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EXECUTIVE SUMMARY

The Ogallala aquifer is one of Texas’ major aquifer systems. This study focused on the

art of the Ogallala aquifer that underlies 18 of the 21 counties of the Panhandle Water Planning

la N o)

Area (PWPA). In the past 50 years, water-level drawdown in parts of the unconfined aquifer has

been as much as 190 feet, or about 4 feet per year. Pumping rates for the next 50 years to 2050

_

lave been projected to be greater than previous rates, and additional drawdown is possible.

A numerical, or computer, model of the occurrence and movement of groundwater in the

~\

Dgallala aquifer was developed to predict future water-level changes. Model development was
part of a state-wide process of developing water-resource management plans under Senate Bill 1,
5th Texas Legislative Session. This model improved on previous models by (1) covering the
(gallala aquifer within most of each county in the PWPA with detailed resolution, (2) using as
much as possible spatially controlled geologic and hydrologic data, and (3) placing of the model
edges to minimize their effects on the area of interest in Texas. The model is intended to be used
as a tool to assess surpluses and deficits in aquifer resources and to evaluate water management
strategies that might address resource deficits.

The model was calibrated under two sets of conditions: “predevelopment” without
appreciable rates of pumping, and “current” conditions, representing 1950 and 1998,
respectively. The model (root mean square) error for the predevelopment calibration was about
04 feet and includes uncertainties due to the inherent model simplifications and approximations
of recharge, transmissivity, base-flow discharge to rivers and springs, and model geometry. The
model error for the 1998 calibration was about 74 feet. The somewhat larger model error for
1998 includes uncertainties associated with the predevelopment calibration and approximation of
specific yield, historical pumping rates, and return flow. These model errors represent less than 2
percent of the change in hydraulic head across the Texas part of the model. In much of the Texas

part of the model, the residual difference in hydraulic head is less than +50 feet.




Using groundwater demaﬂds projected by the Panhandle Water Planning Group (PWPG)

and the Texas Water Development Board (TWDB), the model predicts that by 2050 major areas

of the aquifer will have less than 50 feet of remaining saturated thickness and that parts of the

aquifer in Dallam, Sherman, Hartley, Moore, Potter, and Carson Counties may be dry. Details of

this prediction may not be realized because of the following:

* agoal of the PWPG in the area is that at least half the 1998 saturated thickness of the
aquifer will remain by 2050;

*  pumping rates were not decreased as water levels fell in this version of the model;

the model is not well calibrated for the extreme event of aquifer dewatering, so predicting
saturated thickness where the water table is near the base of the aquifer may have an error
greater than 74 feet.

The model can be used, however, to identify areas where there may be surpluses and deficits in

groundwater resources, to evaluate water-management alternatives, and to estimate what rates of

groundwater pumping in various parts of the PWPA would ensure the goal of groundwater

¢onservation districts is met. The model also may be used as an aquifer management tool to

gvaluate or compare proposed scenarios of groundwater development.

INTRODUCTION

Purpose and Objectives

The Ogaliala aquifer, which makes up the main part of the High Plains aquifer along with
adjacent and hydraulically interconnected older‘and younger formations, is the main source of
1gricultufal and public-water supply in much of the Texas Panhandle (fig. 1). Prediction of the
amount of remaining groundwatejr in the Ogallala aquifer over the course of the next 50 years is
an important part of managing thé aquifér’s resource and of developing regional plans to meet
future water needs. This report focuses on groundwater in the Ogallala aquifer in the Panhandle

Water Plannin\g Area (PWPA) (figs. 1, 2). Under Senate Bill 1, 75th Texas Legislative Session,




thé Panhandle Water Planning Group (PWPG) is charged with developing a regional water plan

for the PWPA. The regional plan will be used by the Texas Water Development Board (TWDB)

| iJn developing a state-wide water-resource management plan.

Preliminary estimates of water remaining in storage in the Ogallala aquifer in the PWPA

during 2000 to 2050 were made using a water-budget method, in which original water in place

was estimated using data in a geographic information system (GIS) and water inflow and |

outflow were added and subtracted in a spreadsheet (Dutton and Reedy, 2000). That preliminary

ﬂnalysis predicted that saturated 'éhickhess in the Ogallala aquifer in Dallam, Moore, Oldham,

Botter, and Randall Counties will decline to less than 50 feet by 2050. A numerical model of the

gccurrence and movement of grdu‘ndwater in the Ogallala aquifer was developed to

*  predict with more accuracy and precisfon the remaining Ogallala groundwater within
each county of the PWPA] given specific groundwater demands, and

» assess surpluses and deficits in Ogallala aquifer resources to meet demands.

Goals for developing this model were to provide a water-management tool that would
dover the PWPA area, set model boundaries having minimal impact on results in the area of
iﬁterest, and use measured hydrologic properties and other data to constrain model parameters
and ensure results are representative of aquifer conditions;

A preliminary version of the numerical model was reported in August 2000 (Dutton and
others, 2000). That version of the ’fnodél assumed a constant transmissivity, recharge that varied
with soil type, and no return flow. The model predicted that by 2050, appreciable barts of
Dallam, Sherman, Hartley, Mooré, Potter, and Carson Counties would have run out of
groundwater in the Ogallala aquifer or have less than 50 feet of saturated section. Dutton and
pthers (2000) stated that the accuracy of this predicktion was limited because pumping rates were
not decreased as water level fell and the model was not well calibrated for dewatering conditions
since transmissivity was held coﬁstant. It was also pointed out ihat groundwater conservation

~ districts in the area have the goalg of Iinﬁting drawdown so that at least half the 1998 column of

water in the aquifer will remain by 2050.




Between May and Octobejr 2000 additional work focused on revising the model to
improve accuracy of the prediction of 2050 water levels. Thé changes included (a) specifying
hydraulic conductivity and varying transmissivity with water level, (b) varying recharge with
precipitation rate as well as soil type, and (c) including estimates of return flow. This report
documents the final revised model. This report documents model construction and calibration
dnd use of the model to predict saturated thickness from 2000 to 2050, given consensus-based

 dstimates of future demand for groundwater.

CONCEPTUAL HYDROGEOLOGIC MODEL

Few regional aquifers have been as extensively studied as the Ogallala aquifer.
Computer, or numerical, models of groundwater flow have been important tools for managing
the groundwater resource and evaluating future changes in water level and saturated thickness.
At least 15 numerical groundwater flow models have been developed for different parts of the
Qgallala aquifer in Texas (Macc a‘nd Dﬁtton, 1998). Numerical models integrate much of the
known information on an aquifer, allow consideration of how the water-level response to
pumping is inﬁuenced by aquifer properties, and help identify what information and conceptual
understanding needs additional dévelopment. Each of the previous Ogallala models has had a
specific purpose and carried associated strengths and weaknesses.

On the basis of this previous work, a conceptuai model was developed for the occurrence
and movement of water in the Ogallala aquifer in the study area. This conceptual model was

used as a starting point for constructing the numerical model.

Water Resources and Water Demand

More water is pumped frc?m the Ogallala aquifer than any other aquifer in Texas. The

volume of water in the aquifer in the PWPA as of 1950 was estimated by the water-budget
‘ | ‘ \
method as approximately 307 million acre-feet of water (table 1). Estimates of average saturated




thickness of groundwater Qriginaliy in place in the Ogallala aquifer range from 20 feetin
Oldham County to 282 feet in Hansford County.-Satlirated thickness is less than 50 feet in parts
of several counties, for example, in much of Oldham County and in southwestern Randall
County (Knowlés and others, 1984, v. 3, p. 433).

