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Simulation of Ground-Water Flow in the Basin-Fill Aquifer
of the Tularosa Basin, South-Central New Mexico,

Predevelopment through 2040

By G.F. Huff

Abstract

The hydrology of the basin-fill aquifer in the Tularosa
Basin was evaluated through construction and calibration of
steady-state and transient three-dimensional ground-water-
flow simulations. Simulations were made using the U.S. Geo-
logical Survey finite-difference modular ground-water-flow
computer software MODFLOW-96. The transient simulation
covered 1948-2040. Both steady-state and transient simula-
tions were calibrated by matching simulation output to avail-
able ground-water-level measurements. The root-mean-square
error of the steady-state calibration in the well-calibrated
area of the ground-water-flow simulation was 6.3 meters, and
root-mean-square errors of individual transient-calibration
points ranged from 0.8 to 17.0 meters. The areal distribution
of water-level measurements used in the steady-state and tran-
sient calibrations restricts the well-calibrated area of the model
to the eastern side of the Tularosa Basin. Water levels in the
La Luz Creek subbasin area were underestimated by both the
steady-state and transient models, suggesting that the hydrol-
ogy of this area is not well represented in the model.

About 143,000 cubic meters per day of recharge is esti-
mated to enter the basin-fill aquifer from subbasins that rim
the Tularosa Basin. The estimated recharge is about 4-5 per-
cent of total precipitation in most subbasins. Approximately
88 percent of total recharge left the basin-fill aquifer as evapo-
transpiration under predevelopment conditions.

Water levels were simulated for 1948, 1995, and 2040
under scenarios of zero and maximum return flows. Estimated
return flows from municipalities were calculated on the basis
of data in the Tularosa Basin Regional Water Plan for 2000-
2040. Agricultural return flows were estimated primarily on
the basis of ground-water-withdrawal, ground-water-depletion,
surface-water-withdrawal, and surface-water-depletion data
for the Tularosa Basin. The ground-water-flow simulation
was sensitive to the return-flow scenario in the agricultural
area near Tularosa and decreasingly sensitive to the south.
Declines in simulated water levels near Tularosa between 1948
and 1995 were as large as 30 meters under the zero return-
flow scenario and 15 meters under the maximum return-flow
scenario. Declines in simulated water levels between 1995

and 2040 were as large as 25 meters under the zero return-
flow scenario and 15 meters under the maximum return-flow
scenario. Comparison of water levels measured near Tularosa
in 1991 and water levels simulated under the maximum return-
flow scenario for 1991 suggests that declines in simulated
water levels near Tularosa may be overestimated under the
zero return-flow scenario. Declines in simulated water levels
near the City of Alamogordo well field between 1948 and
1995 were as large as 15 meters under the zero return-flow
scenario and 10 meters under the maximum return-flow
scenario. Simulated declines in water levels between 1995
and 2040 were nearly 15 meters under both return-flow
scenarios assuming that all projected increases in withdrawal
came from existing City of Alamogordo public-supply wells
and all withdrawal from the wells came from the basin-fill
aquifer. Declines in simulated water levels near the Hollo-
man Air Force Base well fields between 1948 and 1995 and
between 1995 and 2040 were less than 5 meters under both the
zero and maximum return-flow scenarios. In 1995 under the
zero return-flow scenario, an estimated 56,000 cubic meters
of water per day was removed from aquifer storage. Of the
approximately 199,000 cubic meters of water per day that left
the aquifer under 1995 conditions, 40 percent left the basin-fill
aquifer as ground-water withdrawal, 51 percent as evapotrans-
piration, 7 percent by interbasin ground-water flow into the
Hueco Bolson, and 2 percent by flow into creeks and springs.

Generalized directions of ground-water flow were simu-
lated for 1948, 1995, and 2040 for much of the eastern part of
the Tularosa Basin. Localized areas of change between simu-
lated 1948 and 1995 flow directions and between simulated
1995 and 2040 flow directions are present near the City of
Alamogordo well field and the Holloman Air Force Base well
fields.

Introduction

Scientific hydrologic study of the Tularosa Basin began
in 1911 with the work of Meinzer and Hare (1915). In 1911,
railroad and agricultural activity had already begun in the
Tularosa Basin; however, development was minimal. Popula-
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tion growth and concurrent development in the intervening
years have stressed water resources in the Tularosa Basin.

In October 1996, the U.S. Geological Survey (USGS) in
cooperation with Holloman Air Force Base and the City of
Alamogordo, New Mexico, began a study to evaluate the
hydrology of the Tularosa Basin to estimate rates of ground-
water recharge and to determine the effects of current and
anticipated water use. To accomplish these goals, steady-state
and transient ground-water-flow models of the non-saline part
of the basin-fill aquifer in the Tularosa Basin were constructed
and calibrated.

Purpose and Scope

This report documents the construction and calibration of
three-dimensional finite-difference basinwide steady-state and
transient ground-water-flow models of the Tularosa Basin and
describes simulated ground-water flow in the non-saline part
of the basin-fill aquifer. For the purpose of this report, the non-
saline part of the basin-fill aquifer is that which contains water
having dissolved-solids concentrations of 10,000 milligrams
per liter (mg/L) or less. The model simulates steady-state
initial conditions represented by water levels measured mostly
in 1911-12, historical responses of water levels to hydrologic
stresses for 1948-95, and simulated responses of water levels
to projected future stresses to 2040.

Study Area

The Tularosa Basin is a downfaulted, arid to semiarid
area covering about 17,000 square kilometers of south-cen-
tral New Mexico (fig. 1). Median annual precipitation in
Alamogordo is 28.3 centimeters (11.2 inches) per year based
on 96 complete years of annual precipitation data collected
between 1900 and 1999 by the National Oceanic and Atmo-
spheric Administration and tabulated by Barud-Zubillaga
(2000, p. 11). Lake evaporation near Alamogordo is approxi-
mately 75 inches per year (0.0052 meter per day) (U.S. Bureau
of Reclamation and the State of New Mexico, 1976). The
basin is bounded on the east by the Sacramento Mountains;
on the west by the Organ, San Augustin, San Andres, and
Franklin Mountains; on the north by Chupadera Mesa; and
on the south by a low topographic rise near the New Mexico-
Texas State line that separates the Tularosa Basin from the
Hueco Bolson. Large parts of the Tularosa Basin are occupied
by White Sands Missile Range, White Sands National Monu-
ment, and Holloman Air Force Base. The principal city in the
Tularosa Basin is Alamogordo; smaller communities include
Carrizozo and Tularosa. The area of the current study is that
part of the Tularosa Basin that contains the basin-fill aquifer.
The southern boundary of the study area coincides with the
northern boundary of the Hueco Bolson, in which ground-
water flow was described by Heywood and Yager (2003).
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Geohydrology

A representative ground-water-flow simulation needs to
be based on known geologic and hydrologic properties of the
simulated aquifer. Geologic and hydrologic properties and
processes in the Tularosa Basin are discussed in the following
sections.

Geology

The Tularosa Basin is a downfaulted intermountain
closed basin formed by faulting along the southern Rio Grande
Rift. The basin may represent the easternmost faulting associ-
ated with the Rio Grande Rift in New Mexico (Seager and
Morgan, 1979; Keller and others, 1990; Adams and Keller,
1994). Formation of the Tularosa Basin likely began about
35 million years ago (Chapin and Seager, 1975; Seager and
others, 1984; Morgan and others, 1986; Keller and others,
1990) with movement along faults adjacent to the Sacramento
Mountains. Recent faulting occurred about 10,000 years ago
(Koning, 1999; Koning and Pazzaglia, 2002). The result of
faulting was the exposure of rocks of Precambrian to Tertiary
age in escarpments surrounding the basin floor. These same
rocks form the bedrock that underlies the basin fill. The basin
fill is derived by erosion of the uplifted terrain surrounding
the basin and fluvial deposits of the ancestral Rio Grande.
Unconsolidated coarse- to fine-grained coalescing alluvial-fan
deposits rim the basin and grade basinward into finer grained
alluvial, fluvial, and lacustrine deposits. Evaporite minerals,
principally selenite, occur near Lake Lucero (fig. 1).

Aquifer Properties

McLean (1970) and Orr and Myers (1986) provided
extensive discussions of the hydrogeology of the Tularosa
Basin. The various lithologies of the basin-fill deposits collec-
tively form the basin-fill aquifer. The thickness of the basin-fill
aquifer ranges from less than 30 meters over areas of uplifted
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bedrock to greater than 1,200 meters. Structurally, the Tularosa
Basin is divided longitudinally by a bedrock high with north-
trending eastern and western grabens (fig. 2) (McLean, 1970;
Healy and others, 1978; Seager and Morgan, 1979; King and
Harder, 1985; Adams and Keller, 1994). Water-level maps of
Meinzer and Hare (1915), McLean (1970), and Livingston
Associates and John Shomaker and Associates (2002) indicate
that the bedrock high apparently does not inhibit movement

of ground water in the basin-fill aquifer. No areally extensive
confining unit is recognized in the basin-fill aquifer.

