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Sqn4-
The  unconsolidaced  Quat.ernary  aquifer  which  underlies  the  Great  Bend

Prairie  in  south-central  Kansas  has  undergone  a  signif icanc  increase  in
irrigation  development  during  the  past  several  decades.     In  1974,   about  1,160
irrigacion  wells  wichdrew  roughly  270,000  acre-feet  of  groundwa€er  from  the
\inconfined  aquifer.    Opcimal  allocacion  of  irrigation  withdrawals  over  the
long  term will. require  a  fundamencal  understanding  of  the  dynamics  of  the
groundwater  aquifer.    With  this  goal  in  mind,   the  Geohydrology  Section  of  the
Kansas  Geological  Survey  con€racted  with  the  Wacer  Resources  Division  of  the
U.S.  Geological  Survey  to  simulace  flow  in  tbe  aquifer  using  finite  difference
algorithms  developed  from  continuity  principles.

All  data  used  in  the  modeling  efforc  were  provided  by  the  USGS.     After
considerable  ef forc  involving  modif icacion  of  the  data  base  and  adjustment  of
bo`indary  locations,  a  finice-difference  prediccive  model  of  the  alluvial
aquif er  was  designed  for  purposes  of  idencifying  aquifer  parameters  and
recharge  rates  using  a  f orward  approach.     The  USGS  two-dimensional  f low  model
and  the  Texas  Tech  two-dimensional  calibration  tnodel  were  used  to  calibrace

::: h=d=::i::t:::a:::::::±5:.:::C::::e=:::: :¥:t::ta:acural recharge  race R,
In  the  f irst  phase  of  the  scudy,  a  steady-state  calibration  f or  K  and  R

was  performed  using  the  USGS  finite-difference  model  and  1950  pre-development
head  levels.    A  specific  yield  of  zero  was  chosen  in  order  to  force
convergence  of  simulaced  head  to  a  unique  sceady-stace  head  distribution  using
constanc-head  river  and  permeable  boundary  nodes.    Natural  rechL±±gsJ+±±g_
varied  on  a  node-by-node  b? s i.s..~ps.i.nj~.±~ria|=ap.dT.SiErgr~.._teghniq]}!§S„_tar._Lou?~S_§_+±±±LnLa~
t}ni£PLrm.~hrzdraulic  conductivity  ¥.. of  loo.  f€/day until  calibracion  errors  of
lee.s  than  ±20  feec  were  observed..,., R ,was  not  permitted  to,.exceed  6  i.n/yr` .ip„
larder `t`6L`-riiniinize  the  adverse  influence  of  such  a   large  ngpber  Of   degreeTS. _9.f.
freedom  ixplied  kyy  the  node=b}.i:ri`S¢_e.: `a`djuscmenc.

When  the` calibration  error  at  each  n6de"\vi;s  reduced  to  ±20  feet  by
varying  R,  hydraulic  conductivity  K  was  unifomly  varied  becween  75  ft/day  and
120  f€/day.     A  minim`m  s`m  of  squared  error  of  roughly  21,000  ft2  was  obtained
at  a  unif orm hydraulic  conduc€ivicy  of
head  represented

85 ft/day.    The  resulting  silnglaced
steady-stale  water  table  upon  which  all  transienc

inf luences  were  imposed  during  simulation  of  the  subsequent  groundwacer
development  period.

The  ef f ects  of  groundwacer  development  on  boundary  and  river
contributions  to  the  aquif er  were  incroduced  using  a  conscant-gradient,
variable-f lux  algorithm  inicialized  by  the  fluxes  which  occurred  ulider
conscant-head  condicions.    Transient  calibration  involved  variation  of  a
consumptive-use  correction  factor  a  agairisc  f ixed  K  aha  R  escimates  from  the
final  steady-state  calibracion  model  and a  uniform__sE±ield  of  0.15.
The  correccion  faccc>r  was  necessicated by  the  fact  thac  reporced  pumpages,
when  applied  to  the  flow  model,   induced  much  more  drawdorm  than  had  been
observed  during  the  development  period.     Using  modified  versions  of  the  1955,
1960,1965,1970,   and   1975  water  tables,   an  a   of  0.6  was   found  Co  produce  the
closesc  overall  rnacch  between  simulaced  and  modified  head  discribucions.

In  the  second  phase  of  this  study,   a  steepest-descenc  opcimiza€ion
procedure  was  used  to  ref ine  the  natural  recharge  distribution  obcained  from
the  USGS  steady-state  calibracion  and  to  idencify  a  distributed  set  of
hydraulic  conduc€ivicy  escimaces  under  sceady-slate  conditions.    Problems

V|



associaced  with  assigning  zero-valued  specif ic  yields  to  force  steady-s€ace
convergence  were  ultimacely  related  to  the  properties  of  the  unrelaxed  Gauss-
Seidel  i€eracive  scheme  used  to  solve  the  governing  flow  ec|uations.
Incroduccion  of  non-zero  §pecif ic  yield  values  resulted  in  a  f inal  calibrated
head  distribution  which  was  not  in  sceady  state.     Sceady-slate  conditions  were
sirmila€ed  af €er  three  1-year  time  steps  using  the  f inal  calibrated  head  and
ref ined  recharge  and  conductivity  parameter  sets  to  initialize  the
similacion.    The  final  sum  of  squared  calibracion  error  relacive  to  the  pre-

:::::::::n:e:::::o:a::et::s s=u:: :: ' :6 : o :cft:;t::::: =:mum::: ::e::;:::a:e
calibration  pert ormed  using  the  USGS  model  and  a  trial-and-error  approach.
Average  calibration  error  was  reduced  from  0.5  feet  to  0.2  feet,  while  the
error  variance  was  decreased  from  30.3  ft2  to  7.8  ft2..

The  steepest-descent  procedure  was  also  used  Co  perf orm  several  transient
calibrations  with  respecc  to  modified  versions  of  the  1955,   1960,-and  1965
observed  water  tables.    Temporal  and  spatial  averages  of  natural  recharge,
hydraulic  conduc€ivicy,   and  specific  yield  were  obtained  from  these
calibrations.    In  addicion,  a  linear  relation  between  the  consumpcive-use
correction  faccor a  and  reported  annual  pumpage  was  developed  on  the  basis  of
adjuscmencs  in  input  punpages  during  operacion  of  the  steepest-descent
optimization  model.    This  relation  offered  a  r[`eans  of  indireccly  validating
the  model  during  the   1970   and  1975  pumping  periods.

ResL±±±±i_of  thLe+Z±±±j±ation  p=gLce_sS_ were  noc  s_a±_isfac€Lg=y.     The  poor
agreement  becween  simulated  and

opment  period
=_.Cj:-

observed  head  levels
.Has  pr±..¥.I.i|.¥.,~?t^tr.±p"p.t<e.€„~rtd9

riui^sngiiife.'~.afi~ain  the  agLulJ;e=prJ;1:!±=:ing-

~tLh=eli9hoiit~±heJfiQ=J2Z5
the  small  transient  effects

to  the  as large  standard
errors  of  escima€e  for  specific  yield  values.    It  is  believed  thac  transient
head  measurement  errors  in  the  aquifer  were  of  the  same  order  of  magnicude  as
the  small  drawdowns  observed  during  the  development.  period,   and  that
successful  validation  will  have  to  be  postponed  until  the  Cransienc  ef f ects  of
increasing  grounchiracer  wichdrawals  begin  Co  dominate  the  error  influences.

vii



-DUerloN
The  Great  Bend  Prairie  encompasses  an  area  in  south-cenral  Kansas  of

approximately  5,400   square  miles  south  of  the  Arkansas  River   (see  Fig.1).

The  major  portion  of  the  prairie  has  been  incorporated  into  Groundwater

Management  District  #5.     It  is  currently  being  converted  to  cropland  for

purposes  of  providing  f eed  crops  to  an  expanding  cattle  industry  within  the

area.    Irrigated  agricultural  development  within  the  prairie  was  not

significant  until  the  late  1960s,  when  center-pivot  sprinkling  systems

facilitated  conversion  of  the  sandy  prairie  grasslands  to  more  economically-

produccive  croplands.     District  managers  expect  that.  future  development  of  the

grasslands  will  proceed  quite  rapidly,   and  that  a  comprehensive  groundwa€er-

management  scheme  will  be  required  within  the  next  several  years  to  ensure

economically-optimal  allocation  of  limited  groundwater  supplies.

As  of   1978,   45  million  acre-feet  of   groundwa€er  was  estimated  to  be

st.ored  in  the  areally-extensive  deposits  which  underlie  the  prairie  (Fader  and

Stullken,1978).     Recognition  of  the  availability  of  such  a  large  water  supply

has  encouraged  recent  agricultural  development  of  the  prairie  grasslands,  but

the  extent  of  this  development  had  noc  been  significant  enough  to  result  in

nocicable  depletion  of  the   groundwa€er  supply.     Between  1950  and  1974,   the

number  of  irrigation  wells  rose  from  50  Lo  1,160,   with  total  annual  municipal,

industrial,   and  agricultural  withdrawals  increasing  from  50,000  acre-feet  to

270,000  acre-feet   (S€ullken,   personal  communication,1982).     It  is  believed

that  the  ef f eats  of  this  increased  rat.e  of  withdrawal  have  not  dif f ered

significantly  from  normal,   long`-term  effects  of  climatic  changes,   and  the

system  may  therefore  be  considered  to  be  governed  by  steady-state  conditions

for  most  practical  purposes.     However,   if  this  trend  in  irrigation  development
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concinues,  the  increased  rate  of  well  withdrawals  will  impose  a  perturbation

on  the  st.eady-s€ace  head  distribution  and  the  system  will  become  characterized

by  transient  condicions.    At  some  point  in  the  future,  these  increased

withdrawals  may  cause  deplecion  of  the  alluvial  aquifer.

Future  decisions  regarding  the  allocation  of  groundwater  supplies  in  the

Great  Bend  Prairie  will  greatly  depend  on  the  physical  prc)per€ies  and  f low

dynamics  of  the  prairie  alluvial  aquifer.    Identification  of  aquifer

properties  and  the  prevailing  f low  regime  will  allow  these  decisions  to  be

made  in  the  context  of  quancified  storage,   transmission,   recharge,   and

advective  solute-transport  characteristics  of  the  grc>undwater  reservoir.    This

reporc  describes  the  development  and  calibration  of  a  finite-difference  model

of  the  Great  Bend  alluvial  aquifer.    Calibration  was  f irs€  performed  on  the

basis  of  the  1950  pre-developmenc  water  table  and  five  water  table

configurations  observed  during  the  1950  to  1975  development  period  using

trial-and-error  methods,  with  the  intent  of  obtaining  estimates  of  aquifer

parameters  and  regional  flow  properties.    A  second,  least-squared-error

Calibration   (see  Appendix  C)  was  performed  using  wacer  tables  from  1950,1955,

1960,   and  1965,   with  t.he  1970   and  1975  water  tables  used  in  an  at.tempt  to

verify  parameter  estimates.    The  model  may  ultimately  be  used  to  predict  the

physical  and  economic  impact  of  future  irrigacion  development  on  the  Great

Bend  Prairie  groundwater  supply  if  i€  encers  into  a  more  pronounced  t.ransient

stage.     The  modeling  efforts  which  have  been  doc`mented  in  this  report  were

oriented  towards  identification  of  the  behavior  of  the  alluvial  aquif er  flow

system,  with  the  intent  of  deriving  meaningful  physical  constraints  for  future

decision-making  processes  regarding  managemenc  of  groundwa€er  supplies  in  the

context  of  both  quantity  and  quality.
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EHrfu¥ I-

The  Great  Bend  Prairie  is  located  in  the  south-central  part  of  Kansas,

extending  across  all  of  Prat€  and  Stafford  counties  and  parts  of  Bar€on,  Rice,

Reno,  Kingman,   Harper,   Barber,   Commanche,  Kiowa,   Clark,   Ford,   Edwards,   and

Pawnee  counties   (see  Fig.  2).     The  general  land  surface  of  the  prairie  is

characterized  ftyr  low  relief .     Surficial  deposits  range  from  sand  dunes  formed

by  wind  deposition  to  finer  eolian  deposits  in  the  southern  highlands.    To  the

south,   the  topography  becomes  dominated  by  deep,   eroded  valleys  and  the  water

table  becomes  characterized  by  steep,   local  hydraulic  gradients.

Average  annual  precipitation  over  the  prairie  has  been  escimated  by  U.S.

Department  of  Commerce  sources  to  range  from  22.5   inches   along  the  western

border  to  31.5  inches  along  the  eastern  boundary  of  the  grasslands.     The  1941-

1970  average  annual  precipica€ion  over  the  entire  prairie  is  roughly  25  inches

per  year   (Fader  and  Stullken,1978).     Storage  of  groundwa€er  supplies  in  the

Great.  Bend  alluvial  aquif er  changes  quite  rapidly  in  response  €o  changes  in

precipitation  from  year  Co  year  due  to  the  higiv  recharge  capacity  of  surficial

deposits  and  €o  the  large  conductivity  and  porosity  of  the  underlying  alluvial

aquifer.     The  slight  transience  of  the  flow  regime  during  the  1950  to  1975

development  period  tended  to  be  dominated  by  these  climatic  effects,   and  made

accurate  identification  of  the  specific  yield  aquifer  parameter  subject  to

large  estimation  errors  during  attempts  €o  perform  transient  calibration.

The  prairie  is  drained  by  several  major  stream  channels  which  are

generally  in  hydraulic  connection  with  the  allvuial  aquifer.    Principal  stream

channels  include  the  Arkansas  River,   Cow  Creek,  Wild  Horse  Creek,  Rattlesnake

Creek,  Peace  Creek,  North  and  South  Fork  Ninnescah  Rivers  and  tributaries,   and

Silver  Creek.     The  major  streams  have  frequently  been  reported  to  flow
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Figure  2.     Counties  located  in  the  Great  Bend  Prairie  model  area.
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perennially,  but  field  observations  by  KGS  staff  members  have  suggested  that

flow  is  probably  somewhat  ephemeral  in  nature  in  some  parts  of  the  prairie  at

the  present  time,   especially  in  late  summer.    The  ephemeral  characteristics  of

these  streams  are  a  reflection  of  storm.term  transience  in  the  aquif er

system.    The  streams  flow  eastward  in  the  general  direction  of  the  topographic

gradient.

TEE  anEBal.Izso  GI=oHrl)ROIcer  oF  THE  GREAT  BEND  s"D¥  AREA

Description  of  the  Scra€igraphic Units

The  geologic  and  hydrologic  properties  of  the  s€ra€igraphic  units

occurring  in  the  Great  Bend  Aquif er  Study  area  have  been  extensively  reviewed

by  previous   investigators   (Waite,   1942;   Iiacta,   1948;   Mcl-aughlin,   1949;   Fen€,

1950;   Latta,   1950;   Bayne,   1956;   Bayne,   1960;   Lane,   1960;   Bayne,   Franks,   and

Ives,1971;   Layton  and  Berry,1973;   Bayne  and  Ward,1974;   Fader  and  Stullken,

1978).    This  discussion  conscitu€es  only  a  brief  and  general  outline  of  the

material  cited  above.    The  purpose  of  this  section  is  to  establish  the

geohydrologic  setting  for  the  reader  and  to  lend  clarif ication  to  the

relationship  betveen  the  physical  properties  of  the  aquif er  and  the  model

characteristics .

Most  simply  stated,  the  geology  of  the  area  consists  of  a  veneer  of

unconsolidaced  to  semi-consolidated  sands,  gravels,   clays,   and  silts  of

Quaternary  and  Tertiary  age  overlying  the  consolidated  sands€c>nes,   siltstones,

and  shales  of  Cretaceous  and  Pemian  age  (see  Fig.  3).     The  focus  of  interest

in  this  model  study  is  the  large  aquifer  formed  by  the  first  group  of  units

6
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and  bounded  by  the  second.    There  are  several  units,   such  as  the  Cedar  Hills

Sandstone  of  Pemian  age  and  the  Cheyenne  Sandstone  and  Dakota  Formation  of

Crecaceous  age,  which  also  constitute  aquifers  and  are  apparently  in  hydraulic

conneccion  with  the  unconsolidated  aquifer.    Evaluation  of  tbese  interactions

will  be  clef erred  until  t.he  structure  of  the  model  is  discussed  in  the  context

of  the  prevailing  geohydrologic  conditions  which  govern  f low  in  the  principal

Cenozoic  alluvial  aquifer.

Graneros  Shale,  Greenhorn Lines€one,  and Carlile  Shale

These  units  occur  in  the  uplands  of  Ellsworth,  Barton,  Pawnee,   and  Ford

counties,  generally  on  the  margins  of  the  unconsolidated  aquifer  and  usually

in  association  with  the  underlying  Dakota  Formation.    They  typically  yield

only  small  quantities  of  water  to  domestic  wells  and  are  not  a  part  of  the

High  Plains  aquifer.    Their  water-yielding  capacity  is  probably  a  ref lection

of  the  degree  to  which  they  are  fractured  or  weathered.    Tbese  units  act  as  an

impermeable  boundary  in  some  peripheral  parts  of  the  study  area.

Dakota  Foma±ion

Extensive  outcrops  of  the  Dakota  Formation  occur  from  Ellswor€h  County

westward  to  Ford  County  and  southward  into  Kiowa  and  Comanche  counties.     The

Dakota  Foma€ion  in Kansas  consist.s  of  alternate  beds  or  lenses  of  claystone,

siltscones,   and  sandstone.     As  much  as  70%  of  the  formation  is  estimated  €o

consist  of  len€icular  beds  of  clays€one  and  sil€stone.     Sandstone  occurs  in

erratically  distributed  lenses  that  dif fer  in  thickness  and  extent  of

interconnection.     Some  lenses  may  have  wide  areal  extent   (Keene  and  Bayne,

1977).     Results  of  aquifer  pumping  tests  conducted  in  the  Dakota  are  not

widely  available,  but  one  test  conducted  in  Ford  County  and  one  test  conducted
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in  Hodgeman  County  resulted  in  hydraulic  conductivity  es€imaces  of  41   ft/day

and  16  ft/day,   respectively   (Lobmeyer  and  Weakly,1979).     Wells  that  penetrate

the  thicker  coarser-€ex€ured  sandstone  lenses  have  yields  ranging  from  a  few

gallons  per  minute  to  a  few  hundred  gallons  per  minute   (Latta,1950).     It  has

been  reported  that  the  tocal  dissolved  solids  in  Dakota  Formation  water  ranges

from  300   Co   1,475  parts  per  million   (M€Laughlin,1949).     Thus,   the  Dakota

Formation  appears  €c)  be  capable  of  supplying  relatively  large  quantities  of

slightly  saline  water  to  the  fresh-water  alluvial  aquifer.

Groundwater  movemenc  in  the  Dakota  Formation  in  south-central  Kansas

appears  to  be  tc)ward  the  northeast  and  east   (Keene  and  Bayne,   1977;   Kume  and

Spinazola,1983).     Keene  and  Bayne  identified  a  po€entiometric  ridge  which

trends  northeast  through  Ford,   Edwards,   and  Pawnee  counties.     This  may

indicate  recharge  from  overlying  unconsolida€ed  units.     Recharge  from  or

leakage  into  the  overlying  alluvium  wa:  considered  to  comprise  part  of  the

areal  recharge  component.     In  the  northern  part  of  the  model  area,  the  Dakota

is  apparent.Iy  recharged  by  the  unconsolidated  aquifer  (Keene  and  Bayne,

1977 )  .

flora Shale

The  Kiowa  Shale  occurs  as  a  belt  of  ouccrops  and  subcrops  extending  from

Rice  and  Ellsworth  counties,   westward  through  Bar€on  and  Rush  counties  and

southward  through  Pawnee,   Ford,   Edwards,  Kiowa,   Comanche,   and  Barber

counties.    The  Kiowa  is  principally  a  dark  marine  shale  containing  some  thin

limestone  beds  and  sandstone  lenses.     Although  not  generally  regarded  as  an

aquifer,   some  occurrences  of  naturally-pressurized  low  quality  water  are

reported.    These  reservoirs  are  apparently  confined,  but  drilling  activities

may  inadvertently  vent  them  info  more  porous  formations  and  hence,   into  the



uncc>nsolidated  aquifer.     In  general,   however,   this  unit  is  not  suspected  of

contributing  large  quantities  of  wacer  to  the  Cenozoic  aquifer  under

investigation,   and  should  be  considered  as  part  of  the  impemeable  base  upon

which  this  aquifer  has  been  deposited.

Cheyenne  Sandstone

The  Cheyenne  Sandstone  outcrops  in  Clark,   Comanche,  Kiowa,   and  Barber

counties,   and  occurs  as  subcropping  units  in  Rice,  Ellswor€h,  Bar€on,

Stafford,  Pawnee,   Edwards,  Kiowa,   Barber,   and  Ford  counties.     The  principal

cc)nscituen€s  of  this  unit  are  f ine-  to  medium-grained  sand  with  some  shale  and

silts€one.     Where  the  Cheyenne  outcrops  or  subcrops,   it  is  capable  of

discharging  or  receiving  water,   depending  upon  the  hydraulic-head  gradients  in

the  vicinity.     In  Kiowa  County,   fresh  water  apparently  enters  the  Cheyenne

Sandstone,   while  in  Bar€on  County,   brackish  water  has  been  found  under

ar€esian  pressure  in  the  Cheyenne.     Much  of  the  water  in  the  Cheyenne  seems  to

be  of  unacceptable  quality  for  human  needs.

Ondiff erencia€ed Pemian Units

For  the  purposes  of  this  report,   several  formations  of  Pemian  age  are

grouped  together  for  discussion.     These  include  the  Whitehorse  Formation,   the

Dog  Creek  Formation,   the  Blaine  Formation,   and  the  Flowerpot  Shale.     The

principal  reasons  for  this  grouping  are  1 )  the  limited  occurrence  of  these

units  as  subcrops  in  the  study  area,  with  most  of  these  occurrences  being  in

S€afford,  Pra€t,   Edwards,   and  Kiowa  counties,   and  2)   the  lack  of  documentation

of  the  hydrologic  characteristics  of  these  units.    These  units  consist  almost

exclusively  of  redbeds  and  evaporites.     The  Flowerpot  Shale  consists  mostly  of

shale,  with  Some  thin  silts€one  and  sandstone  beds.     Some  anhydribe  and  halit.e
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may  also  be  associated  with  the  shale.    The  Blaine  Formation  is  the  principal

evaporite  unit  of  the  Nippewalla  Group  (see  Fig.   3).     Depending  upon  the

location  at  which  the  unit  is  encountered,   it  may  exist  as  either  an  anhydrite

or  a  gypsum.     Some  shale  and  salt  also  occur.     The  Dog  Creek  Formation

consists  of  silty  shale,   sil€stone  and  a  minor  amount  of  fine-grained

sandstone.    The  Whitehorse  Formation  is  principally  a  sandstone  unit  with

minor  occurrences  of  shale,   silts€one,   and  dolomite.     The  sandstone  ranges

from  resistant  to  soft,   depending  upon  quantity  of  cementation.    None  of  these

formations  are  known  bo  supply  large  quantities  of  water  to  wells.     Only  the

Whitehorse  Formation  is  known  to  supply  potable  water.     For  the  purposes  of

this  model,  these  units  are  considered  impermeable.

Cedar Hills  Sandstone

Although  a  considerable  amount  of  work  has  been  done  on  the  geology  of

the  Cedar  Hills  Sandstone,   comparatively  little  published  knowledge  exists

abouc  ics  hydrology.     Here,  only  the  published  knowledge  will  be  referenced,

but  in  Appendix A  solae  unpublished  data  are  cited  concerning  '.slug"  tests  in

the  lower  Nippewalla  Group.    This  formation  consists  chief ly  of  very  fine-

grained  sandstones,   sandy  sil€s€ones  and  silts±ones.     Some  silty  shale  is  also

knowrn  to  exist.    Disposal  of  oil  field  brine  under  atmospheric  pressure  into

this  formation  occurs  in  some  counties.    This  would  indicate  that  the

fc)rmation,  or  at  least  some  parts  of  it,  have  a  small  but  significant

transmissivi€y.    To  date,   salc  water  discharge  from  this  unit  has  not  been

quantified.    However,   available  studies  indicate  that  salt  water  encroachment

into  the  Quacernary  deposits  starts  in  the  vicinity  of  the  subcrop  of  this

unit  in  northern  Stafford  County  and  proceeds  to  the  east.    Similar

encroachments  are  known  in  southern  Stafford  Cc)unty  and  in  parts  of  Pra€t

11



County.    1€  is  clear  that  this  unit  is  in  hydraulic  connection  with  the

unconsolidated  aquifer,  but  its  contribution  to  the  system  is  not

doctmen€ed.    This  uric  should  be  considered  as  a  source  of  recharge  to  the

system,  but  at  present  ic  is  not  possible  to  accurately  verify  its  hydraulic

parameters.    For  the  purpose  of  this  study,  ics  contribution  to  the  alluvial

aquifer  will  be  considered  as  an  implicit  part  of  the  recharge  component.