The rate of groundwater withdrawal for irrigation markedly increased after 1950 (Texas

<

Vater Deyelopment Board, 1996; fig. 3). Historically, withdrawal for irrigation has made up
from 57 to 96 percent of the total groundwater demand (Dutton and Reedy, 2000). Average ;otal
annual withdrawal was greatest during the 1980s. During the 1990s the total >rate of withdrawal
aP)pears to have decreased to about 1.24 million acre-feet per year. Future demand, on the basis
of consensus-based projections and assuming water availability (Freese and Nichols, Inc., 2000),

5 expected to continue to increase but after 2000 at lower rates than in the past (fig. 3). This

o

assumes no future growth in demand for irrigation.

- Hydrostratigraphy :

The Ogallala Formation in the étudy area cdnsists of Tertiary-age alluvial fan, fluvial,
lacustrine, and eolian deposits defived frorh erosion of the Rocky Mountains (Seni, 1980;
Gustavson and Winkler, 1988). The Ogallala Formation in the study area unconformably
overlies Permian, Triassic, and other Mesozoic formations (Gutentag and others, 1984) and in
turn may be covered by Quaternary fluvial, lacustrine, and eolian deposits (table 2). Ogallala
sediments filled paléovalleys eroded into the pre-Ogallala surface (Seni, 1980; Gustavson and
Wi‘nkler, 1988). Deposition of the Ogallala Formation in some areas was contemporaneous with
dissolution of underlying Permian salt beds, fesulting in additional ground-surface subsidence
and increased accumulation of Ogallala sediment (Gustavson and Finley, 1985). At the
northwestern limit of the study aréa in northeastern New Mexico, the Ogallala Formation is also

mter‘bedded and locally covered with Tertiary-age volcanic deposits (fig. 1).




This depositional framewofrk of the Ogallala aquifer has resulted in lateral and vertical
heterogeneity. Aquifer heterogeneity is the spatial variability in properties that control the
occurrence and movement of groundwater, such as hydraulic conductivity and specific yield, and
i§ largely related to geologic features. Areas of the aquifer with a greater amount of sand and

ravel have greater hydraulic conductivity. The lower part of the formation tends to have more

()]

(@]

parse-grained sediment and greater hydraulic conductivity than the upper part. Within any

w»

ection, sediment bedding may slightly impede the vertical circulation of groundwater.
Gutentag and others (1984) advocated referring to the groundwater system in the study
area aé the High Plains aquifer, for two main reasons. First, groundwater can move between the
()gallala Formation and adjacent Permian, Mesozoic, and Quaternary formations, so the term
(gallala aquifer is inadequate to refer to the whole aquifer system. Second, it also may be noted

nat not all of the Ogallala Formation is saturated. The term “High Plains aquifer” addresses

[y

o+

hese issues and avoids using a formational name also as an aquifer name. Because the focus of

ot

his study is on grourrdwater in the Ogallala Formation, however, the term “Ogallala aquifer” iS
used in this report, following local usage.

The Ogallala aquifer is an unconfined aquifer; that is, volume of water in storage changes

o

y the filling and draining of pore or void space in the material that makes up the aquifer. The
regional water table marks the top of the‘saturated zone within the Ogallala aquifer.

The Ogallala Formation and overlying Blackwater Draw Formation underlie the High
Plains. Retreat of the edge of the High Plains surface has left a steep escarpment in most areas,
which is held up in part by an erosion-resistant caprock, a calicified soil layer that separates the
' Ogallala from the Blackwater Draw Formations (Gustavson and Simpkins, 1989; Gustavson,
1996). The other main physiographic feature in the study area is the Canadian River Breaks,

consisting of the dissected erosional drainage bordering the Canadian River.




Flow Paths

The conceptual model of flow paths in the Ogallala aquifer includes the following

understandings, hypotheses, and assumptions:

Under historical conditions, groundwater moved generally eastward in directions parallel
to the slope of ground surface. South of the Prairie Dog Town Fork of the Red River
(figs. 1, 2), flow is generally directed to the southeast (Knowles and others, 1984). In the
area between the Canadian River and Prairie Dog Town Fork, flow is generally toward
the northeast but follows an arcuate path curving toward either river valley. North of the
Canadian River, flow is generally to the east.

The drawdown of water levels in well fields such as the Amarillo well field in Carson
County locally changes the direction of regional flow paths.

The volume of flow within the Ogallala aquifer is large relative to the volume of cross-
formational flow at the base of the aquifer. The Ogallala aquifer is thought to be the
source of groundwater in the Triassic-age Dockum Group (Santa Rosa) that underlies the
Ogallala Formation beneath much of the High Plains (Dutton, 1995). Over geologic time,
downward movement of water out of the Ogallala around the perimeter of the High
Plains drives dissolution of Permian salt beds (Simpkins and Fogg, 1982; Dutton, 1990);
however, the rate of downward flow is low (Simpkins and Fogg, 1982; Senger and Fogg,
1987; Dutton and Simpkins, 1989; Dutton, 1995). There is evidence of upward
movement of water from underlying formations where chlorinity of groundwater is more
than 50 milligrams per liter in northern Carson and Gray Counties (Mehta and others, in
press).

Water levels in the aquifer in the northern part of the Texas Panhandle declined an
average of about 5.5 feet per year during 1960-80 (Knowles and others, 1984), although
there also was comparable water-level recovery in parts of the aquifer south of the

Canadian River.



Flow rates in the Ogallala aquifer between the Canadian River and Prairie Dog Town
Fork are estimated to be roughly 80 to 100 feet per year (Mullican and others, 1997).
Carbon-14 activity of six Ogallala groundwater samples in Texas ranges from 20.8 to 61
percent of Modern carbon, suggesting an average age of less than several thousand years
(Dutton, 1995). Local presence of naturally occurring tritium indicates that in places

some Ogallala groundwater is less than 50 years old (Nativ, 1988; Dutton, 1995).

Recharge and Discharge

The conceptual model of recharge and discharge is based on the following information

and assumptions:

The study-area climate is dry continental with moderate precipitation, low humidity, and
high evaporation. Precipitation decreases from east to west across the Texas Panhandle
from more than 22 inches per year to less than 16 inches per year, whereas potential
evapotranspiration increases (Larkin and Bomar, 1983).

Groundwater in the Ogallala aquifer is recharged from downward percolation of water
from the surface of the High Plains.

The distribution of recharge is poorly known; estimates range from 0.01 to 6 inches per
year (Mullican and others, 1997).

In much of the study area, runoff of surface water is not well integrated in streams, and
much of the runoff collects in playa basins. Playas can focus recharge to the aquifer
(Mullican and others, 1997).

Estimates of regional recharge rates are averages of the higher rates beneath playas and
lower rates beneath interplaya settings (Mullican and others, 1997).

Regional and local recharge rates may vary with the characteristics of the soils that

underlie playa and interplaya areas.



*  Return flow is the recharge to the aquifer owing to deep percolation of excess irrigation
water. An unknown proportion of irrigation water passes below root depth and out of the
reach of evapotranspiration. Luckey and Becker (1999) assumed that return flow
decreased from 24 percent during the 1940s and 1950s to less than 4 percent by the
1980s. Efficiency of irrigation application has continued to increase during the past
decades.

*  The time of travel between ground surface and the water table is unknown

* River bottomlands can be groundwater-discharge areas. Notable springs and seeps in
river valleys and along the High Plains Escarpment discharged at rates of 1 to 2 cubic
feet per second (cfs) (Brune, 1975).