Values of transmissivity and storativity estimated from
aquifer-test results were tabulated by Garza and McLean
(1977, table 10), Orr and Myers (1986, tables 1 and 2), and
Morrison (1989, table 1). Reported estimated transmissivities
for the basin-fill aquifer range from approximately 1,370 to
2,700 feet (127 to 251 meters) squared per day near the eastern
margin of the basin to approximately 1,000 to 5,000 feet (93 to
465 meters) squared per day near the western margin of the
basin. Outlier values of transmissivity as large as 20,000 feet
(1,858 meters) squared per day and 79,000 feet (7,339 meters)
squared per day have been reported for the basin-fill aquifer
near the eastern and western margins of the basin, respec-
tively. Values of transmissivity on the eastern side of the basin
obtained from ground-water-flow model calibrations range
from approximately 2,000 to 6,000 feet (186 to 557 meters)
squared per day for aquifers in alluvial-fan materials to
approximately 500 to 1,000 feet (46 to 93 meters) squared per
day for aquifers in more basinward deposits (Burns and Hart,
1988; Morrison, 1989, table 1). Values of hydraulic conduc-
tivity estimated from aquifer tests in the Holloman Air Force
Base well fields range from 6 to 23 feet (1.8 to 7.0 meters) per
day (Orr and Myers, 1986). Estimates of hydraulic conductiv-
ity range from 1.0 to 15 meters per day (with an outlier value
of 71.5 meters per day) for the basin-fill aquifer in alluvial
deposits near the western margin of the basin to 0.05 to
0.2 meter per day in more basinward fine-grained lacustrine
deposits (Orr and Myers, 1986). Storativity of the basin-fill
aquifer on the eastern side of the Tularosa Basin ranges from
0.001 to 0.04 based on aquifer tests and from 0.01 to 0.12
based on numerical simulation (Morrison, 1989, table 1).
Reported values of specific yield for the basin-fill aquifer are
0.15 near the White Sands Missile Range Post Headquarters
(Kelly and Hearne, 1976) and 0.08 to 0.12 for the basin-fill
aquifer in the Holloman Air Force Base well fields (McLean,
1970; Ballance, 1976; Garza and McLean, 1977). Frequent
clay intervals in the basin-fill aquifer cause a “very small ratio
of vertical to horizontal hydraulic conductivity of basin-fill
deposits” (Orr and Myers, 1986, p. 7).

Ground- and Surface-Water Flows

The Tularosa Basin is a closed basin with no through-
flowing surface-water features. Streams sustained by ground-
water discharge within the basin include Salt Creek and
Malpais Spring (fig. 1). Perennial streams in the surrounding

elevated terrain exist only in a few areas within the higher
elevations of the Sacramento Mountains (U.S. Bureau of Rec-
lamation and the State of New Mexico, 1976). The location
of subbasins in the elevated terrain surrounding the Tularosa
Basin that potentially contribute recharge to the basin-fill
aquifer is shown in figure 3. Recharge enters the basin-fill
aquifer by infiltration of intermittent surface-water flows into
coarse sediment near the proximal end of alluvial fans and as
underflow along stream channels associated with larger sub-
basins (McLean, 1970; Burns and Hart, 1988; Risser, 1988;
Morrison, 1989, p. 31-35). Recharge in the Tularosa Basin
has been estimated to be 4 to 7 percent of total precipita-

tion in subbasins near Holloman Air Force Base well fields
(Hood, 1958; Ballance, 1976), 1 percent of total precipita-
tion (not including surface-water infiltration) in the Tularosa
Creek drainage (Garza and McLean, 1977), approximately 1
percent in the northern part of the Tularosa Basin (Bedinger
and others, 1989), and about 7.5 percent near Carrizozo (Rao,
1986). Morrison (1989, p. 34-35) concluded that 3 percent

of total precipitation generally constitutes mountain-front
recharge between Tularosa and Alamogordo. Anderholm
(2001) estimated mountain-front recharge in the Albuquerque
Basin to range between approximately 1 and 9 percent of total
precipitation. Data for subbasin areas and precipitation rates
from Waltemeyer (2001) indicate that the basin-fill aquifer
could receive between 35,000 and 320,000 cubic meters per
day of recharge, which corresponds to 1 and 9 percent, respec-
tively, of the sum of precipitation in all subbasins. Recharge
to the Tularosa Basin was estimated to be approximately
86,390 acre-feet per year (approximately 292,000 cubic meters
per day) by Livingston Associates and John Shomaker and
Associates (2002, table 6.6). It is unlikely that precipitation
falling on the basin floor contributes meaningful amounts to
ground-water recharge because of the small precipitation rates
and large evaporation rates in the Tularosa Basin.

Natural discharges of ground water in the basin-fill
aquifer include evapotranspiration (ET), interbasin ground-
water flow into the Hueco Bolson, and flow in streams on the
basin floor supported by ground-water discharge. Burns and
Hart (1988) estimated a maximum ET rate of 4 feet per year
(0.0033 meter per day) and an ET extinction depth (maximum
depth at which ET occurs) of 15 feet (4.5 meters) near Hollo-
man Air Force Base. Flow in Salt Creek ranges from 250 to
450 gallons per minute (1,365 and 2,457 cubic meters per day)
(McLean, 1970). Flow measured in Malpais Spring has been
as small as 220 gallons per minute (1,201 cubic meters per
day) and estimated to be as large as 1,500 gallons per minute
(8,190 cubic meters per day) (McLean, 1970). Flows in Salt
Creek and Malpais Spring vary seasonally and with precipita-
tion. Heywood and Yager (2003) estimated interbasin ground-
water flow of 20,000 cubic meters per day from the Tularosa
Basin into the Hueco Bolson.
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Simulation of Ground-Water Flow in the Basin-Fill Aquifer of the Tularosa Basin, South-Central New Mexico

NEW MEXICO |
N | T

T

[ N
Rl
=l
_}v /J
AT
P
' I
EXPLANATION

TULAROSA BASIN
AND SUBBASINS

SUBBASIN AND NUMBER--
See table 8

WHITE SANDS MISSILE
RANGE

10 20 KILOMETERS
P B
T I T 1
10 20 MILES

o —TOo

106°30° 106°
34°
30° N
TORRANCE
34‘,’ L
00
33°
30°
33°
00°
San Andres .
National a
J
22
&
O@" i
320
30 7
OTERO
32° 0
00" [ T TTT
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Water Use

As of 1995, water used for agricultural irrigation and
public supply accounted for approximately 87 percent of total
ground water withdrawn from the basin-fill aquifer; agricul-
tural irrigation accounted for approximately 58 percent of total
ground-water withdrawal. Approximately 8 percent of total
ground-water withdrawal was used to replenish evaporative
losses from livestock watering ponds. The remaining 5 percent
was withdrawn for domestic, commercial, and other agricul-
tural uses (Livingston Associates and John Shomaker and
Associates, 2002, table 7.9). Morrison (1989) cited an annual
ground-water withdrawal rate of 3.3 acre-feet per irrigated
acre.

Historical ground-water use in the Tularosa Basin was
estimated using published information on current and histori-
cal agricultural and public-supply requirements, published
information on current and historical land usage, and unpub-
lished water-use information from the files of major users of
water for public supply, including Holloman Air Force Base,
the City of Alamogordo, and White Sands Missile Range.
Monthly data on volumes and areal distribution of ground
water withdrawn for public supply are available in Holloman
Air Force Base files for 1972-95. Volume and areal-distribu-
tion data on ground water withdrawn for public supply of
differing periodicities for Holloman Air Force Base, City of
Alamogordo, and White Sands Missile Range are available
in respective files for 1948-95. The available data range from
yearly to 5-year composite information. Ground-water with-
drawal for public supply estimated for 1948-95 and projected
for 1996-2040 is listed in table 1. Total demand by the City
of Alamogordo for public supply is projected to increase by
2,975 acre-feet per year (10,056 cubic meters per day) over the
2000 amount by 2040, whereas demand by White Sands Mis-
sile Range and Holloman Air Force Base for public supply is
expected to remain relatively unchanged (Livingston Associ-
ates and John Shomaker and Associates, 2002, table 7.24).
Sparse information available for the Village of Tularosa
(fig. 1) shows annual ground-water withdrawals to be less than
1 percent of total public-supply withdrawals from the basin-fill
aquifer.

Agricultural ground-water withdrawal in the Tularosa
Basin for 1975-95 was estimated using information in a
series of reports from the New Mexico Office of the State
Engineer that summarize ground-water withdrawals, ground-
water depletions, surface-water diversions, and surface-water
depletions at 5-year intervals (Sorensen, 1977; 1982; Wilson,
1986; 1992; Wilson and Lucero, 1997). Depletion of water
is that part of a withdrawal or diversion that has evaporated,
transpired, been incorporated into plants or other products, or
otherwise consumed and therefore is not available for ground-
water recharge. Ground-water-withdrawal data combined with
irrigated-acreage and water-use data in a series of reports from
the New Mexico Cooperative Extension Service (Lansford and
others, 1982, 1984-88, 1990-93, 1995-97) were used to cal-
culate an average rate of 4.0 acre-feet of withdrawal per acre
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irrigated with ground water from 1976 to 1995. Ground-water
withdrawal from 1955 to 1968 was estimated assuming a
withdrawal rate of 4.0 acre-feet per acre of irrigated water and
using the irrigated-acreage estimates from Garza and McLean
(1977). Ground-water withdrawal for 1969-74 was interpo-
lated between 1968 and 1975 estimates and for 1948-54 was
assumed to be the same as in 1955. Ground-water withdrawal
for agricultural irrigation estimated from 1948 to 1995 and
projected for 1996 to 2040 is listed in table 1. For compari-
son, total demand of ground water for agricultural irrigation
is projected to increase by 8,000 acre-feet per year (27,000
cubic meters per day) over the 2000 amount by 2040 (Liv-
ingston Associates and John Shomaker and Associates, 2002,
table 7.26).

Agricultural ground-water depletion rates were calculated
in the same manner and from the same sources as agricultural
ground-water withdrawals. The average rate of ground-water
depletion was 3.1 acre-feet per acre irrigated for 1985-95 and
2.2 acre-feet per acre irrigated for 1975-80. Ground-water
depletions for 1948-74 were calculated assuming a depletion
rate of 2.2 acre-feet per acre irrigated. Ground-water deple-
tions for agricultural irrigation estimated for 1948-95 and
projected for 1996-2040 are listed in table 1.

