
1943.3
1329.8

597.5

572.9        572.9
1459.0          716.1
769.1            88.5
578.0          121.3
582.7           30.5

1051.2          194.2
666.1         666.1

1965.5         809.1
1633.5       1633.5
871.8         871.8

649.0        649.0
698.2        698.2
769.2        769.2

1106.1          344.8
673.2         673.2

648.3        648.3
1785.1        1785.1
1061.6         480.7
1849.8        836.4
407.1            89.2

597.5        597.5

572.9
106.6
69.3

112.1

26.4

105.3
413.4
436 .1

1009 .1
871.8

649 . 0
698 . 2
769.2
299.3
565.4

648 . 3
1785 .1
286 .1
714.2

70.6

597.5

42

572.9        409.7
0,0,

53.3           39.8
104.1             96.8
22.8            19.5

82.2           64.9
99.7           90.5

363.6        306.8
643.5         482.1
871.8         754.0

649.0        426.0
663.7         323.6
769.2        769.2
261.5         229.2
151.6            62.0

530.5         278.4
1785.1        1785.1
237.5         219.1
621.6         552.7

53.7           39.7

525.0         390.1

94.3
31.3
13.9
20.3
8.7

93.1
88.3

100.0
17.3
63.1

85.0
100.0
43.0
47.1
9.9

90.6



a.     T=  20  percent  of  usable  saturated  thickness

Well
Field

Net
Appropriation

( Ac-Ft/Yr )

1688 . 9
2088.2
2160.1

2693.4
732.8

700 .1
318.6

2734.3
477.8
192.2

598.5
691 . 2

1277.6
833.9
971.8

995.5
1246 . 0
618.2
185.5
205.8

516.1
263.3

1306.9
923.5

1225.3

722.8
853.8

1372 .1
1547 . 9
1039 .1

584.8
405.8
554.9
108.7

1329.3

1546.8
62 0 . 0
811.2

1338.6
572.9

Optimal  Pumpage
( Acre-Feet )

Year
12345

910.8         200.4
1190.6          291.0
950.6        290.4
932.8         252.9
732.8         732.8

700.1         293.9
318.6         318.6

1627.1          376.5
477.8        477.8
192.2          192.2

598.5        598.5
691.2         691.2

1277.6       1208.1
833.9        833.9
971.8         971.8

995.5        748.6
1211.8          186.9
618.2         618.2
185.5          185.5
205.8         205.8

516.1           516.1
263.3         263.3

1306.9       1306.9
923.5        923.5

1225.3         418.2

722.8         722.8
853.8         341.9
799.0         123.7

1547.9       1547.9
1039.1        1039.1

584.8        584.8
405.8        405.8
554.9        554.9
108.7          108.7

1329.3          194.1

1278.8         233.8
620.0          154.6
811.2          811.2

1338.6       1338.6
572.9         572.9

182.8          167.6
268.7         250.5
258.4         230.0
234.5         218.8
732.8         732.8

54.7            51.5
318.6         236.8
314.7         262.6
477.8        477.8
192.2          192.2

598.5          191.1
691.2         691.2
297.8        257.4
833.9        560.8
971.8         440.3

274.4        243.3
165.0         144.9
233.5          148.6
185.5          185.5
205.8         205.8

516.1         423.3
263.3         263.3
486.0        365.4
489.3         210.4
170.9          125.9

546.0         246.0
38.9              9.1

101.7            82.8
1036.4         718.9
1039.1        1039.1

584.8        584.8
405.8        405.8
554.9           61.9
108.7          108.7
151.9          126.2

169.7          120.0
46.5              0.8

811.2         546.6
1234.2         589.8
572.9        572.9

43

154.3
235.3
204.0
205.0
732.8

48.1
117.3

217.9
477.a
192.2

117.2

691.2
221.6

290.5
365.0

218.3
126.8
125.9
185.5
205.8

138 . 5
263.3
319.3
152.7
92.3

175.0
0.