*  Since water levels have fallen during the past several decades, the amount of spring flow
has decreased; some historical springs have ceased to flow.

*  Groundwater discharge continues to provide varying amounts of base flow to the
Cimarron, Beaver, and Canadian Rivers and to Wolf and Sweetwater Creeks (fig. 1). The
Cimarron River does not have perennial flow across the western side of the High Plains

(fig. 1; Luckey and Becker, 1999).

MODEL DESIGN AND APPROACH

Models are simplifications of groundwater flow and give only an approximate
representation of actual aquifer conditions. The accuracy and applicability of model results
depend on the selection of data and the assumptions made in building the model. A given model
result may be obtained from various nonunique combinations of input data. Model design and
calibration, therefore, attempt to constrain possible results.

Five general categories of information and decision making are involved in model
construction: (1) model architecture, (2) aquifer geometry, (3) boundary conditions, (4) aquifer

parameters, and (5) aquifer stresses such as pumping. Arclnfo/ArcView, a geographic



information system (GIS), was used to collect, organize, and map model data and assign values

to the model grid.

Model Architecture

Model architecture refers to the code, size of blocks, and the number of layers used in the
model. The choice of code is important to ensure that important processes in the aquifer are
represented accurately.

The governing equation for regional flow of groundwater derives from a water-balance

equation:
inflow — outflow = —div q — R* = S, dh/at, (1)

where div q represents any difference between the rates of specific discharge of water
(q, volumetric flow of fluid per unit time per unit volume) flowing into and out of a unit volume
of an aquifer, R* represents the volumetric flux of various sources and sinks of water such as
recharge (source) and extraction wells (sinks) per unit volume of an aquifer, Sy is specific
storage, and dh/dt expresses the rate of change of hydraulic head (h). Hydraulic head is an
expression of potential energy per unit weight of water. In this report the datum for hydraulic
head is mean sea level. Any imbalance in the left-hand side of equation 1 results in a change of
hydraulic head (h). The sources and sink of water as summed up in the R*-term are expressed in
the model as boundary conditions and aquifer stresses, as described in following sections.
Specific storage is a proportionality factor between the divergence or difference of water
inflow and outflow rates and the rate of change of hydraulic head. It measures the volume of
water released as a result of expansion of water and compression of the porous media per unit
volume and unit decline in hydraulic head. For an unconfined aquifer such as the Ogallala

aquifer, storage changes mainly by filling or draining of pore space.

10



Flow rates (q) are generallﬂ/ not directly measured in aquifers. Equation 1 is typically

“splved by factoring in the expression of Darcy’s law describing the flow of groundwater:
q=-Kgradh, o ©

where K is hydraulic conductivity, Wh‘ich expresses the ease with which Water moves through a
unit volume of the aquifer, and grad h is the gradient of hydraulic head in horizontal and vertiCal
irections. The negative sign indicates that groundwater movement is in the direction of }
decreasing hydraulic hea-d.‘

Combining equations 1 and 2 yields the general form of the governing equation for

groundwater flow:
— div(-K grad h) - R* = S oh/dt - (3a)
3k ). 2 2.2 )
a?c . dx ) dy| dy | dz| Oz (3b)
—R* =8, a_h
ot

where x, y, and z are Cartesian coordinates of the system and K,, Ky, and K, are the directional

o

ompon‘ents of hydréulic conductivity. This model of the Ogallala aquifer assumes only
horizontal flow and ignores the thifd term on the left-hand side of equation 3b. Multiplying both
sides of equation (3b) by saturated thickness (b) expresses the governing equation in terms of
transmissivity (T) and storativity (S). Transmissivity, which is the ease with which water moves
ﬁhrough a unit width of a column of an aquifer, is equal to the saturated thickness times hydraulic
¢onductivity: |

Kxb=T o (4a)
Similarly, storativity; which is eqiual to the volume of water released from a vertical column of
the aquifer per unit surface area of the aquifer and unit decline in hydraulic head, is equal fo the
saturated thickness of the aquiféf times specific storage:

Sgxb=S8 (4b)

11




Solving equation 3b for the distribution of hydraulic head in time and space also requires
specified values of initial and lateral boundary conditions. A numerical model represents an

pproximate solution to the flow equation, given a particular set of boundary conditions.

o

Constructing a numerical model involves specifying all of the parameters in equations 1 to 4 and

ot

111 the initial and boundary conditi‘ons. This study used MODFLOW (Harbaugh and McDonald,
1996) to solve the flow equation according to the finite-difference method (Anderson and |
Woekssner, 1992). MODFLOW is a tested and widely used groundwater modeling program.
Brocessing MODFLOW (version 4.00.5000; Chiang and others, 1998) was used as the modeling
interface to help load and package data iﬁto the formats needed for running simulations in
MODFLOW and for looking at simulation results.

MODFLOW simulates some sources and sinks of water using variations on a head-
dependent flux equation (Harbaugh and McDonald, 1996). Movement into and dut of the aquifer
at model cells, for example, those representing rivers and springs,ldepends OIl (a) the relative
difference in elevation between simulated hydraulic head and the hydraulic head prescribed for
the boundary condition, and (b) a‘conductanc‘e terrh that is a combination of hydraulic
gonductivity at the boundary and ;the dimensions of the boundary feature (Harbaugh and
McDonald, 1996). MODFLOW modules such as “river” and “drain” allow for prescribed
¢hanges in flux as water level changes. A MODFLOW mddule known as a “general head
boundary (GHB),” in which flux 1s always a linear function of the head difference, also was
used.

The model grid for the finite-difference model was defined by 256 columns and 188
rows. Rows were aligned west-to?east, and columns wefe aligned north-to-south. Cells or blocks
f the model were sQuare and 1 mile long on each side (1-square-mile area). The model grid was
projected in ArcView using the Albers equal-area projection. The‘Ogallala aquifer was simulated
d_s one layer; no vertical heteroge?neity within the Ogallala aquifer was modeled. There were

24,207 active cells representing the aquifer in the model.

12




{ Aquifer Geometry

Geometry of the model consists of the physical dimensions of the aquifer: the perimeter
of the modeled part of the aquifer and the topography of the top and bottom (figs. 4, 5) of the |
modeled layer. To move lateral boundary conditions away from the area of interest in Texas,

lateral boundaries to the west and east were set at the limit of the Ogallala Formation in New

'z

lexico and Oklahoma. The boundary to the north was set at the Cimarron River in Oklahoma
and Kansas. The boundary to the south crosses between the Canadian River and the Prairie Dog
Town Fork of the Red River (ﬁgs. 1, 2). Only those parts of Oldham and Randall Counties that
lie Within this area were included in the model. |

Aquifer geometry is probably the best characterized of all the input data. Ground-surface

—

bpography (fig. 4) was defined by a 1:250,000-scale digital elevation model (DEM) downloaded
froma U.S. Geologiéal Survey Internet site (ftp://edcftp.cr.us gs.gov/pub/data/DEM). Structure
af the bottom of the aquifer is defined by numerous wells. The elevation of the water-table
surface was based on measured water levels. Nonetheless, the water table and base of the aquifer
are not perfectly known, and data input to the model still required some simplification and
gpproximation. -

The base of the Ogallala aquifer was contoured using mapping tools in ArcView. This
involved creating triangulated irregular networks (TINs), gridding the TIN surfaces, and
assigning values to the model grid. The resulting contoured map is a reasonable representation of
negional trends but might not acéurately depictblocal features, especially where data are sparse.
Where well data on the base of the aquifer in Texas were sparse, contoured maps presented in
Knowles and others (1984, v. 2 and 3) for each county were digitized and used as breaklines in
the GIS triangulation process. Possible error is greatest where data on the base of Ogallala
aquifer are sparse, for example, 1n Hartley and Dallam Counties. Locally the elevation of the

base was lowered to ensure model cells repfesenting the predevelopment water level did not
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dewater. This adjustment was mainly in eastern Union County, New Mexico, and western
Dallam County.