Agricultural surface-water diversion and depletion
rates were calculated in the same manner and from the same
sources as agricultural ground-water withdrawals and deple-
tions. Surface-water diversion rates ranged from 3.2 to 4.9
acre-feet per acre irrigated and surface-water depletion rates
ranged from 1.5 to 2.3 acre-feet per acre irrigated for 1975-95.
Average rates of diversion (4.5 acre-feet per acre) and deple-
tion (2.1 acre-feet per acre) using surface water for irrigation
for 1975-95 were used to estimate surface-water diversions
and depletions for 1948-74. Surface-water diversions and
depletions associated with agricultural irrigation estimated for
1948-95 and projected for 1996-2040 are listed in table 1.

The City of Alamogordo and smaller municipalities
divert surface water for public supply. In 1995, the City of
Alamogordo accounted for approximately 80 percent of the
5,874 acre-feet per year (19,840 cubic meters per day) of
surface water diverted for public supply in the Tularosa Basin
(Livingston Associates and John Shomaker and Associates,
2002, table 7.20). Morrison (1989, table 5) estimated losses of
17,000 cubic feet per day (approximately 480 cubic meters per
day) and 98,000 cubic feet per day (approximately 2,800 cubic
meters per day) of ground-water recharge to the basin-fill
aquifer from the La Luz Creek and Alamo Canyon drainages,
respectively, between 1980 and 1984 from surface-water diver-
sions.

Return flow is that part of a ground-water withdrawal
or surface-water diversion that is available for ground-water
recharge. Maximum possible return flow is calculated as
ground-water withdrawal minus ground-water depletion plus
surface-water diversion minus surface-water depletion. Return
flow from public-supply systems in the Tularosa Basin ranges
from approximately 45 to 60 percent of the water entering
the public-supply system (Livingston Associates and John
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Shomaker and Associates, 2002, p. 7-10). Municipal return
flows for 1948-95 were estimated assuming that a 55-percent
depletion rate is representative of precipitation in the Tularosa
Basin.

Ground-Water Quality

Ground water having dissolved-solids concentrations less
than 1,000 mg/L occurs principally in the coalescing alluvial-
fan deposits along the basin margin. The deepest fresh ground
water is located along the basin margins. Dissolved-solids
concentrations in ground water increase basinward (McLean,
1970; Orr and Myers, 1986; Risser, 1988). Approximately
2 percent of the saturated deposits of the basin-fill aquifer
contain water having dissolved-solids concentrations less than
35 mg/L (McLean, 1970).

Simulation of Ground-Water Flow

Numerical simulations are inherent oversimplifications
of geohydrologic systems and, as such, can only approximate
the behavior of those systems. Numerical simulations can be
valuable, however, for calculating approximate responses of
a ground-water system to stresses, including ground-water
withdrawal and recharge.

Model Description

The following sections describe each component of the
ground-water-flow model constructed for the Tularosa Basin.

Mathematical Models

Numerical simulations in this study were made using
the USGS finite-difference ground-water-simulation software
MODFLOW-96 (Harbaugh and McDonald, 1996). McDonald
and Harbaugh (1988) provided an extensive discussion of the
internal algorithms and procedures used in the MODFLOW
series. Ground-water flow paths and travel times of particles
in ground water were simulated using MODPATH (Pollock,
1994). MODTOOLS (Orzol, 1997) was used for generating
GIS files containing model results including contouring of
simulated water levels and water-level changes. Techniques
used to simulated ground-water-flow directions are discussed
in Appendix 1. Input files for simulations were created using
GIS, thereby enhancing the flexibility of the model to accom-
modate future updates and refinements.

Model Discretization

The model is horizontally discretized into cells ranging
from 562,500 to 16,000,000 square meters in area. Model cells
are arranged in a grid of up to 81 rows and up to 50 columns

(fig. 4). Model cell areas become smaller as the principal
areas of municipal ground-water withdrawal are approached
along the eastern margin of the basin. The model is vertically
discretized into a maximum of six horizontal layers. Not all
layers are active over the entire simulated area. The upper two
layers are active over the entire simulated area to minimize
numerical convergence problems experienced with earlier
versions of the model in which only the uppermost model
layer was active throughout the entire model. Each layer is

of uniform thickness throughout the model. The upper four
layers are each 100 meters thick, layer 5 is 250 meters thick,
and layer 6 is 450 meters thick. The vertical model discretiza-
tion, although somewhat arbitrary, is designed to provide an
adequate degree of vertical control in ground-water-flow simu-
lations. All ground-water-withdrawal stresses occur within
one or more of the upper three model layers. The uppermost
active cells were simulated as an unconfined aquifer, and all
underlying cells were simulated as a confined aquifer. Stress
periods in the transient ground-water-flow simulation were set
at 1-year intervals with one time step per stress period. This
means that all simulated water levels correspond in time to the
end of a particular year.

Boundary Conditions

The ground-water-flow model is confined laterally by a
no-flow boundary corresponding to the contact between the
basin-fill aquifer and the surrounding uplifted terrain, follow-
ing the assumption that the basin-fill aquifer has a substan-
tially larger hydraulic conductivity. The basal no-flow bound-
ary of the model approximates the depth of ground water with
dissolved-solids concentrations of 10,000 mg/L or more or the
contact between the basin-fill aquifer and underlying bedrock
as given by McLean (1970). This assumes no flow across the
10,000-mg/L salinity surface or across the boundary between
bedrock and the basin-fill aquifer. The permeability of rocks of
Mesozoic and older ages in the Basin and Range Province of
New Mexico is generally low (Boegly and others, 1969). The
assumption of no flow across the salinity surface may or may
not be correct. However, locations of recharge and withdrawal
of freshwater in the model are sufficiently removed from the
10,000-mg/L surface to allow this surface to be a reasonable
representation of a model boundary. Active model layers are
shown in figure 5. A specified-flow boundary forms the south-
ern limit of the ground-water-flow model.

Model Stresses

Model stresses include those processes that add water to
or remove water from an aquifer. Stresses can be either natural
or anthropogenic.

Mountain-Front Recharge

Ground-water recharge is assumed to enter the model
through cells corresponding to the location of the mouths of



canyons associated with the subbasins that rim the Tularosa
Basin (figs. 3 and 6). Between 1 and 9 percent of annual sub-
basin precipitation was applied to the model in the uppermost
active cells at recharge locations. This recharge is within the
range of values previously discussed in the “Ground- and
surface-water flows” section of this report. Basinwide recharge
from infiltration of precipitation through surficial deposits is
assumed to be negligible because of small precipitation and
large evaporation rates. Recharge to the model was selectively
allowed as return flow from agricultural irrigation. The distri-
bution and volume of return flow associated with agricultural
irrigation are discussed in detail in the “Return flow” section
of this report.

Ground-Water Withdrawal

The temporal distribution of available municipal ground-
water-withdrawal data is described in the “Model discretiza-
tion” section of this report. The sources and estimation of
annual ground-water withdrawals are described in the “Water
use” section of this report. Given the small amount of and
large uncertainty in ground-water withdrawals by the Village
of Tularosa, these withdrawals were not included in the model.
The approximately 5 percent of ground water withdrawn
for domestic, commercial, and other agricultural uses was
not included in the model because of the lack of data on its
specific distribution and the small part of total withdrawal it
represents. The locations of model cells containing municipal
withdrawals are shown in figures 7A and B. All public-sup-
ply withdrawals simulated in the model are from the basin-fill
aquifer with the exception of the City of Alamogordo public-
supply wells, some of which withdraw water from underlying
fractured-bedrock aquifers. Information on the fraction of
water produced from the basin-fill aquifer in these wells was
unavailable for use in this study. Therefore, all withdrawals
attributed to the City of Alamogordo public-supply wells are
assumed to come from the basin-fill aquifer.

The areal distribution of agricultural ground-water
withdrawal in Otero County was based on data from Morrison
(1989, app. 2) with additional information from Garza and
McLean (1977). The areal distribution of agricultural ground-
water withdrawals in Lincoln County was based on data from
the U.S. Bureau of Reclamation and the State of New Mexico
(1976). The locations of model cells containing agricultural
ground-water withdrawals are shown in figure 8 and listed in
table 2.

The effects of projected ground-water withdrawal
were simulated to 2040 as part of this study. All 1996-2000
withdrawals were assumed to be equal to 1995 withdrawals
(table 1). The spatial distribution of ground-water withdraw-
als for agricultural irrigation and public supply was assumed
to be unchanged from that used for 1948-2000 simulations.
To maintain withdrawal and diversion values within histori-
cal limits (table 1), 50 percent of the projected increases in
agricultural withdrawal were assumed to be met by increased
ground-water withdrawal and the remaining 50 percent by
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increased surface-water diversion. These assumptions result

in about 86,000 cubic meters per day of ground-water with-
drawal and about 33,000 cubic meters per day of surface-water
diversion by 2040. Withdrawal from the current (1995) City of
Alamogordo well field was assumed to increase by 50 percent
(approximately 2,600 cubic meters per day) over 1995 rates

by 2040. This amount of increase in withdrawal from the City
of Alamogordo well field may not be possible. The remaining
water needed to meet City of Alamogordo projected demands
was assumed to come from increased surface-water flows
through improved watershed management and desalination

of brackish ground water (Livingston Associates and John
Shomaker and Associates, 2002, p. 8-16 - 8-22). Ground-water
withdrawals by Holloman Air Force Base and White Sands
Missile Range were assumed constant at 1995 values for 2000-
40 (Livingston Associates and John Shomaker and Associates,
2002, table 7.24).