66.2
646.2

1039 .1

584.8
372.9

0,
99.0

107.3

81.1

0.
176.4
483 .1
572.9

Percent  of
5-Year  Net

Appropriation
Satisfied

19.1

21.4
17.9
13.7

100.0

32.8
82.2
20.5

loo.0
loo.0

70.3
100.0
51.1

80.4
76.6

49.8
29.5
56.4

100.0
loo.0

81.8
100.0
57.9
58.5
33.2

66.8
29.1
17.1
71.0

100.0

100.0
98.4
62.2
98.2
28.7

24.4
26.5
J7.8
74.5

100.0



572.9
1459 . 0
147 1 . 9
998.9

1571. 7

1051.2

666.1
1965.5
1633.5
871.8

649 . 0
698.2
769.2

2586.4
673.2

648 . 3
1785 .1
1061. 7
1943.3
1329.8

597.5

572.9         572.9         572.9
1459.0       1387.9         525.5
1027.0          118.1             92.5
770.7          161.8          149.7
777.8           42.1            36.4

1051.2          572.7          160.9
666.1         666.1         666.1

1965.5      1678.8         624.3
1633.5       1633.5       1633.5
871.8         871.8         871.8

649.0        649.0        649.0
698.2        698.2        698.2
769.2        769.2        769.2

1475.8         461.6         401.4
673.2        673.2         673.2

648.3        648.3        648.3
1785.1        1785.1        1785.1
1061.7         923.6         445.9
1943.3       1407.6         999.7
545.6          125.0          103.4

597.5         597.5         597.5

44

572.9         572.9
263.8            50.7

71.0            53.0
139.0          129.4

31.4            27.0

130.4          102.4
396.0         124.7
518.1         435.7

1279.5         818.5
871.8         871.8

649.0        649.0
698.2        698.2
769.2        769.2
351.2          308.2
630.5         185.8

648.3        648.3
1785.1        1785.1
379.6        324.8
872.0         771.3

82.7           63.2

597.5         597.5

100.0
50.5
18.5
27.0
11.6

38.4
75.6
53.1
85.7

100.0

100.0
100.0
100.0
23.2
84.3

100.0
100.0
59.1
61.7
13.8

100.0



d.     T=  25  percent  usable  saturated  thickness

Well
Field

Net
Appropriation

(Ac-Ft/Yr)

1688.9
2088.2
2160.1
2693.4
732.8

700.1
318.6

2734.3
477.8
192.2

598.5
69 1 . 2

1277.6
833.9
971.8

995.5
1246.0
618.2
185.5
205.8

516.1
263.3

1306.9
923.5

1225.3

722.8
853.8

1372 .1

1547 . 9
1039 .1

584.8
405.8
554.9
1 08 . 7

1329.3

1546.8
620.0
811.2

1338.6
572.9

Optimal  Punpage
( Acre-Feet )

Year
12345

1138.5         250.5
1488.3         363.8
1189.4         366.1
1166.0          316.1
732.8         732.8

700.1          532.1
318.6         318.6

2035.4        474.5
477.8        477.8
192.2          192.2

598.5        598.5
691.2         691.2

1277.6       1277.6
833.9        833.9
971.8         971.8

995.5        995.5
1246.0         462.1
618.2         618.2
185.5          185.5
205.8         205.8

516.1           516.1
263.3         263.3

1306.9       1306.9
923.5         923.5

1225.3         789.1

722.8        722.8
853.8        669.2

1001.1            160.0

1547.9       1547.9
1039.1        1039.1

584.8        584.8
405.8        405.8
554.9        554.9
108.7          108.7

1329.3         494.0

1546.8         368.8
620.0         329.5
811.2           811.2

1338.6       1338.6
572.9         572.9

228.5        209.5
335.9          313.1
328.5         295.7
293.1         273.4
732.8         732.8

69.5           65.7
318.6         318.6
400.3         338.4
477.8        477.8
192.2          192.2

598.5        598.5
691.2         691.2
819.6         343.2
833.9         833.9
971.8         971.8

466.4         314.5
212.5          187.1
538.0         196.4
185.5          185.5
205.8         205.8

516.1           516.1
263.3         263.3

1087.9         482.9
923.5         352.2
237.3         175.6

722.8        497.8
57.4           25.4

132.9          108.3
1547.9       1102.3
1039.1        1039.1

584.8        584.8
405.8         405.8
544.9        544.9
108.7          108.7
201.7           170.7