Reported measurements of depth to water in wells in Texas were downloaded from the
TWDB Internet site (http://www.twdb.state.tx.us/Newwell/well_info.html). Information on
water levels and hydrogeologic properties of the Ogallala aquifer outside of Texas included
digital data used in a numerical model by Luckey and Becker (1999) and hydrogeologic data for
Quay and Union Counties, New Mexico (Berkstresser and Mourant, 1966; Cooper and Davis,
1967). The map of the “predevelopment” water table is based on the earliest reported
measurements within all areas. For example, in one area the first reported water-level data may
be for 1940, in another for 1960, and in another for 1970. This composite surface was assumed
to represent the “predevelopment” water table as of 1950. The map of the “predevelopment™
water table was contoured by hand; earliest data were given precedence and the initial water
level was assumed to be higher than later measurements. Uncertainty in depicting the 1950
“predevelopment” surface is assumed to be at least commensurate with other simplifications in
the model. The water table for 1998 is based on water-level measurements taken in 1997 and
1998.

Data control for both the water-table elevation and base of the Ogallala aquifer (fig. 5)
were generally good except as follows:

*  Water-level data were sparse in parts of several counties (including but not limited to
Lipscomb, Ochiltree, Oldham, Potter, and Randall Counties). Control points and break
lines were added in GIS to adjust the mapped water-table surface and calculated saturated
thicknesses to resemble those shown in Knowles and others (1984).

*  The base of the aquifer in the Ogallala Formation is not consistently mapped throughout
Dallam, Moore, and Randall Counties (Knowles and others, 1984, v. 2 and 3). For part of
these counties the mapped base includes formations underlying the Ogallala aquifer. This

overestimates the volume of water in storage in the Ogallala in these counties. In areas
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where well control was spe:lrse, maps of the base of the Ogallala presented in Knowles

and others (1984) were used to constrain the structure drawn in GIS.

Boundary Conditions

Numerical models solve the general equation of groundwater flow (equation 3b) with

[72]

patial boundary conditions and initial conditions (a boundary condition in time). Initial

(@)

onditions used in the model assumed that recharge and discharge for the Ogallala aquifer were ,

ear equilibrium (pseudo-steady state) prior to 1950, after which rates of pumping increased

=]

—

hroughout the region.
Spatial boundary conditions involve specifying inflow and outflow fluxes (R*, equations

and 3) across the top, bottom, and perimeter of the modeled aquifer. Boundaries may be

[u—

approximations of (1) physical conditions, such as the limit or pinch-out of the Ogallala aquifer,

@)

r (2) hydraulic conditions, such as groundwater divides and streamlines. Boundaries may also

be set at artificial positions, determined by neither physical nor hydrological features. Of the

ot

hree types, physical and hydraulic boundaries are preferable because they more accurately

—

epresent actual boundaries in the natural system. Artificial boundaries are generally used to
limit the upstream or downstream extent of a model to the area of intérest and are most
appropriate for steady-state models. They are appropriate in transient models if the variation of
water levels at the boundary is minimal over time and the area of interest is a sufficient distance

away from thé boundary. Several previous models of the Ogallala aquifer included significant

o

artificial boundaries. (Mace and Dutton, 1998).

This model of the Ogallala aquifer uses a combination of physical, hydrological, and

#&Jtiﬁcial boundaries, minimizing the extent of the last:

*  The limited amount of water that flows across the base of the Ogallala aquifer (a physical
‘boundary) was assumed to be negligible in comparison with the overall water budget.

The lower boundary of the aquifer, therefore, was defined as a no-flow boundary.
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The top of the model was assigned a constant rate of recharge (a hydraulic boundary) for
each stress period.

Recharge rates (fig. 6) were set as a function of precipitation and soil types (table 3).
Data on long-term average (1950 to 1990) precipitation were compiled from the National
Weather Service Internet site. These data were contoured and interpolated for the cells in
the model area. Initially recharge was assumed to vary linearly from 0.1 to 0.5 inches per
year where precipitation ranged from 16.5 to 22.5 inches per year, respectively. During
calibration the straight-line relationship between recharge and precipitation was changed.
The final version of the model has (1) a greater percentage of precipitation becoming
recharge on the wetter, eastern side of the study area than to the west, and (2) minimum
recharge set at 19 inches per year of precipitation. Further research on the relation of
recharge to precipitation is needed.

Recharge was also varied with soil type. GIS polygons of soil types were downloaded

from http://www.ftw.nrcs.usda.gov/stat_data:html, the U.S. Department of Agriculture

Natural Resources Conservation Service (USDA-NRCS) Internet database. The
numerous soil types were joined into eight groups (table 3). Groups 1 to 3 mainly have
loamy surface and subsurface soils, whereas Groups 4 to 7 have loamy surface but clayey
subsurface soils (Gustavson, 1996). Groups 1 and 2 roughly correspond to the extent of
the Ogallala Formation outcrop, especially south of the Canadian River. Group 8 is made
up of windblown sands (Eifler and Barnes, 1969) that are younger deposits than the
Blackwater Draw Formation (table 2). Recharge estimated from precipitation was not
changed (weighting factor of 1.0) for “Ogallala” soils. Recharge was decreased for
“Blackwater Draw” soils and increased for sandy Group 8 soils (table 3).

Groundwater recharge as calibrated in the revised model was less than 1 percent of
precipitation across about 72 percent of the model area. The other 99 percent is assumed
to have returned to the atmosphere by evapotranspiration or run off as surface water.

Groundwater recharge was set at less than 2 percent of precipitation across 92 percent of
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the model area but was between 5 to 6 percent of precipitation in 3 percent of the area.
The higher recharge rates were on sandy soils on the eastern, wetter side of the High
Plains.

Return flow was not included in the earlier version of the model (Dutton and others,
2000) since pumpage, return flow, and specific-yield calibration are interrelated and the
latter two are poorly known. Irrigation loss probably was large during the 1940s and
1950s (Luckey and Becker, 1999) but may have gone to increasing moisture content of
the unsaturated zone. During the past few decades irrigation losses have decreased.
Luckey and Becker (1999) assumed return flow is most likely to be less than 5 percent of
irrigation in the future.

Return flow was assigned in the revised model and varied with irrigation rate, loss rate or
inefficiency, soil type, depth to water, and velocity or rate of downward movement of
water from the root zone to the water table. Loss rate was initially taken from Luckey and
Becker (1999) and set equal to 24 percent for the 1950s and decreased to 2 percent since
the 1990s. To evaluate the sensitivity of model results to return flow, simulations also
were made with twice these loss rates. The same soil-weighting factors were applied to
return flow as to recharge from precipitation (table 3); less return flow was predicted
from irrigation on Blackwater Draw soils than on Ogallala soils. Depth to water was
approximated using preliminary model results without return flow. Depth to water
increases through time at most model cells, increasing the travel time for water to move
from the root zone to the water table. Accordingly, return flow may recharge the water
table later than the year in which irrigation was applied, and the delay or lag may
increase through time as depth to water increases. Finally, velocity of water through the
unsaturated zone was assumed to lie between 5 and 40 feet per year. Several simulations
were made to evaluate the sensitivity of model results to assumed velocities.