Return Flow

Uncertainties in the volume of ground water depleted
from the basin-fill aquifer by agricultural and municipal with-
drawals and diversions are addressed in the model by simula-
tion of zero and maximum return-flow scenarios. Zero return
flow represents maximum ground-water depletion, whereas
maximum return flow represents minimum ground-water
depletion. Return flows from agricultural ground-water with-
drawal were implemented in the model as reduced withdrawal
rates. Agricultural ground-water depletion was assumed to
follow the same areal distribution as agricultural ground-water
withdrawal (fig. 8). Return flows from agricultural surface-
water diversions were implemented in the model as speci-
fied fluxes to the uppermost active model layer. Agricultural
surface-water depletion was assumed to follow the same areal
distribution as agricultural surface-water diversion (fig. 8). The
areal distribution of ground-water withdrawals and surface-
water diversions for agricultural irrigation was based on data
from Morrison (1989, app. 2).

The locations of return flows associated with municipal
water use were assumed to coincide with the corresponding
municipality or military installation. Return flow associated
with White Sands Missile Range Post Headquarters is imple-
mented as reduced ground-water withdrawal (fig. 7A). Return
flows associated with Holloman Air Force Base and the City
of Alamogordo are implemented in the model as specified
flows because areas of return flow are spatially removed from
areas of withdrawal. Return flows associated with the City
of Alamogordo (fig. 7B) were calculated using total ground-
water withdrawals plus surface-water diversions from reser-
voirs in the Sacramento Mountains. Incorporating surface-
water diversions from La Luz Creek and Alamo Canyon into
return-flow calculations for the City of Alamogordo would
have required assessing the effect of surface-water diversion
on ground-water recharge in these areas to balance the basin
water budget. Such an assessment was beyond the scope of
this study.
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Table 1. Rates of selected ground- and surface-water usage in the Tularosa Basin estimated for 1948-95 and projected for 1996-2040.

[All water-related units in cubic meters per day. Sources of data in this table are discussed in the “Water use” section of the report]

Ground water with- Ground water de- Ground water with- Surface water Surface water
drawn for agricul- pleted by agricul- drawn for public diverted for agricul-  depleted by agricul-
Year tural irrigation tural irrigation supply tural irrigation tural irrigation
1948 26,000 14,000 2,000 18,000 8,000
1949 26,000 14,000 2,000 18,000 8,000
1950 26,000 14,000 1,000 18,000 8,000
1951 26,000 14,000 3,000 18,000 8,000
1952 26,000 14,000 4,000 18,000 9,000
1953 26,000 14,000 5,000 18,000 8,000
1954 26,000 14,000 5,000 18,000 9,000
1955 26,000 14,000 7,000 18,000 8,000
1956 36,000 20,000 8,000 18,000 9,000
1957 36,000 20,000 6,000 18,000 8,000
1958 36,000 20,000 6,000 17,000 8,000
1959 36,000 20,000 7,000 18,000 8,000
1960 36,000 20,000 9,000 18,000 8,000
1961 36,000 20,000 13,000 18,000 8,000
1962 36,000 20,000 12,000 18,000 8,000
1963 36,000 20,000 13,000 18,000 8,000
1964 52,000 29,000 19,000 18,000 8,000
1965 52,000 29,000 15,000 18,000 8,000
1966 52,000 29,000 15,000 18,000 8,000
1967 55,000 30,000 20,000 18,000 8,000
1968 55,000 30,000 18,000 21,000 10,000
1969 59,000 33,000 21,000 22,000 10,000
1970 64,000 35,000 22,000 24,000 11,000
1971 69,000 38,000 24,000 26,000 12,000
1972 75,000 41,000 23,000 27,000 12,000
1973 80,000 44,000 22,000 29,000 10,000
1974 86,000 47,000 22,000 30,000 14,000
1975 92,000 50,000 20,000 34,000 16,000
1976 91,000 51,000 22,000 33,000 16,000
1977 90,000 52,000 20,000 34,000 16,000
1978 90,000 53,000 18,000 33,000 16,000
1979 89,000 54,000 20,000 34,000 16,000
1980 88,000 55,000 19,000 34,000 16,000
1981 82,000 51,000 19,000 33,000 15,000
1982 75,000 47,000 20,000 32,000 14,000
1983 68,000 44,000 18,000 31,000 14,000

1984 61,000 40,000 15,000 30,000 13,000
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Table 1. Rates of selected ground- and surface-water usage in the Tularosa Basin estimated for 1948-95 and projected for 1996-
2040.—Continued

Ground water with- Ground water de- Ground water with- Surface water Surface water
drawn for agricul- pleted by agricul- drawn for public diverted for agricul-  depleted by agricul-
Year tural irrigation tural irrigation supply tural irrigation tural irrigation
1985 54,000 36,000 20,000 29,000 12,000
1986 53,000 36,000 12,000 26,000 11,000
1987 52,000 37,000 14,000 23,000 10,000
1988 50,000 37,000 14,000 20,000 9,000
1989 49,000 38,000 17,000 17,000 8,000
1990 48,000 38,000 14,000 14,000 6,000
1991 51,000 41,000 14,000 14,000 7,000
1992 54,000 44,000 14,000 15,000 7,000
1993 57,000 46,000 16,000 16,000 8,000
1994 61,000 49,000 20,000 17,000 8,000
1995 64,000 52,000 19,000 17,000 8,000
1996 64,000 52,000 19,000 17,000 8,000
1997 64,000 52,000 19,000 17,000 8,000
1998 64,000 52,000 19,000 17,000 8,000
1999 64,000 52,000 19,000 17,000 8,000
2000 64,000 52,000 19,000 17,000 8,000
2001 65,000 53,000 19,000 17,000 8,000
2002 65,000 53,000 19,000 18,000 8,000
2003 66,000 53,000 19,000 18,000 8,000
2004 66,000 53,000 19,000 19,000 9,000
2005 67,000 54,000 19,000 19,000 9,000
2006 67,000 54,000 19,000 19,000 9,000
2007 68,000 55,000 20,000 20,000 9,000
2008 69,000 56,000 20,000 20,000 9,000
2009 69,000 56,000 20,000 21,000 10,000
2010 70,000 57,000 20,000 21,000 10,000
2011 70,000 57,000 20,000 21,000 10,000
2012 71,000 58,000 20,000 22,000 10,000
2013 71,000 58,000 20,000 22,000 10,000
2014 72,000 58,000 20,000 23,000 11,000
2015 73,000 59,000 20,000 23,000 11,000
2016 73,000 59,000 20,000 23,000 11,000
2017 74,000 60,000 20,000 24,000 11,000
2018 74,000 60,000 20,000 24,000 11,000
2019 75,000 61,000 20,000 25,000 12,000

2020 76,000 62,000 21,000 25,000 12,000
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Table 1. Rates of selected ground- and surface-water usage in the Tularosa Basin estimated for 1948-95 and projected for 1996-
2040.—Continued

Ground water with- Ground water de- Ground water with- Surface water Surface water
drawn for agricul- pleted by agricul- drawn for public diverted for agricul-  depleted by agricul-
Year tural irrigation tural irrigation supply tural irrigation tural irrigation
2021 76,000 62,000 21,000 25,000 12,000
2022 77,000 62,000 21,000 26,000 12,000
2023 77,000 62,000 21,000 26,000 12,000
2024 78,000 63,000 21,000 27,000 13,000
2025 78,000 63,000 21,000 27,000 13,000
2026 79,000 64,000 21,000 27,000 13,000
2027 80,000 65,000 21,000 28,000 13,000
2028 80,000 65,000 21,000 28,000 13,000
2029 81,000 66,000 21,000 29,000 14,000
2030 81,000 66,000 21,000 29,000 14,000
2031 82,000 66,000 21,000 29,000 14,000
2032 82,000 66,000 21,000 30,000 14,000
2033 83,000 67,000 21,000 30,000 14,000
2034 84,000 63,000 22,000 31,000 15,000
2035 84,000 68,000 22,000 31,000 15,000
2036 85,000 69,000 22,000 31,000 15,000
2037 85,000 69,000 22,000 32,000 15,000
2038 86,000 70,000 22,000 32,000 15,000
2039 86,000 70,000 22,000 33,000 16,000

2040 86,000 70,000 22,000 33,000 16,000
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Table 2. Sources, durations, and locations of ground-water withdrawal stresses in the transient ground-water-flow simulation of the
basin-fill aquifer.

Model location

Period of time
stress applied,

Ground-water withdrawal stress in years Row Column Layer
City of Alamogordo public supply 1965-95 22 39 2
City of Alamogordo public supply 1955-95 22 40 2
City of Alamogordo public supply 1965-95 24 40 2
City of Alamogordo public supply 1955-95 25 39 2
City of Alamogordo public supply 1965-95 26 39 2

Holloman Air Force Base public supply 1948-95 44 37 1
Holloman Air Force Base public supply 1948-95 44 38 1
Holloman Air Force Base public supply 1948-83 45 35 1
Holloman Air Force Base public supply 1948-95 45 37 1
Holloman Air Force Base public supply 1948-95 47 35 1
Holloman Air Force Base public supply 1961-95 49 38 1
Holloman Air Force Base public supply 1963-95 49 39 1
Holloman Air Force Base public supply 1963-80 49 39 2
Holloman Air Force Base public supply 1963-89 49 39 4
Holloman Air Force Base public supply 1963-95 49 40 3
Holloman Air Force Base public supply 1961-80 50 38 1
Holloman Air Force Base public supply 1961-81 50 39 1
Holloman Air Force Base public supply 1961-80 50 39 2
Holloman Air Force Base public supply 1964-86 50 39 3
Holloman Air Force Base public supply 1986-95 54 41 3
Holloman Air Force Base public supply 1987-96 56 42 3
Holloman Air Force Base public supply 1987-96 61 44 3
White Sands Missile Range public supply 1948-95 69 4 2
White Sands Missile Range public supply 1948-95 70 4 2
White Sands Missile Range public supply 1948-95 77 4 2
White Sands Missile Range public supply 1948-95 78 4 2
White Sands Missile Range public supply 1948-95 79 3 3
White Sands Missile Range public supply 1948-95 80 3 2
White Sands Missile Range public supply 1948-95 80 3 3
White Sands Missile Range public supply 1948-95 80 4 3
Discharge to Salt Creek 1948-95 12 5 1
Discharge to Malpais Spring 1948-95 11 8 1