229.6         165.4
70.6             19.7

811.2          811.2
1338.6       1275.4
572.9        572.9

45

192.9
294 .1
266.0
256.2
732.8

61.6
282.7
286 . 0
477.8
192.2

172.7
69 1 . 2
299.4
636 .1
515.0

281.1
164.1

169 . 2
185.5
205.8

451.6
263.3
421 . 5
220.1
128.7

265.7
0.1

86.9
848 . 5

1039.1

584.8
405.8
80.6

108.7
143.7

114.9
0,

603.4
694.3
572.9

Percent  of
5-Year  Net

Appropriation
Satisfied

23.9
26.8
22.6
17.1

loo.0

40.8
97.T
25.9

loo.0
100.0

85.8
loo.0
62.9
95.3
90.6

61.3
36.5
69.2

100.0
100.0

97.5
100.0
70.5
72.4
41.7

81.1

37.6
21.7
85.2

100.0

loo.0
loo.0
82.2

100.0
35.2

31.4
33.5
94.9
89.4

loo.0



572.9
1459.0
1471.9
998.9

1571. 7

1051.2

666.1
1965.S
1633.5
871.8

649 . 0
698 . 2
769.2

2586.4
673.2

648 . 3
1785.1
1 06 1 . 7
1943.3
1329.8

597.5

572.9         572.9
1459.0       1459.0
1315.5          148.0
963.4        202.4
972.9           54.3

1051.2          951.4
666.1         666.1

1965.5       1965.5
1633.5       1633.5
871.8         871.8

649.0        649.0
698.2        698.2
769.2        769.2

1845.7         578.9
673.2        673.2

648.3
1785.1
1 06 1 . 7
1943.3
684.2

597.5

648.3
1785.1
1061.7
1943.3
161.2

597.5

572.9        572.9         572.9
1157.1          536.9          281.8

116.0            89.1            66.6
187.3          174.0          162.1
47.3           40.9           35.2

217.0          183.6          152.8
666.1         666.1         402.7

1293.1         704.9         588.8
1633.5       1633.5       1616.6
871.8         871.8         871.8

649.0        649.0        649.0
698.2        698.2        698.2
769.2        769.2        769.2
504.1         441.6         387.9
673.2        673.2        673.2

648.3        648.3        648.3
1785.1        1785.1        1785.1
801.0         537.9         476.1

1334.2       1132.4       1005.2
136.6          113.0            90.5

597.5        597.5        597.5

46

100.0
67.1
23.6
33.8
14.6

48.6
92.1
66.3
99.8

100.0

100.0
loo.0
100.0

29.1
100.0

100.0
100.0
74.2
75.7
17.8

100.0



Appendix  C.     Yearly  optimal  Pumpage  Policies  for  Different  T's  Wit.hout  Net
Appropriation  as  a  Constraint.

a.     T=   10  percent  of  usable  saturated  thickness

Well                    1979             Saturated                       P`rmpage  by  Year
Field           Saturated      Thickness                           ( Acre-Feet )

No.               Thickness             Used                                          Year
(Feet.)                 (Feet)            1                 2                3

2.6              455.4      100.2         91.3
3.4               595.3       145.5       134.4
2.3               473.1       139.3       120.5
2.5              466.4      126.5      117.2
3.8              732.8      683.9      438.6

3.6              475.8         28.1         26.4
3.2               318.6      207.5         66.0
5.4              810.5,leo.3      146.6
5.6             477.8     477.8      239.7
5.7               250.0      250.0      250.0

5.6              598.5      314.4        66.1
5.8              691.2      691.2      293.0
6.4             1151.9       153.0       127.9
6.6              833.9      520.9      179.8
6.2              971.8      443.4      226.2

4.6               778.0       148.2       130.5
3.9               603.1         90.3         79.2
4.0             609.0        89.5        74.8
6.1               400.0      400.0      400.0
4.1               300.0      300.0      300.0

4.0                516.1       381.4       105.8
5.5              263.3      263.3      263.3
6.7            1238.0      221.2       189.9
5.6               923.5      201.5       115.2
4.3              719.3         98.5         72.9

4.1                722.8       235.3       114.1
3.7              550.7        28.4           8.8
2.3              395.8        57.9        47.6
6.8            1504.3      415.9      368.4
8.0            1039.1      954.3      429.0

7.7              584.8      584.8      354.6
5.7              405.8      405.8      198.6
4.6              451.0            0.               0.
4.3                          0,                   0®                   0®

4.1              669.5        81.8        67.4

47

45

83.7         77.0
125.3       117.7
104.6         90.9
109.4       102.5
383.a      339.0

24.7         23.0
60.4        55.2

120.7       loo.7
98.4        77.3

250'0        80.3

59.6        54.0
202.8      159.9
106.0         88.6
151.4       129.3
192.0       166.2

116.3       104.8
69.2        60.3
61.4        49.3

216.5       171.0
159.1        132.5

57.9        24.4
263.3       162.0
164.4       143.4
83.7        60.6
53.7         39.2