The perimeter was defined by physical and hydraulic boundaries. Most of the perimeter

of the Ogallala aquifer coincides with the limit of the Ogallala Formation where
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groundwater is discharged in small springs and seeps, or as evapotranspiration where the
water table is close to ground surface. This part of the boundary was simulated using the
“drain” package of MODFLOW (fig. 2). Luckey and Becker (1999) used 10,000 square
feet per day for drain conductance for grid-cell areas of 36 x 100 square feet. This model
proportionally decreased drain conductance to 7,744 square feet per day for its 27.8 x 106
square foot (1-square-mile) grid-cell area. Drain elevation was set to 75 percent of
saturated thickness, about 35 to 40 feet above the base of the aquifer.

Part of the northern boundary of the model follows the Cimarron River and included a
no-flow boundary and a river boundary (fig. 2). Along about the half of its course across
the study area, the Cimarron River has little or no perennial flow and is assumed to
coincide with a groundwater flow line (Luckey and Becker, 1999). This reach, therefore,
was treated as a no-flow boundary for all stress periods (fig. 2). On the northeast side of
the model, the Cimarron River in Kansas and Oklahoma was treated as a river boundary.
MODFLOW'’s “river” module was also used to represent the interaction of surface and
groundwater along segments of the Cimarron, Beaver, and Canadian Rivers and Wolf and
Sweetwater Creeks (fig. 2). The “river” module includes three parameters: river stage,
river-bottom elevation, and riverbed hydraulic conductance (table 4). Initial values of
river stage were set to 20 feet beneath the “predevelopment” water table to ensure river
segments were simulated as gaining streams for the predevelopment model. This
adjustment was needed because ground-surface elevation in each 1-square-mile cell is
averaged and does not represent surface elevation at the river. River-bottom elevation
was set 20 feet beneath the river stage. Riverbed conductance was initially set as a
function of how much the river channel meanders in the model cell, then adjusted as part
of model calibration to match reported regional rates of groundwater contribution to base
flow (table 4). '

MODFLOW'’s “general-head boundary” module was used to close the southwest side of

the model between the Canadian River and Prairie Dog Town Fork of the Red River (fig.

18



2). Boundary head was set to the predevelopment surface, and conductance was set equal

to the average hydraulic conductivity times cell width and divided by saturated thickness.

Aquifer Parameters

This model of the unconfined aquifer used a combination of measured and interpolated
values for aquifer parameters. Data for transmissivity, hydraulic conductivity, and specific yield
are typically sparse for model calibration. Parameter values for large areas of the models are
estimated or extrapolated. Hydraulic conductivity was assumed to be locally isotropic, that is, the
same in x and y directions within each cell. It was also assumed that the Ogallala aquifer is made
up of consolidated materials and that no compaction occurs with change in volume of water in
storage.

An earlier version of the model (Dutton and others, 2000) was calibrated with a specified
transmissivity; that is, transmissivity did not vary with water level. That model predicted parts of
the aquifer could dewater, an extreme condition outside of the model calibration. Additional
effort, therefore, focused on revising and recalibrating the model with specified hydraulic
conductivity. In the revised model, transmissivity varies with water level and decreases as
saturated thickness decreases.

To estimate hydraulic properties for the study area in Texas and expand upon previous
studies, we (1) compiled available information on aquifer properties or tests from published
reports and well records, (2) used specific-capacity information to estimate transmissivity and
hydraulic conductivity, (3) used statistics to summarize results, and (4) used geological maps to
“condition,” or map, values of hydraulic conductivity. A major improvement to hydraulic
properties over previous studies is the inclusion of specific-capacity information, which can
significantly increase the number of measurement points for an aquifer.

We compiled tests from Mullican and others (1997) and from the groundwater database

at the Texas Water Development Board (Texas Water Development Board, 1999). Mullican and
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others (1997) had information on 70 aquifer tests, which included high-quality specific-capacity
tests. We were able to cull data frdm an additional 1,271 specific-capacity tests in the TWDB
gr‘oundwater database. To estimate transmissivity and hydraulic conductivity from specific
capacity, we used an anaiytical technique developed by Theis (1963). Hydraulic conductivity

was determined by dividing transmissivity by the saturated thickness exposed to the wellbore

~

L,130 wells included inforfnationﬁ that allowed us to calculate saturated thickness).

Based on results from the Edata compilation and specific-capacity analysis, we found that
hydraulic conductivity for all the tjests in the Ogallala aquifer appears to be lognormally
distributed (fig. 7) with a geometric mean of about 14.8 feét per day and a standard deviation
that spans from 5 to 44 feet per day. A lognormal distribution means that the logarithms of the
vialues are normally distributed, and a geometric mean is the antilogarithm of th¢ mean of the
lpgarithms of the values. ‘ |

‘Semivariograms (see Clark, 1979; McCuen and Snyder, 1986) show that hydraulic

onductivity in the Ogallala aquifer is spatially correlated. Spatial correlation infers that points

(@)

that are closer together are more similar to each other than points that are further apart. Fitting a

W

pherical theoretical semivariogram to the experimental semivariogram resulted in a nugget of

A2 [log(ft/day)]z, asill of 0.22 [10g(fUday)]2, and a range of 140,000 feet. The range suggests

e

that hydraulic conductivity is spatially correlated within 140,000 feet (26 miles) in the Ogallala

oo

\quifer.

Hydraulic conductivity was assigned to the Texas part of the model on the basis of
depositional systems of the Ogallala Formation (Seni, 1980). Measured values of hydraulic
¢onductivity were posted and overlain on the depositional-systems maps. Contours and trend
lines from the depositional—systems maps were then used as a guide to contour the hydraulic-
conductivity data (fig. 8)>. Figure 7 compares the statistical distribution of the measured and final
salibrated distribution of hydraulic conductivity for the Texas part of the model. Hydraulic-
conductivity values for Texas an& adjacent parts of the model were pooled ﬁsing kriging. The

kriging parameters were based on a semivario gram for the Texas data and the 1-square-mile cell
!
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size. Only minor changes to hydraulic conductivity were made during model calibration.
(hanges were made in southern Hartley and northern Oldham Counties, Texas, and in eastern
Union County, New Mexico, where there were no available hydraulic-conductivity data.

Maps of specific yield were taken from Knowles and others (1984) and merged with cell

<

alues used by Luckey and Becker (1999) for the non-Texas part of the model. Grid center

alues of specific yield were interpolated using ArcView. Only minor adjustments were made,

<

for example, in eastern Union County, New Mexico, since calibration results could not be

appreciably improved by adjustiné specific yield within reasonable limits.

Pumping

Accurate estimates of water withdrawal by pumping can be crucial to highly accurate

=

nodeling of water-level drawdown (Konikow, 1986). Pumping rates affect the calibration of the

hodel and prediction of future water levels. Because there are few direct measures of historical

=

* pumping rates, pumping is generally estimated indirectly and may be a major source of
dalibration error in this and other numerical models. Errors in reconstructing pumping can be
attributed to both unéertainty. in total amount of pumping in a county and the allocation to
slpecific cells in a county (Mullican and others, 1997).

For 1950 to 1998, épproximately 54 million acre-feet of groundwater were simulated as

o

eing pumped from the Ogallala aquifer (table 5). This historical withdrawal was reconstructed

from several sources. Pumping for municipal, industrial, irrigation, livestock, mining, and power

-

1ses during 1958, 1964, 1969, and 1974 was taken from worksheets compiled for the Knowles

oo

ind others (1984) study. Pumping for 1980 to 1996 was tallied from a groundwater-summary
database compiled by the TWDB (Dutton and Reedy, 2000). Decadal estimates of irrigation
withdrawal for 1950 to 1997 also were made by the Texas Agricultural Experiment Station

TAES) on the basis of rainfall and irrigation efficiencies (Dutton and Reedy, 2000). Both
. |




'TWDB and TAES irrigation estimates were run. The TWDB estimates serve as a “worst-case”

estimate giving more predicted drawdown.