A~

Agricultural irrigation 1948-95 5
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Table 2. Sources, durations, and locations of ground-water withdrawal stresses in the transient ground-water-flow simulation of the
basin-fill aquifer—Continued

Model location

Period of time
stress applied,

Ground-water withdrawal stress in years Row Column Layer
Agricultural irrigation 1948-95 5 15 1
Agricultural irrigation 1948-95 5 16 2
Agricultural irrigation 1948-95 10 23 1
Agricultural irrigation 1948-95 11 23 1
Agricultural irrigation 1948-95 11 25 1
Agricultural irrigation 1948-95 14 25 1
Agricultural irrigation 1948-95 14 26 1
Agricultural irrigation 1948-95 14 27 1
Agricultural irrigation 1948-95 14 28 1
Agricultural irrigation 1948-95 15 25 1
Agricultural irrigation 1948-95 15 27 2
Agricultural irrigation 1948-95 15 28 2
Agricultural irrigation 1948-95 16 21 1
Agricultural irrigation 1948-95 16 23 1
Agricultural irrigation 1948-95 16 25 1
Agricultural irrigation 1948-95 16 27 1
Agricultural irrigation 1948-95 16 27 2
Agricultural irrigation 1948-95 16 29 1
Agricultural irrigation 1948-95 16 30 1
Agricultural irrigation 1948-95 16 31 1
Agricultural irrigation 1948-95 16 32 1
Agricultural irrigation 1948-95 17 23 1
Agricultural irrigation 1948-95 17 25 1
Agricultural irrigation 1948-95 17 27 1
Agricultural irrigation 1948-95 17 29 1
Agricultural irrigation 1948-95 17 30 1
Agricultural irrigation 1948-95 17 31 1
Agricultural irrigation 1948-95 17 32 1
Agricultural irrigation 1948-95 18 25 1
Agricultural irrigation 1948-95 18 27 1
Agricultural irrigation 1948-95 18 28 1
Agricultural irrigation 1948-95 18 29 1

Agricultural irrigation 1948-95 18 30 1
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Table 2. Sources, durations, and locations of ground-water withdrawal stresses in the transient ground-water-flow simulation of the
basin-fill aquifer—Continued

Model location

Period of time
stress applied,

Ground-water withdrawal stress in years Row Column Layer
Agricultural irrigation 1948-95 18 31 1
Agricultural irrigation 1948-95 18 32 1
Agricultural irrigation 1948-95 18 33 1
Agricultural irrigation 1948-95 18 34 1
Agricultural irrigation 1948-95 18 35 1
Agricultural irrigation 1948-95 18 36 1
Agricultural irrigation 1948-95 19 27 1
Agricultural irrigation 1948-95 19 28 1
Agricultural irrigation 1948-95 19 34 1
Agricultural irrigation 1948-95 20 27 1
Agricultural irrigation 1948-95 20 28 1
Agricultural irrigation 1948-95 20 31 1
Agricultural irrigation 1948-95 20 32 1
Agricultural irrigation 1948-95 20 34 1
Agricultural irrigation 1948-95 20 36 1
Agricultural irrigation 1948-95 20 38 3
Agricultural irrigation 1948-95 21 32 1
Agricultural irrigation 1948-95 21 34 1
Agricultural irrigation 1948-95 21 38 3
Agricultural irrigation 1948-95 23 32 1
Agricultural irrigation 1948-95 23 34 1
Agricultural irrigation 1948-95 25 31 1
Agricultural irrigation 1948-95 29 35 1
Agricultural irrigation 1948-95 29 36 1
Agricultural irrigation 1948-95 31 33 1
Agricultural irrigation 1948-95 32 33 1
Agricultural irrigation 1948-95 33 31 1
Agricultural irrigation 1948-95 33 33 1
Agricultural irrigation 1948-95 33 35 1
Agricultural irrigation 1948-95 33 36 1
Agricultural irrigation 1948-95 34 33 1
Agricultural irrigation 1948-95 34 35 1

Agricultural irrigation 1948-95 34 36 1
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Table 2. Sources, durations, and locations of ground-water withdrawal stresses in the transient ground-water-flow simulation of the
basin-fill aquifer—Continued

Model location

Period of time
stress applied,

Ground-water withdrawal stress in years Row Column Layer
Agricultural irrigation 1948-95 35 31 1
Agricultural irrigation 1948-95 35 33 1
Agricultural irrigation 1948-95 36 31 1
Agricultural irrigation 1948-95 36 33 1
Agricultural irrigation 1948-95 44 35 1
Agricultural irrigation 1948-95 44 36 1
Agricultural irrigation 1948-95 46 33 1
Agricultural irrigation 1948-95 47 33 1
Agricultural irrigation 1948-95 53 33 1
Agricultural irrigation 1948-95 53 34 1
Agricultural irrigation 1948-95 53 40 1
Agricultural irrigation 1948-95 55 36 1
Agricultural irrigation 1948-95 55 38 1
Agricultural irrigation 1948-95 56 35 1

Southern specified-flow boundary 1948-95 81 4 3

Southern specified-flow boundary 1948-95 81 4 4

Southern specified-flow boundary 1948-95 81 5 2

Southern specified-flow boundary 1948-95 81 5 3

Southern specified-flow boundary 1948-95 81 5 4

Southern specified-flow boundary 1948-95 81 6 2

Southern specified-flow boundary 1948-95 81 7 2

Southern specified-flow boundary 1948-95 81 8 2

Southern specified-flow boundary 1948-95 81 9 2

Southern specified-flow boundary 1948-95 81 10 2

Southern specified-flow boundary 1948-95 81 11 2

Southern specified-flow boundary 1948-95 81 12 2

Southern specified-flow boundary 1948-95 81 13 2

Southern specified-flow boundary 1948-95 81 13 3

Southern specified-flow boundary 1948-95 81 14 2

Southern specified-flow boundary 1948-95 81 14 3

Southern specified-flow boundary 1948-95 81 15 3

Southern specified-flow boundary 1948-95 81 16 3

Southern specified-flow boundary 1948-95 81 17 3
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Table 2. Sources, durations, and locations of ground-water withdrawal stresses in the transient ground-water-flow simulation of the
basin-fill aquifer—Continued

Model location

Period of time
stress applied,

Ground-water withdrawal stress in years Row Column Layer
Southern specified-flow boundary 1948-95 81 18 3
Southern specitied-flow boundary 1948-95 81 19 3
Southern specified-flow boundary 1948-95 81 20 3
Southern specified-flow boundary 1948-95 81 21 3
Southern specified-flow boundary 1948-95 81 22 2
Southern specified-flow boundary 1948-95 81 22 3
Southern specified-flow boundary 1948-95 81 23 2
Southern specified-flow boundary 1948-95 81 23 3
Southern specified-flow boundary 1948-95 81 24 2
Southern specified-flow boundary 1948-95 81 24 3
Southern specified-flow boundary 1948-95 81 25 2
Southern specified-flow boundary 1948-95 81 25 3
Southern specified-flow boundary 1948-95 81 26 2
Southern specified-flow boundary 1948-95 81 26 3
Southern specified-flow boundary 1948-95 81 27 2
Southern specified-flow boundary 1948-95 81 27 3
Southern specified-flow boundary 1948-95 81 28 2
Southern specified-flow boundary 1948-95 81 28 3
Southern specified-flow boundary 1948-95 81 29 2
Southern specified-flow boundary 1948-95 81 29 3
Southern specified-flow boundary 1948-95 81 30 2
Southern specified-flow boundary 1948-95 81 30 3
Southern specified-flow boundary 1948-95 81 31 3
Southern specified-flow boundary 1948-95 81 32 3
Southern specified-flow boundary 1948-95 81 33 3
Southern specified-flow boundary 1948-95 81 34 3
Southern specified-flow boundary 1948-95 81 35 3
Southern specified-flow boundary 1948-95 81 36 3
Southern specified-flow boundary 1948-95 81 37 3
Southern specified-flow boundary 1948-95 81 38 3
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Evapotranspiration

The model was allowed to calculate ET fluxes from all
active cells in the uppermost model layer using a maximum
ET rate of 0.0033 meter per day and a maximum depth from
which ET could occur (ET extinction depth) of 4.5 meters
after Burns and Hart (1988). No attempt was made to separate
the effects of pond or stream evaporation from those of ET in
the model.

Streams and Interbasin Ground-Water Flow

Salt Creek is implemented in the model as specified
outflows of 1,600 cubic meters per day. These flows are within
the range of measured values previously discussed in the
“Ground- and surface-water flows” section. All spring water,
once on the basin floor, is assumed to be lost to ET. Interbasin
ground-water flow was specified across the southern model
boundary into the Hueco Bolson. Simulated rates of interbasin
flow were estimated during model calibration.