68.0         41.9
0,0,

38.7         30.8
330.7      299.8
384.2      348.3

156.3       142.7

85.7        67.9
0.0,
0.0,

56.6        48.6

Total  Allowable
Pumpage  for

5   Years
( Acre-Feet )

807.6
1118.1

928.3
922.0

2577.2

578 . 0
707.7

1358 . 7
1371.0

1080 . 3

1092.5
2038 .1
1627.3
1815.3
1999.6

1277.8
902.1
884.0

1587.6
1191.6

1085.6
1215.2

1956.a
1384 . 5
983.7

1182 .1
587.9
570.8

2919.0
3154.9

1823.3
1163.8
451.0

0,
923.9



3.5              629.0      104.4         73.4
2.3              344.7         35.8           3.2
8.1               811.2      559.2         94.8
8.0            1338.6      524.0      282.2
7.4              572.9      572.9      572.9

6.6              572.9      565.5
5.2             1123.7             0.
3.3               512.7         59.0
2.2              385.3        80.8
2.5               387.7         19.7

50.0         32.0
0,0,

84.2         75.3
240.7      210.7
349.4     239.5

4.4              743.1         79.3         61.6
6.9              666.1      459.8        71.4
7.4            1538.4      333.2      274.9
7.8            1633.5      853.3      454.2
7.7              871.8      871.8      871.8

6.7              649.0      649.0      560.1
6.4             698.2     698.2     248.9
4.9             769.2     769.2     587.5
4.2              737.4      229.9      199.5
5.7               673.2      524.2       115.7

6.2              648.3      648.3      263.0
8.1            2500.0   2500.0   2050.4
3.9               814.5       186.7       156.4
4.9            1226.6      544.2      465.1
1.7              269.2         54.7        42.6

4.4              597.5      573.5      321.0

48

48.7        38.7
64.5        58.7

229.7      194.3
356.1       291.7
527.9      346.5

278.9      208.5
120.5         82.3
550.6      538.2
174.2       152.6
54.0         14.6

158.9      128.8
1965.4    1933.2

141.0       130.6
407.4      363.5

32.5         23.8

277.4      244.0

888.9
383.7

1624.6
2596 . 3
2307.7

1512.8
1 123 . 7

680.0
674.4
451.5

971.4
1320.5
2570.6
3588.7
3489.8

2345.5
1848 .1
3214.7
1493.6
1381.7

1847.3
10949 . 0

1429 . 3
3006.8
422.6

2013.3



b.

1979
Saturated
Thickness

( Feet )

T=   15  percent  of  usable  saturated  thickness

41.0
37.0
23.0
68.0
80.0

77.0
57.0
46.0
43.0
41.0

Saturated
Thickness

Used
( Feet )

3.8
5.2
3.5
3.8
5.6

5.3
4.7
8.0
8.4
8.5

8.4
8.7
9.6
9.9
9.3

7.0
5.9
6.0
9.1
6.1

6.0
8.1

10.0
8.4
6.4

6.1
5.6
3.4

10.2

12.0

11.5

8.5
6.9
6.4
6.1

5.3
3.4

12.1

12.0

11.1

Pumpage  ky  Year
( Acre-Feet )

Year
123

683.1        150.3       137.1
893.0      218.3      201.5
711.8       214.7       188.2

699.6       189.7      175.8
732.8      732.8      732.8

700.1         55.7         40.2
318.6      318.6      209.1

1218.8      278.4      229.0
477.8      477.8      477.8
350.0      350.0      350.0

598.5      598.5      236.2
691.2      691.2      691.2

1277.6      622.0      204.4
833.9      833.9      517.9
971.8      971.8      405.4

995.5      360.6      199.5
907.1        137.9       121.4
618.2       385.1        119.9
500.0      500'0      500.0
350.0      350.0      350.0

516.1       516.1       390.3
350.0      350.0       350.0

1306.9      766.7      299.1
923.5      687.2       192.1

1090.7       157.7       116.5

722.8      618.0       197.2
853.8         59.7         20.3
597.2         89.7         73.8

1547.9    1137.3       577.7
1039.1     1039.11039.1

584.8      584.8      584.8
405.8      405.8      405.8
554.9      489.6           0.