- For 1999 to 2050, approximately 82 million acre-feet of groundwater was simulated as

o

eing pumped from the Ogallala aquifer (table 5). Projected groundwater withdrawal for 2000 to

050 (table 5) was derived from the consensus-based estimates of water demand compiled by

[\

Kreese and Nichols, Inc. (2000). That projection of total water use by county is irrespective of

w»

ource of water (for example, surface water or groundwater, and Ogallala aquifer versus other

roundwater-bearing formations). Revisions to derive a table of projected withdrawals from the

e M (1)

Dgallala aquifer included subtracting out surface-water sources and groundwater supplied from
sources other than the Ogallala aquifer, and water produced in one county but supplied to meet
demand in another (Dutton and Reedy, 2000).

Projections of irrigation withdrawal from the Ogallala aquifer have been developed by

]

"AES for this project (Freese and Nichols, Inc., 2000) and by the TWDB as part of its statewide
planning. The TAES estimates are about 15 percent less than the TWDB values in 2000 but only

percent different by 2050 (Freese and Nichols, Inc., 2000). As irrigation withdrawal is

|\

projected to make up approximately 85 percent of total withdrawal, these differences have the
potential to impact model results, as stated in the opening paragraph in this section. Both sets of
numbers were run to compare the resulting predictions of saturated thicknesses and volumes of
groundwater remaining in the aquifer in 2050. The TWDB irrigation projections may be
¢onsidered more conservative in that their higher withdrawal rates may overestimate water-level
decline through 2050.

Average annual withdrawal for irrigation was greatest during the 1980s at approximately
1.5 million acre-feet per year (fig. 3). During the 1990s the total rate of irrigation withdrawal
appears to have decreased to about 1.2 million acre-feet per year. Irrigation water in 1997 made
up on average 86 percent of groundwater production from the Ogallala aquifer but ranged from
b9 percent for Randall County to‘: 98 percent in Dallam, Hartley, and Sherman Counties.

[rrigation withdrawal is projected to average about 84 to 92 percent of total water production
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from the Ogallala aquifer over theinext, 50 years. Irri gation rates for Texas as applied in the
model ranged about 0.17 to 0.52 acre-foot per year per acre during 1960 to 1998 and were about
0}44 acre-foot per yeér per acre fo; 2000 to 2050. For 1998 to 2050, about 99.5 percent of
simulated irrigation rates were less than 1.5 acre-feet per year per acre.

Irrigation withdrawal in the Texas part of the study area was distributed using ArcView
on the basis of results of a 1994 survey obtained in GIS format from the Texas Natural
Resources Information System (TNRIS). That database identified polygons with irrigated
acreage and specified the percente;ge of the polygon area under irrigation in 1994. We assumed
that the same pattern of irrigated acreage appllied for the entire modeling period (1950 to 2050).
Total county withdrawal ‘of groundwater for irrigation for a given year was proportionately
diétributed across the model grid to those cells with irrigated acréage. |
Withdrawal of groundwater for municipal use was distributed to moael cells using a
database from the Texas Natural Resoﬁrce Conservation Commission (TNRCC) Water Utilities

Division, which identified the nufnber, location, and drilling date of public water-supply wells in

D

ach county. Total municipal water pumping for each county was allocated equally among these

public water-supply wells. Groundwater pumping for industrial and stock uses was distributed

o

sing data from the TWDB on locations of industrial and stock wells and their drilling date.

~

}round‘waterb use related to powéf generation in Potter County was allocated to two cells
representing wells used by the Southwest Public Service Compahy (Gale Henslee, 2000,
personal communication). ! | '

Total withdrawal »assignec‘l to each model cell for each stress period was summed from a
database using a Visual Basic prdgram and loaded into the Processing MODFLOW utility.
Figure 9 shows the distriblition of simulated pumping for 1998. The same footprint of pumping
¢ells was used to simulate pumpirgg for 1998 to 2050; the proportion of withdrawal rates between
¢cells was maintéined. Historical and future water use in the study area outside of Texas,
Lndifferentiated by water-use category (fig. 3), was taken from digital files by Luckey and
Becker (1999). |
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Some model cells are predicted to go dry between 2000 and 2050, given these pumping

rates, as will be discussed. As the cells go dry, the model cells are made inactive and pumping

from those cells stops. The pumping allocated to those cells was not reallocated to remaining

active cells. Thus the final amount of pumping in the predictive model runs was less than the

consensus-based demand used as model input.

Model Calibration Approach

Once the model was constructed, the model was calibrated in two stages: steady state and

transient. Model calibration was evaluated by

comparing contours of the simulated and “observed” water tables for “predevelopment”
and 1998 periods,

mapping the residual of differences between simulated and “observed” water levels for
individual well locations, and

calculating the root mean square error of simulated versus observed hydraulic head
(Anderson and Woessner, 1992).

First, the calibration of the predevelopment model was based on reproducing the

estimated “predevelopment,” or 1950, distribution of water levels as follows:

During this first calibration stage, hydraulic conductivity, recharge rate, and parameter
values for drains and rivers were inspected to see whether any changes were needed to
improve the goodness-of-fit, or reduce model calibration error, calculated between
simulated and observed values of hydraulic head. Only slight changes were made to
hydraulic conductivity and recharge as previously discussed. The relation between
recharge and precipitation rates was changed from one to three straight-line segments; the
three segments may approximate a more complex relation between these two rates.

Additional recharge was added to Donley County.
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*  Drain parameters were adjusted so that simulated discharge around the perimeter of the
model would be consistent with historical observations of spring discharge (Brune,
1975).

*  River conductances were iteratively adjusted so simulated groundwater discharge would
match reported values of base flow (Luckey and others, 1986; Luckey and Becker, 1999).

*  The predevelopment model was run as a transient model over a 6,000-year simulation
time. Head changes after 6,000 years were found to be less than 0.01 foot. The 6,000-
year time was broken up into 60 stress periods with 400 to 600 equal time steps for model
convergence.

Second, the model was calibrated against water-level changes between 1950 and 1998.
Model input at this stage included (1) simulated steady-state hydraulic-head values, (2)
parameter values from the steady-state calibration (hydraulic conductivity, and drain and river
packages), (3) estimated pumping rates, and (4) recharge rate modified to include return flow.
This period is referred to as a “transient” period in that hydraulic head is changing in response to
pumping rates that also are changing: As pumping rates were interpolated to a yearly basis, each
stress period was 1 year. A stress period is a time interval in a model when all inflow and
outflow are constant. Transient calibration included the following steps:

*  After checking model calibration for 1998, model parameters for the predevelopment
simulation were readjusted as needed, for example, aquifer-base elevation along the
Texas—New Mexico border.

*  No changes to storage were made during model calibration. Coefficient of storage in an
unconfined aquifer, or specific yield, typically ranges between 0.05 and 0.3, which leaves
little room for parameter adjustment to improve model calibration. Uncertainty in
prescribing the distribution of pumping rates probably has a much bigger effect on model
calibration than error in specific yield, and it would be inappropriate to try to correct for

the pumping-rate error by pushing specific yield to unreasonable values.
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CALIBRATION

Steady-State Calibration

Steady-state calibration inﬂlolved adjusting hydraulic properties, recharge rate, and

parameter values for drains and rivers to reduce model calibration error. It is considered steady

w

[ate because pumping was left out of this version of the model to represent “predevelopment”

(@]

onditions. It was assumed that before pumping came to make up a significant amount of aquifer
discharge, recharge was balancediover the long term (tens to hundreds of years) by discharge to
springs and seéps in river valleys ;.nd along the escarpment.