Simulated Hydrologic Properties

The initial disribution of aquifer properties in the ground-
water-flow model were based on the surface geology of the
Tularosa Basin as shown in Green and Jones (1997). Initial
estimates of horizontal hydraulic conductivity ranged from
approximately 15 meters per day for coarse-grained alluvial-
fan deposits to approximately 0.5 meter per day for basinward
finer grained deposits. Initial estimates of the ratio of vertical
to horizontal hydraulic conductivity were allowed to range
from 1:10 to as low as 1:1,000 given the frequent occurrence
of clay intervals in the basin-fill aquifer. Initial values of 0.004
for storativity and 0.08 for specified yield were assigned to
each model layer. No inherent horizontal anisotropy was
assumed in the construction of the ground-water-flow model.
Recharge to the basin-fill aquifer was restricted to between
1 and 9 percent of total precipitation in the subbasins sur-
rounding the Tularosa Basin. Interbasin ground-water flow
across the southern model boundary was initially estimated
to be 20,000 cubic meters per day. The ranges of values for
hydrologic properties, with the exception of the ratio of verti-
cal to horizontal hydraulic conductivity, are within the ranges
discussed in the “Aquifer properties” section. The relatively
wide range of values assigned to the ratio of vertical to
horizontal hydraulic conductivity reflects the range of uncer-
tainty and possible spatial variability in this ratio. The initial
values of selected hydrologic properties were varied within
reasonable limits during model calibration as described in the
“Model calibration” section of this report.

Model Calibration

The ground-water-flow model was calibrated by
minimizing the difference between measured and simulated
ground-water levels in steady-state and transient simulations.

Simulation of Ground-Water Flow 23

Additionally, an attempt was made to improve the steady-state
model calibration by adjusting values of horizontal hydraulic
conductivity and vertical conductance to better match simu-
lated ground-water travel times to available carbon-14 ('*C)
apparent ages of ground water.

Differences between measured and simulated ground-
water levels in the steady-state simulation were quantified
through calculation of the root-mean-square error (RMSE).
RMSE is defined as:

i=n
RMSE = X ((Wm; - Ws,)? /n)'/? 0
i=1
where:
Wm = measured water level best representing a selected

model cell;
Ws = simulated water level in the selected model cell; and
n = number of model cells for which the calculation
is made.

Differences between measured and simulated ground-
water levels for each selected model cell in the transient simu-
lation were quantified through calculation of RMSE values
using equation 1 above but where:

Wm = value of measured water levels best representing a
selected model cell during a given stress period;
Ws = simulated water level in the selected model cell during
the given stress period; and
n = number of stress periods for which values of Wm in the
selected model cell are available.

The minimum value of RMSE represents the greatest
degree of agreement between simulated and measured water
levels.

Steady-State Calibration

A steady-state model calibration assumes that natural
hydrologic stresses on an aquifer will result in ground-water
levels and ground- and surface-water flows that vary little over
time. These long-term stresses and corresponding responses
are known as steady-state conditions. Steady-state hydrologic
conditions prevail predominantly in predevelopment periods
during which anthropogenic influences, such as ground-water
withdrawal and surface-water diversion, are minimal or non-
existent. Ground-water levels measured in the Tularosa Basin
during 1911-12 by Meinzer and Hare (1915) are assumed to
represent steady-state conditions. Model cells assigned values
of measured water levels from data in Meinzer and Hare
(1915) and used as steady-state calibration points are shown in
figure 9 and are listed in table 3.
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Location of transient-model calibration points, selected information on wells in which water levels used during transient

ground-water flow-model calibration were measured, and final values of root-mean-square error (RMSE) for each transient-model

calibration point.

Model location Range of
years for Number
Transient- which RMSE from of points
model Well depth, measured transient- compared in
calibra- U.S. Geological in meters water-level model calculation
tion point Survey well identifi- below land data are calibration,  of transient
number Row Colunm Layer cation number surface available in meters RMSE
1 15 23 2 330817106040501 107 1953-76 15.7 22
2 15 28 1 330658106015801 91 1952-86 6.7 30
3 16 30 2 330545106004001 100 1952-72 2.5 20
4 17 31 2 330410106002701 107 1952-84 1.6 27
5 17 27 1 330246106021501 46 1952-83 3.5 28
6 25 32 1 325708105595601 73 1952-81 32 23
7 34 33 1 325329105593001 26 1952-67 17.0 16
8 38 32 1 325138105594901 43 1954-62 7.4 9
9 41 21 1 325028106050001 6 1960-67 1.3 8
10 44 38 1 324912105570002 79 1954-86 1.5 24
11 45 35 1 324855105582901 77 1955-85 0.8 25
12 46 37 1 324823105572301 75 1954-86 3.5 20

Selected hydrologic parameters were systematically
varied within a range of reasonable values to achieve the
minimum value of RMSE. Hydrologic parameters modified
during calibration of the steady-state model include horizontal
hydraulic conductivity, vertical conductance between model
layers, specified flow across the southern model boundary, and
recharge. Values of maximum ET flux and ET extinction depth
were held constant at 0.0033 meter per day and 4.5 meters,
respectively, during all simulations.

Horizontal hydraulic conductivity was allowed to range
from 0.5 to 15 meters per day. Vertical conductance was
calculated as a function of horizontal hydraulic conductivity,
vertical hydraulic conductivity expressed as a ratio of vertical
to horizontal hydraulic conductivity, and layer thickness using
the relations from McDonald and Harbaugh (1988, p. 5-12).
The ratio of vertical to horizontal hydraulic conductivity was
allowed to range between 1:10 and 1:1,000. Interbasin ground-
water flow across the southern boundary was allowed to range
from 12,000 to 20,000 cubic meters per day. In individual
subbasins surrounding the Tularosa Basin, recharge to the

basin-fill aquifer was allowed to range from 1 to 9 percent of
total precipitation based on prior estimates of recharge to the
Tularosa and Albuquerque Basins.

Transient Calibration

A transient ground-water flow-model calibration attempts
to account for the effects of time-variant stresses, such as
ground-water withdrawal or anthropogenically induced
ground-water recharge, on ground-water systems. The tran-
sient simulation is from 1948 to 1995, corresponding to the
period of available municipal ground-water-withdrawal data
(table 1). Water-level measurements are available for variable
spans of time between 1952 and 1986 (table 3) for model cells
representing transient-calibration points (fig. 9). Transient
ground-water-flow simulations were done for zero and maxi-
mum return-flow scenarios to determine the sensitivity of the
model to assumptions regarding return flow. Zero return flow
was assumed for transient calibration because this represents
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the maximum potential effect of ground-water withdrawal.
Hydrologic properties in the transient model include storativity
and specific yield in addition to those described for the steady-
state model. Values of storativity and specific yield were fixed
at 0.004 and 0.008, respectively. The simulated steady-state
water-level distribution served as the initial condition for all
transient simulations.

Calibration Strategy and Results

Initial attempts at model calibration consisted of match-
ing simulated steady-state water-level contours with mea-
sured water-level contours from Meinzer and Hare (1915) by
systematically varying selected hydrologic parameters within
reasonable ranges. The steady-state calibration was refined for
the eastern side of the basin by comparison of simulated water
levels with water levels in 40 model cells for which 1911-12
water-level measurements are available (fig. 9). The RMSE of
the steady-state calibration was 6.3 meters within the well-
calibrated area. The area containing these 40 cells defines the
well-calibrated area of the model. Model calibration proceeded
with a series of iterative steady-state and transient simulations
in which hydrologic parameters were varied within reasonable
ranges in an attempt to preserve the minimum RMSE value
for the steady-state calibration while minimizing individual
RMSE values for each transient-calibration point.

The final value of RMSE for the steady-state model
within the well-calibrated area is 6.3 meters. Ground-water-
level measurements by Meinzer and Hare (1915) and final
steady-state simulated ground-water levels are listed in table 4.
Visual representations of the agreement between final simu-
lated steady-state water levels and measured 1911-12 water
levels are shown in figure 10. The final distribution of zones of
hydrologic properties is shown in figure 11. Numerical values
of selected hydrologic properties are listed in table 5. The
final simulated flow across the southern model boundary was
adjusted to 13,000 cubic meters per day to better match head
contours in the area shown in McLean (1970). Residual error
is defined as Wm minus Ws for each model cell for which a
value of Wm is available. Application of the statistical test
of Looney and Gulledge (1985) failed to disprove the null
hypothesis of normality of residual errors at the 95-percent
confidence level (fig. 12). Accordingly, a normal distribu-
tion of residual errors is assumed, and standard deviation is
considered a meaningful parameter. The standard deviation
of residual error in the final steady-state model is 6.3 meters.
The standard deviation and mean value of residual error in
the steady-state simulation are presented in figure 13. The
final steady-state model includes an area near La Luz Creek

and surrounding subbasins in which the model systematically
simulates water levels that are lower than measured water
levels (fig. 14).

Final values of RMSE for transient-calibration points
are listed in table 3. Visual representations of the agreement
between final simulated and measured transient water levels
for the zero return-flow scenario are shown in figure 15A-F.
Values of transient RMSE range from 0.8 to 17.0 meters
(table 3). Underestimations associated with transient-model
calibration points 7 and 8 cluster in the same area as the
grouping of underestimations in the steady-state model. This
indicates that the hydrology of the La Luz Creek subbasin area
and the corresponding basin-fill aquifer is not well repre-
sented in this model. The distributions of horizontal hydrau-
lic conductivity and ratio of vertical to horizontal hydraulic
conductivity by property zone and model layer as derived
from model calibration are listed in table 5. The horizontal
hydraulic-conductivity values derived from model calibration
fall within the range of reasonable values based on aquifer-test
data. Only part of the model on the eastern side of the Tularosa
Basin (fig. 9) can be considered well calibrated because of the
distribution of water-level data available for steady-state and
transient calibrations.