81.0             0,                0,
1008.7       130.0       106.5

952.2       164.9       117.5
522.6         58.0         14.5
811.2       811.2       528.3

1338.6    1325.2      476.9
572.9      572.9      572.9

49

45

125.6       115.6
187.9       176.5
164.3       143.1
164.1        153.7
732.8      556.2

37.7         35.2
93.1          85.0

188.0       156.2
375.0       130.8
350.0      227.6

92.5        83.7
491.0      271.6
170.5       141.8

241.2      205.0
301.3      259.4

177.5       159.7
106.3         92.8
99.3        80.6

500.0      289.2
350.0      270.7

120.2         59.3
350.0      350.0
258.6      224.7
139.7        101.3
85.9        62.8

127.3         72.0
0,0.

60.0        47.8
515.6      465.4
723.3      549.2

584.8      229.8
280.5       113.0
0,0,
0.0,

89.0         76.0

81.1          52.9
0,0.

132.1        117.8
387.7      334.3
572.9      512.5

Total  Allowable
Pumpage  for

5  Years
( Acre-Feet )

1211.7

1677 .1
1422.3

1383 . 0
3487.4

868.9
1024.3
2070.4
1939 . 3
1627.6

1609.4
2836.2
2416.4
2631.9
2909.7

1892.8
1365.4
1303 .1

2289.2
1670.7

1602.0
1750.0
2856.0
2043.8
1513.8

1737.3
933.8
868.5

4243.9
4389.8

2569 . 0
1610.9
1044.5

81.0
1410.1

1368 . 6
595.1

2400.5
3862.6
2804 .1



9.9              572.9      572.9
7.8             1459.0      712.9
4.9              769.1         88.5
3.3               578.0       121.3
3.8              582.7         30.6

6.6             1051.2       194.2
10.4               666.1      666.1
11.1              1965.5       809.1
11.7             1633.51633.5
11.5                871.8      871.8

10.0              649.0      649.0
9.6              698.2      698.2
7.4              900.0      900.0
6.3             1106.1       344.9
8.5              673.2      673.2

9.3              648.3      648.3
12.1              3100.0    3100.0
5.9            1061.7      463.4
7.4            1849.8      836.4
2.6              407.1         89.2

6.6              597.5      597.5
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572.9      572.9      410.2
83,7            0,               0.
69.3         53.3         39.8

112.1        104.1          96.8
26.4         22.8         19.5

105.3         82.2         64.8
413.4        99.7        90.5
436.1      363.5      306.8

1009.4      643.6      482.1
871.8      871.8      753.7

649.0      649.0      417.1
698.2      363.6      157.3
900.0      900.0      829.2
299.3      261.5      229.2
563.2       150.4         61.3

648.3      409.7      218.9
3100.0    3100.0   2950.4

265.0      222.1       203.3
714.2      621.6      552.7

70.6         53.7         39.7

597.5      525.0      390.1

2701.8
2255.6
1020.0
1012.4
682.0

1497 . 6
1935.8
3881 . 0
5402 .1
4240.9

3013.1

2615.5
4429.2
2241. 0
2121.3

2573.5
15350.4
2215.5
4574.8
660.2

2707.5



a,

1979
Saturat.ed
Thickness

( Feet )

T=  20  percent  of  usable  saturated  thickness

Saturated
Thickness

Used
( Feet )

5.1
6.9
4.7
5.0
7.5

7.1
6.3

10.7
11.2

11.4

11.2

11.6

12.8
13.2
12.4

9.3
7.8
8.0

12.2
8.2

Punpage  by  Year
( Acre-Feet )

Year
12

910.8      200.3
1190.6       291.0
945.9      278.4
932.8      252.9

1500.0    1348.8

700.1      293.9
318.6      318.6

1625.5      372.5
600.0      600.0
500.0      500.0

598.5      598.5
800.0      800.0

1277.61195.1
833.9      833.9
971.a      971.8

995.5     748.6
1211.8       186.8
618.2      618.2
700.0      700.0
600.0      600.0

8.0                516.1       516.1
11'0                500.0      500.0
13.4            1306.9    1306.9
11.2               923.5      923.5
8.6            1225.3      418.2

8.2              722.8      722.8
7.4              853.8      340.3
4.6              799.0      123.6
3.6            1547.9    1547.9
6.a             1300.0    1300.0

15.4                 BOO.0       BOO.0

11.4               405.8      405.8
9.2              554.9      554.9
8.6               108.7         87.4
8.2             1329.3       193.3