Haxper  Sandstone  -  Salt Plain FomaEion

These  units  are  cliff icult  to  separate  stra€igraphically  and

hydrologically.     For  the  purpose  of  this  discussion,   they  are  considered  as  a

concinuous  unit.    These  units  are  mostly  siltstone,   silty  shale  and  shale,

with  only  a  small  amount  of  sandstone.     Researchers  a€  the  Kansas  Geolog.ical

Survey  obtained  cores  from  these  units  while  doing  f ield  work  in  Reno  and

Prat€  count.ies.    These  cores  were  generally  red  in  color.     The  soft  siltstone

was  frequently  washed  out,   leaving  behind  the  more  resistant  sandy  siltstone

and  silty  shales.    Occasionally,   a  thin  gypsum  bed  has  been  encountered.

These  observations  correspond  to  the  descriptions  in  tbe  literature.    The

cores  have  never  been  tested  for  laboratory  conduc€ivi€ies,  but  the  holes  from

which  some  of  them  were  cut  have  been  "slug"  tes€ed.     These  slug  tests

involved  measuring  the  rate  of  head  recovery  in  a  well  which  has  been

subjected  to  an  instantaneous  input  of  a  known  quantity  of  water.    Results  of

these  slug  tests  are  presented  in  Appendix  A.     These  units  are  exposed  in

Reno,  Kingman,   Harper  and  Barber  counties.     They  also  occur  as  subcropping

units  in  Bar€on,   Stafford,   Rice,   Reno,  Kingman  and  Prac€  counties.     They  form

a  portion  of  the  eroded  surf ace  upon  which  the  unconsolidated  material

constituting  the  principal  aquifer  was  deposited.     Some  significant  leakage
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out  of  these  units  may  occur  where  gypsum  stringers  are  present,  but  in

general  the  material  appears  to  be  relatively  impermeable.    Most  of  the  water

obtained  from  these  units  in  subcropping.  areas  is  of  low  quality.

Scofle Corral Formation

Tbe  Stone  Corral  consists  of  dolomite,   anhydri€e,   and  gypsum.     Solution

of  the  gypsum  and  anhydri€e  in  the  vicinity  of  the  outcrop  has  caused  thinning

of  the  formation.     This  has  probably  created  a  collapse  zone  which  could  act

as  a  local  aquifer.     Subcrops  and  outcrops  of  this  unit  occur  in  Harper,

Kingman,   and  Reno  counties.     This  unit  is  not  a  significant  aquifer,   and  where

subcropping,   is  consi'dered  to  f orm  part  of  the  eroded  Permian  surf ace  on  which

the  unconsolidated  material  was  deposited.

Hinnescah  ShaJ.e

The  Ninnescah  Shale  is  composed  primarily  of  red  and  light-gray  shale,

silt.y  snale,   and  silts€one.     Some  thin  veins  of  gypsum  are  also  know'n  tc)

occur.    Where  the  formation  is  weathered  or  fractured,   or  has  localized

sandstone  units,   it  is  capable  of  yielding water  to  wells.    This  water  is

typically  of  low  quality,  buc  suitable  for  stock  and  domestic  wells  in  outcrop

areas.    It  is  not  clear  from  the  licerature  whether  formation  water  is  under

ar€esian  pressure.    If  such  a  pressure  differencial  exists,  leakage  could

occur  into  the  fresh-wafer  unconsolidated  aquifer.    Due  to  lack  of  information

regarding  this  point,   it  was  conservatively  assumed  that  the  formation  is

essentially  impermeable  in  its  unweathered  portion.    Where  i€  subcrops,  the

f ormation  clef ines  the  bedrock  surf ace  upon  which  the  alluvial  aquif er  material

has  been  deposited.
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Post>C±e€aceous I)eposics

All  sedimencary  units  composing  the  aquif er  ref erred  to  in  this  study  as

the  Great  Bend Aquifer  were  deposited  in  post-Cretaceous  time.    These  units

include  Pliocene,  Pleistocene,  and  Recent  deposits.    Hydrologically,  they

behave  as  a  single  unit,   although  they  by  no  means  constitute  an  isotropic  and

homogeneous  medium.     The  principal  aquifer  materials  are  sands  and  gravels,

some  of  which  are  cement.ed.     Associated  materials  include  clay  and  silt,  which

usually  occur  in  conjunction  with  the  sands  and  gravels  in  the  poorly-sorted

bedding,   although  some  relatively  clean  clay  beds  occur.    In  reality,  these

materials  form  restrictive  beds  and  lenses  in  the  aquif er  and  give  it  a  marked

degree  of  aniso€ropy  and  hecerogeneity,  principally  in  the  vertical

direction.    They  are  also  responsible  for  locally-confined  conditions

throughout  the  sand  and  gravel  deposits.

The  principal  coarse-grained  units  of  the  unconsolida€ed  aquif er  include

the  Holdrege  and  Grand  Island  f orma€ions  of  the  Nebraskan  and  Kansan  Glacial

Stage.     Other  coarse-grained  deposics  include  the  Ogallala  Formation  of  the

Pliocene  series  and  the  dune  sand  deposits  ranging  in  age  from  Pleistocene  to

Recent.    Stream  alluvia  exist  for  all  the  major  streams  in  the  region  and  are

deposited  in  channels  cut  into  the  older  deposits.    Most  of  these  alluvia

consist  of  material  very  similar  to  that  over  which  they  are  deposiced.     In

essence,   the  newer  deposics  are  simply  reworked  deposits  of  older  materials.

In  the  scream  alluvia,  coarser  material  tends  to  occur  at  the  bottoms  of  the

depositional  sequences.    Throughout  the  modeling  procedures,  vertically

averaged  values  of  bydraulic  conductivity  were  used  to  describe  two-

dimensional,   depth-uniform  flow.    Therefore,   it  was  not  necessary  to

differentiace  the  aquif er  material  properties  with  respect  to  depth,  and  no

further  discussion  will  be  directed  towards  this  point.
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General Features  of  Flotr  in  the Great Bend All`rvial Aquifer

Flow  in  the  alluvial  aquifer  is  generally  eastward,  with  most  lateral

inflow  occurring  in  the  vicinity  of  Ford  and Kiowa  counties  from  similar

despoi€s  to  the  west  (see  Fig.  2).    Plate  1,  which  is  a  contour  represencation

of  the  pre-development  water  levels,  illustrates  the  localized  nature  of

lat.eral  inflow  to  the  aquif er  during  the  pre-development  period  prior  to

1950.     Some  water  appears  to  have  been  flowing  northward  into  the  Arkansas

River  during  this  time.    Losses  across  the  southern  extent  of  the  prairie  are

believed  €o  occur  through  some  combinacion  of  evapotranspira€ion  from  the

shallow  water  table  in  the  area,   leakage  into  Lower  Cretaceous  and  Permian

bedrock  units  which  outcrop  along  the  southern  boundary  of  the  alluvial

deposics  when  southward-trending  hydraulic  gradients  occur  across  the  bedrock

contact,  and  underflow  to  alluvial  valleys  which  traverse  the  outcrop  area.

Small-scale  upstream  potentiome€.ric  f lexures  in  the  vicinity  of  the  major

stream  valleys  indicate  that  t.he  streams  were  gaining  along  most  of  their

leng€hs  during  pre-development  time.    The  orientation  of  these  flexures  is

subscantiated  by  reports  of  significant  baseflow  to  the. stream  channels  prior

to  1950  Py  local  residents.

The  measured  bedrock  surface  slopes  eastward,   as  indicated  by  the  bedrock

configuration  shown  in  Plate  2.     On  a  regional  scale,  the  bedrock  and  water-

t.able  configurations  show  a  remarkable  similaricy,  suggesting  that  flow  in  the

aquif er  is  greatly  influenced  by  the  physical  f eatures  of  the  bedrock

contact.    Pre-development  saturated  thickness  witbin  the  study  area  ranged

frcm  a  high  of  about  250  feec  in  soucheas€ern  Edwards  County,   to  saturated

Chicknesses  as  small  as  10   feet  in  Reno  Councy  (see  Plate  3).     Local  values  of

up  €o  200  feet  also  occurred  in  the  northeastern  and  norchwestern  sections  of

the  study  area.    Most  of  the  1,160  irrigation  wells  in  operation  as  of  1973
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were  located  in  the  high-saturated-thickness  west-cencral  area,  where  pre-

developren€  saturated  thicknesses  of  up  to  250  feet  occurred  and  where  well

yields  may  once  have  been  as  high  as  2,000   gallons  per  minute   (gpm)   (Fader  and

Stullken,1978).     Current  yields  are  more  frequently  in  the  range  of  500  to

1,000  gpm.     The  occurrence  of  small  saturated  thicknesses  in  western  Rice

County  were  attributed  to  a  locally  shallow  depth  to  bedrock.

DESCRIPTION  OF  RE  CALIBRATICH  14DDHS

Calibration  of  the  Great  Bend  alluvial  aquifer  was  based  on  a  forward,   c)r

predic€ive,   approach  to  solving  the  governing  two-dimensional  flow  equation

(Trescot€,  :±±±|. ,1976)

*  (Kxx  b a)  + *  (Kyy  b #)  +  W  =  Sy * (1)

for  unkno`m  aquifer  parameters  hydraulic  conductivity  (Kxx  and  Kyy)   and

specific  yield  (Sy)   as  well  as  for  the  unknorm  net  recharge  variable  (W),

where

Kxx  =  hydraulic  Conductivity  in  the  x-direction  (L/I)

Kyy  =  hydraulic  conductivity  in  the  y-direction  (L/T)

b  =  saturated  thickness  (L)

h  =  hydraulic  head  (L)

W  =  net  distributed  and  point  source-sirlk  rate,  positive  for  net

recharge  and  negative  for  net  discharge  (L/T)

Sy  =  specif ic  yield
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Sceady-scate  calibration  was  initially  performed  using  the  1976  version  of  the

USGS  model   (Trescot€,  L£±j±|.,1976),  while  a  more  refined  steady-state

calibracion  and  several  transient  calibrations  were  attempted  using  a

computerized  steepest-descent  optimization  model  which  was  developed  at  Texas

Tech  University  (Knowles,  £E ±|.,1972).     Both  algorithms  are  based  on

discrece  approximations  of  differential  equacion  1,  although  the  procedures

used  to  discretize  the  flow  domain  in  space  and  time  are  somewhat  dif ferent

for  the  two  models.

While  aquifer  parameters  Kxx,  Kyy  and  Sy  were  assumed  to  vary  only  in

space,   the  variables  b,   h,   and  W  were  ass.umed  to  vary  in  both  space  and

time.     The  values  of  Kxx  and  Kyy,  which  can  formally  be  viewed  as  the

principal  components  of  the  hydraulic  conductivity  tensor,  represent

in€ernodal  conductivities  in  the  x-  and  y-.directions.    These  internodal

conduccivi€ies  are  obtained  by  averaging  of  adjacent  nodal  conductivity  values

and  are  essentially  equivalent  to  K  values  at  the  interf aces  defined  by  the

cells  surrounding  each  node.

Although  the  two  models  are  both  based  on  equation  (1 ) ,   the  USGS  model  is

block-centered,  with  each  mass-balance  cell  corner  corresponding  €o  a  finite-

difference  node,  while  the  Texas  model  is  mesh-cen€ered.    This  discrepancy  did

not  present  any  serious  problems  within  the  modeled  area,  but  it  did  result  in

dif feren€  approximations  of  the  boundary  conditions  on  the  periphery  of  the

scudy  area.    In  addition,  the  averaging  procedures  used  to  define  internodal

conduct.ivi€y  under  heterogeneous  conditions  and  the  methods  of  approxima€ing

saturated  t.hickness  are  quice  different  for  the  two  models,   and  were

ultimately  considered  responsible  for  the  frequently-encountered  cliff erences

in  model  output.

17



The Uses  iaodel

The  USGS  finite-difference  model  was  used  to  simulate  two-dimensional,

st.eady-sca€e  f low  in  the  Great  Bend  alluvial  aquif er  during  the  f irst

calibration  phase.     Implicic  to  the  ass\]mption  of  two-dimensional  groundwater

flow  is  that  vertical  flow  in  the  aquifer  is  negligible.    While  this

assumption  may  be  justified  for  the  case  of  the  undeveloped  water  table,

vertical  f low  components  may  be  introduced  during  the  lacer  prediction  stage

when  significant  well  withdrawal  rates  are  imposed  on  the  aquifer  system.     Use

of  a  two-dimensional  flow  model  also  requires  that  the  rate  of  flow  be  unif orm

over  the  entire  depth  of  saturation.    Given  that  the  Great  Bend  aquifer  does

not  appear  tc)  exhibit  significant  layered  heterogeneity,   the  assumption  of

uniform  f low  can  be  considered  valid  for  this  particular  study.

Clearly,   the  Dupuit-Forchheimer  assumptions  of  horizontal,   uniform  flow

greatly  facilitated  analysis  of  the  Great  Bend  aquifer  flow  regime,  but

required  that  water-table  movement  in  the  vertical  direction  be  completely

ignored  and  that  hydraulic  gradients  be  small.    Fortunately,  the  stresses

which  were  imposed  on  the  regime  during  the  validation  procedure  were  not

significant  and  resulted  in  very  litcle  drawdown  relative  to  saturated

thickness  and  only  slight  increases  in  the  slope  of  the  water  table  throughout.

the  groundwa€er  development  period.

Hydranlic Conductivity K  and Specific Yield Sy

In  order  €o  allow  extension  of  the  final,   calibrated  model  tc>  the  time-

variant  flow  regimes  expected  to  occur  during  validation  and  prediction  stages

of  the  study,  parameters  were  defined  to  be  time-invariant  properties  of  the

aquifer.    This  involved  choosing K,   rather  than  transmissivity  T,  as  an

indicator  of  aquifer-transmission  characteristics.    The  assump+.ion  of  a
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conscan€  specif ic  yield  Sy  was  jus€if ied  on  the  basis  of  the  regionally-

unconfined  characteristics  of  the  alluvial  aquifer,  as  well  as  on  the

assumpcion  of  lack  of  measurable  subsidence  of  the  deposits  during  the

developmenc  period.

Delayed-drainage  effects  were  not  considered  during  any  part  of  the

calibracion  process.    These  effect.s  would  have  required  time-variance  of

specific  yield.    Due  to  the  large  conduc€ivi€ies  associated  with  the  alluvium,

specific  retention  was  assumed  to  be  negligible,   and  drainage  of  the  aquifer

in  response  to  pumping  was  considered  to  be  instantaneous  with  respect  to .the

one-year  time  steps  used  for  calibration.

Focal Net  Recharge  Rate  W

Tbe  net  recharge  rate  W  was  ass`med  to  be  the  sum  of  net  natural  recharge

rate  R  and  the  pumping  rate  Q

W=R+Q (2)

where  Q  would  be  described  by  negative,  or  discharging,  values.    Net  natural

areal  recharge  R,   although  actually  a  system  variable,  was  taken  to  be  a  time-

invariant  parameter  of  the  aquifer  system.    Seasonal  variations  in  R  were

considered  €o  be  irrelevant  to  the  study,   since  a  one-year  time  step  was  used

throughout  all  model  operations.    Q  was  assumed  to  be  constant  during  the

duration  of  each  five-year  pumping  period  used  for  the  validation  procedure,

but  was  assumed  to  vary  between  pumping  periods.     Due  to  the  tendency  for

reported  pumpage  rates  to  be  overestimated,   it  became  necessary  to  introduce
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an  additional  term  of  (Cl-1)Q  to  equation  (2)   during  the  valida€ic)n  stage,

where  a  represented  a  correction  factor  for  irrigation  consumptive  use.

Figures  4  to  8  illuscra€e  the  transient  water  tables  observed  at  f ive-

year  intervals  in  the  alluvial  aquifer  during  the  development  period  1950-

1975.    Clearly,  these  water  tables  are  virtually  identical  to  the  pre-

development  water  table  shown  in  Plate  1.     The  pumping  scresses  which  had  been

imposed  on  the  system  during  the  development  period  were  apparently  of f set  by

boundary  contributions  or  by  increases  in  natural  recharge,  at  least.  on  a

regional  scale.

Although  the  USGS  model  includes  options  for  explicitly  accounting  for

evapotranspiration  and  leakage  from  the  underlying  Permian-Cretaceous  system,

no  attempt  was  made  to  simulate  evapotranspira€ion  or  leakage  effects.    Tbe

mechanisrr`s  and  quantities  of  evapo€ranspiration  and  leakage  are  only  poorly

known,   and  inclusion  of  these  mechanisms  would  have  signif icantly  increased

the  complexity  of  the  model  without  increasing  the  amount  of  information

obtained  from  i€.     Evapotranspira€ion  and  leakage  were  instead  assumed  to  be

incorporaced  into  the  natural  recharge  variable  R  during  calibration.

Since  any  finite-dif ference  model  is  only  capable  of  treating  W  as  a

distributed  source  or  sink  over  each  cell,  well  withdrawals  described  by Q  at

each  node  were  automatically  distributed  over  the  associated  cell.    This

presented  no  serious  problems  during  model  operation,  because  Q  at  a  given

node  was  escima€ed  as  the  sum  of  consumptive  use  over  the  associated  cell,   and

could  be  viewed  as  essentially  dis€ribuced  in  nature.
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System Boundaries

The  parameters  K,   Sy,   W  and a   comprise  t.he  four-dimensional  parameter

space  used  for  the  Uses  sceady-state  and  transient  calibration  procedures.    No

attempt  was  made  to  calibrate  the  model  for  boundary  conf igurations  or

boundary-flux  conditions,   since  this  would  have  introduced  an  unacceptable

number  of  degrees  of  freedom  into  the  paramecer`-adjust.men€  procedure.

Constant-head  conditions  which  were  initially  assigned  to  the  boundary  nodes

were  essencially  equivalent  €o  constant-flux  and  constant-gradient  boundaries

under  steady-state  conditions  assumed  during  the  initial  calibracion  stage.

Use  of  constant-head  boundaries  was  considered  to  be  an  ef f ective  means  of

overcoming  the  problems  associated  with  unreliable  or  unavailable  f lux  data  at

the  boundaries  without  seriously  distorting  the  actual  f low  relationships  a€

the  boundaries.    These  constant-head  values  were  obtained  by  interpolating

from  observed  head  data.    They  repre.sented  more  reliable  aquifer  responses

than  f low  data  could  supply  and  were  used  during  sul)sequenc  model  operation  in

order  €o  better  define  the  uncertain  flow  relationships  a€  the  boundaries.

Constant-head  nodes  located  along  the  rivers  also  served  to  approximate

condit.ions  ac  the  river-aquifer  in€erf aces  without  explicit  clef inition  of

baseflows  or  river  losses.    Steady-state  stream-aquifer  fluxes,  along with  the

fluxes  a€  the  model  boundaries,  were  instead  specified  a  pos€eriori  on  the

basis  of  final  steady-state  head  and  K  estimates,  and  then  systemacically

varied  during  transient  validation  and  prediction  stages  according  to  Darcy's

law  ky  assuming  constant-gradient  condit.ions.

It  was  expected  that  problems  related  to  identif ica€ion  of  K  during  the

steady-state  calibration  of  the  USGS  model  could  arise  near  the  northern

boundary  of  the  model  area  due  to  negligible  flux  across  this  boundary.

Examination  of  the  observed  steady-state  water  table   (see  Plate  1 )   indicates
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that  the  northern  boundary  of  the Great  Bend  scudy  area  is  virtually

perpendicular  to  the  contours  of  the  equipoten€ial  surf ace  along most  of  its

excen€.     The  small  amount  of  flux  crossing  this  boundary  can  cause  K  tc)  become

undefined,   since  any  conductivity  value  which  is  assigned  to  the  near-boundary

nodes  will  produce  approximately  zero-.valued  flow  across  tbe  boundary  under

conditions  of  negligible  north-south  gradients.    From  figures  4  to  8,  it.  is

clear  that  no-f low  conditions  prevailed  along  the  northern  boundary  of  the

model  area  throughout  the  development  period,   and  that  values  of  K  obcained

from  transient  calibracions  would  also  be  subject  to  large  errors  of

estimate,

The  Steepest-Descent Optimization Calibration Model

The  second  phase  of  the  parameter-adjustment  procedure  involved  use  of

the  computerized  steepest-descenc  optimization  algorithm.     Like  the  USGS

model,   the  Texas  model  approximates  two-dimensional,   depth-uniform  flow  over

the  study  area.     Assumptions  concerning  K,   Sy,   and  W,   as  well  as  assumptions

concerning  boundary  conditions,  were  extended  to  operation  of  the  Texas

model,

Aside  from  conductivity  and  saturated-thickness  averaging  procedures,   the

two  models  simulate  aquif er  response  according  to  a  discretized  version  of

equation  (1 ).     However,   the  optimization  model  incorporates  a  steepest-descent

calibration  component  which  is  alternated  wich  the  simulation  component  during

model  operation.    .Details  of  the  steepest-descent  optimization  procedure  are

outlined  in  Appendix  C.
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EaulpoTENTIRL   LINE ----   rioDEL   B0uNDaRy

Figure  4.     Observed   1955  po€en€iometric   surface   (feet).
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EOulpoTENTlaL   LINE ----   rl00EL   B0UN0qRy

Figure  5.     Observed  1960  potentiometric  surface   (feet).
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EOUIPOTENTIBL    LINE ----    MODEL    B0UNDBRY

Figure  6.     Observed   1965  po€entiometric   surface   (feet).
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EQUIPOTENTI0L    LINE
----    MODEL    B0UN0fiRY

Figure  7.     Observed  1970  potentiometric  surface   (feet).
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EOUIPOTENTIBL    LINE ----    MODEL   B0UN00RY

Figure  8.     Observed  1975  po€entiome€ric   surface   (feet).
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In  addicion  to  po€encial  boundary  problems  related  to K,  the  possibility

of  obcaining  poor  escimaces  of  specific. yield  due  to  misplacenen€  of  cons€anc-

head  boundary  and  river  nodes  occurred  during  the  steepest-descent  transient

calibracion  runs.    Misplacemen€  of  constant-head  river  or  boundary  nodes  would

presumably  become  evident  chiring  the  optimization  procedure,  when  very  large

sensitivities  of  head with  respect  to  Sy would  occur  near  the  assigned

constant-head  nodes.

cnLrEnArlcRT  OF  "  GREag  zmD  AQOIF=R  roDE

Steadys€a€e  CEL±±braLtlon  for tTtLifozb I  and Dlstriho€ed R

Using the Uses  PlniffrDiff erence Model

ldjo3tDen:€s  of  the Orig]Dal Data Base

The  original  data  base  for  .the  Great  Bend Aquifer  Model  Study  was

supplied  by USGS.    These  data  consisted  of  matrices  of  po€enciometric  surface

elevations  and  bedrock  elevations.    The  mesh  size  of  the  original  base  va€

5,000  feet.    The  mesh  was  isomecric  in  the  x  and  y  directions,   having  120  ro`Irg

and  134  coluBins  and was  orchogonal  with  the  y  axis  oriented  in  the  north-south

direction.    This  orientation  pemi€€ed  accurate  duplication  of  regional

eastward  flchlr  in  the  aquifer.

The  fineness  of  the  model  grid  at  the  original  spacing  was  considered  to

be  prohibitive  frou  the  standpoint  of  compu€ational  expense  and  processor

time.    As  a  consequence  of  these  objections,  and  after  constilta€ion  with  USGS

researchers,  the  grid  spacing was  increased  to 15,000   feet` The  grid

dimensions  Were  correspondingly  reduced  to  40  rove  and  42  columns,   and

included  1,680  nodes.     The  extent  of  this  averaged  znesh  and  the  active  model

region  is  shown  in  Figure  9.     Poinc  A  corresponds  to  node   (24,2).
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The  new,   coarse  mesh  was  escablished  as  an  averaged  sub§ec  of  the

original  mesh.     Head  levels  at  the  nodes  defined  by  the  15,000-foot  mesh  were

calculat,ed  as  an  average  of  the  head  values  a€  each  original  node  and  the

eight  nodes  surrounding  the  original  node.    Only  the  non-zero  elements  of  the

eighc  neighbors  mere  included  in  the  average,  and  no  distance-veighcing  Was

performed.    This  process  was  used  to  preserve  the  gradiencs  between  the  nodes

as  mich  as  possible.    This  averaging  process  actually  behaved  as  a  smoothing

filter.    Its  greaces€  effects  vere  observed  in  areas  of  relatively  steep

hydraulic  gradients,  such  as  in  regions  near  gaining  streams,  while  very  small

per€urbations  occurred  in  regions  of  snail  gradient.    Head  levels  near  the

bo`indaries  were  not  signif ican€ly  change  as  a  result  of  the  averaging

proced`ire.    The  averaging  process  was  applied  to  both  the  poten€iome€ric

surface  and  the  bedrock  conf igura€ion.