MODPATH (Pollock, 1994) was used to estimate the
travel time of ground water through the basin-fill aquifer
between selected model cells and the corresponding points of
ground-water recharge under steady-state conditions. Points
of recharge were identified by extrapolating the paths of
simulated particles from selected cells backward in time until
they exited the model of the basin-fill aquifer. An effective
porosity of 30 percent for the basin-fill aquifer was assumed
in calculating travel times. The results of travel-time simula-
tions plus apparent "“C ages of water from the location of these
selected cells (Huff, 2002) are listed in table 6. The range in
simulated travel times listed in table 6 reflects the differences
in path lengths and flow velocities along all simulated flow
paths within the model between recharge cells and the cell rep-
resenting the termination of a given flow path. Apparent ages
are systematically greater than simulated travel times. The
discrepancy between apparent ages of water and simulated
travel times may be caused by a number of factors, including
residence time of water in the subbasin prior to entering the
basin-fill aquifer, an increase in the "“C apparent age of water
through geochemical processes not accounted for by Huff
(2002), simulated rates of water movement through the model
that are greater than actual rates of movement, or extrapola-
tion to recharge points closer to the selected cells than are the
actual recharge points.
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Table 4. Ground-water levels measured in the Tularosa Basin from Meinzer and Hare (1915) and simulated steady-state
ground-water levels with corresponding model locations.

Model location Well identification num- Measured water level, Steady-state simulation
ber in table 1 of Meinzer calculated in meters water level, in meters
Row Column and Hare (1915) above sea level above sea level
13 10 1,304 1,260 1,262
14 19 1,307 1,303 1,299
16 14 1,406 1,260 1,265
16 23 1,416 1,313 1,310
16 26 1,415 1,319 1,324
17 14 1,409 1,263 1,263
17 25 1,506 1,310 1,314
17 28 1,504 1,332 1,328
18 28 1,509 1,321 1,316
20 27 1,512 1,298 1,301
24 31 1,604 1,297 1,303
25 28 1,605 1,288 1,292
28 29 1,611 1,288 1,288
28 31 1,612 1,290 1,294
30 30 1,617 1,289 1,286
31 32 1,620 1,288 1,288
31 34 1,622 1,296 1,293
32 32 1,619 1,286 1,283
35 33 1,639 1,283 1,272
36 34 1,641 1,283 1,269
37 28 1,712 1,259 1,256
37 30 1,710 1,268 1,259
37 32 1,705 1,263 1,262
38 35 1,703 1,277 1,260
39 29 1,714 1,257 1,251
39 32 1,718 1,264 1,254
39 34 1,717 1,266 1,255
40 27 1,713 1,250 1,246

41 34 1,719 1,256 1,248
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Table 4. Ground-water levels measured in the Tularosa Basin from Meinzer and Hare (1915) and simulated steady-state
ground-water levels with corresponding model locations.—Continued

Model location Well identification num- Measured water level, Steady-state simulation
ber in table 1 of Meinzer calculated in meters water level, in meters
Row Column and Hare (1915) above sea level above sea level
44 32 1,722 1,244 1,242
45 34 1,727 1,244 1,242
50 36 1,803 1,232 1,236
52 36 1,804 1,227 1,235
54 32 1,805 1,217 1,222
55 33 1,810 1,214 1,222
56 10 1,802 1,211 1,208
56 33 1,811 1,216 1,221
56 36 1,809 1,217 1,226
59 36 1,812 1,226 1,227

Table 5. Horizontal hydraulic conductivity and vertical conductance estimated from model calibration by zone of hydraulic properties.

Vertical conductance, in inverse days

Horizontal
Zone of hydro- hydraulic
logic properties conductivity, in Between model Between model Between model Between model Between model
(fig. 11) meters per day layers 1 and 2 layers 2 and 3 layers 3 and 4 layers 4 and 5 layers 5 and 6
1 1.0 1.0X10° 1.0X10° 1.0X10* 1.0X10* 1.0X10*
2 0.60 6.0X10° 6.0X10° 6.0X10° 6.0X10° 6.0X10°
3 1.0 1.0X10° 1.0X10° 1.0X10* 1.0X10* 1.0X10*
4 5.0 5.0X10° 5.0X10° 5.0X10? 5.0X10° 5.0X107
5 1.0 1.0X10° 1.0X10° 1.0X10° 1.0X10° 1.0X10°
6 0.75 7.5X10° 7.5X10° 7.5X10° 7.5X10° 7.5X10°
7 3.0 3.0X10° 3.0X10? 3.0X10° 3.0X10° 3.0X10°
8 1.0 1.0X10° 1.0X10° 1.0X10° 1.0X10° 1.0X10°
9 5.0 5.0X10° 5.0X10° 5.0X10? 5.0X107 5.0X107
10 5.0 5.0X10° 5.0X10° 5.0X10? 5.0X107 5.0X107
11 0.75 1.0X10° 1.0X10° 1.0X10° 1.0X10° 1.0X10°
12 1.0 1.0X10° 1.0X10° 1.0X10° 1.0X10° 1.0X10°

13 3.0 3.0X10° 3.0X10° 3.0X10° 3.0X10° 3.0X10°
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Table 6. Apparent ages and calculated travel times of ground water at selected model locations.

Range of simulated travel times between

the specified model location and the ex- Subbasin as-

Model location Apparent age trapolated model-recharge cell, in years sociated with
of ground the extrapo-
water, in lated model-

years (Huff, recharge cell
Row Column Layer 2002) Minimum Mean Maximum (fig. 3)
49 38 1 8,019 500 600 1,100 15
49 39 2 5,777 1,100 1,400 1,800 15
50 39 3 9,188 1,900 2,200 3,000 15
44 37 1 1,534 80 200 400 15
44 37 2 3,372 600 1,100 2,700 15
47 35 1 2,283 200 300 350 16
Sen sitivity Analysis (fig. 17). The apparent sensitivity to specified flows is caused

Sensitivity of the steady-state and transient ground-water-
flow simulations to changes in selected hydraulic properties
were evaluated by the magnitude of corresponding changes
in calculated values of RMSE. Calculation of RMSE for the
steady-state model was previously defined in the “Model cali-
bration” section. A composite RMSE was calculated for the
transient model for sensitivity analysis. The composite tran-
sient RMSE was calculated using all available values of Wm
at each calibration point and the corresponding values of W
and assigning n the value of the total number of Wm available.

The steady-state model showed the most sensitivity
in the upper two model layers to changes in recharge and
horizontal hydraulic conductivity (fig. 16). The apparent
sensitivity to changes in specified flow across the southern
boundary is deceptive. Increasing specified flow across the
southern boundary to three times the assigned value causes a
large increase in water-level gradient within the model. This
increase, in turn, causes lowering of simulated water levels
along the southern model boundary to altitudes below the
base of the active model cells. Simulated water levels below
the base of model cells cause simulated flow in these cells
to become zero. The corresponding loss of flow across the
southern boundary forces additional simulated water to leave
the system by ET. Because the ET rate is simulated in MOD-
FLOW as a function of water level, the required increase in ET
rate to compensate for lost flow across the southern boundary
requires a large increase in simulated water levels throughout
much of the model. This large increase in water levels causes
a large change in steady-state RMSE. The transient ground-
water-flow simulation shows sensitivities similar to those in
the steady-state simulation but with slightly more sensitivity
to horizontal hydraulic conductivity in model layers 3 and 4

by the same mechanism as that in the steady-state simulation.
The lack of sensitivity of the steady-state and tran-

sient models to reasonable changes in specified flows and

ET parameters justifies the use of a southern specified flow

boundary, characterization of Salt Creek and Malpais Spring

as specified flow, and constant preselected ET parameters. The

lack of sensitivity of the transient ground-water-flow simula-

tion to changes in storativity and specific yield justifies the use

of constant preselected values of these hydrologic parameters.

Model Benchmarking and Potential Effects of
Return Flow

Thirteen cells within the well-calibrated area of the
ground-water-flow model represent the locations of water
levels measured in 1991 (fig. 18). The 1991 water-level
measurements plus 1991 water levels simulated under the zero
and maximum return-flow scenarios are shown in table 7. The
overall RMSE calculated under the zero return-flow scenario
is 13.4 meters in contrast to 6.4 meters if transient-model veri-
fication points 1-3, located in the area of largest agricultural
ground-water withdrawal near Tularosa, are excluded. Approx-
imately 83 percent of the total squared error present under the
zero return-flow scenario simulation for 1991 is accounted for
by the data in transient-model verification points 1-3.

The choice of return-flow scenario has relatively little
apparent effect on simulated water levels other than near
Tularosa. Comparison of measured and simulated water
levels shown in table 7 indicates that the maximum return-
flow scenario, for some stress periods, may more accurately
simulate conditions near Tularosa. In particular, simulated and
projected water-level declines near Tularosa may be overes-
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timated under the zero return-flow scenario. Uncertainties in
hydrologic parameters that describe the basin-fill aquifer or
errors in the volume of ground-water withdrawal assigned to
the Tularosa area also could contribute to the lack of agree-
ment between measured and simulated water levels for 1991.

Model Results

Model results include simulated flows of water into and
out of the model; water levels simulated for 1948, 1995, and
2040 for the zero and maximum return-flow scenarios; calcu-
lated water-level changes between 1948 and 1995 and between
1995 and 2040 for the zero and maximum return-flow sce-
narios; and water levels simulated for 1948-2040 at selected
transient-calibration points. Generalized simulated directions
of ground-water flow for 1948, 1995, and 2040 in areas near
the City of Alamogordo and Holloman Air Force Base well
fields are shown for the zero return-flow scenario. The zero
return-flow scenario is used in calculating generalized ground-
water-flow directions because this scenario represents the
maximum potential effect of ground-water withdrawal.