7.0             1277.9      231.0
4.6              620.0      152.9

16.2                811.2      811.2
16.0             1338.6    1338.6
14.8               800.0      800.0

51

345

182.7       167.4       154.0
268.7      250.5      235.3
240.7      208.9       181.6
234.5      218.8      205.0
875.3      764.5     676.8

54.7         51.5         48.1
318.6      236.8       117.3
307.8      252.4      209.7
600.a      598.4      182.4
500.0      500.0      227.3

598.5       187.6       114.9
800.0      800.0      429.7
281.3      233.9       194.0
833.9      560.7      290.5
971.8      440.3      365.0

274.4      243.3      218.3
164.9       144.8       126.6
220.7       136.6       111.2
700.0      645.0      351.9
600.0      330.0      271.6

516.1      348.5         98.4
500.a      500.0      496.8
477.4      358.2      310.2
489.2      210.4       152.7
170.9      126.0         92.3

451.4       178.8       loo.9
37.8           5.5           0.

101.7         82.7         66.2
1020.5      705.8      635.0
1300.01124.2      745.2

800.0      791.1       305.1
405.8      405.8      344.0
249.1             0.               0,

0.                0,                0,
150.4       124.7       105.7

166.1       115.5         76.0
41,6             0,                0,

811.2       481.4       163.1
1211.9      571.6      466.0
800.0      800.0      733.9

Total  A11c"able
Punpage  f or

5  Years
( Acre-Feet )

1615.3
2236.2
1855.4

1844 . 0
5165.3

1148 . 3
1309.9
2767.8
2580.8
2227.3

2098.0
3629.7
3181.9

3352 .9
3720.8

2480 .1
1835.0
1705.0
3096.8
2401.6

1995.2
2496.8
3759.6
2699.3
2032.6

2176.6
1237.4
1173 . 2
5457 . 0
5769 . 5

3496.2
1967.2
1358.9

196 . 1
1903.5

1866.4
814.5

3078 .1
4926.8
3933.9



13.2                800.0       BOO.0       800.0
10.4             1459.0    1277.5      340.4
6.6             1027.0       118.1          92.5
4.4               770.7       161.8       149.7
5.0              777.8         42.0         36.3

12.4

1051.2       561.9       148.1
666.1      666.1      666.1

1965.5    1673.0      618.4
1633.5    1633.5    1633.5
1100.01100.01100.0

BOO.0      800.0      800.0
800'0      800.0      BOO.0

1400.0    1400.01321.8
1475.8      461.6      401.3
673.2      673.2      673.2

800.0      800.0      800.0
16.2            4500.0   4500.0   4500.0
7.8             1061.7      855.4      370.1
9.8            1943.3    1398.5      988.6
3.4              544.4      122.4        99.3

8.8 700.0      700.0      700.0
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800'0      595.8
0.0,

71'0         53.0
139.0       129.4
31.3         26.9

115.2          90.9
394.3       124.6
512.8      430.6

1057.9      685.8
1100.01100.0

800.0      686.8
609.1       210.4

1122.81087.1

351.1       308.0
495.6      108.2

666.4      303.8
4013.13898.4

299.0      273.6
857.8      757.2

77.2         57.3

700.0      614.0

3795.8
3076.9
1361. 6
1350.6
914.3

1967.3
2517.1
5200.3
6644.2
5500.0

3886.8
3219.5
6331.7
2997.8
2623.4

3370.2
21411.5

2859.9
5945 . 5
900.7

3414.0



a,

1979
Saturated
Thickness

( Feet )

T=  25  percent  of  usable  saturated  thickness

Saturated
Thickness

Pumpage  by  Year
( Acre-Feet )

Used
(Feet)            1                2

6.4            1138.5      250.4
8.6           1488.3      363.8
5.9            1187.2      359.9
6.3             1166.0       316.1
9.4              1100.01100.0

8.9               700.1       532.1
7.9               318.6      318.6

13.4           2032.6      467.3
14.0               700.0      700.0
14.3               700.0      700.0

14.0              598.5      598.5
14.5               950.0      950.0
16.0             1277.6    1277.6
16.5              833.9      833.9
15.5               971.8      971.8

11.6              995.5      995.5
9.8            1246.0      462.0

10.0               618.2      618.2
15.3               800.0      800.0
10.3               550.0      550.0

10.0                516.1       516.1
13.8               650.0      650.0
16.8            1306.9    1306.9
14.0               923.5      923.5
10.8             1225.3      789.1