Early  in  the  calibracion  procechire  ic  was  necessary  to  establish

adninis€racive  boundaries  in  the  active  model  domain.    These  bo`indaries  are

those  which  join  directly  to  models  being prepared  by  other  researchers

involved  in  the  High  Plains  Regional  Aquifer  Systems  Analysis.    Essentially,

they  represent  loci  of  nodes` along which  water  is  transferred  from  one  model

to  the  next.    Refering  to  Figure  9,  the  line  segment  GAB  represents  the  loc`is

of  nodes  on  the  original  boundary  between  the  Ogallala  aquifer  aLnd  the  Greac

Bend  aquifer.    The  segment  COE  represents  the  boundary  between  the  Great  Bend

aquifer  aLnd  the  'Equus  Beds'  aquifer.    The  original  calibration  efforc

involved  all  of  the  region  bounded  by  the  original  boundary  iden€if led  in

Figure  9,   except  for  the  region  east  of  segment  CDE,  which  was  incorporaced

into  the  Equus  Beds  model.
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Initial Calibracion Ef forts
No-f low  conditions  were  assigned  to  the  original  northern  boundary  of  the

model,   as  well  as  to  the  original  soutthern  boundary,  where  f lux  appeared  to  be

negligible.    Variable-flux  conditions  were  assigned  €o  rivers  and  to  the

eastern  and  western  boundaries  usingr  historical  f luxes  across  boundaries  and

average  rates  of  gain  in  streams.    All  of  this  information  was  incorporated

into  the  model,   and  many  trial  runs  were  attempted.     The  results  showed

generally  erratic  changes  in  the  water  table,  generally  with  a  considerable

build-up  on  the  southern  boundary  and  many  nodes  going  dry  in  the  northern

margins  of  the  model.     An  attempt  was  made  to  apply  a  crude  "inverse"  method

to  calculate  the  f luxes  necessary  €o  hold  the  historic  water  table  aL  a  static

posicion.    Results  of  this  methodology  were  less  than  satisfactory  and  the

procedure  was  subsequently  abandoned.     It  was  decided  that  a  thorough  re-

evaluation  of  the  model  boundaries  was  in  order,  especially  along  the  northern

and  southern  extremes.

Based  on  experiences  with  the  first  calibration  attempt,  further  changes

were  made  in  the  definition  of  the  active  nodes  of  the  model.     These  changes

were  based  upon  re-examination  of  the  geohydrology  of  certain  areas  and  upon

consideration  of  model  detail  in  comparison  to  the  scale  of  the  mesh.

The  nodal  spacing  for  the  model  was  15,000  feet.     Consideration  of  this

dimension  is  critical  when  physical  f eatures  being  modeled  approach  the  scale

of  this  spacing.    It  is  cliff icult  to  reproduce  the  details  of  narrow  features

of  the  poten€iometric  surf ace  when  their  width  is  on  the  order  of  one  f ini€e-

difference  cell.     In  such  cases,   attempts  to  produce  meaningful  head-contour

curvature  become  cliff icul€.     There  were  several  areas  where  the  boundary  was

totally  or  partially  changed  due  to  the  inability  of  the  mesh  to  adequately

simllate  t.he  dimensions  of  the  flow  features.    Cow  Creek  in  southwestern
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Ellswor€h  County,  Walnut  Creek  in  west-central  Bar€on  and  east-central  Rush

counties,   and  the  Paunee  River  in  Paunee  and  Hodgeman  councies  are  typical

examples  of  this  situation.    Similar  problems  were  encountered  in  eastern

Kingman  County  and  small  portions  of  Sedgwick  and  Sumner  counties.     Many  of

the  details  were  on  the  scale  of  only  one  or  two  nodal  spacings,  and  this  was

believed  to  have  produced  excremely  anomalous  head  levels  in  this  area.    This

problem,  as  well  as  other  problems,  were  corrected  by  modifications  of  the

boundaries  as  outlined  in  the  next  section.

Geoh¥drological HodLif ications  of  the Boundaries

Many  of  the  changes  in  the  model  boundary  were  made  due  to  re-

interpretation  of  the  saturated  geologic  units  in  a  given  area.    This  is  not  a

trivial  point.     In  the  area  defined  by  region  DEED   (see  Fig.  9)  a  considerable

amount  of  the  unconsolida€ed  material  is  underlain  by  material  of  Cretaceous

age,   particularly  the  Dakota  Formacion   (Lat€a,   1950;   Fent,   1950;   Bayne,

Franks,   and  Eves,1971;   Bayne   and  Ward,1974;   MCNellis,1973).      In  many   of

these  areas  the  measured  water  table  is  actually  in  the  Dakota  except  where

modern  streams  have  carved  channels  into  the  bedrock  and  deposited  alluviurL.

These  streams  are  in  hydraulic  connection  with  the  Dakota.     In  areas  where  the

water  table  is  above  the  Dakota,   the  basic  a,aca  does  not  indicate  great

saturated  thicknesses.    Some  of  these  upland  areas  exhibit  relatively  steep

hydraulic  gradients.    They  generally  tend  to  go  dry  rapidly  when  simulation

began.     Inclusion  of  these  areas  caused  more  numerical  problems  than  their

apparent  contributions  to  the  syscem  justified.     In  the  case  of  area  DEED,   the

Dakota  was  considered  to  be  impermeable  and  the  thin  veneer  of  unconsolidated

material  was  believed  to  be  unsabura€ed.     Rivers  and  associated  alluvia
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carrying  water  into  the  active-model  domain  from  the  excluded  area  were

simulated  by  source-nodes  at  the  boundary,  while  rivers  and  alluvia  carrying

water  away  from  the  active  domain  were  simulated  by  sink-nodes.

The  region  AGFA  presented  problems  similar  to  those  cited  above.     The

Ford County  Bulletin  (Waibe,   1942)   indicates  that  in  northeastern  Ford  Councy

the  Ogallala  and  Pleistocene  deposits  are  once  in  hydraulic  connection  with

the  underlying Dakota  Foma€ion,  and  are  subsequently  all  water  drains  to  the

Dakota.     The  extent  to  which  this  phenomenon  is  repeated  in  Edwards,  Pawnee

and  Hodgeman  counties  is  not  totally  clear  from  the  County  Bulletin,  but  it

would  not  be  an  unreasonable  expectation.     The  Pawnee-Edwards  report  indicates

the  presence  of  water  in  the  uplands  which  may  be  above  the  top  of  the

Dakota.    Much  of  this  area  is  upland,   and  these  hydraulic  heads  may  only

represent  localized  perched  wafer  tables.     In  the  original  data,  much  of  this

area  was  shown  to  be  characterized. by  relatively  thin  saturated  thickness  and

steep  hydraulic  gradiencs.    Many  nodes  went  dry  soon  after  simulation  began.

The  only  well-documented  water  table  was  in  the  river  alluvia  of  Pawnee  River,

Buckner  Creek  and  Saw  Mill  Creek.     These  narrow  alluvia  were  addressed  in  a

previous  section.    The  same  disposition  of  the  thin  unconsolidated  veneer,   the

Dakota  Formation,   and  the  river  alluvia  was  made  as  described  in  the  previous

paragraph.

As  a  result  of  the  conclusions  regarding  geohydrologic  inf luences  along

the  northern  extent  of  the  model  area,   the  northern  boundary  was  modified  as

shoiirn  in  Figure  9.     The  thin  or  absent  Cenozoic  deposits  along  the  northern

extent  of  the  model  area  were  assumed  to  act  as  a  no-flow  boundary  and  were

assigned  zero-flux  conditions  during  model  operation.    This  was  substantiated

by  t.he  fact  that  the  hydraulic  head  contours  were  perpendicular  to  the

modified  northern  boundary  both  before  and  after  development.
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The  original  eastern  boundary  was  redefined  as  shown  in  Figure  9  to

conforfu  to  the  previously-mentioned  Equus  Beds  model.     Along  the  western  and

modified  eastern  borders  of  the  area,  natural  hydrologic  boundaries  do  not

exist.     In  the  absence  of  information  concerning  rates  of  flow  across  these

borders ,  cons€anc-head  conditions  were  assigned  to  corresponding  border

nodes.    These  artificial  boundaries  were  later  assigned  variable-flux

conditions  using  a  constant-gradienc  algorithm  to  account  for  potencial

boundary  contributions  to  irrigation  well  withdrawals  during  the  developmenc

period.

The  final  areas  involved  in  the  modification  procedure  are  located  along

the  southern  and  southeastern  margins  of  the  alluvial  aquifer.    The  dominant.

f eature  of  this  area  is  t.he  transition  from  the  principally  Pleistocene

unconsolidat.ed  Great  Bend  aquifer  to  the  deeply  incised  and  eroded

consolidated  Permian  redbed  formations,  where  Pleistocene  deposits  are

confined  to  narrow  stream  alluvia.    This  area  is  the  most  poorly  documented

sect.ion  of  the  study  area.    No  county  reports  exist  for  Clark,  Comanche,   and

Barber  counties.     The  Harper  County  Report   (Bayne,1960)   contains  a

significant  discrepancy  with  respect  to  the  Kingman  County  study  (I,ane,1960);

researchers  reported  an  interpretafional  difference  of  20  to  40  feet  in  the

water  table  at  their  common  border.    It  is  fairly  clear  from  the  historical

data  that  a  considerable  volume  of  water  moves  out  through  the  southern

portion  of  the  study  area.     There  is  not,  however,   a  well  understood  breakdown

of  this  outward  flux  among  the  various  evapotranspira€ion,   baseflow,

underf low,   and  leakage  sink  terms.    The  rather  large  protrusion  of  the

original  boundary  into  Comanche  County  would  seem  to  indicate  an  extensive

aquif er  system.     Field  observations  made  by  Kansas  Geological  Survey  personnel

left  the  impression  that  perhaps  several  narrow  valley  alluvia,  rather  than  a
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single  excensive  unit,  are  present  in  this  area.    This  impression,  combined

with  a  less  than  adequate  body  of  basic  data  for  the  area  and  a  consistent

inability  to  get  reasonable  calibration  results  from  the  area  mocivated  the

re-establishment.  of  the  southern  boundary.    If  might  be  noted  that  the  lack  of

basic  data  in  this  area  demands  further  investigation.

It  was  eventually  decided  €o  incorporate  the  lnodif ied  southern  boundary

into  the  model  using  constant-head  conditions  to  account  for  aquifer  losses.

These  were  subsequently  translaced  into  variable-f lux  conditions  during

transient  phases  of  model  operation.    Extensive  drainage  from  the  alluvial

deposits  into  the  deeply-incised  PermiaLn  red  beds  to  the  extreme  southeast  was

initially  described  by  incroducing  several  ar€if icial  pumping wells  to  the

area  in  order  to  describe  constant-f lux  conditions  which  were  assumed  to

govern  the  drainage  rate  under  steady-state  conditions.    The  configuration  of

the  southern  boundary  was  made  to  conf orm  approximately  to  the  contact  between

the  alluvial  aquif er  and  the  Cretaceous  and Permian  outcrops  occuring  along

the  souchern  excen€  of  the  prairie.

BoundarrF1`]x S i"±a€ion

Simulation  of  the  boundary  conditions  in  the  alluvial  aquif er  was  as  inch

an  interpretational  process  as  it  was  a  numerical  process.    Early  in  the

study,  a  decision  was  made  to  apply  a  variable-flux,   constant-gradient

algorithm  to  the  eastern  and  western  administrative  boundaries  of  the  model

(Wilson  and  Gerhart,1980)   .     This  was  intended  to  simulate  a  physical

Continuity  between  independent  numerical  models.     As  work  proceeded,   it  became

apparent  t,hac  the  Iriodel  was  also  discharging  a  considerable  volume  of  water

across  tbe  southern  boundary.    Although  not  specifically  broken  down  in  the

modeling  process,   this  volume  had  to  represent  some  combination  of  under flow,
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leakage,   and  evapo€ranspira€ion.    Since  all  of  these  mechanisms  are  related  in

some  degree  to  saturated  thickness,  a  decision  was  made  to  simulate  this

boundary,  as  well  as  the  adminiscracive  boundaries,  using  saturated-thickness-

dependent ,  variable-flux  conditions.

Conversion  of  the  const.ant-head  nodes  at  the  model  boundaries  to

constant-gradient  nodes  was  accomplished  by  performing  a  nodal  mass-balance  at

each  constant-head  boundary  node  af ter  steady-state  calibration  for  hydraulic

conductivity  and  natural  recharge,   and  by  subsequently  using  the  calculated

nodal  fluxes  to  initialize  a  constant-gradient,  variable-flux  algorithm  at

these  nodes.    The  variable-flux  algorithm  was  then  introduced  into  the  model

during  transient  calibration  and  validation  stages,  when  the  effects  of

irrigacion  withdrawal  were  transmitted  to  the  boundaries.

Implicit  to  the  introduction  of  the  constant-gradient  algorithm was  the

assum:p€ion  that  head  at  interior  nodes  immediately  adjacenc  to  the  affected

boundary  nodes  varied  by  the  same  magnitude  as  head  ac  the  boundary.     While

many  arguments  may  be  presented  in  opposition  to  this  assumption,  it  greatly

facilitated  the  incorporation  of  time-variant  behavior  at  the  boundary

nodes.     Of  course,   the  problem  of  specifying  values  of  Sy  af  these  nodes  was

of  considerable  concern  during  model  validation  and  prediction,   since  the

variable-f lux  nodes  had previously  been  insensitive  to  specific  yield  in  their

constant-head  state.

The  constant-gradient,  variable-flux  algorithm  was  developed  according  to

Darcy's  law  by  equating  gradiencs  during  two  consecutive  time  periods  for  each

variable-flux  boundary  node.     Using  Darcy.s  law,   flux  a€  time  1   and  2  can  be

expressed  as
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Ah,

QT  =  Kiwibl  T

Ah2

Q2  =  K2w2b2  r=

where  wi   and  w2  are  the  widths  of  the  cross-seccional  f low  area  at  time  1   and

2.     For  a  time-invarian€. grid,   the  two  widths  will  be  equal.     Hydraulic

conductivicy,  by  definition,  is  also  time-invariant.    For  constant-gradient

conditions,   the  flux  algorithm  was  developed  as  follows:

Ah,         Ah2
_     =       __    __

AXT           AX2

Substituting  for  hydraulic  gradients,

QIQ2T - ri -
Kiwibi         K2W2b2

and  assuming  constant  conductivity  and  flow  widths,

Q2  -  Q1  : (3)

Changes  in  flux  a€  each  variable-f lux  node  during  each  time  step  were

therefore  only  a  function  of  changes  in  the  saturated  thickness  a€  that

node.    Use  of  Darcy's  law  is  strictly  valid  only  for  small  time  steps,  within

which  f low  can  be  viewed  as  essentially  steady-scale  in  nature.

The  algorithm  described  by  equation  (3)  was  incorporated  into  both  the

USGS  and  Texas  models  in  anticipation  of  the  usefulness  of  describing  the

variable  boundary  conditions  during  later  model  validation  and prediction

Stages, .when  pumping  stresses  were  expected  to  result  in  increasing  boundary
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concribucions  €o  the  interior  flow  regime.    In  order  to  maintain  the  validicy

of  the  constant-gradient  assumption,  it  was  imperative  that  no  puxping  wells

be  placed  at  or  near  the  variable-f lux  nodes  during  transient  operation  of  the

models.    The  occurrence  of  wells  near  the  variable-flux  nodes  would  have

introduced  transient  effects  into  the  node  cells,  effectively  invalidating  the

assumption  of  approximate  steady-scale  f low  within  each  time  step  implied  by

equation   (3).

Simla€ion  of ScreamAqiiif er Interaction

In  order  to  reduce  the  number  of  parameters  in  the  calibration  process,   a

decision  was  made  €o  utilize  the  variable-f lux  node  conf iguration  Eo  simulate

the  gains  or  losses  along  simulated  stream  channels.     The  USGS  model  has  an

option  for  simulating  variable-f lux  stream  nodes  which  is  based  on  the

assumption  of  a  leaky  confining  bed.    This  option  adds  an  additional  set  of

unknowns  to  the  calibration  process.    A  set  of  values  for  the  river  stage  need

to  be  assembled,  and  estimates  for  the  streambed  thickness  and  hydraulic

conductivity  are  also  required.    All  of  these  parameters  would  then  need  to  be

adjusted  as  part  of  the  calibration  process.    Instead  of  the  leaky  bed  option,

the  constant-gradient,  variable-flux  algorithm was  used  to  simulate  base flows

and  river  losses.    However,   ic  was  not  possible  to  simulate  both  losses  and

gains  at  the  river  nodes,  because  once  a  river  node  was  identified  as  a

gaining  node,   i€  was  not  possible  for  it  to  become  a  losing  node  as  a  result

of  irrigation  development  according  to  equation  (3).     Fortunately,   the  pumping

stresses  which  tbe  aquifer  experienced  during  development  were  not

significant,  and  no  flow  reversals  occurred  at  the  river  nodes.    The  modeler

must  keep  this  limitation  in  mind,  however,   if  the  model  is  to  be  used  to

predict  the  future  effects  of  major  agricultural  development  in  the  prairie.
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seeadF.-State  Calibration Using Constant-Head River  & Permeable  Bo`Indarty Nodes

Assumptions:

With  the  boundaries  adjusted  as  previously  described,   and  as  shown  in

Figure  9,  efforts  were  again  directed  to  sceady-state  calibration  of  the

nurlerical  model  using  constant-head  conditions  €o  initially  describe  the

rivers  and  permeable  boundaries.     Several  operating  assumptions  were  made

after  consultation  with  the  USGS  staff .     These  assumptions  were:

1 )     The  hydraulic  conductivity  K  was  assumed  to  be  uniformly  distributed

and  initially  estimated  to  be  100  ft/day.

2)     A  specific  yield  of  Sy  =  0.0  would  force  convergence  to  a  unique,

steady-state  head  solution  as  long  as  at  least  one  constant-head  node

was  specif led  in  the  grid  and  either  the  general  magnitude  of  K  or  R

was   known.

3)    All  boundary  nodes  were  initially  no-flow  or  constant-head  types  and

stream  nodes  were  assigned  constant-head  conditions.

4)     Initial  precipitation  recharge  R  was  assumed  to  be  0.5  inches  per  year

ac  all  nodes  except  constant-head  boundary  and  river  nodes.

5)    Calibration  would  be  initially  performed  with  respect  to  recharge

against  a  fixed  hydraulic  conductivity,   since  the  magnitude  of  K  was

better  known  than  the  range  of  R.

6)    Head-closure  error  was  originally  set  at  1.0  feet,   in  order  to  prevenc

an  excessive  number  of  iterations  which  would  result  from  poorly-

conditioned  data  or  boundaries.
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7)    The  sum  of  squared  calibration  error  was  used  to  indicate  goodness  of

fit  between  the  measured  and  simulated  surface,   since  minimiza±ion  of

the  sum  of  squared  error  was  equivalent  to  minimiza€ion  of  the  error

variance;  calibration  error  was  clef ined  €o  be  equal  to  the  difference

be€weerl  simulated  head  and  observed  head.

The  Calibration Procedhare:

Natural  recharge  R  was  adjusted  by  means  of  an  algorithm  which  corrected

the  current  recharge  estimate  on  the  basis  of  calibration  error:

R:+1   =   RP    .   +  ye?i,J        i,J          i,j

for  values   |e:,j|   >  20  f€

Y   =   .001   (in/yr)/ft

(4)

where  R:,j  was  the  recharge  estimate  at  node  (i,j)  for  the  current  trial

(p);  a:,j  was  the  error  at  node   (i,j)   for  the  currenc  trial   (p);   and  R=:  was

the  recharge  estimate  computed  for  node   (i,j)   during  the  ne]ct  trial   (p+1 ).

Twenty  feet  was  chosen  as  a  purely-subjective  measure  of  error  tolerance

during  this  stage  of  the  calibration.

Although  most  of  the  nodes  responded  tc)  this  procedure  in  a  convergent

fashion,   a  few  nodes,  mostly  in  the  southwestern  and  soucheastern  regions  did

not.    One  problem  area  occurred  in  the  southeastern  part  of  the  grid,  where

the  deposits  were  apparently  draining  a  large  amount  of  water.    Reference  to

the  Kingman  County  Bulletin  (Lane,   1960)   indicated  a  break  in  the  continuity

of  the  water  table  due  to  the  river  alluvium  being  eroded  into  the  Permian

unit,s.    As  mentioned  previously,   several  ar+ificial  wells  were  introduced  to

this  region,   and well-discharge  rates  vere  assigned  so  that.  simulation  errors

in  the  area  did  not  exceed  ±20  feet.
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The  steady-state  calibration  involved  variation  of  precipitation  recharge

R  on  a  node-by-node  basis  until  the  error  between  observed  head  and  simulated

bead  was  reduced  to  the  arbitrarily-defined  tolerance  limit  of  ±20  feet.

Although  node-by-node  adjustment  of  R  introduced  a  large  number  of  degrees  of

freedom  to  the  calibration  proced`ire,  and  theoretically  pemit€ed  a  nearly

perfect  fit  between  observed  and  simulated  head  discributions,  recharge  was

only  allowed  €o  vary  from  0.0   to  6.0   inches  per  year.     The  maximum

precipitation  recharge  rate  of  6.0  in/yr  was  chosen  as  a  subjective  measure  of

the  largest  possible  rate  of  percolation  to  the  alluvial  aquifer.    After

errors  a€  all  nodes  were  reduced  to  below  the  tolerarice  limit,  hydraulic

conductivity  K  was  allowed  Co  vary  between  75  ft/day  and  120  ft/day  to

decernine  a  minimum  of  the  sum  of  squared  calibracion  errors.     1€  was  assiJmed

that.,  as  long  as  the  final  calibration  errors  over  the  model  region  after

calibration  for  K  were  less  than  assumed  measurement  errors  of  up  to  20  f eet,

the  estimation  errors  of  K  and  R  were  within  tolerable  limits.    The  15,000-

f oot  square  grid  used  during  all  model  operations  was  considered  to  be  fine

enough  to  allow  differentiation  of  homogeneous  K  and  R  grid  cells  within  the

s€uthr  area,  thus  preventing  undercalibra€ion,  or  a  tendency  for  the  variance

of  calibration  errors  to  exceed  the  error  variance  of  the  measured  steady-

s€ate  water  table.

The  f inal  si"lated  steady-state  head  distribucion  was  clef ined  uniquely

by  the  inclusion  of  constant-head  nodes  at  the  boundaries  and  rivers,  which

can  be  viewed  as  a  means  of  'fixing'   the  particular  solution  Co  t.he  time-

invariant  version  of  differential  equation  (1 )  for  Sy  =  0.0  when  the  magnitude

of  K  or  R  is  known.     In  the  absence  of  specif led  constant-head  or  constant-

flux  nodes  within  the  model  and  reliable  K  or  R  estimates,   any  number  of

steady-state  distributions,  or  homogeneous  solutions  €o  the  forward partial
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differential  equation,  could have  resulted  from  the  simulation  procedure.

These  distributions  would have  all  been  capable  of  describing  the  observed

head  gradiencs,   and  would  have  differed  a€  each  node  only  with  respect  to  an

additive  factor.    When  this  additive  factor  was  defined  by  at  least  one

constant-head  node  anywhere  within  the  model  area  and  by  good  estimates  of  K

or  R,   tbe  steady-state  distribution  likewise  became  defined  and  unique.

It  may  be  argued  that  the  Poisson  equation,  which  results  from  equation

(1)   for  Sy  =  0.0,   is  a  nonhomogeneous  differential  equation  with  forcing

function  W=R,   and  that  this  forcing  function  guarantees  the  existence  of  a

particular  solution  to  the  partial  differential  equation.    However,  it  should

be  noted  that  R  is  actually  a  variable  during  the  calibration,  and  €bat  the

corresponding  parcicular  solution  is  nonunique.    Moreover,   if  tbe  general

magnitude  of  R  relative  to  K  is  not  known,   an  imf inite  number  of  steady-state

head  solu€ions  is  possible.    The  use  of  Poisson's  equation,   in  the  context  of

a  recharge-adjustment  scheme,  does  not  therefore  guarantee  a  unique  steady-

state  head  solution  unless  constant-head  or  constant-f lux  nodes  are  iden€if ied

within  the  model  area  and  unless  the  magnitude  of  K  with  respect  to  R  is

known.

Specif icacion  of  a  uniform  value  of  K  removed  conductivity  from  the

derivat.ive  terms  in  the  f low  equacion  and  made  head  solution  equally  sensitive

to  variation  of  K  and  net  recharge  R.    It  was  not  possible  to  calibrate  the

USGS  model  against  specif ic  yield  during  this  particular  phase  of  the  study,

since  the  USGS  model  calibration  initially  involved  only  adjustment  of

parameters  that  govern  steady-state  f low.

The  SIP  option  of  the  USGS  model  was  chosen  in  an  effort  to  prevent  the

occurrence  of  potential  problems  usually  associated  with  i€era€ive  solution  of

the  sceady-state  flow  equation.    Although  the  SIP  iterative  scheme  is
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significantly  more  complex  than  either  the  ADI  or  LSOR  schemes,   it  can  more

effectively  damp  down  the  instability  potentially  caused  by  the  large  head

changes  that  are  usually  associated  with  steady-stab e  head  convergence  under

unconfined  conditions  because  of  the  addicional  itera€ion  parameter  8 ' .  The

SIP  option  also  reduced  computer  time  and  storage.     An  iterat.ive  approach  was

required  due  €o  the  steady-slat.e  nature  of  the  problem,   and  because  the

f ini€e-cliff erence  equations  were  nonlinear  in  head.    The  optimal  iteration

parameter  8 ' ,   although  problem-dependent,  was  chosen  as  0.5  in  accordance  with

the  results  of  a  series  of  numerical  experiments  perf armed  by  USGS  researchers

(Trescoct,  :=±j±|.,1976).     Select.ion  of  a  value  of  8'   less  than  unity  can  be

viewed  as  an  attempt  €o  under-relax  the  i€eracive  process,   a  procedure  which

is  especially  desirable  for  an  unconf ined,  nonlinear  system  that  can  become

characterized  by  large  changes  in  head  from  itera€ion  to  iteration.    The

under-relaxation  process  served  to  damp  dorm  po€encial  instability  during

solution  of  the  nonlinear  flow  equations,  essentially  allowing  interpolation

of  head  between  two  successive  i€era€ions  and  preventing  possible  overshooting

of  head  values.     The  exact  value  of  0.5  has  been  found  to  represent  the  value

of  8 '  which  results  in  the  fastest  rate  of  convergence  for  a  regional,

nonlinear  system which  is  characterized  by  spa€ially-variable  I  or K

(Trescotc,  j=i L±|. ,   1976) .
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Calibration Res`ilts :

Initial  results  of  the  steady-state  calibration  procedure  were

disappoincing.     Wben  uniform  values  of  100  f€/day  and  0.5  in/yr  were  assigned

€o  K  and  R,   respectively,  the  USGS  model  did  not  converge  to  a  time-invariant

head  distribution,  despite  the  fact  that  a  specific  yield  of  zero  was  chosen

to  force  convergence  to  steady-state  conditions.    It  was  recognized  that  the

quescionable  quality  of  head  and  bedrock  data  in  the  southern  part  of  the  grid

was  partly  responsible  for  divergence  of  the  head  distribution  from  steady-

state.    Poor  bedrock  data  in  this  highly-eroded  area  may  also  have  contributed

€o  the  convergence  problem  by  distorting  cross-sectional  flow  areas.