There isa diréct relation b?etwéén recharge rate and hydraulic conductivity for the model.
If recharge rate were set higher in all or part of the model, hydraulic conductivity would have to
He increased to compensate and keep calibration error unchanged. It would take a higher
hydraulic conductivity to moye the greater volume of water recharging the aquifer and keep

simulated water level the same. This pattern was documented in sensitivity analyses by Luckey

nd Becker (1999, p. 52). |

o

Figure 10 compares the esﬁmated and simulated elevations of the “predevelopment”

water table. The picturé‘ of the “predevelopment” water table is imperfect becausé

e  data were composited fro;h a wide range of years to include the first recorded
measurements in different;3 areas of the model;

+  some amount of groundwater was already being withdrawn in each area of the model
when the earliest water leVels were being reported; and

* some areas have sparse data on water levels, and elevation of the water table is
extrapolated partly on thej basis of the shape of ground-surface topography.

The major features of the estimat?e,d and simulated water table (fig. 10) reproduce those depicted

by Knowles and others (1984) an}d Luckey and others (1986) for the water-table surfaces of the

irea; each study used a common bool of data. The major features are
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water-level contours generally strike north in the area north of the Canadian River, and
northwest in the area between the Canadian River and Prairie Dog Town Fork of the Red
River (fig. 10);

contours bend upstream across the broad valleys of the Canadian and Beaver Rivers,
indicating the tendency of groundwater to discharge to springs and seeps along the river
bottomlands;

contours bend upstream along the part of the Cimarron River simulated as a river
segment at the northeastern side of the model and are perpendicular to the model
boundary along the part farther upstream that was modeled as a no-flow boundary (fig.
2);

simulated groundwater discharge contributes about 66 cubic feet per second of base flow
to the Canadian River (table 6), consistent with historical trends (John Williams, personal
communication, 2000) and previous model results (Luckey and Becker, 1999);

contours bend slightly to the west in the vicinity of the model perimeter, reflecting the
influence of the “drain” package used to simulate discharge to springs and seeps.
groundwater discharge at springs and seeps around the model perimeter amounts to an
average of 0.06 cubic foot per second per cell, with 98 percent of “drain” cells having
discharge of less than 1 cubic foot per second and maximum simulated discharge of 2.1
cubic feet per second. As previously mentioned, notable springs discharge at rates of 1 to
2 cubic feet per second (Brune, 1975).

Contours of the simulated water table reasonably match the estimated, or “observed,”

predevelopment water table (fig. 10) across most of the study area. Areas of poor fit include the

Canadian River and Beaver River valleys, where uncertainty in the boundary values assigned to

riverbed conductance and stage height affect model results, and in New Mexico and along the

Texas—New Mexico border data are sparse for mapping the aquifer base and water table in New

Mexico, so it is possible that the estimated water table in that area includes appreciable error
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Figure 11a compares v'vatef levels measured for specific wells to the simulated water

lgvels calculated for correspondiné cells. The root mean square error of simulated versus

observed hydfaulic head (Andersdn and Woessner, 1992) is about 64 feet, and there is no evident

b]las. This error is less than 4 percent of the head drop across the Texas part of the model (1,750

0 2,525 feet), whereas a typical calibration goal is 10 percent for a numerical model.

} .
Figure 12 maps the calculated residual, or difference, between the reported and simulated

—

<

ater levels shown in figure 11a. Considerable effort was made to reduce the residual in

northern Union County, New Mexico, and to reduce its effect on results in western Dallam and

]

lartley Counties. Additional geologic research on the hydrogeology of the Ogallala aquifer in
| . .

Jnion County, New Mexico, and ﬁalong the Texas—New Mexico border would help improve

—

hodel results in the northwestern Texas Panhandle.

=

Saturated thickness of groundwater in the Ogallala aquifer in the study area was as much
as 700 feet in southwestern Kansgis and the Oklahoma Panhandle, but it was generally less than

00 feet in Texas under predevelopment conditions (table 7, fig. 13). Given that the top of the

(&)

saturated section is fairly smooth, much of the variation in saturated thickness is due to relief on
the base of the Ogallala (fig. 5). In Carson County, the thick accumulation of Ogallala sediments
reflects continued Tertiary-age deposition contemporaneous with ground-surface subsidence

ibove salt-dissolution zones (Gustavson and Finley, 1985). A zone of low saturated thickness

oo

gtriking northwest across horth-cc;ntral Carson County reflects the “ridge” on the base of the
Ogallala described by Mullican and others (1997). The thinnest saturated sections of the Ogallala

were in eastern New Mexico and around the perimeter or limit of the aquifer.

Transient Calibration

Many of the regional features of the predevelopment water table remain for the 1998
‘ .

water table (fig. 14), including the following:
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*  Contours on the 1998 Water table strrke north in the area north of the Canadian River and
arc from northwest to south-southeast in the area between the Canadian River and Pralrre
Dog Town Fork. | |

*  Contours still bend upstream across the broad valleys of the Canadian and Beaver Rivers,
as seen in the “predevelopment” wateerable surface.

. Contours bend upgradient jin the vicinity of the model perimeter, reflecting continued
influence of the “drain” package used to simulate discharge to sprirlgsand seeps,
although about 7 percent ef the springs have ceased to flow in the simulation.

There is generally good corresporrderlee between estimated and simulated contours of

water level for 1998 (fig. 14). It is hard to discern an overall change in calibration by comparing

water-level contours (figs. 10 versus 14) or even calculated residuals (figs. 12 versus 15),

so]

erhaps partly because calibrations for both 1950 and 1998 are fairly good. Figure 11b shows -
that the mean square error of calibration for 1998 is 74 feet. This is larger than the calibration

rror for the “predevelopment” water table because of additional uncertainties associated with

(@)

-

eturn flow, pumping rates, and specific yield. The mean square errors of calibration of the

(@)

arlier model (Dutton and others, 2000) were 37 and 54 feet for predevelopment and transient

nodels, respectively. The earlier model’s calibration was somewhat forced in that transmissivity

—

had been adjusted to improve rnodel fit. This revised model includes little parameter adjustment
dnd is a more “natural” model. Model error remains less than 5 percent of the head change across
the Texas part of the model.

Groundwater discharge to base flow is simulated as decreasrng by 15 to 52 percent to the
(,1marr0n and Beaver Rivers and Wolf Creek but not by much to the Canadian River (table 6).
Model results suggest simulated base flow to the Canadian River was largely unchanged
l])etween 1950 and 1998. ‘

Saturated thlckness decreased in the simulation from 1950 to 1998 (table 7; frgs 13, 16)
because withdrawal was much greater than recharge rate. The greatest decrease in saturated

thickness and greatest simulated drawdown of water levels between 1950 and 1998 in the model
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area in Texas were in Moore and S;herman Counties (table 7, fig. 17). The model also simulated -
amore than 100-foot decrease in Vjvater level in Amarillo’s Carson County well field (fig. 17).
V>olume of wéter in storagé was determined for model cells by multiplying saturated
thickness times cell area (1 square mile) and specific yield, and summe‘d for all cells in a county.
Averaged across all coﬁnties, the difference is 3 to 5 percent, but for individual counties the

calibration residual translates intoja difference in volume of 0 to 24 percent (table 8). The

)

ccuracy of the volume estimate for 1950 and 1998 depends on the same factors as did the

.

ccuracy of the water-table elevation (composite and sparse data, drawdown effects), plus

ccuracy of estimated and model-calibrated values of specific yield.

o

The magnitudc and effect of return flow remain poorly known. The difference between
nPaximum rate of return flow and no return flow accounts for less than 20 feet of drawdown
between 1950 and 1998, and not much more than 20 feet by 2050. Other model uncertainties
associated with hydraulic properties and pumping rate account for at least this much efror.