10.3               722.8      722.8
9.3             853.8     666.5
5.8              1001.1        160.0

17.0            1547.91547.9
20.0             1400.0    1400.0

19.3              900.0      goo.0
14.3               600.0      600.0
11.5              554.9      554.9
10.8                 130.0       126.1

10.3             1329.3      492.2

8.8            1546.8      362.6
5.8              620.0      326.7

20.3                811.2      811.2
20.0             1338.6    1338.6
18.4             1000.0    1000.0

53

Year
345

228.4      209.4      192.8
335.9      313.1       294.1
317.4      279.3      244.0
293.1       273.5      256.2

1100.01100.01097.7

69.5        65.7        61.6
318.6      318.6      282.7
387.6      319.8      265.3
700.0      700.0      368.9
700.0       611.5       167.1

598.5      598.5      163.7
950.0      950.0      668.7
772.0      302.5      250.6
833.9      833.9      635.7
971.8      971.8      515.0

466.4      314.5      281.1
212.3       186.9       163.8
522.1       181.0       148.7
800.0      800.0      576.1
550.0      550.0      537.3

516.1       516.1       255.2
650.0      650.0      639.3

1073.4      470.8      406.1
923.5      352.1       220.1
237.3       175.6       128.7

722.8      278.9      137.2
54.4         17.9            0.

132.8       108.2         86.8
1547.9    1066.3      823.4
1400.0    1400.0    1240.8

900.0      900.0      677.2
600.0      600.0      335.0
554.9        23.6           0.

0.               0.               0,
198.7       165.7       139.1

219.8       154.4       102.9
66.3         10,8            0,

811.2      811.2      476.8
1338.61099.2      611.3
1000.0    1000.0    1000.0

Total  Allowable
Pumpage  for

5   Years
( Acre-Feet )

2019.6
2795.2
2387.8
2305.0
5 49 7 . 7

1429.0
1557 .1

3472.5
3168.9
2878 . 5

2557.7
4468.7
3880.2
3971. 3
4402.2

3053.0
2271.1

2088.2
3776.1
2737.3

2319.6
3239.3
4564.2
3342.7
2556 .1

2584.5
1592.6
1488.9
6533.4
6840 . 8

4277.2
2735.0
1688.3

2 56 . 1
2325.0

2386.5
1023.8
3721.6
5726.3
5000.0



16.5             1000.0    1000.0    1000.0
13.0            1459.0    1459.0      726.0
8.3             1313.5       148.0       116.0
5.5              963.4      202.4      187.3
6.3             972.9        54.2        47.2

11.0             1051.2      936.4       199.3
17.3               666.1       666.1      666.1
18.5            1965.5    1965.5    1252.2
19.5             1633.5    1633.5    1633.5
19.3             1600.0    1600.0    1600.0

16.8             1000.0    1000.0    1000.0

16.0              1100.01100.01100.0
12.3             1500.0    1500.0    1500.0
10.5            1845.7      578.7      503.7
14.3               700.0      700.0      700.0

5.5              850.0      850.0      850.0
0.3            5500.0   5500.0   5500.0
9.8             1061.71061.7      623.9
2.3             1943.3    1943.31272.1
4.3               679.7       150.9       120.5

1t.0              1000.01000.01000.0
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1000.0      718.8
1,5             0.

89.1         66.6
174.0       162.1
40.7         35.0

159.4       124.7
666.1      397.4
684.7      571.3

1633.5      991.7
1600.0    1306.4

1000.0      902.7
730.0      278.2

1500.0    1374.4
441.1       387.1
700.0      219.0

850.0      517.0
5117.14886.0
396.3      347.1

1078.1       952.0
92.4        68.8

903.4      660.0

4718.8
3645.4
1733.2
1689.2
1150.0

2470.9
3061.8
6439 . 2
7525.7
7706.4

4902.7
4308 .1
7374.4
3756.3
3019.0

3917.0
26503.0
3490.7
7188.8
1112.3

4563.4



Appendix  D.     Biennial  Optimal  Pumpage  Policies  for  V=  25  Percent  of  Usable
Saturated  Thickness  Without  Net

We 11                    Net
Field    Appropriation

(Ac-Ft/2  Yr)

3377.8
4176.4
4320.2
5386.8
1465.6

1400.2

637.2
5468.6
955.6
384.4

1197.0
1382.4
2555.2
1667.8
1943.6

1991.0
2492 . 0
1236.4
371. 0
411.6

1032.2
526.6

2613.8
1847.0
2450.6

1445.6
1707.6
2744.2
3095.8
2078.2

1169.6
811.6

1109 .8

217.4
2658.6

Appropriation  as  a  Constraint.