At  this  particular  stage  in  the  steady-state  calibrat.ion,  it  was  believed

that  the  primary  cause  of  head  divergence  could  be  attributed  to  the  coarse

nodal  spacing  of  15,000  feet  used  to  define  the  finite-difference  mesh.     The

model  was  apparently  not  capable  of  performing  accurate  nodal  mass  balances

when  such  widely-spaced  nodes  were  used,   especially  in  the  presence  of  even

moderate  'noise'   in  the  head  and  bedrock  distributions  for  the  southern  parc

of  the  grid.     It  was  assumed  that  a  more  continuous  set  of  head  and  bedrock

data  in  the  souchern  part  of  the  grid  would  alleviate  problems  associated  with

the  coarseness  of  the  grid.

In  an  effort  to  define  more  continuous  head  and  bedrock  distributions,

anomalous  values  of  pre-development  head  and  bedrock  in  the  sout.hwest.ern  and

southeast ern  parcs  of  the  grid  were  idenfif ied  and  manually  adjusted.    Since

the  model  was  to  be  later  used  to  predict  future  head  levels,   it  was

considered  desirable  €o  adjust  head  and  bedrock  as  little  as  possible  at  this

particular  point  in  the  calibration  procedure.    The  altered,  pre-development

head  distribution  and  altered  bedrock  are  shown  in  F'igures  10  and  11.     The
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EOulpoTENTlaL    LINE ----    MODEL    B0UN0f]RY

Figure  10.     Altered  pre-development  potentiometric  surface   (feet).
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----    MODEL    B0UN0BRY CONTOUR    0F    BEDROCK    ELEvf]TI0N

Figure   11.     Altered  bedrock  configuratic>n   (feet).
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USGS  model  was  aLgain  used  to  attempt  to  generate  a  steady-state  head

distribution.    Steady-state  conditions  were  attained  after  19  itera€ions  using

the  modified  head  and  bedrock  data.

Using  steady-state  head  generated  with  0.01-foot  error  closure,  uniform

variation  of  K  against  f inal  discribuced  net  recharge  resulted  in  a  minimum

sum  of  squared  calibration  error  of  21,000  f€2  for  a  uniform  hydraulic

conductivity  value  of  85  f€/day.    Errors  at  all  674  active  nodes  were  in  the

range  of  ±20  feet,  while  errors  at  88%  of  these  nodes  were  in  the  category  of

±6.0  feet.     The  mean  calibration  error  for  all  active  nodes  was  +0.5  fc,   wich

a  standard  deviation  of  5.5  feec.

Figure  12  shows  a  histogram  of  calibration  errors  for  an  error  incerval

of   1.0   foot.     When  an  interval  of  0.05  feet  was  used,   the  histogram  showed

evidence  of  an  approximately  normal  distribution.    Under  the  null  hypothesis

that  calibration  error  was  normally-distributed  with  a  mean  0.5  feet  and  a

scandard  deviation  5.5  feet,   a  X2  -test  performed  on  the  refined  frequency

distribution  indicated  that  the  hypothesis  should  be  accepted  at  the  lot  level

of  significance.    Measurement  error  is  generally  viewed  as  the  result  of  a

large  number  of  additive  influences  and,  by  the  central  limit  theorem,  is

theoretically  normally-distribuced.    The  calibration  error  may  therefore  be  an

indication  of  the  magnitude  of  measurement  error  which  still  pervades  the

modified  pre-development  water  table.

Figure  13  illustrates  the  spatial  dis€ribucion  of  calibration  error

obtained  from  the  steady-state  calibrat.ion.    Errors  in  excess  of  5  feet

occnlrred  much  more  frequently  in  the  southeastern  and  southwest.ern  por+ions  of

t.he  model,  presumably  because  the  coarse  grid  still  could  not  accurately

describe  the  steep  gradients  which  characterize  these  areas,  despite  head

modif ica€ions .
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Figure  12.     Frequency  histogram  of  calibration  error  from  constant-head  USGS
steady-state  calibration.



CONTouR    oF    E0uflL    ERROR    VaLUE                  ----    rioDEL    BouNDflRy

Figure  13.    Spacial  distribution  of  calibration  error  for  constant-head
steady-state  calibracion   (feet).
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A  decailed  regression  analysis  of  the  simulated  sceady-state  head

distribution  was  performed  in  order  €o  determine  whether  the  simulated  values

differed  excessively  from  the  modified  pre-development  head  values.     Since  it

was  considered  desirable  to  obtain  a  strong  linear  relationship  between

modified  pre-development  head  and  simulated  steady-state  output  head  values,

the  analysis  was  oriented  toward  both  describing  any  potential  linear

relationship  and  obtaining  a  measure  of  the  strength  pf  this  relationship.    A

scrong  linear  relationship  between  modified  input  head  levels  and

corresponding  steady-state  output  head  levels  would  imply  that  the  shape  of

the  water  table  configuration  was  retained  during  the  regeneration  procedure,

although  head  levels  might  have  been  shifted  upward  or  downward  by  a  constant

magnitude  throughout  the  study  area.    Using  formal  regression  analysis,  it  was

possible  to  estimate  the  magnitude  of  this  shift,  as  well  as  the  degree  of

linearicy  or  shape  retention.

In  order  to  determine  the  extent  of  any potential  linear  relationship

between  the  data  sets,   the  Statistical  Package  for  the  Social  Sciences   (SPSS)

sca€tergram  routine  was  used  to  generate  a  plot  of  simulated  steady-state  head

vs.  modified  pre-development  head  and  associated  statistics.    The  data  points

were  used  to  define  the  linear  relation  shown  in  Figure  14  using  a  least-

squares  regression  technique.    Although  ex€rapola€ion  of  the  regression  line

to  zero-valued  altered  pre-development  head  has  no  physical  meaning,   the

intercept  of  the  line  is  an  indication  of  the  general  shift  in  the  water  table

which  occurred  during  steady-state  convergence.    The  intercept  of  the  line  was

estimated  to  be  +4.56  feet.    This  value  was  initially  interpreced  to  be  a

measure  of  the  overall  vertical  shift  of  the  water  table  during  steady-state

i€era€ion.     However,   when  the  mean  pre-development  input  head  and  mean  s€eady-

s€ate  output  head  were  compared,  the  actual  average  error  calculated  during
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Figure  14.     Regression  line  for  steady-state  head  vs  modified  pre-develoment
head .
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model  operation  was  only  +0.5  feet.    The  larger  intercept  value  was  pres`mably

caused  by  a  soall  number  of  nodes  a€  which  head  increased  by  a  large  magnitude

during  the  iterative  procedure.    Since  the  calculation  of  the  intercept  value

is  signif icancly  more  sensitive  to  these  large  head  changes  than  the

calc`ilacion  of  the  mean,  such  large  head  increases  were  assumed  responsible

for  the  discrepancy  between  the  two  measures  of  water  table  shift.

Regardless  of  the  ex€enc  of  overall  head  shift,  the  occurrence  of  any

shift  at  all  should  not  be  ai  cause  of  great  concern.    As  long  a§  the  general

shape  of  the  wacer  table  was  preserved,  then  one  may  assume  that  head

gradiencs  were  not  altered.    On  the  basis  of  t.he  well-defined  linear

relationship  shown  by  a  scac€erploc  of  the  daca,  it  was  evident  that  modified

pr-development  and  generai€ed  steady-scate  heads  mere  syscemacically  related

through  some  additive  factor.    This  ixpression  of  linearity was  further

subg€an€iaced  by  the  calculaced  high  correlation  coefficienc  o£  0.99.    The

linearity  of  the  relati6nship  betveen  input  and  output  heads  suggested  that

the  water  table  shape  Was  maincained  to  a  significant  degree,  and  that  head

gradients  had  not  changed  during  model  operacion,  despite  any  overall  vercical
•  shifc  in  head  that  might  have  occurred  over  the  study  area.    Ho`irever,  flux

relacionship8,  both  internal  to  the  model  and  ac  pemeable  boundaries,  were

undoubtedly  alcered  during  znodel  operacion  because  of  changes  in

transmissivity  associated  with  corresponding  changes  in  saturated  thickness.

The  final  recharge  matrix  was  assumed  to represent  the  natural

discribu€ion  of  precipitation  recharge  for  the  area.    Macrix I.is€ing  1  in

Appendix  D  contains  the  final  precipitacion  recharge  macrix  values.

map  of  precipitation  recharge  values  is  shovn|:pj±m]r±|5.    Values

A  contour

2¥.j=±£±g]r±|j.    Values  as  high  aLs
5  or  6  inches  per  year  occurred  in  the  extreme  northeastern  region  of  the

model  area.    These  large  values  may  be  a  reflection  of  the  high  recharge
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capacity  of  the  overlying  sand  dunes,  or  may  be  related  to  uptlrard  leakage  from

the  underlying  Pemian  units,  a  componenc  which  was  not  explicitly  included  in

the  model.    The  large  values  of  R may  also  be  attributed  to  overegtimated

values  of  hydraulic  conduc€ivicy.    In  addition,  the  small  saturated  thickness

in  the  I,-shaped  section  to  the  northeast  of  the  grid  nay  have  tended  to

distort  lateral  flow  in  the  vicinity  of  the  large  recharge  es€izna€es.    There

was  no  tendency  for  net  recharge  to  decrease  southward  as  the  surf icial  sand

deposits  grade  inco  loess.    Average a€  all  variable-head  nodes  was

ioughl_y___O_.75_±pgbsgjer  ye?_r,  a  value  which  was  less  than  half  the  estimate  of

2.0  inches  per  year  reporced  in  a  previous  KGS  publication  (Fader  and

Stullken,1978).    0.75  inches  per  year  represents  about  3S  of the  mean  annual

precipitation  of  25  inches  for  the  area.` ------ __-.-_-_ _ .-,---- ` .-,--.-.---  I -,.-.-.-- _-,_ _ ---- _

The  change  in  the  average  R:K  ratio  from  0.005  to  0.009  which  occurred

during  the  trial-and-error  calibracion  amounted  €o  nearly  100S,  suggescing

that  t:he  initial  es€imaces  for  R  and K  of  0.5  in/yr  and  loo  ft/day may  have

been  af  least  partly  responsible  for  initial  divergence  of  steady-state  head

from  observed  pre-development  head.    The  initial  `mderes€imation  of  natural

recharge  or  overestima€ion  of  hydraulic  conductivity  irould  have  tended  to

result  in  a  steady-state  distribution  which  diverged  from  the  pre-development

vacer  table.

The  final  sceady-state  head  distribution  obtained  from  the  calibration  is

shown  in  Figure  16.    The  dis€ribucion  duplicates  the  regional  propercies  of

the  modified  1950  pre-developmenc  Water  table.
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Figure  16.     Dis€ribut:ion  of  steady-state  head  obtained  from  USGS  model  and
modified  pre-developmenc  head   ( £eec) .
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Calibration  for Variable-Flux River and Permeable  Boundary t]odes

As  indicated  earlier,   constant-gradient  variaLble-flux  nodes  were  chosen

to  simulate  the  hydraulic  behavior  of  the  rivers  and  the  western,  southern,

and  east.ern  boundaries  of  the  model.     Along  the  boundaries,   it  was  ass`med

that  the  gradient  across  the  node  was  constant  and  that  discharge  in  the

boundary  was  directly  proportional  to  the  average  sacurated  thickness  across

the  cell  defined  about  the  node.    As  water  levels  declined  c>r  increased  at  the

boundaries,   the  amount  of  water  moving  across  the  boundary  correspondingly

decreased  or  increased.    The  direction  of  the  flux  did  not  reverse  in  this

scheme,  but  could  have  approached  zero.     For  the  small  stresses  which  have

hiscorically  been  imposed  on  the  aquifer,  the  problem  of  flux  reversal  was  not

of  great  concern.     However,   under  conditions  of  large  future  pumping  stresses,

the  constant-gradient  algorithm  could  easily  be  I[`odified  to  check  for  gradient

reversal  between  boundary  and  river  nodes  and  adjac.ent  active  nodes.

The  previous  calibration  involved  assignment  of  constant-head  conditions

at  the  external  boundaries  and  internal  river  nodes.    For  any  transient

simulation  involving  imposed  stresses,  these  heads  would  not  be  capable  of

changing  in  response  to  these  stresses.    Due  primarily  to  this  consideration,

a  decision  was  made  to  ucilize  variable-flux  boundaries  and  rivers.

The  central  concept  of  the  constant-gradient  node  is  that  the  node  is  far

enough  removed  from  the  area  of  imposed  pumpage  that  gradients  at  the  node  do

not  change  over  time.     Instead,   the  saturated  thickness  i:  assumed  to  change

in  response  to  stress  in  the  aquifer.     Wilson  and  Gerhar€   (1980)  proposed  such

a  modif ication  to  the  USGS  two-dimensional  f low  simulation  model  for  the

strictly-confined  situation.    There  are  theoretical  objections  to  the

applicacion  of  a  similar  concept  to  an  unconfined  aquifer,   especially  when

local  gradients  may  be  relatively  steep.    On  the  other  hand,   a  simple
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formulation  of  the  variable-flux  node  does  pemi€  approximate  simulation  of

complex  processes  in  the  absence  of  detailed  f lux  data.     This  argument  is

especially  justifiable  along  t_he  southern  boundary,  where  it  is  clear  that

considerable  water  is  being  lost  from  the  system,  but  not  clear  how  this  water

is  lost  or  how  these  losses  are  distributed  in  space.    The  interdependence  of

baseflow,   underflow,   evapo€ranspira€ion,   and  leakage  is  not  well  documenced

for  this  area,  but  ic  can  be  assumed  that  all  three  processes  are  dependent

upon  saturated  thickness  in  some  sense.     Use  of  the  constant-gradient

algorithm  developed  from  Darcy's  law  assumes  a  linear  dependence  of  fluxes  on

the  saturated  thickness  at  a  constant-gradient  node.    Lacking  any  better

information,   this  approximation  was  assumed  €o  be  satisfactory.

The  calibration  of  the  variable+f lux  boundaries  and  rivers  was  initiated

by  using  the  flux  values  obtained  by  mass-balance  calculations  at  the

constant-head  nodes.    The  artificial  wells  introduced  to  the  southeastern.  parc

of  the  grid  to  simulate  constant-flux  condicions  were  retained.    After  the

variable-flux  nodes  were  ini€ialized  to  the  constant-head  flux  values,

specific  yield  was  assigned  a  value  of  0.15   (Fader  and  Stullken,1978).     The

final  hydraulic  conductivity  from  the  constant-head  calibration  was  retained

at  a  uniform  value  of  85  ft/day,   and  the  recharge  distribution  obtained  from

this  calibration  was  also  retained  (see  Matrix  Listing  1,  Appendix  D).     Flow

was  simulated  with  no  imposed  stresses  using  equation  (3)   to  simulate  boundary

and  river  behavior.    The  constant-head  flux  values  did  not  produce  a  time-

invarianc  water  table  when  used  as  the  initial  condition  a€  the  variable-f lux

boundary  and  river  nodes.    This  was  partly  attributed  to  the  effects  of

boundary  shifts  which  resulted  when  constant-head  boundary  conditions  were

translated  into  variable-flux  conditions,  a  feature  which  was  inherenc  to  t.he

USGS-model  flow  algorithm.    An  additional  cause  of  the  time-variant  behavior
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may  have  been  the  use  of  a  specific  yield  es€imace  of  0.15,   which  could  have

been  somewhat  in  error.    Prior  to  the  variable-flux  boundary  and  river

calibration,  the  constant-head  boundary  and  river  nodes  and  associated  lateral

fluxes  vere  insensitive  Co  Sy.     However,   t.ransla€ion  of  constant-head

conditions  €o  variable-flux  conditions  a€  the  boundary  and  river  nodes  caused

lateral  f luxes  a€  these  nodes  to  become  very  sensi€ivie  to  the  value  of

specific  yield  chosen.    If  estimated  specific  yield  was  even  slightly  in

error,  these  lateral  f luxes  would  tend  to  be  greatly  dist.or€ed.    Due  to  these

problems,  it  was  necessary  to  initiate  a  calibration  effort  involving

inspeccion  of  the  simulacion  resulcs,   and  recursive  correction  of  the  initial

f luxes  until  the  corrected  inicial  fluxes  sa€isf ac€orily  maintained  the  head

distribution  obtained  from  the  constant-head  calibration  over  a  relatively

long  period  of  simulation.     Since  only  minor  flux  modifications  were  required

Co  maintain  steady-state  conditions,   it  was  not.  considered  necessary  to

introduce  natural  areal  recharge  to  the  new  variable-flux  boundary  and  river

nodes,  which  had  not  previously  received  finite  areal  recharge  in  their

constant-head  state.    Moreover,  adjustmen€s  of  recharge  at  the  variable-flux

nodes  would  have  entailed  a  certain  degree  of  re-calibration  of  the  entire

model  for  natural  recharge.    Calibration  error  was  redefined  as  the  difference

between  head  calculated  using  variable-.flux  boundary  and  river  cc)ndi€ions  and

head  obtained  from  the  previous  constant-head  calibration.

In  the  process  of  calibrating  the  variable-flux  nodes,  three  nodes  gave

considerable  contribution  to  the  sum  of  the  squared  calibration  error.    Errors

at  these  nodes  were  all  negative,   indicating  the  removal  of  too  much  wacer.

The  nodes  were  near  the  simulated  Arkansas  River  wichin  t.he   "I,"   shaped  zone  in

the  norcheastern  part  of  Figure  17,   and  were  in  a  region  of  a  predominate

bedrock  high  in  southwestern  Rice  Cc>unty,   comprised  principally  of  Kiowa  Shale

58



a  Constant-Head  Nodes

Variable-Flux
Nodes

®®     rJ®

®®®
®®®®

•  Aquif er  Boundary

a  Simulated  River

®®®®®,®

Figure  17.     Boundary  and   river  node-type  map.
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(Bayne  and  Ward,1974).     This  area  is  more  or  less  coincident  with  the  zero

and  20-foot  saturated  thickness  contours  and  a  region  of  low  expected  well

yield  (0-100  gpm).     Because  of  this  evidence,   it  was  decided  to  treat  the  area

as  an  impermeabale  parc  of  the  aquifer  by  setting  the  value  of  K  to  zero  a€

those  nodes.     In  addition,  the  constant  flux  nodes  used  in  the  extreme

southeas€erri  portion  of  the  model  were  no  longer  properly  maintaining  the

historical  water  table  as  originally  intended.    These  nodes,  along  with  a  few

adjoining  boundary  nodes  were  changed  to  constant-head  nodes   (see  Fig.17) .

The  calibration  scheme  for  t.he  variable-f lux  nodes  was  carried  out  on  the

basis  of  30  years  of  simulated  time,  with  updating  of  the  fluxes  occurring

every  1   to  5  years.    No  pumping  stresses  were  imposed  for  the  duration  of  the

30-year  test.    The  recursive  inspection-adjustment  procedure  previously

discussed  was  repeated  on  a  trial-and-error  basis  until  simulated  head  values

were  within  ±5  feet  of  tthe  head  generated  during  constant-head  calibration.

When  convergence  to  0.01-foot  closure  occurred  after  16  years  of  simulated

time,  it  was  decided  that  optinulri  adjustmen€s  in  steady-state  head  had  been

made   (see  Appendix  D,   Matrix  I,is€ing  2).     Table  1   illustrates  the  roughly

steady-state  conditions  obtained  after  16  years  of  simulation  time.

It  is  clear  from Table  1  that  the  head  distribution  obtained  in  the  fifth

pumping  period  after  16  years  was  noc  a  steady-s€ace  distribution,   as

indicated  by  non-zero  values  for  mass-balance  and  for  the  s`m  of  rates.

Obviously,  more  work  would  have  produced  a  better  calibration,  but  the

improvemenc  in  squared  error  would  noc  be  great  compared  to  t.he  research

effort  involved.    Head  obtained  after  16  years  of  simulation  was  considered  to

constitute  the  1950  steady-state  water  table,   from which  future  water  levels

would  be  projected.    This  head  disEribucion  maintained  the  regional  properties

of  the  modified  pre-development  head  €o  approximacely  the  same  extent  as  the
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head  obtained  from  the  constant-head  calibration  (see  Fig.   18) .     In  order  bc)

verify  this  conclusion,   comparisons  were  made  between  head  from  the  variable-

flux  calibration  and  boch  pre-development  head  and  head  generated  from  the

constant-head  calibracions.

Table  1.     Results  of  the  Variable-Flux  Calibration

Simulated
Period      Time

Sun  of
Squared     Maximum     Minimum    No.   of       Number       Mass          Sum  of
Error         Error        Error      Active       of  CG      Balance*    Ratest
(ft2 )            (f€)              (f€)           Nodes          Nodes              (% )              (cfs)

1

2

3

4

5

5   yrs                518

5  yrs              839

3   yrs               963

2   yrs             1030

1   yr                  1055

-3 . 90

-4.36

-4 . 45

-4.49

-4 . 5 1

+3.41             671

+3.92            671

+3.99           671

+4.04           671

+4.06            671

179              -0.09

179               -0.12

179               -0.13

179               -0.13

179              -0.13

0.36

0.45

0.59

0.48

0.43

*( (Oucflow  Volume  -Inflow  Volume)/Outflow  Volume)   x  100
tlnf low  Rate  -  Outflow  Rate

A  statistical  comparison  was  made  between  constant-head  and  variable-flux

simulation  results.     The  mean  deviation  was  0.04  feet  with  a  standard

deviation  of  1.3  feet.    Thus,  variable-flux-calibrated  head  levels  were  seen

to  be  just  slightly  higher  than  corresponding  constant-head-calibrated  head

levels,  a  result  consistent  with  the  mass  balance  and  the  rate  differential  in

Table  1,   which  indicates  that  model  inflow  exceeds  model  outflow.     A  frequency

Histogram  of  deviat.ions  indicated  t.hat  about  90%  of  the  nodes  fell  in  the

range  of  ±2.5  feet  (see  Fig.19a).     A  comparison  of  variable-flux-calibrated

head  and  modified  pre-development  head   (see  Fig.   19b)   indicated  that  all

calibration  errc)rs  were  within  the  range  of  ±22  feet,   the  same  general  error

range  for  the  constant-head,   steady-state  simulation.    About  81%  of  the  nodes
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Figure  18.    Distribution  of  head  obtained  from  variable-flux  calibration
( feet) ,
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Figure  19a.     Frequency  histograms  of  deviations  between  variable-flux  and
constant-head  calibrated  water  tahles.
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Figure  19b.     Frequency  histogram  of  variable-flux  calibration  error   (variable-
flux   head   minus   modified  pre-development  head).



showed  residuals  within  the  range  of  ±5  feet.    The  mean  calibracion  error

between  variable-flux-calibrated  head  and  modif led  pre-development  head  was

0.6  feet,  with  a  standard  deviation  of  5.6  feet.    Thus,  the  simulated  surface

generated  by  changing  constant-head  nodes  to  constant-gradient  nodes  and  by

adjusting  the  fluxes  such  that  the  final  residuals  after  16  years  of  transient

simulation  were  in  the  range  of  ±5  feet,  yielded  a  new  water  table  which  was

essencially  equivalent  to  the  starting  data.    It  was  therefore  decided  that

projections  based  on  consideration  of  variable-flux-calibrated  head  as

representative  of  pre-development  conditions  in  the  aquif er  could  be  made  with

confidence.     A  map  of  the  associated  calibration  errors  indicated  that  the

nodes  with  the  largest  absolute  errors  tended  to  occur  more  frequently  near

the  southern  boundary  areas  where  data  was  considered  €o  be  of  poorest  quality

(see  Fig.  20).    The  majority  of  the  small  errors  occurred  in  the  interior,

where  data  was  believed  €o  be  more  reliable  and  where  most  irrigation

development  was  simulated.