(omparison of observed and simulated hydrographs, therefore, does not suffice to back out the

=

nost likely rate of return flow. Return flow may be important to future water budgets in areas

[y

hat had high irrigation rates and low irrigation efficiency.-

MODEL PREDICTIONS

A main purpose of model calibration was to qualify a model for use in predicting the
remaining groundwater within each county of the PWPA from 2000 to 2050, given specific
groundwater demands. As previously stated, however, uncertainty in projected pumping rates
may be the most important factor in détermining the accuracy of water-level ’forecasts (Konikow,
1986). Célibration error related té allocating pumping to t00 many or too few cells of a model is
compounded if the projection of ﬁotal future pumping does not prove accurate. It is important,
therefore, to plan for future auditi% to see how well model results predicted water levels, and to

revise predictions on the basis of :revised estimates of future pumping rates.
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Average saturated thickness in 2050 is predicted to be more than 100 feet in 10 counties

in the model area and more than 200 feet in Hemphill and Roberts Counties (table 7). Given the

prescribed rate of pumping for the period from 2000 to 2050 and the other assumptions of the

calibrated model, however, water levels are expected to decline during 2000 to 2050 in all

counties (figs. 18, 19). Major changes predicted by the model include the following:

Although average saturated thickness in most counties in the PWPA is simulated to be
above 50 feet (table 7), there are areas within each county in which saturated thickness
falls to less than 50 feet (table 9, figs. 20 to 25).

Drawdown from 1998 to 2050 is predicted to be more than 150 feet in some areas

(fig. 19), given the forecast amount of pumping.

By 2020, parts of the model area in Oklahoma and Dallam and Potter Counties, Texas,
are predicted to begin to go dry (fig. 22). This finding is consistent with similar model
results obtained by Luckey and Becker (1999, p. 53-55).

By 2050, parts of Dallam, Sherman, Hartley, Moore, Potter, Carson, and Donley
Counties are simulated as being dry or having less than 50 feet of saturated section (fig.
25). The results for Donley County may be inaccurate since the predevelopment model
underestimated water in storage in the Ogallala aquifer in that county (fig. 13, table 8).
Parts of Oldham and Randall Counties, of course, have long had saturated thickness of
less than 50 feet. Table 10 tallies the percentage of counties in which saturated thickness
is less than half of the 1998 saturated thickness. More than 60 percent of Oldham County
had less than 50 feet of saturated thickness in 1998 (table 9). Even so, simulated
drawdown will leave at least half of that water through 2050 (zero values in table 10),
given forecast pumping rates.

The dewatered areas were determined by MODFLOW where simulated water level

reached the aquifer base. Model prediction of dewatered areas might not be accurate for several

reasons. Pumping rates were prescribed by consensus of what future demand will be (fig. 3),

rather than what the aquifer might sustain, and pumping rates were not decreased as water levels
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fell in this version of the model. As saturated thickness decreases, it may not be cost effective for
irrigators to operate large-capacity wells or multiple small-capacity wells. Also, groundwater
conservation districts in the area have the goal of limiting drawdown so that at least half the
1998 column of water in the aquifer will remain by 2050.

The model is better calibrated for simulating dewatering conditions than the earlier model
(Dutton and others, 2000). Transmissivity decreases as saturated thickness decreases. On the
other hand, the hydraulic conductivity tends to be greater in the basal section of the Ogallala than
in the upper section, so the effect of decreasing saturated thickness on transmissivity might be
partly compensated for by an increase in average hydraulic conductivity.

The withdrawal of groundwater predicted for 2000 to 2050, which is much greater than
the recharge rate, results in a further decrease in volume of water in storage in the Ogallala
aquifer (table 11). Volume in storage was calculated from simulated saturated thickness, model-
cell area, and calibrated specific yield. Volume of water in the aquifer is projected to decrease
from approximately 250 to 277 million acre feet in 1998 (table 8) to about 199 million acre feet
by 2050 (table 11). Dallam and Moore Counties are forecast to have on average less than half
their 1998 volume of water by 2050, given the TAES irrigation projections and the other
consensus-based demands. Sherman County is projected to have on average 52 percent of its
1998 water volume. Total volume of water, however, does not by itself completely describe the
availability of groundwater in 2050. Some areas within each county are predicted to have less
than half the 1998 saturated thickness (table 10), and there may be a marked deficit in
groundwater resources in parts of several counties (for example, Dallam and Moore) by 2050
(fig. 25), given the forecast pumping rates and other model assumptions. Also, as only parts of
Oldham and Randall Counties were included in the model, table 11 does not fully characterize
whether there is a county-wide surplus or deficit in water availability.

As previously stated, irrigation projections by TWDB are somewhat higher than those of
the TAES used in this study. Using the TWDB irrigation projections may give a so-called

“worst-case” scenario in which less groundwater would remain by 2050, owing to the greater

a2



withdrawal rates. In addition, the earlier model (Dutton and others, 2000) may overestimate
future drawdown relative to the results of the revised model. According to the earlier model
(Dutton and others, 2000), volume of remaining groundwater is projected to decrease to less than
180 million acre feet by 2050 using the TWDB irrigation values (table 12). In addition to
Dallam, Moore, and Sherman Counties, Carson County is forecast to have less than half of its
1998 groundwater volume remaining by 2050. The results of the earlier model may be taken as a

“worst-case” projection with higher pumping rates and greater simulated drawdown.

DISCUSSION

The most appropriate use of these model predictions is to
* identify areas where apparent supply of groundwater is adequate to meet forecast demand
through 2050,
* identify areas in each county where supply of groundwater might not meet projected
demand, and
*  point out areas where saturated thickness is predicted to be less than 50 feet (the model
calibration error), where there may be a need for water-supply alternatives, drought
contingency plans, and water-management strategies that might address resource deficits.
The predicted drawdown and decrease in saturated thickness shown in figures 18 to 24
assume no decrease in pumping rate as water levels fall, contrary to regulations of the
groundwater conservation districts, except where model cells are simulated to go dry. A water-
management goal of the groundwater conservation districts is to limit future drawdown so that at
least half of the 1998 saturated section will remain in 2050. The regional model of the Ogallala
remains not well calibrated for the extreme event of aquifer dewatering. The model was
calibrated for average hydrologic properties, which may differ from properties at the base of the

aquifer.
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There are various unCertairjlties associated with predicting exactly where the aquifer
nlight go dry if projected pumpingJ rates are sustained. Accordingly, rﬁodel predictions can be
used to identify areas where there fmay be surpluses and deficits ih water resources, but they
leould not be used to predict to the nearest square mile where the Ogallala aquifer might go dry.
A variety of water-management plans might be evaluéted by usihg the groundwater flow
model. Additional research is needed to reevaluate projected demand for groundwater, assess
surpluses and deficits in groundwr%lter resources, and identify water-management alternatives,
ir?cluding various spatial reallocat;ions of water withdrawal. The model also can be used to
further research recharge rates and to identify areas where additional data collection would help

improve model accuracy.
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