24

Qptiml  Punpage
( Acre-Feet )

Year
68

1373.3         426.1
1828.0         633.1
1516.1          590.3
1432.9         536.0
2200.0      2200.0

1258.9          128.4
637.2         637.2

2430.1         668.9
1400.0       1400.0
1400.0       1364.1

1197.0       1197.0
1900.0       1900.0
2555.2       1106.8
1667.8      1667.8
1943.6      1943.6

1991.0         825.7
1725.0          371.0
1236.4         703.8
1600.0       1600.0
'100.0       1100.0

1032.2         810.9
1300'0       1300.0
2613.8       1678.4
1847.0       1258.5
2073.0         353.4

1445.6       1070.9
1074,2                0,
1134.0          217.0
3095.8      2704.1
2800.0      2800.0

1800.0       1800.0
1200'0       1200.0
0.0,
0,0,

1882.2         344.9

364.6         315.4
560.0         502.1
475.7        386.8
465.5         421.9

2200.0      2200.0

112.7             97.1

432.4        228.7
480.4        357.8
594.8        271.9
274.9         191.4

329.0         224.4
1072.9         591.5
436.3         330.3
990.3        522.4
951.9         685.2

513.0         432.9
288.2         220.0
240.4         146.3

1049.4         741.3
885.4        546.8

0,0,
963.7        450.2
775.3         621.2
342.3         188.4
199.4          106.5

276.9         144.8
0,0.

139.3             77.1
1498.4       1267.9
2143.3       1491.2

1077.6         605.8
592.6        259.2
0,0,
0,0,

269.0         217.5

55

Percent  of
10-Year  Net

Appropriation
10                 Satisfied

271.8                        16.3
454.4                        19.0
314.3                        15.2
384.8                        12.0

2200.0                       150.1

82.8                      24.0
188.6                      66.7
276.1                         15.4
183.9                       80.6
134.6                        175.1

190.1

439.0
262.0
418.9
575.2

373.2                        41.5
164.7                       22.2
70.9                      38.8

661.6                    304.7
454.5                    198.6

0.                          35.7
345.2                    165.6
514.9                       47.5

93'9                     40.4
42.2                      22.6

53.2                       41.4
0'                           12.6

26.1                           11.6
1096.1                        62.4
1289.7                       101.3

522.4
147.9

0,
0.

179.4



3093.6
1240.0
1622.4
2677.2
1145.8

1145 .8
2918 . 0
2943.8
1997.8
3143.4

2102.4
1332.2
3931. 0
3267 . 0
1743.6

1298.0
1396.4
1538.4
5172.8
1346.4

1296.6
3570.2
2123.4
3886.6
2659.6

1195.0

1845.0         358.7
87,3               0,

1622.4       1622.4
2677.2     2677.2
1939.6               0.

0®0,

0,0,
1405.5          189.5
1155.4          351.2
1020.2             81.0

2071.6          317.8
1332.2       1332.2
3931.0       1956.9

181.0             65.0
0,0,

706.8         317.0
1282.1        1042.5
0,0.

0,0,
0.0,

log.0             51.1
305.8        266.9

59.5           42.7

200.3          122.7
578.2        250.4

1039.2         784.9
3267.0      3267.0      3267.0      2017.1
3200.0         426.1

2000.0       2000.0
2200.0      2200.0
3000.0       3000.0
2360.4         907.0
1400.0       1400.0

1700.0       1700.0
11000.010838.4
2123.4       1088.2
3886.6      2394.0
833.6        260.8

2000.0       2000.0

3200.0      3200.0

0.           1991.7
712.3         433.2

2795.5      2675.5
706.2        557.8

1080.5            81.2

0,
0.

269 . 5
836.2

2000.0

0,
0,
5.3

232.8
28.7

66.0
215.7
587 . 7

1039 .1
1843.8

1072.7
287.4

2652.5
442.6

0,

1256.9        699.2         542.9
9478.6     9334.5      9259.5

671.3         606.8         549.1
1766.9       1469.6       1247.8
204.0         167.5         142.3

1941.9       1652.5       1580.0

56

26.4
55.7
42.2
78.7

136.2

108.9
83.5

183.6
19.2
58.8

91.0
279.6
47.5
55.4
12.1

153.5