Calc`ila€ed Boundary  and River  Fluxes:

Pre-development  boundary  fluxes  calculated  by  the  variable-flux  model,   as

expected,  were  positive  along  the  western  boundary  and  negative  along  the

southern  and  eastern  boundaries.    The  extremely  large  negative  flux  of  62.3

cfs  across  the  southern  boundary  may  be  partially  attributed  to  the  high

evapo€ranspiration  rates  from  the  generally  shallow  water  table  believed  €o  be

occurring  in  the  vicinity  of  the  boundary  and  €o  seepage  into  underlying

Permian  units.    Although  such  fluxes  would  actually  be  areal  rather  than

laceral,   the  absence  of  these  flux  mechanisms,   if  these  mechanisms  are

significant,  would  tend  €o  cause  groundwa€er  buildup  in  the  southern  part  of

the  grid,  larger  southward  hydraulic  gradients,  and  greater  lateral  flux
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Figure  20.    Spatial  discribution  of  variable-flux  calibration  error   (feet).
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across  the  southern  boundary.     The  councy  reports  for  Kiowa  County  (La€€a,

1948)   and  Pra€|  County  (Laycon  and  Berry,1973)   indicate  a  conservative  figure

of  a€  least  50  cfs  moving  out  across  the  southern  boundaries  of  these  counties

under  steady-stale  conditions.    A  summation  of  nodal  fluxes  for  the

approximate  Pra€t-Kiowa  southern  boundary  in  the  model  resulted  in  values  of

57.4  cfs  for  the  constant-head  boundary  and  57.8  cfs  for  the  constant-gradient

boundary.     These  figures  match  favorably  with  the  rate  cited  above.     Ib  is

clear  that  no  great  distortion  of  the  total  f lux  occurred  in  changing  from

constant-head  to  constant-gradient  boundaries,  but  examination  of  the

individual  nodes  indicates  a  minor  redistribution  of  the  f luxes  as  a  result  of

the  change.     Simulated  flux  across  tbe  western  boundary  was  calculated  to  be

roughly  16   cfs.

Calculated  base flow  rates  were  generally  smaller  than  reported  rates.

This  was  attributed  to  the  coarseness  of  the  finite-difference  grid,  which  was

unable  to  maintain  the  small-scale  upstream-inflections  of  the  potentiomecric

lines  in  the  vicinity  of  most  major  stream  valleys.     Summation  of  nodal  inflow

rates  along  the  total  length  of  the  South  Fork  Ninnescah  resulted  in  an

escima€e  of  67.8  cfs  for  base flow  contributions  to  the  river,  which  was  in

reasonable  agreement  with  the  average  1951-1971  value  of  94.4  cfs  previously

est.imated  by  KGS  researchers  a€  Murdock,   located  just  outside  the  model  in

Kingman  County  (Fader  and  Stullken,1978).     It  was  assumed  that  the  average

1951-1971   base flow  corresponded  to  pre-development  base flow  due  to  small

pumping  scresses  imposed  on  the  aquifer  during  this  time  period,  relative  to

the  large  volurre  of  water  in  storage.     Estimated  baseflov  in  the  North  Fork

Ninnescah  at  Arlington,  which  is  just  barely  inside  the  eastern  model

boundary,   was  37.0   cfs,   compared  to  a  reported  1951-1971   mean  baseflow  of  38.0

cfs   (Fader  and  Stullken,1978).     Simulaced  Arkansas  River  base flow  at  the
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eascern  boundary  of  about  30  cfs  was  far  below  the  measured  1959-1975  average

streamflow  of  680  cfs  as  reported  in  a  USGS  Water-Data  Report,   suggesting  that

base flow  comprised  only  4%  of  total  discharge   (USGS,1975).     It  was   assumed

thai  this  1959-1975  average  s€reamflow  represented  roughly  steady-state

discharge  from  the  Arkansas  River  prior  to  1950.     The  river  was  actually

calculated  to  be  losing  water  throughout  most  of  its  western  and  cencral

reaches  during  pre-development  time.

In  passing,   the  question  might  be  raised  as  to  why  any  adjus€men€s  had  to

be  made  in  switching.  boundary-node  types.     At  steady  stale,   the  two  boundary

conditions  should  move  idencical  masses  of  fluid  per  unit  time  in  the

system.    A  major  part  of  the  answer  to  this  question  lies  in  the  dif f erences

i)etween  the  ways  the  boundaries  are  numerically  simulated.     This  seems

especially  true  for  the  nodes  located  at  the  boundaries  of  the  model.    The

hypothetical  node  syscem  shown  in  Figure  21  sugge.s€s  several  difficulties  in

converting  frcm  constant-head  to  variable-flux  boundaries.     Constant-head

nodes  are  indicated  by  -1's,  while  variable  flux  nodes,  which  are  simulated

essentially  as  wells,   are  shown  by  circles  about  the  nodes.    Note  that  the

model  boundary  passes  through  the  nodes  on  the  constant-head  boundary,  but

that  on  the  constant-gradient  boundary,  it  is  coincident  with  the  cell

part.ition  between  the  constant-gradient  node  and  the  grid-margin  boundary

node.     This  may  have  some  effect  upon  the  computation  of  flow  perpendicular  to

the  boundary.     Perhaps  of  more  importance  is  the  facc  that  in  the  USGS  two-

dimensional  code,   flow  is  only  computed  between  constant-head  nodes  and

interior  active  model  nodes   (see  Fig.   21).     No  flow  is  computed  between

adjacent  constant-head  nodes  and  hence,  no  lateral  movement  of  fluid  can  occur

along  a  conscan€-head  boundary.     On  the  other  hand,   any  variable-flux  node  can
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Figure  21.     Schematic  representatic>n  of  variable-flux  nodal  mass-balance
relations .
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exchange  flow  with  any  other  pemeable  node.    This  implies  that  flow  parallel

to  the  boundary  can  occur  through  the  variable-flux  nodes.     Consequently,

there  was  be  some  variation  in  the  flow  f ield  at  the  model  boundary  when  the

change  was  made  from  constant-head  to  variable-flux  nodes.

Transient Sin:ula€ion of Irrigacion Developen*

Historical  Irrigation Data:

Irrigation  pumpages  for  this  mc)deling  study  were  provided  by  the  U.S.

Geological  Survey.    The  original  data  were  tabulated  for  10-minute  square

blocks   (Heimes  and  I.uckey,1982).     These  data  were  obtained  from  U.S.   Census

records  of  reported  crop  acreages  and  from  escimates  of  consumptive  use  per

acre.    Estimated  irrigacion  p`mpages  for  the  entire  study  area  were  detemined

by  s`mming  pumpages  from  each  10-minute  block.     The  values  listed  in  Table  2

represent  the  es€imaced  pumpage  rates  for  the  years   1949,   1954,   1959,   1964,

1969,   and   1974.

Table  2.     Historical  Irrigacion  and Nodal  Distribution  of  P\rmping

Year          Irri a€ion  Volume           No.   of  Pun
1949

1954

1959

1964

1969

1974

OAF

50,300   AF

127,280   AF

110,370    AF

161,580   AF

272,660   AF
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In  order  €o  perf orm  some  initial  testing  of  aquif er  sensitivity  to

pumping  stresses  .over  the  25-year  development  period,  pumpage  volumes  for  all

benchmark  years  listed  in  Table  2  were  assigned  to  each  of  the  four  previous

years  and  to  the  year  following  the  benchmark  year.     Initial  testing  involved

pumping  the  annual  estimated  volume  from  the  aquif er  over  a  six-month  period

within  each  year  t.o  reflect  a  realistic  discharge  schedule.    Resulting  heads

from  this  simulation  were  not  signif icantly  dif ferent  than  simulated  head

obtained  when  estimated  pumpage  was  distributed  uniformly  over  each  year,

presumably  because  of  the  large  volume  of  stored  groundwater  relative  to

withdrawn  volumes  and  because  of  moderate  rates  of  boundary  and  river

replenishment.    Given  the  insensitivity  of  the  aquifer  to  small  p\mpage  rates,

unif ormly..-distributed  annual  pumpage  was  chosen  to  f acilitate  model

operat.ion.    Pumpages  were  distributed  areally  by  assigning  them  to  the  closest

nodes  in  the  f ini€e-dif f erence  grid.

While  conducting  these  preliminary  experiments,   some  well  nodes  with  thin

saturated  thicknesses  went  dry.     To  circumvenc  this  problem,  a  redistribution

of  irrigation  pumpage  was  made  from  nodes  characterized  by  less  than  30  feet

of  saturated  thickness  to  nodes  located  in  areas  of  larger  saturated

thickness .

Historical  Water Tables  observed During  the Development Period:

The  U.S.  Geological  Survey  provided  information  on  the  configuration  of

the  water  table  in  the  Great  Bend  Prairie  in  the  form  of  manually  contoured

base  maps  of  the  data  base  which  had  been  constructed  for  the  area.     These

maps   were   for  the  years   1955,1960,1965,1970,   and   1975   (see  Figs.   4   to  8).
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Visual  inspection  of  the  pre-development  water  table  and  the  post-development

maps  indicaces  a  high  degree  of  regional  similarity,  suggesting  negligible

system  transience.

The  development  period  pocen€iome€ric  surf ace  maps  were  machine  digitized

by  the  Compucer  Services  Section  of  the  Kansas  Geological  Survey.     These

digitized  data  were  then  gridded  and  machine  coDtoured  by  the  SURFACE  11

graphics   system  developed  a€  KGS   (Sampson,1978).     Visual   comparison  of  the

machine-concoured  maps  with  the  original  manually-contoured  base  maps

indicated  that  the  regional  properties  of  the  maps  were  maintained.

Statistical  comparisons  were  carried  out.  between  variable-flux-calibrated

steady-state  head  and  the  1955  through  1975  surfaces,   using  the  Bio-Medical

Computer  Programs   (BMDP)   package   (Dixon.and  Brown,1979).     The   results   of

these  comparisons  are  reported  in  Table  3.

Table 3 .    Results  of  Statistical  Analysis  for  Simulated  Transient  Head  and
Steady-State  Head.

Comparison  Between                Mean                    Standard
Steady-Scale                  Deviation            Deviation            Correlation
Head  and:                              (f€)                          (ft)                     Coefficient

1955

1960

1965

1970

1975

-1.93

-1.99

-1.56

-3 .13

-1.95

10.4

11.0

11.4

11.0

11.2

The  deviation  was  clef ined  to  be  transienc  head  minus  the  corresponding

steady-st.ate  head  level.    From  this  tabulation,   it  appears  that  1 )  the  average

value  of  the  pre-development  water  table  was  higher  than  for  any  of  the
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developmenc-period  water  tables,   as  would  be  expected,   and  2)   the  water  tables

have  the  same  general  shapes,  as  indicaced  by  the  high  correlation

coef ficien€s .

It  was  clear  from  the  small  mean  deviacions  that  the  pemanent  impact  of

irrigation  was  nob  readily  differen€iable  from  shifts  in  the  water  table

caused  by  normal  climatic  variations,  which  have  been  reported  €o  cause  head

changes  as  high  as  20   feet   (Fader  and  S€ullken,1978).     Hence,   ic  was

concluded  that  the  aquif er  was  in  a  state  of  approximate  long-term  dynamic

equilibriuri  during  the  1950-1975  development  period.     Mass-balance

calcula€ions  indicated  that  the  aquifer  system  had  an  excess  of  3,790,000

acre-feet  of  water  to  discharge  out  of  its  boundaries  over  the  25  years  of

irrigation  development  being  simulated,  if  steady-state  conditions  were

roughly  maintained.     The  es€imaced  volume  of  pumped  water  for  irrigation  over

the  development  period  was  2,883,000  acre-feet.     This  is  approximacely  76%  of

natural  losses  frcm  the  system.    Thus,  the  stresses  imposed  during  aquifer

developmenc  could  be  partly  offset  by  reductions  in  net  boundary  losses,

resulting  in  a  prevailing  steady-state  flow  regime  during  the  developmenc

period.

IIodifica€ions  of  the Historical  Water Tables:

Initial  attempts  to  reproduce  the  transient  potentiometric  surfaces  were

not  successful.     1€  was  assumed  that  the  coarseness  of  the  finite-difference

mesh  was  again  parcly  t.he  cause  of  inaccurate  mass  balances  within  the  model

area.     Furche]rmore,   this  problem  could  have  been  exacerbated  by  subjective

bias  possibly  introduced  by  the  individual  who  performed  the  head

contouring.    In  an  effort  to  alleviate  these  problems,  the  five  transient
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water  table  conf igurations  were  smoothed  with  respect  to  both  space  and

t,ime.     The  method  used  involved  a  straight-forward  time  average  of  each  point:

hlJ  =  (I:,  h:J,/N N=5

The  value  h±j  was  then  subtracted  from  the  corresponding  value  of  steady-state

head  obtained  from  the  variable-flux  calibration, .H±j,  to  yield  a  residual  e

H.,   -h..   -€|JIJ

If   |e I   was  greater  €nan  10   feet,   an  adjuscment  was  calculated  to  reduce  the

value  of  C   to   10   feet,   i.e.:

'€   +   al   =   ,o

Where  h:j  was  higher  than  H±j,   a  was  subtracted  from  h:j,   and  it  was  added

when  ht.  was  less  than  H±j.     This  smoothing  did  not  affect  the  majority  of|J
points  in  the  domain.     In  fact,   its  principal  effect  was  on  nodes

characterized  by  the  greatest  fluctuations  in  head  wich  respect  to  time.    The

smoothing  operation  was  considered  to  be  the  only  meals  of  alleviating  mass-

balance  problems  in  the  absence  of  information  regarding  errors  in  the

transient  head  data.    The  chief  motivation  for  this  process  was  to  smooth  out

head  levels  in  certain  regions  of  the  historical  record,  principally  those

areas  near  the  southern  and  norcheas€ern  boundary  regions,  which  showed  fairly

wide  variations  in  head  over  time  without  any  substantial  stresses.
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Modifications  of  Bepofted PtDpages :

The  values  of  reported  annual  pumpages  in  acre-feet  for  the  1954,   1959,

1964,1969,   and  1974  benchmark  years  are  repeated  in  Table  4.     In  the  absence

of  precise  knowledge  regarding  the  trend  of  irrigation  increases  between  the

benchmark  years,   it  was  necessary  to  assume  a  specific  temporal  distribution

between  benchmark  years.

Table 4i.     Reported  Annual  Pumpage  for  Benchmark  Irrigation  Years.

af ion  Year                        Volume   (AF)

1949

1954

1959

1964

1969

1974

0

50'300

127,280

110 ,370

161  ' 580

272 ' 660

Two  methods  were  considered  as  possible  ways  of  f illing  in  the  missing

values  of  the  yearly  irrigation  between  the  benchmark  years  to  obtain  a

realistic  pumping  schedule  over  the  25-year  development  period.     The  first  was

Co  assume  an  increasing  linear  trend  between  the  benchmark  years.    The

int.erval  from  1949  €o  1954  is  shown  in  Figure  22.     Total  irrigation  pumpage

for  the  Great  Bend  Prairie  over  the  25-year  historical  period  of  development

was  estimated  to  be  approximately  3,086,200  acre-feet  when  computed  by  this

method.     This  volume  represents  81%  of  the  aquifer  discharge  at  s€eady-

s€ate.     A  distinct  advantage  of  this  scheme  was  that  the  values  obtained  for

the  benchmark  years  were  the  exact  historical  values  provided  in  the  data
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Figure  22.     Five-year  pumping  schedule  based  on  an  increasing  linear  trend.
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base.    A  major  disadvantage  was  the  need  €o  construct  and  store  one  yearly-

irrigation  file  for  each  of  25  simulation  years.    This  was  considered  to

involve  a  prohibitive  amount  of  computer  storage  space.

The  method  finally  used  in  the  historical  simulatic)n  was  to  estimate  an

average  c)f  the  linear-trend  p`mping  schedule  for  5-year  p`mping  periods,  the

end  poincs  of  which  were  considered  to  be  the  initial  and  f inal  days  of  the

lower  and  upper  bounding  benchmark  years   (see  Fig.   23).     The  average  was  then

uniformly  applied  to  each  year  in  the  5-year  pumping  period.     Calculated

pumpage  volumes  for  the  modified  distributions  are  shown  in  Table 5 .

Calcula€ions  indicated  that  the  second  method  estimated  a  25-year  irrigation

volume  of  2,930,000   acre-feet,   as  compared  to  3,086,200   estimated  by  the  first

method.     The  difference  of  estimation  amounts  to  5%.     The  modified  pumpage

values  were  used  to  adjust  the  nodal  pumpage  rates  by  defining  a  scaling

parameter  for  each  benchmark  year  and  multiplying  each  nodal  value  by  that

paramet.er.    The  parameter  was  defined  as  the  ratio  of  the  modified  p`mpage  €o

the  unmodified  pumpage  for  the  benchmark  years.     The  modified  pumpages  were

then  used  to  simulace  irrigation  wichdrawals  for  the  transient  phase  of  the

study.

Table  5.    Values  of  Modified  Annual  Pumpage.

Year Modified  Pun
1954

1959

1964

1969

1974

25,000   AF

89,000   AF

119'000   AF

136'000   AF

217'000   AF
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1950                 1951                 1952                 1953                  1954
Irrigation  Year

-50000

-25000

Figure  23.     Five-year  constant  pumping  schedule  based  on  the  mean  value  of  an
increasing  linear  trend.
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In  an  effort  €o  maintain  a  certain  degree  of  control  over  the  irrigation

p`mpage  vaLriables  during  the  calibration  procedure,  an  irrigation  return

factor  was  incorporated  into  the  model  to  simulate  a  recharge  mechanism which

could  account  for  the  fact  thac  some  of  the  water  which  was  pumped  and  applied

to  the  crop  returned  to  the  water  table  due  to  seepage  and  percolation

mechanisms.     The  return  parameter  was  not  defined  to  be  physically-based,

since  it  was  not  derived  directly  from  physical  conditions  of  soil  moisture,

soil  composition,   and  meteorological  factors.     It  was  simply  an  empirical

factor  which  could  be  obtained  through  trial-and-error  calibracion  to  simulate

the  essentially  static  mass-balance  which  apparently  prevails  in  the  region.

The  irrigation  corisumpcion  factor  was  defined  to  be  a  fractional  multiplier

which  could  be  applied  to  the  irrigation  pumping  rate  at  each  active  node  as  a

means  of  describing  the  volume  of  pumped  water  which  was  ef fec€ively  removed

from  the  aquifer  through  evapo€ranspiration  processes.

Blaney  and  Hansom   (1965)   have  suggested  that  deep  percolation  losses  from

irrigation  can  be  as  great  as  35%  for  open  porous  soils.     They  also  have

reporced  that  consumptive  use  fractions  for  crops  similar  to  those  grown  in

Kansas  range  from  0.60  to  0.85  in  the  frost-free  period.     Thus,   an  approximate

value  for  the  fraction  of  consumptive-use  in  the  prairie  may  be  expected  to  be

in  the  0.60  to  0.85  range,  wich  a  percolation  return  fraction  of  between  0.15

and  0.40.     Lay€on  and  Berry  (1973)   feel  that a   is  approximately  0.90  for  Pratt

County,   although  no  actual  field  tests  were  run.

Strictly  speaking,   the  reported  pumpage  rates,  which  were  estimated  on

the  basis  of  crop  consumptive  use  and  crop  acreages,   already  incorporated  some

measure  of  seepage  return  into  the  model  study.     The  consumptive-use

factor a  that  was  chosen  to  obtain  a  better  match  between  simulated  and

modified  observed  head  during  the  development  period  was  therefore  actually  a
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correction  factor  for  the  pumpages  listed  in  Table  4,  and  could  theorecically

take  on  any  positive  value.    This  consumptive-use  correction  factc>r  a  would

also  tend  to  be  a  function  of  changing  climatic  conditions.

Prior  to  at€empcs  to  perform  a  transient  calibration  for  the  development

period,  the  historical  irrigation  pumpage  races  were  distributed  to  the

nearest  finite-dif f erence  nodes  and  scaled  to  ref lect  uniformly-distributed

pumping  volumes  during  each  5-year  pumping  period.     These  irrigation  pumpage

rates  are  listed  in  Appendix  D,  Matrix  Listings  3,  4,  5,  6,   and  7.     Steady-

sta€e  head  from  the  variable-f lux  calibration  constituted  the  initial

conditions.     Each  5-year  pumping  period  consisted  of  five  1-year  time  steps.

The  variable-f lux  nodes  at  the  rivers  and  along  permeable  boundaries  were

updated  at  the  end  of  each  pumping  period,   rather  than  at  the  end  of  each  time

step.    Thus,  the  impact  of  the  irrigation  development,  was  not  reflected  in  the

system  until  the  end  of  each  pumping  period,   and  hence  was  a  conservative

interpretation  of  the  interaction  between  the  variable-flux  rivers  and

boundaries  and  the  p`mping-well  nodes.

Resulcs  of  the Sjmla€ions

In  an  effort  to  test  the  sensitivity  of  the  aquif er  response  to  changes

in  irrigation  stresses,   a  was  allowed  to  vary  from  0.6  to  1.0.     Table  6  lists

the  s`]m  of  squared  simulation  errors,  where  simulation  error  was  equal  to  the

simulated  transient  head  minus  the  modified  post-development  head,   for  each  5-

year  pumping  period.
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Table  6.     Sum  of  Squared  Simulation  Errors  (ft2)   for  Various  Values  of    a.

Pumping  Period
Ending  January Values  of a

1    of                                                  1.0                        0.9                        0.8                        0.7                       0.6

1955

1960

1965

1970

1975

32,830              32,830

31,978                31,371

48,029               46,281

39,473               36,170

71,198                59,108

32,834              32,793

31,020                30,689

45,013                44,163

33,751               32,398

50,196              44,229

32,724

30'418

43 , 572

31 ' 586

39'589

The  results  of  the  numerical  experiment  indicated  that  the  sensitivity  of

simulated  head  to a  was  slight  during  early  stages  of  development,  but  that

the  simulaced  head  became  progressively  more  sensitive  to  the  choice

of a   during  later  develomen€  stages.    This  was  primarily  attributed  to  errors

accumulated  over  the  25-year  simulation  period.     During  the  last  p`mping

period,  when  pumpage  increased  dramatically  (see  Table  5),   the  s\m  of  squared

errors  increased  substancially  when  larg.e  values  of a   were  used.    This  implied

that  the  reported  net  pumpage  for  the  1970-1975  pumping  period  was  greatly

overestimated,   despite  modif ica€ions  of  pumpages  which  tended  to  lessen  the

impact  of  groundwater  withdrawals.    In  addition,   fluctuations  in  the  average

simulation  error  over  time  suggested  that a   should  not  be  treated  as  a

monotonic  function  of  time  for  this  particular  study.    A  uniform a-value  of

0.60  was  chosen  for  the  aquifer  because  this  consumptive-use  correction  factor

produced  the  smallest  sum  of  squared  errors  for  all  pumping  periods.

Clearly,   it  would  have  been  possible  to  reduce  the  s`m  of  squared  error

during  any  given  pumping  period  by  varying  net  natural  recharge  R  over  time.
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However,  fluctuations  in  the  mean  simulation  error  over  time  suggested  thac

variations  in  R would  not  be  systematic  and  would  be  of  limited  use  during

predictive  operation  of  the  model.

Figures  24  Co  28  show  the  simulated  water  tables  obcained  with  a

consumptive-use  correction  factor Ct   of  0.6.     The  simulated  head  configurations

reproduced  the  regional  characteristics  of  the  modified  historical  water

tables ,

Response  of  the Variable-Flux Boundaries  to  Irrigation Development:

Losses  froni  the  steady-state  pre-development  system  included  oucflows  due

to  stream  baseflow,  evapotranspiration  from  shallow  water  tables,  and

underf low  out  of  the  model  through  boundaries  and  stream  alluvium.     It  was

expected  that.  irrigation  withdrawals  during  the  development  period  would  draw

upon  €nese  losses  to  some  excent.     By  using  variable-flux  nodes  which  were

sensitive  to  saturated  thickness,  it  was  possible  to  quancify  this

phenomenon.     Table  7   is  a  tabulation  of  the  sum  of  the  rates  for  modified

irrigation  pumpage  and  a  consumptive-use  correction  factor  of  0.60.
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----   slMULflTEO   EaulpoTENTI@L   LINEs

HlsTORlcf]L   EoulpoTENTlaL    LINEs

Figure  24.     Simulated  and  altered  input  potentiometric  surface  --19S5   (feet).
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----    S:MULflTED   EOUIPOTENTlf]L   LINES

HIST0RIcf]L   EoulpoTENTlaL   LINEs

Figure  25.     Simulated  and  altered  input  potentiome€ric  surface  --1960   (feet).



----   S]HULflTED   EOUIPOTENTIBL   LINES

HISTORIC@L    EOUIPOTENTlf]L    LINES

Figure  26.     Simulated  and  altered  input  potentiometric  surface  --1965   (feet).
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----   SIMULqTED   EoulpoTENTlaL   LINES

HISTORIcflL    EOUIPOTENTlfiL    LINES

Figure  27.     Silmilated  and  altered  input  potentiometric  surface  --1970   (feet).



----   SIMULf]TED   EOUIPOTENTlflL   LINES

HISTORlcaL   EoulpoTENTlaL   LINES

Figure  28.     Simulated  and  altered  input  pc)€en€iomecric  surface  --1975   (feet).
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Table  7.     Simulaced  Irrigation  Withdrawals  and  Sum  of  Rates  of
Inflow  and  Outflow.

Pumping  Period
Ending  January

Januar

Volume  of  Irrigation
Withdrawals                            S`m  of  Rates*

(AF)                                                               (Cfs)

1955

1960

1965

1970

1975

125000   x    .6

445000   x   .6

595000   x   .6

680000   x   .6

1085000   x    .6

-7.49

-13.92

-   9.33

-10.31

-16.40

*Inflow  Rate  -  Outflow  Rate

Examination  of  Table  7  reveals  that  increases  in  the  volume  of  irrigation

withdrawals  did  not  produce  proportional  increases  in  the  sim  of  the  rates  of

flow  into  or  out  of  the  model  area.    This  implies  that,  throughout  the

development  period,   increases  in  natural  inf low  or  decreases  in  natural

outflow,  or  some  combination  of  boch,  were  occurring  within  the  aquifer  due  to

increased  pumping  stresses  over  time.

Table  8   shows  a  breakdown  of  fluxes  for  the  simulation  carried  out  with

the  model  using  the  modified  irrigation  rates  and  a  consumption  correction

factor  of  0.6.    Natural  areal  recharge  remained  constant  throughout  the

simulation  period  and  the  rate  of  contribution  from  storage  increased  as

irrigation  withdrawals  increased.     The  constant-head  nodes  underwent

insignificant  adjustments  during  the  simulation.    The  discharging  cons€ant-

gradien€  nodes  showed  a  marked  reduction  in  the  net  f lux  from  the  model  due  €o

pumping  stresses.     Figure  29  shows  the  relationships  between  incremental

irrigation  withdrawal,  storage  loss,  and  variable-flux  boundary  and  river
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i96a                   i96s

Tine
1970                        1975

after  K.   Watts,   USGS

Figure  29.     Incremental  irrigation,   storage  loss,   and  boundary  loss  during  the
deve.lopment  period   (cfs).
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outf low.    Assuming  that  boundary  and  river  inflow  remained  essentially

constant  throughout  the  simulation,  the  change  in  variable-flux  outflow  is

roughly  equal  to  tbe  chang.e  in  net  variable-flux  outflow.    From  Figure  29,  it

is  clear  that  storage  losses  were  t.he  primary  source  of  irrigation  water,

comprising  roughly  69%  of  total  witndrawn  groundwater.     Surplus  water  from

reduced  net  boundary  and  river  outflow  constituted  only  about  26%  of  total

irrigation  withdrawals.    Thus,   the  tendency  for  the  aquifer  to  become

replenished  by  boundary  and  river  contribucions  was  dominated  by  storage

depletion  caused  by  irrigation  withdrawals.    However,   for  the  small  pumpage

rates  imposed  on  the  aquifer,  the  transient  effects  implied  by  the  dominant

scorage  losses  are  negligible.     Under  conditions  of  larger  imposed  pumpage

rates,  tbese  dominant  storage  contributions  to  irrigation  withdrawals  would

presumably  introduce  significant  transience  to  the  flow  sys€elt`.    The

percentage  of  irrigation  withdrawal  obtained  from  storage  would  theoretically

approach  loos  for  large  withdrawal  rates  as  the  aquifer  becomes  depleted.
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Table  8.     Breakdoim  of  Groundwater  Fluxes  for  Transient  Simulation  (cfs)

P eriod                          Na€ur al             Constant                                         Constant               Sum
Ending      Storage      Areal          Gradient  Flux      Irrigation      Head  Flux              of
ran.           Losses       Rechar e         In             Out               Rate             In        Out             Rates
1955                  7.28

1960               40.78

1965               63.96

1970                 70.71

1975              112.45

224.53            70.16

224.53           69.81

224.53           69.38

224.53           68.69

224.53           67.56

-279.13        -20.72

-266.96        -72.52

-260.72        -96.97

-254.54        -110.23

-234.21         -177.36

0.54      -10.14

0.54      -10.11

0.55      -10.10

0.55      -10.03

0.56     -9.93

-   7.49

-13.92

-   9.33

-10.31

-16.40

IIeakage  from Pemian  and Cretaceous Units:

In  addition  to  the  adverse  effects  on  base flow,  dewafering  of  the

alluvial  aquif er  would  also  tend  €o  induce  further  salt  water  intrusion  from

the  Perlrlian  bedrock.     Due  to  lack  of  sufficient  data  to  adequately  calibrate

the  salt-water  leakage  into  the  groundwaber  supply,  this  phase  of  the

hydrology  has  been  tacitly  assumed  to  be  incorporated  with  the  natural

recharge.     A  similar  assumption  holds  for  any  groundwater  exchange  between  the

Cretaceous  formations  and  the  unconsolidated  aquifer.     Appendix  A  presents  the

best.  available  information  on  the  permeability  of  the  Permian  redbeds.    One

set  of  calculations  based  on  this  data  indicate  that  up  to  8%  of  the  total

natural  areal  recharge  may  come  from  saltwater  leakage  from  the  Permian

bedrock.
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S`mary  &  Conclusions  -  S€eadrsGaLEe  Calibracion  &  S±±±±±Cion Using Uses  todel

After  considerable  scrutiny  and  modification  of  the  daca  base,  a

calibrated  two-dimensional  numerical  model  of  the  region  §ho`Irn  in  Figure  9  was

developed.    This  effort  resulted  in  a modelj±±±±=a±edEztrial-and-er=e±jer

net  natural  area echafge  (precipitation  and .e_VL±ELO.t¥.a_P_SLEt.=`a_€±S2rELt_£!!±±

P9:§_i±ljJse±geL€£9EL~tb.a.._P±E±iaLn_=£€beds)en€."p£g`r..,qu,a~,~uF±ifamfzalrsuef.~.

nrd_raL±±is_

±c~P,e.sLtw~peioxfr..

yi€¥=     T`p.e. y.?`¥£.E!ge_

Hydraulic  conducc|

amount.ed  to  0.75

K  was   un±f.9_rp|yx ` Le.st.imated ` ~t9.,.. kemLea±!aa_i

to  85  f€/day.    All  internal  and  excernal  boundaries  were  either  of  the  no-flow

or  cons€anc-head  type.    As  a  final  step  in  calibration  procedure,  the

conscanc-head  boundary  and  river  nodes  were  changed  to  variable-flux  nodes  kyy

ass`ping  conscanc-gradient  conditions  using Darcy' s  I,av.    Initial  fluxes  at

these  nodes  mere  adjusted  until- a  16-year  transient  simulation  produced  a

roughly  steady-state  head  discribution.    The  head  distribution  resulting  from

this  process  was  used to  inicialize  transient  calibrations  for  the

cons`mp€ive-`ise  correction  factor a,.  The  chief  merit  of  the  variabl-flu)c

schene  Was  that  the  boundary  and  river  f luxeg  could  respond  €o  pumping

stresses  through  variacions  in  saturated  thickness  a€  the  boundaries  and

rivers.    Since  the  ex€enc  of  irrigation  developmenc  was  not  sufficient  to

produce  significant  changes  in  saturated  thickness  at  the  boundaries  and

rivers,  conscant-head  boundaries  may  have  served  j`ist  as  veil.    However,  the

variable-flux  bo`indary  and  river  calibration  made  if  possible  Co  better  define

a  predic€ive  model  which  would  be  capable  of  siznulating  changing  stream  and

boundary  conditions  for  large  irrigation  withdrawals  expected  during  future

development.
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Simulation  of  historical  irrigation  development  indicated  that  the

irrigation  stresses  being  imposed  upon  the  system  up  to  January  of  1975  mere

not  sufficient  to  cause  more  than  a  short  term  effect  on  the  aquifer.    A

cons`]npciveruse  correction  faccor  of  a.6  was  used  to  simulate  net  irrigation

wichdravals.    Table  9    liscs  the  average  simulation  errors  and  §im  of  squared

siJ"lation  errors  for  the  transient  calibracions.

Table    9.    Final  Sum  of  Squared  Simulation  Errors  and Error  Statistics  for
Transient,  Calibrations

Standard Deviation
(ft)
7.01
6.75
8.08
6.88
7.76

e2   (ft2)         i  ,f€)
32,724                -0.60
30,418               ut.38
43,572                cO.50
31,586               ut.58
39,589                 +1.39

It  is  clear  from  the  resulcs  of  this  study  that  the Great  Bend  aquifer

retains  significant  undeveloped  capacity.    If  variable-flux  boundary  and  river

conditions  are  assumed  to  accurately  simulate  the  loss  of  water  out  of  the

system,  then  the  response  of  the  model  indicates  that  a  significant  portion  of

the  potential  irrigation  developmenc  irould  simply  divert  wacer  which  trould

o€hertlrise  be  lost  frcm  the  aquifer  €o  other  aquifer  systems.    The  effect  of
`such  diversions  on  excernal  aquifer  syscems  trould  certainly  need  €o  be

asses8ed  a€  some  future  time.    Increased  rates  of  irrigacion  withdrawals  vo`lld

tend  to  rely  znore  heavily  on  storage  losses  as  saturaced  thickness  and,  by

inference,  conscant-gradient  flux,  decreases  a€  the  boundaries  and  rivers.    At
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some  particular  poinc  in  time,  these  large  storage  lo§ses  would  result  in

measurable  system  transience.

The  final  numerical  model  cannot  be  verif led  according  to  the  existing
\

available  data  due  to  the  lack  of  signif icant  transience  in  the  syscem.

Therefore,  any  attempt  to  forecast  future  aquifer  response  to  increased

irrigation  activity  should  be  perfomed with  caution.    Uncil  a  signif icanc

perturbation  of  the  water  t.able  can  be  associaced  With  a  known  distribution  of

irrigation  p\mpage,  formal  verificacion  of  t.he  model  parameters  will  not  be

possible.

The  problem  of  wacer  quality  remains  unaddressed  in  this  scudy.    Water  of

low  quality  exists  in  the  Permian  redbeds  and  in  many  of  the  unconsolidaced

units  of  the  Great  Bend  aquifer.    The  extent  €o  Which  groundrracer  development

exacerbates  the  problem  of  salt-water  intrusion  iz}to  the  all`rvial  aquifer

should  be  considered  in  greater  detail  during  fucure  research  efforts.

C±±±bracion I)sing  the  SceepefitDescen€ AlgDriEha

The  next  pact  of  the  Steady-state  calibracion  focused  on  obtaining  a

distributed  set  of  hydraulic  conductivity  values  and  on  ref ining  the

precipitation  recharge  distribution  using a  steepest-descent  optimization
algorichm  developed  at  Texas  Tech  University  (Knowles,  £± ±|. ,1972).    The

g€eepesc-descent nechod  is  basically  a  variation  of  the  nonlinear  regression

Cechniq`res  frequently  `ised  to  calibrace  groundwa€er-flow models.
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In  addition  to  the  steady-state  calibrat.ion,  several  transient

calibra€ions  were  perfomed  in.order  to  obtain  a  distributed  sec  of  specific

yield  e§Cim€es,  as  veil  as  to  decemine  the  consumptive-use  correction

factor a .  General  propercies  of  the  steepest-descent  algoritha  are  discussed

in Appendix  a.    The  calibracion  procedures  and  results  for  both  the  steady-

s€a€e  and  transient  calibatlons  have  been  ouclined  in  Appendix C.
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APPRII)IX  A:    Salc  racer I.eakage  into  the Greac  Bend All`zvial  AqtLifer

Prior  to  undercaking  the  previously  discussed modeling  efforc,  it  was

proposed  that  incorporation  of  leakage  of  salt  water  from  the  Permian  unics

which  underlie  the  Greac  Bend  alluvial  aquifer  could  be  used  to  aid  the

calibracion  process.    The  quancity  of  leakage  is  believed  to  accounc  for  a€

lease  several  percent  of  the  total  nacural  recharge  into  the  aquifer.    Fader

and  Scullken  (1978)  postulate  that  as  much  as  5,000  to  10,000  acre-feet  per

year  of  salt  water  leaks  frou  the  Cedar  Hills  Sandstone  alone,  ass`ming  a

hydraulic  conduc€ivicy  of  25  feet/day  in  the  sandstone  unit.

It  vac  initially  intended  that  daca  acquired  during previous  research  of

the  leakage  mechanism  Would  be  inc:orpora€ea  into  the  calibration  procedure.

However,  g`ifficient  data  was  not  available  during  the  calibration period  to

allow dLeaningful  simila€ion  of  hydraulic  interaction  between  the Pemian  and

Cenozoic  units.    Nineteen veil  sites  vere  available  during the  calibration

period  (see  Table  A-1) ,  compared  to  the  36  sices  which  are  presencly

escablighed,  but  t.he  najoricy  of  these  veils  vere  concencra€ed  in  S€afford

County .

Estimates  of  hydraulic  conductivity,  vertical  gradient,  nea8ured  head,

and  fl`iid  density  were  required  at  all  sites  for  purposes  of  de¢emining  f luid

notion  betveen  aquifers  characterized  by  distinct  quality  constrasts.    These

es€imtes  were  available  only  ac  6  of  the  original  19  sices,  and vere

clustered  in  Stafford  County.    Only  some  of  the  req`iired  parameters  Were

available  at  the  13  remaining  sites.    The  incomplete  paranecer  sets  could  not

be  used  to  uniquely  define  leakage  propercies  at  these  sites.
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KGS  Well  Sites  in  the  Great  Bend  Prairie  from  which
was  Available  for  this  Study.

I.egal  Descripcion
12-23-12W  RE/NE:/NW

36-23-12W  NE/NW/NE

36-23-13W   SW/SW/SE

36-23-14W  SW/SE/SE

6-23-12W  NW/NW/NW

6-25-1 3w  Nw/Nw/eow

36-24-13W   SE/SE/SE

1 1-25-i2w  NE/NE^m

31-24-low   SW/NW/SW

6-24-10W   SW/SW/SE

6-22-low  NW/NW/SW

36-29-llW  SW/SW^us

36-29-14W  NE/NE/NE

12-29-14W  NW/NW^lE

1-28-llW  RE/NE/NE

31-21-12W   SW/SW/SW

36-21-12W  SW/SE/SE

7-21-llW   NW/NW/NW

36-25-13W   SW/SW/SE

Table  A-1.     I-ocations  of
Useable  Data

Sice Nuber___    _              ____     _              __    _            _            _  _                   _

1

2

3

4

5

6

7

8

9

10

iE

12

13

14

15

16

17

18

19

County
S€afford
Strafford
Scafford
Strafford
Stafford
Statford
S€afford
Stafford
Funo
Reno

Reno

Pratt
Pratt
Pratt
Pratt
Stafford
Stfifford
Stafford
Stafford

Most  Of  the  present  sites  still  lack  a  full  suite  of  parameters  required

to  de€emine  the  direction  and  quantity  of  fluid novenenc  between  the  bedrock

and  the  lower-`mcon8olidaced  units.    Until  the  observacion veil  necrork  is

complete  and  a  full  suite  of  daca  is  available  ac  each  veil,  only  very  skecchy

hypotheses  may  be  cons€r`ic€ed  concerning  the  distribution  of  hydraulic

conductivity  and  the  regional  salt  Water  flux.    The  remainder  of  this

discussion  will  €heref ore  be  oriented  towards  presentation  of  the  best

loo



currencly-available  daca,  and  will  include  a  modest  attempt  to  estimate  t.he

volume  of  low-quality  water  which  enters  the  unconfined  alluvial  aquifer

system  as  recharge  from  underlying  Permian  units.

In  the  month  of  July,1981,  personnel  from  the  Kansas  Geological  Survey

conducted  a  series  of  "slug"  tests  in  19  t`ibe  wells  which  had  been  grouted

into  place  in  subcropping  unics  of  the  Nippewalla  Stage,  Lover  Permian

Series.    These  units  are  believed  to  represent  the  Cedar  Hills  Sandscone,  the

Salt  Plain  Formation,  and  possibly  the  Harper  Sandstone.    Tine-recovery  data

was  collected  a€  each  of  the  19  observation  wells  after  s€acic  wafer  levels

vere  percurbed  by  the  addition  of  a  quantity  of  fresh  water.    Analysis  of  the

daca  was  performed  using  two  methods.    A  semi-log-linear  interpretation  method

developed  kyy  Hvor§lev  (1951 )  was  used  as  a  "first  cut"  in  the  field  to

estimate  K.-    A  transient  type  curve  method  (Cooper,  Bredehoefc,  and

Papadopulos,   1967)  wag  lacer  applied  Co  refine  K  and  to  estimte  Sy.     Several

coDencs  are  in  order.    First,  due  to  the  method  of  well  construction,  the K

measured  in  this  study  is  probably  representacive  of  the  horizontal  conponen€

Of  K,  Kh.     Second,   some  veils  seemed  €o  take  water  ac  a  higher  rate  thall  +rae

expected  on  the  basis  of  the  low  conductivity  of  the  bedrock.    Thus,   Bcme

subjectivity  entered  inco  the  choice  of  "good"  and  .bad"  tests.

Table  A-2  indicates  the  values  of  Kh  obtained `by  the  tiro  methods

indicated  above.    Formations  which  are  believed  to  be  screened  are  shown

lisced  in  the  table.    The  table  indicates  a  range  of  hydraulic  conductivity  of

four  orders  of  magnicude.    This  range  compares  favorably  to  ranges  given  kyr

Bear   (1979,   p.  68)   of  10-2  through  10-6  cm/see  for  senipervious  cc>nsolida€ed

rocks  and  slightly  less  favorably  with  the  range  given  by  Toad  (1980,  p.  72)
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of  10-4  to  10-7  cm/see.    Although  a  spatial  distribution  of  Xh  is  implied  by

t.he  geographic  distribution  of  sites,  the  sparseness  of  sites  relacive  to  the

size  of  the  area  makes  use  of  a  single  averaged  value  of  hydraulic

conductivity  atcrac€ive.    However,  the  relatively  high  value  o£  K  at  sites  1,

5,  and  10  requires  some  caution  in  taking  this  approach.

Table  A-2.     Compilacion  of  "Slug"  Tests  Performed  in  the  Pemian  Formacions
and  Analyzed  kyy  Methods  I)ue  to  Hvorslev  and  Cooper,   and  others   (S
values  not  shown) .

Site                                         Hvors lev            Cooper
Number         Pomacion        Kh  (cn/eec)     Kh  (cm/see)         Comencs

Salt  Plain

Cedar  Hills

5.2   x   1o-3

1.7   x  |o-3

Undiff  Pen(?)     9.6  x  io-6
Cedar  Hills/UP    7.o  x  |o-5

Cedar  Hills

Salt Plain
Salt Plain
Salt  Plain
Salt Plaifl
Cedar  Hills

__==

•3.4   x   1o-4

4.2  x  |o-6

3.1   x   1o-6

2.o   x   1o-6

2.7   x  1o-6

===

1.6   x   1o-5

1.8   x   1o-4

1.24   x  io-4

3.33t  x  |o-3

3.35  x  io-6
==__

==-

==-

Seems  too  large  (excegg
weathering? )
Ccmpare  to  8  x  lo-3  cn/see  -
25  f t/day

See  above  noce  on  Cedar
Hills
See  above  note  on  Cedar
Hills

See  above  note  on  Cedar
Hills

In  order  to  es€im€e  the  vertical  component  of  flux,  Darcy's  Law  Was

used.    It  was  assumed  that  leakage  from  lover  permian  `mits  into  the  all`rvial

aquifer  was  governed  by  sceady-state  conditions.    The  most  complece  suite  of

parameters  for  cotpputing  the  Pemian  to  Pleiscocene  fluid mocion  exists  for
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wel.I  sites  1   through  11.     These  were  inscalled  in  1978  and  1979  and  have  been

extensively  sampled  and  measured   (Cobb,1980).     Fluid  head  measuremen€s  were

adjusted  using  density  corrections  calculated  from  chemical  analyses  from

fluid  in  the  wells.    Gradients  were  couputed  by  ass`ming  that  the  vercical

dist.ance  4L  was  measured  from  the  center  of  the  well  screen  to  the  top  of  the

bedrock.    The  head  in  the  bedrock  veil  (hT)  was  ass`med  to  represent  an

average  at  the  mid-point .of  the  screen.    The  head  in  the  well  sicuated  in  the

lower  unconsoldiated  aquifer  (h2)  represenced  the  average  head  value  at  the

bedrock  contact.    The  gradient  was  then  defined  as  (h2  -h,)/   AL.     A  negative

sign  indicates  upward  movemenc  of  fluid.     In  the  following  table,  well  sites

are  listed  for  which  K  and  (h2  -h,)/  4[  are  approximately  kncun.     Kz  Was

assumed  to  equal  Kh  as  previously  determined.

Table  A-3.    :£kv:::i:::e:==da::::s:radien€t  and Calc`lla€ed Vercical Velocity

Site          Kz  (ft/day)           (h2  -h,)/fl                q  (ft/yr)

1                       14.70

5                     4.93

6                       0.03

7                      0.20

8                      0.35

10                        0.96

-0 . 1 1

-0 .89

-0 . 47

-a . 01

-0 . 0 7

+0 . 0 1

-590

-1600

-5 . 1 5

-a .73

-8.94

+3.5

T`iro  items  are  qiiice  scriking  abouc  Table  A-3.    Firsc,   if  values  for  §ices

1,  5,  6  and  8  are  accurace  and  valid  over  large  areas,  there  is  considerably

more  salt  water  moving  into  the  region  than  was  expected.    More  attention

should  be  given  to  this  problem.    The  second  fact  of  imporcance  is  that  the
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bedrock  also  accepts  a  cercain  amount  of  Water  from  the  unconsolidaced  unit,

as  evidenced  by  the  positive  calculated  flux  at  sice  10.    This  raises  the

quescion,   as  yec  unanswered,   as  to  how  much  of  the  recharge  Water  moving  up

from  bedrock  is  actually  a  Pemian  concribucion  to  recharge,  and  noc  merely  a

circulation  of  native  unconsolidated  aquif er  vacer  which dilutes  some

concentrated Pemian  salt  water  in  transit.    This  awaics  f`ircher

invescigat,ion.

As  stated  earlier,  the  value  of  K  measured  in  the  slog  tests  may

represenc  tine  horizoncal  hydraulic  conduc*ivity.    In  many  geological  deposits,

especially  shale  and  silcscone,   it  is  noc  uncommon  Co  find  t.he  horizoncal

component  of  K  exceeding  the  vertical  ccaponenc  by  several  orders  of

magnitude.    If  the  Kh  values  in  Table  A-2  are  reduced  by  two  orders  of

magnitude  to  describe  vertical  conduccivity Kz,  then  the  ccmputed  fluxes  fall

into  a more  reasonable  range  than  those  calculated  in Table  A-3,  ranging  from

a  fe`ir  feet  to  a  few  h`mdredths  of  a  foot  per  year.

As  a  conclusion  Co  this  discussion,  several  hypoche€ical  situations  for

leaJcage  distribution  have  been  outlined  and  acme  rough  calcula€ions  can  be

made.    It  vas  initially  ass`med  that  all  leakage  occurs  over  a  limited  area

extending  f rcm  the  Cedar  Hills  Sandscone  over  a  region  frcm  the  Bar€on  County

line  €o  about  Stafford,  Kansas  (see  Fader  and  Stullken,1978,  Plate  I).    This

includes  about  45  square  miles  or  28,800  acres.    IC  vac  also  assured  that Kz  -

4.93  f€/day  over  the  entire  leakage  domain  and  thac  (h2  -h])/ AI.  Was  about

-0.1,  a  reasonable  value  excepc  possibly  near  gaining  stream.    Using  these

escimaces,  an  annual  concribucion  of  about  14,000  acre-feet  per  year  was

calculated,  a  flux  which  is  comparable  to  Fader  and  St`illken.s  value  of  about

10,000  acre-feel  per  year   (Fader  aLnd  Stullken,1978).     This  amount.s  to  a  race

of  19.61  cfs.    The  tocal  natural  recharge  calculated  frcm  the  calibrated  model
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for  the  study  area  was  224  cfs.     Thus,   leakage  from  a  porcion  of  the  Cedar

Hills  may  account  for  as  much  as  8S  of  the  total  nacural  recharge,  while  the

value  of  Fader  and  Stullken  is  6%  of  the  tocal  recharge.    This  concepcual

model,  using  only  Chac  part  of  the  Cedar  Hills  for  which  a  high  value  of  Kz

has  been  doc`menced,  produced  resulcs  compatible  wich  published  speculacion.

A  second  possibility  was  explored  by  estimating  generalized  leakage  over

the  Permian  subcrop  using  an  average  gradient  and  a  \mifom Kz  of  low  value.

The  approximace  area  of  t.he  subcrop  was  1.8  x  106  acres.     2  x  10-6   cm/see  =

2.07  f€  year  was  considered  to  be  a  reasonable  average  value  for  the  tnajoricy

of  the  subcropping  units.    Using  a  gradient  of  -0.1.feet,   a  vol`me  of  3.7  x

105  acre-feet  per  year  was  computed,  which  was  equivalenc  to  a  rate  of  512

Cfs.    This  last  figure  Was  about  twice  the  total  calibrated  recharge  rate  and

Was  obviously  an  overes€imce  of  the  recharge  flux.    The  overestimate  probably

res`llced  frcD  the  f act  that  head  gradients  are  probably  not  negative

everywhere  over  the  subcrop.    A more  detailed  map  of  head  gradient  tlrill  have

€o  be  constructed  as  field Work  in  the  area  concinues.    However,  it  is  clear

that  a  localized  leakage  domain  posed  by  Fader  and  S€`illken  (1978)   gives  a

more  sat,is fac€ory  leakage  ccmponen€  than  a  generalized  uniform  leakage

model .
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Armrmlx  a:    The  Texas  Tech  Sceepesc-Descenc  Algorithm  (mowles,  L=± ±±. ,1972)

The  steepest-descent  op±imizacion  method  is  essencially  a  type  of

nonlinear  regression  technique  which  can  be  .|sed  to  idencify  unknorirn

parameters  of  the  two-dimensional  flow  equation.    Nonlinear  regression  is

necessitated  by  the  form  of  the  flow  equation  given  by  equation  (1 ) ,  which

cannot  be  explicitly  solved  for  hydraulic  head  h  in  terms  of  the  regression

parameters  hydraulic  conductivity  K,   specific  yield  Sy,  and  net  external

recharge  W.

Nonlinear  regression  is  based  on  itera€ive  solution  of  the  normal

equat.ions

dr+1   =   (Z:  W  Zr)-1   Z:  W(yr  -f )

where

dr+1  =  the  normalized  parameter  incremenc  vector  at  iteracion  ril

Zr  =  the  Sensitivity  matrix  at  iteracion  r

yr  =  the  Vector  of  estimated  dependent  variables  at  iteration  r

f  =  the  vector  of  true  dependent  variables

w  =  the  weighting  matrix,   usually  chosen  as  the  inverse  of  the

parameter  variance-covariance  matrix

The  steepest-descent  method  reduces  to  solution  of  the  equations

dr+1   =   Z=`(yr  -f)

for  an  identity  weighting  matrix  w  and  for  no  rotation  of  the  search  direction

€o  account  for  differences  in  the  sensitivi€ies,  a  rotation  generally
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performed  using  the  Z:  matrix.    Thus,  the  steepest-descent  solution  simply

involves  calculation  of  the  sensitivites  of  the  dependent  variable  with

respect  to  all  parameter  estimates  at  i€era€ion  r  and  calculation  of  the  error

in  the  dependent  variable  a€  iterat.ion  r.    The  sensitivities  are  measures  of

the  rate  of  change  in  the  dependent  variables  with  respect  to  changes  in  the

parameters.    Since  the  change  in  the  simulated  dependent  variable  is

equivalent  to  the  change  in  the  simulation  error  for  constant  elements  of  f ,

the  sensitivities  can  be  viewed  as  the  deriva€ives  or  slopes  of  the  error

surface  in  the  parameter  space  with  respect  to  the  parameters.     Thus,   each  row

of  Z  may  be  viewed  as  a  gradient  vector  for  a  given  nodal  error  surf ace  over

the  parameter  space.    The  steepest-descent  mechod  is  frequently  referred  to  as

the  gradient-search  method.

The  Texas  Tech  model  does  noc  involve  explicit  solution  of  the  normal

equations,  buc  instead  relies  on  direct  differenciation  of  the  finite-

dif f erence  equations  to  clef ine  the  slopes  of  the  error  surf ace  at  each  node

with  respect  €o  all  adjustable  parameters.    These  slopes  are  then  used  to

establish  the  direction  of  steepesc-descent  over  the  parameter  domain,  or  the

direction  in  which  the  greatest  amount  of  error  reduction  can  be  attained  with

the  least  amount  of  change  in  the  parameter  estimates.

Figure  a-1   illustrates  the  met.hod  used  in  the  Texas  model  €o

approximacely  clef ine  the  direction  of  steepest-descent  over  each  nodal  error

funccion.    For  the  two-dimensional  Ksy  parameter-space,   the  derivatives  of  the

error  function  with  respect  to  init.ial  K  and  Sy  est.ima€es  are  represented  by

BA  and  BE.    These  deriva€ives,  or  error  sensitivities,   can  be  projected  into

the  zero-error  plane  using  simple  trigonometric  principles.    The  direction  of

steepest-descent  can  be  determined  by  choosing  the  point  along AE  which

represents  the  least  total  in  change  in  dimensionless  parameter  units  over  the
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Figure  81.     Schematic  represencafion  of   the  method  used  to  define  the
steepest-descent  search  vector   (after  Knovles,   e€  al. ,1972)
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Ksy  space,   indicated  by  (K' ,S}).    Although  the  use  of  adjusted  parameters  K'

and  S}  does  not  necessarily  result  in  a  zercrvalued  error  d`iring  the

subsequenc  re-simulation  of  head  level,   it  does  cause  icerative  convergence  of

the  nodal  error  to  a  minimum  value  when  the  projection  is  repeatedly

applied.     Zero-valued  simulation  error  will  not  occur  in  most  instances  even

after  a  large  number  of  i€erations  unless  the  input  head  distribution  is

error-free,  which  is  unlikely  to  be  the  case.    The  projection  would  proceed  in

three  dimensions  if  W  were  included  as  a  parameter.

Error  derivatives,  or  sensiEivities,   are  decermined  by  taking  the

derivative  of  simulaced  head  with  respect  to  adjustable  parameters  K,   Sy,   and

W  using  a  Crank-Nicolson  finite-difference  approximation  of  equation  ( 1 ).     It

is  assumed  that  the  flow  equation  is  continuously  dif f erentiable  wich  respect

to  K,   Sy,   and  W.     It  is  also  assumed  that  all  three  adjustable  parameters  K,

Sy,   and W  are  independent  of  each  other,   implying  that  net  recharge  W  at  any

node  is  not  af f ected  by  the  value  of  K  or  Sy  at  Lhac  node  during  the

adjuscment  procedure.

The  resulting  set  of  sensitivity  equations,   since  they  involve  t.aking

derivatives  of  quadra€ic  unconfined  head  terms,  are  linear  in  head  and  can

theref ore  be  solved  using  the  Gaussian  elimination  method.     A  separate  system

of  equations

[A]      [8]     =    [C] (81)

is  solved  for  each  variable-head  node,  where   [8]   represents  the  vector  of

unknown  error  sensitivities  at  all  nodes  in  the  finite-cliff erence  grid  with

respect  to  parameter  changes  a€  the  variable-head  node.     Tbe  system  of

equations  can  be  greatly  simplified  by  assuming  that  only  t.he  nearest  12

io9



surrounding  nodes  are  affected  by  parameter  changes  at  each  central,  variable-

head  node.    This  may  not  be  a  valid  assumption  for  high-conductivity

situations,  where  cbanges  in  head  at  any  node  will  tend  to  affect  head  at  a

large  number  of  surrounding  nodes.    The  system  of  equations  is  further  reduced

by  considering  only  variable-head  node  sensitivities  within  the  12-node

influence  area,  since,  by  definition,   all  constant-head  nodes  are  insensitive

to  any  changes  in  parameters  and  head  levels  a€  nearby  active  nodes.

Sensitivities  of  constant-  and  zero-f lux  nodes  can  also  be  deleted  from  the  8

vector,   since  head  a€  these  nodes  can  be  systematically  related  to  head  at

adjacent  interior  active  nodes.    To  illust.rate  this  concept  for  zero-flux

nodes,  the  boundary  conditions

#,a  =  o

£,a  =  0

where  f2  denoces  the  boundary,   can  be  differentiated  with  respect  to

parameter  ¢

* (#, ,a  =  o

* (*) ,Q  =  o

Assuming  that  deriva€ives  of  head  h  with  respect  to  x,  y,   and  a  are

continuous,  then
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k (#, ,n  =  o

* (#,a  =  o

This  implies  that  sensitivity  of  head  at  a  no-f lux  boundary  is  constant  with

respect  to  space,  and  that  sensitivities  at  nodes  along  no-flux  boundaries  are

equal  to  sensi€ivities  at  adjacent  nodes  within  the  interior  of  the  model.

For  the  constant-flux  case,

*lQ=C1            ,         k,#,,a-0

*ln=C2             .          a=(8+BIQ=°

and  the  serisi€ivity  of  any  constant-f lux  node  is  again  equal  to  the

sensitivity  of  tine  adjacent.  interior  node.

Solution  of  equation  81   after  each  simulation  is  equivalent  to

simultaneous  solution  of  equation  81   and  equation  (1).     Mass-balance  is

maintained  during  the  adjustment  procedure  during preceeding  application  of

the  simulation  component  of  the  model.

For  the  Great  Bend  study,   i€  was  necessary  to  assign  certain  constraints

on  the  amount  of  parameter  variation  during  each  adjustment  iteration  in  order

to  prevent  divergence  of  nodal  simulation  error  from  the  local  minimum.     These

constraints  also  prevented  excessive  change  in  hydraulic  conductivity K,  to

which  simulated  head  is  only  slightly  sensitive.    In  addition  to  imposed

constraints  on  paramecer-adjustment  vectors,  minimum  and  maximum  parameter

values  were  also  assigned  in  an  ef fort  to  maintain  the  approximately
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homogeneous  conditions  which  had  been  observed  throughout  the  alluvial

aquifer.    Whenever  a  constraint  limited  the  value  of  any  adjusted  parameter,

the  remaining  paramecers  were  reduced  by  the  same  fraccion.    This  procedure

permitted  the  retention  of  the  original  sceepest-descent  search  direction.

The  parameter-adjustment  scheme  is  illustrated  in  Figure  8-2.    All  nodal

errors  are  intially  ranked  from  highest  to  lowest,   and  the  parameter

adjustment  procedure  is  perf ormed  ab  each  node  in  the  order  of  decreasing

simulation  error.    The  error  sensitivities  at  the  central,  maximum-error  node

and  at  all  12  surrounding  nodes  with  respect  to  current  parameter  est.ima€es  ac

the  central  node  are  calculated  using  equation  81,   and  the  direction  of

steepest-descent  at  the  central  node  is  approxima€ed  using  the  central-node

sensi€ivicies  and  the  projection  methods  outlined  previously.    If  any  bounding

constraints  are  violated,  the  parameter  associated  with  the  greatest  magnitude

of  violation  is  adjusced,  and  the  remaining parameters  are  adjusted  according

€o  the  same  proportion  of  reduction.    Afcer  the  final  parameter  search-vec€c)r

lengchs  are  specified,  the  sensitivities  of  error  at  all  13  nodes  to  central-

node  parameter  changes  are  used  €o  calculate  error  reductions  a€  the  13  nodes,

and  the  errors  are  reduced  according.ly.    Ranking  of  all  nodal  errors  in  the

model  area  is  repeated,  excluding  the  errors  a€  all  central  nodes  for  which

new  paramecers  have  been  clef ined,   and  the  entire  process  is  applied  €o  the

node  a€  which  the  next  largest  error  occurs.    All  nodes  with  errors  of  less

than  0.5  feet  were  excluded  from  any  type  of  parameter-adjustment  procedure.

The  Texas  algorithm  does  not  account  for  the  possibility  that  several

local  minima  in  the  squared-error  distribution  may  occur  within  the  f easible

parameter  region.    To  check  for  this  possibility,   i€  is  necessary  to  perform  a

series  of  numerical  experiments  involving  the  assignment  of  different  initial

parameter  guesses  and  comparison  of  final  parameter  estimates.
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Figure  82.     Flow.r  cliar€  of  the  steepest-descent  algorithm.
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APprmlx C:    Steepest-Descent Calibration Procedt]res  and Results

seeadrs€a€e Calibracion  for Distributed Hydraulic Condnctivicy and Net

Natural Recharge

A  distributed  set  of  hydraulic  conductivity  values  and  a  more  ref ined

distribution  of  natural  recharge  were  obtained  using  a  computerized  steepest-

descent  method  which  au€omacically  minimized  the  sum  of  squared  calibracion

error  through  simultaneous  adjustment  of  K  and  R.     This  ref ining  algorithm

involved  the  repeated  application  of  a  sequence  of  operations  which  included

solution  of  the  governing  finite-difference  flow  equations,  evaluacion  of

parameter  perf ormance  on  the  basis  of  errors  between  the  m6dif ied  pre-

developmenf  head  and  the  simulated  steady-state  head,   and  adjustment  of  nodal

parameters  using  sensitivity  analysis.    Modified  pre-development  head  and

bedrock  distributions  were  used  to  ini€ialize  the  simulation  of  head  (see

Figs.10  and  11).     As  for  the  USGS  st,eady-state  calibration,   constant-head

conditions  were  initially  used  to  describe  aquif er  behavior  at  perlrLeable

boundaries  and  rivers.    Since  all  parameters  obtained  from  the  steepest-

descen€  procedure  were  to  be  used  €o  predict  future  water  levels  according  €o

the  USGS  model,   i€  was  initially  assumed  that  the  USGS  and  Texas  model

simulated  equivalent  head  values  for  given  values  of  K  and  R.    The  equations

used  in  the  two  models  mere,   in  fact,  not  identical  due  to  differences  in  the

manner  in  which  conductivity  and  saturated  thicknesses  were  averaged  between

adjacent  nodes.

114



Initial Parameter Est_i_na_€es :

Unlike  the  OSGS  steady-state  calibration  procedure,  the  steepest.-descent

calibration  involved  simultaneous  adjustment  of  K  and  R  through  optimization

of  a  two-dimensional  parameter  space  rather  than  through  separate  adjuscment

of  K  and  R.     This  required  that  bounding  constraints  of  60  and  100  ft/day  be

placed  c)n  K  during  each  adjustment  i€eration  such  that  simulation  error  would

not  be  reduced  at  each  node  by  excessive  changes  in  K.     Such  excessive  changes

would  be  caused  by  decreased  sensitivity  of  simulated  head  tc>  spatially-

variable  hydraulic-conductivity  for  calibration  involving  heterogeneous

aquifer  conditions.    This  decreased  sensitivity  is,  in  fact,  predicted  by

equation  ( 1 )   for  spa€ially-variable  K.

Initial  attempts  to  assign  a  zero-valued  specif ic  yield  Sy  to  the  Texas

steady-state  calibration  resulted  in  divergence  of  the  simulated  head  from  the

modified  pre-develomen€  head  distribution.     Since  convergence  had  previously

been  obtained  during  the  USGS-model  steady-state  calibration  run  when  the  same

input  head  distribution  was  used,  it  was  originally  believed  that  the  choice

of  zero  for  specif ic  yield  resulted  in  an  ill-conditioned  head  sensitivity

matrix.    However,  this  possibility  was  rejected  after  double-precision

sensicivity  solution  f ailed  to  improve  convergence  characteristics  of  the

steepest-descent  procedure.

Figure  C-1   shows  the  sum  of  squared  simulation  error  for  a  steady-state

calibration  run  initialized  with  zero-valued  specif ic  yields  and  K  and  R

estimates  from  the  previous  USGS  steady-state  calibration.    Most  of  the

divergence  occurred  prior  to  any  parameter  adjustment  at  i€eration  0,   a€  which

a  s`]n  of  squared  error  in  excess  of  140,000  ft2  was  calculated.     The  problem

of  divergence  therefore  appeared  to  be  related  to  the  simulation  component  of

the  model  rather  than  to  the  steepest-descent  algorithm.    The  trend  towards  an
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Figure  C1.    Sun  of  squared  calibration  errors  vs  iteration  number  for  sy  =  o.o
using  steepest-descent  method.
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increasing  sum  of  squared  error  during  subsequent.  adjustment  itera€ions  was

actually  quite  weak,   demonstrating  that  the  paramecer-adjustment  technique  did

noc  signif ican€ly  contribute  to  the  diverging  trend.

The  mean  simulation  error  obtained  f or  the  calibration  attempt  appeared

to  oscillate  between  positive  and  negative  values,  suggesting  that  the  problem

of  overshooting was  potentially  responsible  for  the  observed  divergence.    It

was  eventually  recognized  that  the  Gauss-Seidel  iteracive  technique  used  to

solve  the  f low  equations  during  operation  of  the  Texas  model  could  not

accc)mmodate  underrelaxa€ion  of  the  solution  algorithm.     Use  of  an  underrelaxed

iterative  scheme  would  have  ef fec€ively  damped  down  the  severe  overshoocing

commonly  associated  with  the  large  head  changes  that  occur  under  forced

steady-state  conditions  when  Sy  is  chosen  to  be  zero.     The  problem  of

overshooting  was  further  reinforced  by  the  nonlinear  nature  of  the  finite-

difference  flow  equations.     The  requirement  to  input  nonzero  values  of

specif ic  yield  to  the  model  raised  some  serious  questions  as  to  how  these

values  of  Sy  would  bias  adjustments  in  conductivity  and  natural  recharge

estimates.    If  Sy  bad  been  allowed  to  vary  simultaneously  with  K  and  R,   the

final  head  would  probably  not  reflect  steady-state  conditions.     It  would  have

been  possible  to  simulate  after  each  adjustment  iteration  until  steady-state

conditions  were  attained,  but  this  was  considered  unacceptable  from  a

compu€ational  standpoint.    The  possibility  of  fixing  Sy  was  considered,  but

this  could  have  introduced  bias  into  K  and  R.     If  Sy  was  underestimated,

adjustmencs  in  K  and  R  would  have  been  excessive  because  simulated  head  would

become  more  sensitive  to  tnese  parameters.     An  attempt  was  made  to  use  a

generally-accepted  value  of  0.15  to  fix  Sy,  but  this  apparently  caused  a  large

amount  of  adjustment  in  K  and  caused  hydraulic  conductivity  to  be  set  equal  €o

its  upper  or  lower  conscraints  of  60  feet  per  day  and  loo  feet  per  day.     The
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Sy  value  of  0.15  was  probably  an  underestimate  of  actual  specific  yield.

Alternatively,  when  a  larger  specific  yield  of  0.20  was  fixed,  the  system  was

able  €o  absorb  head  errors  before  paramecer  adjus€men€s  were  even  performed,

and  K  and  R  were  scarcely  changed.     Attempt.s  to  increase  the  tine  increment  in

order  to  aid  convergence  to  steady-state  conditions  were  not  successful.

It  was  considered  inf easible  tc>  introduce  underrelaxa€ion  €o  the

itera€ive  solution,  since  operation  of  the  unmodified  optimization  model  cost

upwards  of  $40  per  run  on  The  University  of  Kansas  Series  60  Honeywell

computer  system.     1€  was  eventually  decided  to  use  the  unmodified  version  wich

nonzero  values  of  Sy.     Sy  was  initialized  with  a  value  of  0.15  and  was  allowed

to  vary  simultaneously  with  K  and  R.     The  estimates  of  K  and  R  from  the

previous  USGS  calibration  were  also  used  to  initialize  the  model.

Maximum  percent.age  changes  in  K,   Sy,   and  R  parameter  values,   or  parameter

search-veccor  lengths,   were  specified  as  10%,   5%,   and  10%,   respectively.

Choice  of  a  relatively  small  specific  yield  search  vector  ef fec€ively

prevented  excessive  changes  in  Sy  during  the  calibracion  procedure  and  focused

most  of  the  adjustment  on  changes  in  K  and  R.     Minimum  and  maximum  permissible

hydraulic  conductivity  was  chosen  to  be  60  ft/day  and  100  ft/day  in  an  effort

to  retain  the  approximately-homogeneous  characteristics  of  the  alluvial

aquifer.     MinimurL  and  maximm  specific  yield  values  were  assumed  to  be  0.05

and  0.20,  respectively.    No  bounding  cons€raihts  were  placed  on  natural  areal

recharge,   since  the  actual  recharge  values  are  poorly-known  and  such  limits

would  be  ill-clef ined.

Independence  of  R  with  respect  to  K,  which  was  implied  during

differenciation  of  the  flow  equation  with  respect  to  parameter  values  (see

Appendix  8) ,  was  assumed  to  be  a  valid  approximation  during  steady-state

calibracion  with  the  steepest-descenc  model.     For  the  small  values  of  R  which
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were  used  to  initialize  the  parameter  identifica€iori  algorithm,  the  assumption

that  R  was  only  slightly  influenced  by  K  probably  introduced  a  certain  degree

of  error  into  the  generated  distribution  of  R.

calibracion Resulcs :

After  ini€ializing  the  model  with  K  and  R  values  obtained  from  the

previous  USGS  calibration  and  wich  a  specific  yield  of  0.15,   the  steepest-

descen€  algorithm  was  applied  to  the  modif led  pre-development  water  table

using  10  one-year  iterations.    Figure  C-2  illustrates  the  change  in  the  s`m  of

squared  calibration  errors  with  respect  to  pre-.development  head  for  each

iteration.    The  minim`m  s`m  of  squared  errors  was  attained  at  the  seventh

iteration,  after  which  virtually  no  change  in  the  sim  was  observed.    This

minimum  sun  of  approximately  360  ft2  was  clearly  an  improvement  over  the  final

USGS  sum  of  21000   ft2  obtained  using  the  USGS  model.     However,   it  should  be

recognized  that  the  s`m  of  squared  errors  prior  to  any  type  of  parameter

adjustment  was   only  700   fc2   (see  Fig.   C-2),   compared  to  a  sum  of  21000   ft2

obtained  frcm  the  USGS  model  using  the  same  K  and  R  estimates.     It  was  assumed

that  the  use  of  a  specific  yield  of  0.15,   racher  than  an  Sy  value  of  0.00  used

for  the  USGS  steady-state  calibration,  was  primarily  responsible  for  the

discrepancy  between  the  sum  of  squared  error  otained  from  the  two  models.    The

head  distribution  used  to  calculate  the  sum  of  700  ft2  was  not.  in  st.eady-stace

because  of  the  use  of  a  non-zero  value  of  Sy,  while  the  head  used  to  calculate

the  21000  ft2  s`m  corresponded  to  sceady-s€ace  conditions  for  which  a  Specific

yield  of  0.00  had  been  assigned.

It  was  ass`]med  that `the  value  of  360  f±2  for  the  final  sum  of  squared

error  represented  the  minim`m  of  the  global  sum  of  the  squared  error  f unction

over  the  K-Sy-R  parameter  space,   since  the  steepest-descent  procedure  reduces
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Fig\ire  C2.     Sum  of  squared  calibration  errors  vs  iteration  number  fc>r
steepest-descent  steady-state  calibration.
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€o  a  nonlinear,least-squares  opcimiza€ion  problem  (Sorenson,1980).     Due  to

the  inclusion  of  parameter  constraints  on  K  and  Sy,   this  minimum  may  not

actually  be  a  global  minimum,  but  may  be  viewed  as  a  global  minimum  with

respect  to  the  defined  feasible  region  in  the  parameter  space.

The  possibility  that  another,   smaller  minimum  s`m  of  squared  error  may

have  existed  within  the  assigned  feasible  region  was  tes€ed  by  initializing K

at  65  feet  per  day  and  Sy  at  0.10.     Although  the  steepest-descent  procedure

required  an  almost  doiibled  number  of  itera€ions  to  converge,   the  final  sum  of

squares  stabilized  at  360  ft2,   implying  that  the  final  parameter  set  occurred

at  a  global  minimum  within  the  defined  feasible  region.

The  possibility  that  the  final,  simulated  head  distribution  did  not

conform  to  true  steady-state  conditions  was  next  considered.     When  the  final

values  of  simulated  head  and  adjusted  K,   Sy,   and  R  parameters  were  input  back

into  the  simulation  component  of  the  Texas  model,   the  head  distribution

converged  to  a  slightly  dif ferent  head  distribution  after  3  one-year  time

steps.     Figure  C-3  shows  the  change  in  the  sum  of  squared  simulation  errors

over  time,  where  simulation  error  was  defined  relative  to  the  'steady-s€ate'

head  obtained  using  non-zero  specific  yield  values  during  the  previous

calibration.    This  new  head  distribution  was  at  steady-state  to  within  0.01

feet,

Fig.ure  C-4  illus€races  the  frequency  distribution  of  calibration  errors

for  the  regenerated  steady-state  head  distribution,  relative  €o  the  modified

pre-development  water  table.    Calibration  of  the  model  using  the  steepest-

descen€  method  resulted  in  a  reduction  of  the  average  simulation  error  from

0.5  €o  0.2  feet  and  a  reduction  of  the  standard  deviation  from  5.5  feet  to  2.8

feet,   as  compared  to  the  statistics  of  the  USGS  constant-head  calibration.

Simulation  errors  for  the  steepest-descent  steady-state  calibration  roughly
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Figure  C3.    Sun  of  Squared  simulation  errors  vs  time  for  steady-state
convergence.
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Figure  C4.    Frequency  histogram  of  steepest-descent  steady-state  calibration
errors .



ranged  from  -14.0  feet  to  12.0   feet,   compared  to  a  range  of  -10.0  to  20.0  feet

for  the  previous  Uses  calibration.    The  spatial  distribution  of  error  is  shown

in  Figure  C-5.    Like  the  USGS  distribution  of  error,  most  of  the  larger  errors

occurred  in  the  southeastern  and  southwestern  regions  of  the  grid,  presumably

due  to  the  severe  reduction  of  large  gradients  in  these  areas  during  the  grid

coarsening  procedure.

The  final  sum  of  squared  error  relative  to  pre-development  head  was

reduced  to  5100  f€2,   which  anounted  to  a  roughly  4-fold  reduction  in  the  s`m

of  21,000  f€2  obcained  from  the  USGS  calibration.     Further  error  reduction  was

prevented  by  bounding  constraints  on  K  of  60   and  100  feet  per  day  and  probably

by  the  requirement  for  non-zero  specific  yields.    Tbe  symmetry  of  the

histogram  with  respect  €o  zero  drawdown  implied  that  errors  were  randomly

distributed  abouc  zero  and  could  possibly  be  atcribut.ed  to  measuremenc  error

and  to  the  random  errors  introduced  by  the  head-averaging  procedure  used  to

coarsen  the  grid.

Note  that  the  inicial  sum  of  squared  error  of  700  f€2  obtained  prior  to

any  parameter  adjustmencs  was  much  smaller  than  the  final  s`m  of  5100  ft2

obtained  after  adjus€ments  were  performed.     However,   the  simulated  head  used

to  calculate  the  former  sum  was  not  in  steady-state  due  to  specif ication  of

nonzero  specific  yields,  while  the  head  used  to  calculate  the  lacter  s`m

described  steady-state  conditions.    In  an  effort  to  prove  that  the  s`m  of  700

f€2  corresponded  to  transient  conditions,  a  25-year  simulation  was  performed

in  the  absence  of  aquif er  stress  to  obtain  steady-state  convergence  using  a

specific  yield  of  0.15  and  t.he  USGS  K  and  R  parameter  sets  which  resulted  in

the  initial  squared  error  of  700  ft2.    Steady-stale  conditions  were  attained

after  20  one-year  time  steps  using  an  error  closure  of  0.01  feet.     The  s`m  of

squared  simulation  error  relative  to  the  modified  pre-development  head
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coNTouR   oF   EQUQL   ERROR    VBLUE                   ----    MooEL   BouNoaRy

Figure  C5.    Spatial  distribution  of  steepesc-descent  sceady-state  calibration
errors   (feet).

125



increased  to  31,000  ft2.    The  fact  that  this  sum  was  not  equal  to  the  s`m  of

21,000  ft2  obtained  from  the  USGS  steady-state  model  with  equivalent  K  and  R

parameters  and  constant  head  river  and  boundary  conditions  was  attributed  to

dif ferences  in  the  averaging  procedures  used  to  define  average  in€ernodal

aquifer  properties.

Given  that  the  steady-state  squared  error  s`m  of  31,000  ft2  obtained

using  undefined  parameter  sets  was  much  larger  than  the  steady-state  s`m  of

5100  f€2  obtained  using  the  steepesc-descent  model,   it  is  clear  that  the

parameter-adjustment  algorit.hm  was  effective  in  obtaining  an  improved  s€ead]r

stale  distribution,  despite  the  requirement  to  use  nonzero  specific  yield

estinates.

When  the  final  steady-state  head  and  the  ref ined  par.ameter  distributions

obtained  frcm  the  steepest-descent  model  were  input  to  the  USGS  f ini€e-

difference  model,   the  head  which  was  regenerated  diverged  from  the  input  head

distribution.    Assuming  that  deviations  were  equal  €o  the  dif ference  between

the  steady-state  head  produced  by  the  optimization  algorithm  and  the  USGS

regenerated  head,   a  s`m  of  squared  deviations  in  excess  of  100,000  f€2  was

calculated.

1€  was  believed  that  such  excessive  divergence  of  head  could  be  primarily

attributed  to  the  dif f erences  in  averaging  mechods  for  T  and  saturated

thickness  which  were  used  by  bbe  two  models.     While  the  USGS  model  defines

in€ernodal  transmissivity  as  the  harmonic  mean  of  adjacent  nodal

transmissivities,  weighted  for  distance,  the  Texas  model  defines  average

internodal  hydraulic  conductivity  using  an  arithmetic  average  of  K  at  adjacent

nodes.    Furthermore,   saturated  thickness  at  any  given  node  was  averaged

spatially  and  temporally  in  the  Texas  mode,  but  was  defined  as  the  saturated

thickness  during  the  preceding  i€era€ion  ac  the  node  in  the  USGS  mc)del.
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Figure  C-6  depicts  the  adjusted  hydraulic  conductivity  distribution  for

the  st.eady-scate  calibracion  performed  using  the  Texas  model.     There  was  an

overall  tendency  for K  to  decrease  from  the  inicial  estimate  of  85  f eec  per

day.    Areas  within  the  ha€chured  contours  represent  regions  of  the  aquifer

with  hydraulic  conduc€ivities  of  between  60  and  70  feet  per  day.    The

smoothing  operation  whicb  was  required  to  produce  a  continuous  mapping  tended

to  reduce  larger  conduc€ivities  of  up  to  loo  feet  per  day  which  occurred  along

the  principal -stream  valleys,  where  the  desposits  are  younger  and  less

compacted.     This  disbribucion  was  later  averaged  with  K  distributions  obtained

during  transient  calibration,   and  then  smoothed  over  space  to  reflect  more

realistic  field  conditions.    Matrix  Listing #1  in  Appendix  E  contains  the

adjusted  conductivity  estimates  used  to  perform  the  mapping.    The  adjusted

natural  recharge  was  also  smoothed  for  mapping  purposes  and  is  shown  in  Fig.ure

C-7,  while  final  recharge  estimates  are  documented  in  Matrix  Ijisting  #2,

Appendix  E.

Figure  C-8  illustrates  the  steady-state  water  table  obtained  from  the

parameter-adjustment  procedure.     Comparison  with  the  superimposed  modified

pre-development  water  table  shows  that  the  regional  properties  of  the  s€eady-

state  f low  regime  were  reproduced  accurately  during  the  steepest-descent

calibration .

transient Calibra€ions

Transient  calibrabions  were  performed  for  the  1955,   1960,   and  1965  water

tables.     The  1970  and  1975  head  distributions  were  retained  for  purposes  of

indirectly  validating  the  calibrated  model  through  use  of  the  consumptive-

use    correction  factor  a  which  was  previously  described  in  the  section

concerning  trial-and-error  calibration  with  the  USGS  model.

127



CONTOUR    0F   EoufiL    CONDUCTIVITy                 ----    riooEL    B0UN0flRy

Figure  C6.     Distributed  hydraulic  conductivity  estimates  from  steepest-descent
steady-state  calibracion   (feet/day).
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CONTOUR    0F    EOuf]L    ERROR    VqLUE                  ----    MODEL    B0UN0flRY

Figure  C7.     Distributed  natural  recharge  estimated  from  steepest-desent
steady-state  calibration   (inches/year).
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Figure  C8.     Pre-development  potentiome€ric   surface  and  steady-state  water
table  from  steepest-descent  calibration   (feet).



Initial  values  of  K,   Sy,   and  W,  where  W  represencs  the  suri  of  natural

recharge  and  irrigation  withdrawals,  as  well  as  maximm  search-vector  leng€hs

and  limiting  parameter  or  variable  bounds,  were  held  conscan€  for  all

transient.  calibration  runs.    The  use  of  equivalent  parameter-adjustment

indices  effectively  ensured  that  the  K,   Sy,  and  R  parameter  sets  obtained

during  the  steepest-descent  calibration  procedure  would  be  similar  in  nature,

and  would  describe  approximacely  time-invariant  system  characteristics.

Modified  1955,1960,   and  1965  historical  water  tables  discussed  in  the  main

report  were  used  to  perform  the  transient  calibra€ions,  which  involved

variation  in  K,   Sy,   and  nec  recharge  W.

Calibration Errors :

Figiires  C-9  to  C-11   show  the  sum  of  squared  error  versus  inbera€ion

number  for  calibration  against  the  1955,   1960,   and  1965  head  data.     In  all

cases,  the  sum  of  squared  calibration  error  decreased  with  iteration  number,

indicating  that  the  steepest-descent  algorithm was  ef fective  in  reducing

discrepancies  between  the  modif led  historical  head  and  the  simulated  transient

head  distributions.

The  final  sum  of  squared  error  for  the  three  calibrations  was

consistently  between  400  and  500  ft2.     Examination  of  model  output  showed  thac

K  and  Sy  upper  or  lower  limits  were  reached  sometime  during  the  sixth

adjustment  iteration.    Due  to  the  fact.  that  adjustmen€s  in  total  net  recharge

W  were  terminated  as  soon  as  constraints  on  K  or  Sy  were  encouncered,   no

furcher  variation  in  the  s\m  of  squared  calibration  error  was  observed  after

the  sixt.h  i€era€ion.

The  distribution  of  calibration  error  over  t.he  study  area  for  the  three

calibrations  is  shotm  in  Figures  C-12  to  C-14.    Many  of  the  larger  errors
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Figure  C9.     Sum  ctf  squared  calibration  errors  vs.   icera€ion  number  --1955.
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Figure  C10.     Sum  of  squared  calibration  errors   vs.   iteration  number  --1960.
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Figure  Cll.     Sum  of  squared  calibration  errors  vs.   i€era€ion  number  --1965.



CONTOUR    0F    EOuf]L    ERROR    Vf]LUE                    ----    MODEL    B0UN0fiRY

++--'-  I-   Contour  value  less   than  or  equal  to   zero

Figure  C12.    Spatial  distribution  of  1955  steepest-descent  calibration  error
(feet) .



coNT0UR   0F   EOUBL   ERROR    VaLUE                   ----    rlooEL   B0UN0aRy

11 L-L   Contour  value  less  than  or  equal  to  zero

Figure  C13.     Spatial  distribution  of  1960  steepest-descenc  calibration  errc)r
( feet) .
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coNTouR   oF   E0Uf]L   ERROR   Vf]LUE                  ----   nooEL   BouNooRy

i_I__I-I__-Contour  value  less   than  or  equal   to   zero

Figure  C14.    Spatial  distribution  of  1965  Steepest+descent  calibration  error
( feet) .
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occurred  in  tne  vicinity  of  the  assigned  river  nodes,  suggesting  that  improper

placement  of  rivers  within  the  study  area  may  have  adversely  aff ected  the

calibracion  procedure.    The  assigned  river  nodes,  which  were  treated  as

constant-head  nodes  of  inf inite  storage  for  each  stationary  calibration

procedure,  may  actually  have  been  misplaced  in  areas  of  finite  storage.     In

addition,  errors  due  to  the  limitations  of  using  a  coarse  grid  to  simulate

steep,  local  hydraulic  gradients  €o  the  southeast  and  southwest  appeared  to

persist.

Calibration  for Hydraulic Conductivity:

An  initial,   uniform  hydraulic  conductivity  of  85  ft/day  was  assigned  to

each  calibration.    This  value  represented  the  optimal  conduccivity  obcained

during  the  USGS  trial-and-error  steady--state  calibration.     Conductivity  was

allowed  €o  vary  by  10%  during  each  adjustment  itera€ion,   and  was  constrained

€o  be  greater  than  60  ft/day  and  less  than  100  ft/day.     Since  it  was  ass\med

that  conductivity  is  a  time-invarian€  aquifer  parameter,  the  three  final  K

paramecer  sets  obtained  from  the  1955,   1960,   and  1965  head-data'  sets  were

averaged  with  the  K  distribution  shotm  in  Figure  C-6,   then  smoothed  with

respect  to  space  by  averaging  the  K  value  ac  each  node  with  non-zero

conductivity  at  eight  surrounding  nodes.    Figure  C-15  shows  the  final,

smoothed  conductivity  distribution  lacer  used  Co  simulate  aquifer  response.

These  values  are  shotm  in  Matrix  Listing  #3,  Appendix  E.
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CONTOUR    0F    EOufiL    CONDUCTIVITY                  ----    MODEL    B0UN0f]RY

Figure  C15.     Time-and  space-averaged  hydraulic  conductivity  estimates  from
transient  calibrations   (feet/day).



calibration for Specific Yield:

As  mencioned  previously,  development  of  the  alluvial  aquifer  has  not

appeared  to  have  introduced  signif icant  transient  effects  into  the  Great  Bend

aquifer  flow  regime.    Thus,  any  specific  yield  values  defemined  during  the

course  of  calibration  against  the  1955,   1960,   and  1965  water  tables  were

potencially  meaningless  in  the  context  of  the  governing  steady-state

conditions .

This  meaninglessness  is  related  to  the  fact  that,  in  the  limiting  case  of

steady-stale  conditions,  head  levels  are  completely  insensitive  to  actual

values  of  Sy  assigned  to  the  aquifer.    This  is  reflected  by  the  fact  that,  for

a  situation  in  which  no  change  in  head  occurs  in  the  aquifer,   the  definition

of  specific  yield  as  a  ratio  of  withdrawal  vol`me  to  aquifer-dewatered  volume

becomes  undefined  because  aquifer-dewa€ered  volume  is  zero.     Thus,   any  set  of

Sy  Values  could  be  used  to  describe  the  system,   since  the  error  of  the  S

es€imace  is  theoretically  infinice.    Thus,   steady-state  water  levels  cannot  be

used  to  identify  unique  sets  of  specific  yield  estimates.    The  indeterminate

nature  of  Sy  for  steady-state  conditions,  when  ah/a€  =  0,-is  predicted  by

equation   (1).

For  the  nearly  steady-scate  conditions  which  appear  to  have  prevailed

during  the  development  period,  it  is  clear  that  a  very  large  standard  error  of

escimabe  would  be  associated  with  each  Sy  parameter  obtained  from  the

steepest-descent  model.    The  great  insensitivity  of  the  slightly-perturbed

transient  head  daca  to  Sy  musc  therefore  be  kept  in  mind  if  the  values  of

specif ic  yield  published  in  this  report  are  to  be  used  to  predict  aquif er

response  under  the  more  pronounced  transient  condit.ions  expected  in  future

years .
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All  calibra€ions  were  initialized  with  a  uniform  specific  yield  of  0.15,

which  was  assumed  to  be  a  representative  value  for  the  unconfined,

unconsolidated  Great  Bend  alluvial  aquifer.     Fig.ure  C-16  shows  the  averaged,

smoothed  specif ic  yield  distribution  obtained  from  the  three  transient

calibrations.    Nodal  values  of  average  specific  yield  are  given  in  Matrix

Listing  #4,   Appendix  E.

Calibration  for  W:

Due  to  the  uncertainty  associated  with  rates  of  groundwater  withdrawal  Q

and  nacural  recharge  R,  both  sets  of  parameters  were  collectively  adjusted

through  adjustment  of  total  net  recharge  W.     The  R  matrix  from  the  USGS

steady-state  calibration  was  used  to  ini€ialize  the  natural  recharge  variable,

while  modifications  of  reported  pumpage  rates  were  used  to.  initialize  Q.     The

total  recharge-discharge  parameter  W  was  allowed  to  vary  by  10%  during  each

adjustment  iteration,  with  no  specified  limits  on  the  possible  values  of  W,

since  such  limits  are  not  known  with  any  certainty.

Unmodif led  reported  pumpages  Q  were  distributed  over  all  interior  nodes

and  then  added  to  the  corresponding  nodal  natural  recharge  rates.     Resolution

of  adjusced  W  into  R  and  Q  was  performed  after  the  final  W  parameter  set  was

obtained  by  assigning  all  posicive  W  values  to  R  and  all  negative  W  values  to

Q.    R  distributions  from  all  calibrations  were  averaged  for  later  use  during

the  verification  stage  (see  Fig.   C-17).     Averaged  precipitation  values  at  each

node  are  given  in  Matrix  I-iscing  #5,   Appendix  E.     The  adjusted  pumpages

obtained  after  decomposition  of  W  are  lisced  in  Appendix  E.

Differences  between  input  pumpage  Q  and  pumpagre  obtai.ned  after

decomposition  of  W  were  used  €o  define  a  relation  between  the  irrigation
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CONTOUR    0F    SPECIFIC    YIELD ----    MODEL   BOuNDaRy

Figure  C16.     Time-and  space-averaged  specific  yield  estimates   from  transienc
calibra€i ons .
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cONTOuR    OF    EOuaL    RECHfiRGE ----    riooEL   B0UNDORy

Figure  C17.     Time-and  space-averaged  natural   recharge  estimates   from
transient  calibra€ions   (inches/year).
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consumptive-use  correction  factor  a  and  reported  purnpages.     a  was  defined  to

be  the  ratio  of  the  adjusted  pumpage  rate  to  the  punpage  race  assumed  prior  to

adjustment,   and  represented  a  correction  factor  for  the  withdrawn  groundwater

which  was  eff ectively  removed  from  the  aquif er  through  evaportanspiration.     A

strong  linear  relacion  between  a  and  reported  Q  was  observed  when  calibration

was  performed  against   the   1955,1960,   and   1965   head  data   (see  F`ig.   C-18).     The

Correlation  coefficient  for  the  ct  vs.   annual  pumpage  relation  was  calculated

€o  be  0.99.     The  standard  error  of  estimate  for  a  was  determined  to  be  about

0.01.     Of  course,   i€  should  be  noted  that  the  regression  was  performed  only  on

the  basis  of  3  data  sets.    Despite  this  drawback,   and  for  lack  of  any  better

information,  the  regression  line  was  ass`med  to  represent  a  reasonable

relat,ionship  between  a  and  reported  pumpage  rates.     It  was  assumed  that  the

value  of  a    did  not  assymptocically  approach  a  value  of  1.0  within  the  range

of  pumping  rates  observed  during  the  development  period.    The  direct  relation

becween  a  and  the  reporced  pumpage  rate  is  somewhat  physically-based,   since  it

predicts  that  increases  in  irrigation  applicat.ions  would  cause  greater

consumptive  use  due  to  evaporation  from  accumulating  irrigation  pondage.    No

attempt  was  madLe  to  relate  changes  in  a  with  respect  to  time  to  temporal

variations  in  climatic  conditions  or  cropping  patterns.    Extension  of  the  line

to  zero  report.ed  pumpage  is,   of  course,  physically  meaningless.    a  values  for

the  1970  and  1975  reported  punpage  rates  were  read  from  the  line  and  were

later  used  as  input  to  a  25-year  validation  run.    It  was  believed  that

Prediction  of  a  Values  constituted  a  reasonable  verif ication  methodology  for

conditions  of  negligible  drawdown.
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Figure  C18.     c4  vs.   reported  pumping  rate.
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rodel Validation

Under  the  steady-state  condicions  which  appear  to  prevail  over  the  Great

Bend  alluvial  aquifer,   forlr.al  model  validation  could  not  be  performed.

Validation  essentially  involves  test.ing  the  model  under  conditions  which

differ  from  the  condicions  used  Co  calibrate  the  model.     Although  well

wit.hdrawal  rates  appear  to  have  been  increasing  with  respect  to  time  (see

Table  5),  these  races  still  represenced  negligible  stresses  on  the  aquifer

flow  regime.     Thus,   formal  model  verification  will  need  €o  be  performed  at

some  later  date,  when  pumping  stresses  begin  to  have  a  measurable  effect  on

hydraulic  head.

The  averaged  K  and  R  distributions  illustrated  in  Figures  C-6  and  C-7,   as

well  as  an  averaged  version  of  the  c=alibra€ed  specific  yield  distributions

obcained  from  transient  calibrations,  were  used  to  simulate  flow  over  a  25-

year  period  extending  from  1950  to  1975  using  five-year  pumping  periods.     The

consumptive-use  correccion  factor  c[ was  implicitly  incorporated  into  the

calibrated  Q  sets  for  the  1950  to  1965  simulation  period,  with  a  values  of

---------- 0.50-and  0.60   predicted  from  Figure  C-18   for   the   1965-1970   and  1970-1975

pumping  periods.     The  original,   reported  set  of  pumpages  was  assigned  tc>  Q  for

these  periods  and  was  explicitly  adjusted  for  consumptive  use  by  the

projected  a    values  during  the  simulation.     Head  was  initialized  a€  the  head

obtained  from  the  s€eady\.-state  optimizat.ion  calibration  after  i€  was

regenerated  to  remove  transient  per±urbacions  introduced  by  the  use  of  nan-

zero  specific  yields   (see  Fig.   C-8).     A  time-step  of  one  year  was  used  during

the  simulation  procedure.

The  const.ant-gradient,  variable-flux  algorithm  outlined  in  previous

sections  was  initialized  by  performing  nodal  mass-balances  at  the  boundaries

and  rivers  using  the  generated  steady-state  head  shown  in  Figure  C-8.
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updacing  of  boundary  and  river  fluxes  was  perfomed  every  year,  but  due  to  the

roughly  steady-scale  conditions  which  prevailed  during  the  development  period,

little  change  in  these  fluxes  was  actually  observed  during  the  25-year

s imulation .

Figure  C-19  shows  the  suln  of  squared  simulation  error  over  the  25-year

validation  peri6d.    The  results  of  several  numerical  experiments  indicaced

that  these  squared  error  sums  were  insensitive  €o  whether  smoothed  versions  of

the  parameter  sets  or  unsmoothed  parameter  distributions  were  used.

The  spatial  dis€ribucions  of  simulation  errors  for  each  5-year  pumping

period  are  illustrat.-ed  in  Figures  C-20  to  C-24.    Very  large  simulation  errors

tended  to  occur  near  the  boundaries,  where  constant-head  conditions  were

assigned  for  each  scat.ionary  calibration  procedure.     These  errors  were

probably  caused  by  misplacement  of  constant-head,   infinite-st.orage  nodes  in

areas  which  are  characterized  by  finite  storage.

The  fact  that  simulation  errors  were  so  much  larger  than  previous

calibration.  errors  leads  to  the  conclusion  that  the  generated  steady-state

head  levels  used  to  ini€ialize  the  simulation  and  the  transient  head  levels

could  not  be  related  through  time  in  any  meaningful  way.     Calibration  errors

could  be  made  arbitrarily  small  for  each  set  of  transient  head  data  because

the  calibration  procedure  did  not  involve  relating  head  levels  through  time.

However,  when  calibration  results  were  used  to  simulate  head  over  time,  the

tim-dependency  of  each  simulated  head  distribution  upon  the  preceding

simula+ed  head  distribution,   especially  between  1950  and  1955  when  the  initial

conditions  heavily  influenced  the  simulat.ion,  produced  large  errors  between

simulated  and  adjusted  transient  head  levels.    The  sum  of  squared  error  was

even  larger  when  observed  transient  head  levels  were  used  to  define  simulation
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Figure  C19.     Sum  of   squared  simulacion  errors   vs.   develc>pment  time.



CONTOUR    0F    EOuf]L   ERROR    Value                   ----    riooEL    B0UN0f]Ry

Figure  C20.     Spatial  distribution  of  1955  simulation  errors   (feet).
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CONTOUR    0F    EOUOL    ERROR    Vf]LUE                    ----    MODEL    B0UNOF)RY

Figure  C21.     Spatial   distribution   of   1960  simulation  errors   (feet).



CONTOUR    0F    EOuf]L    ERROR    VBLUE                    ----    MODEL    B0UN00RY

Figure  C22.     Spatial  distribution  of  1965  simulation  errors   (feet).
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CoNT0uR    oF    E@uBL    ERROR    Vf]LUE                     ----    riooEL    BouNoflRy

Figure  C23.     Spatial  discribution  of   1970  simulation  errors   (feet).
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CONTOUR    0F    EOUOL    ERROR    Vf]LUE                    ----    MODEL    B0UNDf]RY

Figure  C24.     Spatial  distribution  of  1975  simulation  errors   (feet).
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error.    It  was  clear  that  large  errors  of  escimate  for  Sy  were  primarily

responsible  for  the  distortion  of  time-dependency  between  steady-state  and

transienc  head  distributions.

For  situacions  in  which  transienc  head  data  is  accuracely  knoiirn,   the  use

of  projecced  consumptive+.use  correction  factors  represents  a  practical

verification  procedure  in  the  absence  of  measureable  syscem  transience.     From

a  management  poinc  of  view,   the  absence  of  significant  drawdown  in  the  aquifer

f low  regime  is  an  indication  that  groundwa€er  supplies  in  the  Great  Bend

alluvial  aquifer  are  not  in  immediate  danger  of  becoming  depleted.

S!!±a__Ty  of  Steepest-Descent Calibrafions

The  steepest-descent  optimization  algorithm  used  €o  ref ine  the  parameters

obcained  from  the  USGS  steady-state  calibration  reduced  the  surL  of  squared

error  from  21000  ft2  to  5100  ft2.     Further  reduction  was  probably  prevented  by

the  requirement  to  input  non-zero  values  of  specific  yield,  whic:h  tended  €o

introduce  transienc  perturba€ions  in  the  initial  head  obtained  from  the  Texas

model.    The  feasibility  of  modifying  the  algorithm  to  perfom--underrelaxa€ion

will  be  given  f urther  consideration  during  the  future  applications  of  the

optimization  model.     1€  is  likely  that  other  nonlinear  regression  models  which

have  been  specifically  designed  for  steady-state  calibration  will  instead  be

used  during  future  calibration  efforts  involving  steady-state_ head  data-

The  steepest-descent  algorithm,  which  is  based  on  the  assumption  of

transient  conditions,  did  not  present  any  problems  related  to  model  operation

during  transient  calibration,  when  non-zero  specific  yield  estimates  were

required  for  simulation  of  transieri.t  effects.    However,  under  the  steady-state

conditions  which  appeared  to  prevail  during  the  development  period,   the

specif ic  yield  distribution  was  nob  sensitive  Co  the  head  levels  observed
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during  this  time,  and  was  not.  considered  to  be  a  reliable  reflec€ioh  of

aquifer  storage  properties.    A  25-year  simulation  performed  for  validation

purposes  was  not  considered  entirely  successful.    Use  of  refined  parameter

distributions  for  K,   Sy,   R,   and  a  did  not.  of fer  any  improvement  in  the  sim  of

squared  simulation  errors  obtained  during  the  validation  stage  when  compared

€o  the  validation  results  obtained  from  the  USGS  model  using  unref ined

parameter  sets.    Large  validation  errors  were  primarily  associated  with  poor

Sy  estimates  obtained  from  historical  water  tables  that  were  not  inf luenced  by

significant  transienc  effects.
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