Simulated Flows

The location and rates of estimated recharge to the basin-
fill aquifer derived from the steady-state model calibration
are listed in table 8. Recharge amounts typically range from
4 to 5 percent of total subbasin precipitation. Exceptions to
this range include subbasins 44-46 (fig. 3) along the northern
boundary of the Tularosa Basin, where estimated recharge is 1
percent of total precipitation, and subbasins 12-14 near La Luz
Creek, where estimated recharge is 9 percent of total precipi-
tation. Annualized average recharge to the basin-fill aquifer
is estimated to be approximately 143,000 cubic meters per
day from the steady-state model calibration. An estimated 88
percent of this total recharge leaves the basin by ET, 9 percent
by interbasin ground-water flow into the Hueco Bolson, and
3 percent by flow into creeks and springs in the steady-state
simulation. Results of the steady-state simulation approximate
predevelopment conditions. Under 1995 zero return-flow
conditions, total inflow to the simulated system was esti-
mated to be approximately 199,000 cubic meters per day, of
which approximately 143,000 cubic meters per day was from
recharge and approximately 56,000 cubic meters per day was
from aquifer storage. An estimated 40 percent of this total
inflow left the system by ground-water withdrawal, 51 percent
by ET, 7 percent by interbasin ground-water flow into the
Hueco Bolson, and 2 percent by flow into creeks and springs.
Areas of active ET in the steady-state and 1995 simulations
are shown in figures 19 and 20, respectively. Simulated flows
for 1948-2040 are listed in table 9.

Simulated Water Levels

Differences between water levels simulated for 1948
under the zero return-flow and maximum return-flow (figs. 21
and 22) scenarios are minimal. Differences between both 1948
scenarios and the steady-state simulation (fig. 10) also are
minimal. Differences between water levels simulated for 1995
under the zero return-flow and maximum return-flow scenar-
ios (figs. 23 and 24) lie mainly in a more pronounced lower-
ing of simulated water levels near Tularosa under the zero
return-flow scenario. The pattern of differences is the same for
water levels simulated for 2040 under the zero return-flow and
maximum return-flow scenarios (figs. 25 and 26).

Measured and simulated water levels for 1948-2040 for
both the zero and maximum return-flow scenarios for selected
transient-model calibration points are shown in figure 27.
These points were chosen on the basis of relatively small
values of RMSE (table 3) and a relatively large number of
comparisons between measured and simulated water levels.
The effects of changes in return-flow scenarios are far greater
for transient-model calibration points 3 and 5 near the agricul-
tural area west of Tularosa than for points 10 and 11 near the
Holloman Air Force Base well fields. This is consistent with
the areal distribution of the apparent effects of return flow
on simulated 1991 water levels (table 7). The relative lack of
sensitivity of the ground-water-flow model near the Holloman
Air Force Base well fields to the return-flow scenario may
be caused by a lack of nearby areas of return-flow applica-
tions (figs. 7B and 8). Water levels simulated under maximum
return-flow conditions were below the ET extinction depth in
more than 95 percent of the model cells in the area of agri-
cultural ground-water withdrawals in 1948, 1995, and 2040.
Therefore, any overestimation of ET values associated with
basing maximum return-flow ground-water withdrawals on
calculated depletion rates would be minimal.

Declines in Simulated Water Levels

Declines in simulated water levels under the zero and
maximum return-flow scenarios between 1948 and 1995
within the well-calibrated area of the ground-water-flow
model are shown in figure 28. Simulated water-level declines
were as large as 30 meters under the zero return-flow scenario
and as large as 15 meters under the maximum return-flow sce-
nario near the agricultural area west of Tularosa. Water-level
declines of 15 and 10 meters are simulated near the City of
Alamogordo well field under the zero and maximum return-
flow scenarios, respectively. Less than 5 meters of water-level
decline is simulated under both return-flow scenarios near
the Holloman Air Force Base well fields. The increase in
simulated water levels near Alamogordo under the maximum
return-flow scenario results from the application of return
flow.
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EXPLANATION

The null hypothesis of a normal distribution of
residual errors for 20 unique groups of residual
error values can be rejected at the 95-percent
confidence level only if the correlation coefficient
obtained from a least-squares fit of the relation
between residual error and the normal quantile
distribution is less than 0.951 (Looney and
Gulledge, 1985). For the data represented here,
the null hypothesis cannot be rejected, and a
normal distribution of residual error is assumed
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Figure 12. Test for nonnormality of steady-state residual errors.

Declines in water levels simulated under the zero and
maximum return-flow scenarios between 1995 and 2040
within the calibrated area of the ground-water-flow model are
shown in figure 29. Simulated water-level declines were as
large as 25 meters under the zero return-flow scenario and as
large as 15 meters under the maximum return-flow scenario
near the agricultural area west of Tularosa. Both scenarios
result in approximately 15 meters of water-level decline near
the City of Alamogordo well field and less than 5 meters of
water-level decline near the Holloman Air Force Base well
fields.

Uncertainties in the spatial distribution of ground-water
withdrawals near the agricultural area west of Tularosa and
in the City of Alamogordo well field cause uncertainty in the
degree of declines in simulated water levels. The spatial distri-
bution of agricultural ground-water withdrawals near Tularosa
is assumed to be unchanged from that of Morrison (1989). All
ground-water withdrawal in the City of Alamogordo well field
is assumed to come from the basin-fill aquifer. In actuality,
some part of the withdrawal comes from an aquifer or aquifers
in fractured rock underlying the basin-fill aquifer. Informa-
tion was unavailable regarding the fraction of total withdrawal
produced from the fractured-rock aquifer(s) and the degree of
interconnectedness between the basin-fill and any underlying
aquifer. Assuming that all withdrawal comes from the basin-

fill aquifer may result in overestimated declines in simulated
water levels. Assuming larger values of storativity may lessen
declines in simulated water levels near Tularosa and the City
of Alamogordo well fields. Sensitivity analysis indicates that
the effect of increasing storativity at the basin scale is not
large.

Generalized Simulated Directions of Ground-
Water Flow

Generalized simulated directions of horizontal ground-
water flow were calculated by performing a vector summation
of horizontal outflows from each model cell. Vectors were
computed using outflow per unit width to correct for variable
cell sizes. Vertical ground-water flows were calculated using
interlayer differences in simulated water levels between indi-
vidual model cells. The procedure used to calculate ground-
water flow directions are discussed in Appendix 1.

Generalized simulated directions of horizontal and
vertical ground-water flow in model layers 1 and 2 for 1948
near the City of Alamogordo well field are shown in figures
30 and 31, respectively. Generalized simulated directions of
horizontal ground-water flow for 1948 in model layer 3 near
the City of Alamogordo well field are shown in figure 32.
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The direction of simulated horizontal ground-water flow is
predominantly west to southwest in all three model layers
with a southward component near the mountain front in model
layers 2 and 3. Simulated vertical ground-water flow is largely
upward into the active cells of model layer 1. Simulated verti-
cal ground-water flow is largely downward from model layer 2
into model layer 3 near the mountain front and largely upward
from model layer 3 into model layer 2 near the western part of
the area shown in figure 31.

The generalized simulated directions of horizontal
ground-water flow for 1995 and 2040 in model layers 1-3
(figs. 33-38) differ little from 1948 simulations. Conditions of
downward to near zero simulated vertical ground-water flow
in model cells in columns 38-39 and rows 26-27 of model
layer 2 in 1948 (fig. 31) are reversed to upward simulated
potential for ground-water flow by 2040 (fig. 37). Ground-
water withdrawal is the only model variable changed between
the 1948, 1995, and 2040 simulations. This reversal represents
a small and localized change in overall simulated flow patterns

Simulation of Ground-Water Flow in the Basin-Fill Aquifer of the Tularosa Basin, South-Central New Mexico

near the City of Alamogordo well field. The geohydrologic
cross section J-J” of Orr and Myers (1986, figs. 5 and 6) (figs.
30-38) shows increasing ground-water salinity with depth in
the basin-fill aquifer. Movement of water from depth of the
quality described by Orr and Myers (1986) along cross section
J-J’ could diminish shallower water quality in the basin-fill
aquifer. Any corresponding deterioration in water quality in
City of Alamogordo public-supply wells would be difficult to
anticipate because these wells withdraw water from both the
basin-fill aquifer and the underlying consolidated-rock aquifer.
Generalized simulated directions of horizontal and verti-
cal ground-water flow for 1948 in model layers 1 and 2 near
the Holloman Air Force Base well fields are shown in figures
39 and 40, respectively. Generalized simulated directions of
horizontal ground-water flow for 1948 in model layer 3 near
the Holloman Air Force Base well fields are shown in fig-
ure 41. The direction of simulated horizontal ground-water
flow is predominantly southward in all three model layers in
approximately the northern half of the area near the Holloman
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Figure 13. Values of steady-state residual errors, simulated steady-state water levels, and standard deviation

and mean value of residual errors.



Air Force Base well fields and predominantly westward to
southwestward in the southern half. The direction of simulated
vertical ground-water flow is predominantly downward from
model layer 1 into model layer 2 in approximately the northern
third of the area near the Holloman Air Force Base well fields
and predominantly upward from model layer 2 into model
layer 1 in the southern two-thirds of the area. The simulated
vertical flow is near zero between model layers 2 and 3 in
approximately the eastern half of the area near the Holloman
Air Force Base well fields and follows much the same pattern
as simulated flow does between model layers 1 and 2 over the
western half of the area.

Generalized simulated directions of horizontal ground-
water flow for 1995 and 2040 in model layers 1-3 (figs. 42-47)
near the Holloman Air Force Base well fields show localized
differences from 1948 simulations (figs. 39-41). Differences
exist primarily along the mountain front south of model row
47 and generally represent localized changes in flow directions
in and near model cells containing the Holloman Air Force
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Base public-supply wells. The changes in horizontal ground-
water-flow direction do not generally extend west of model
column 38. Geohydrologic cross sections E-E’ and F-F’ of Orr
and Myers (1986, fig. 5) (figs. 39-47) show ground water with
dissolved-solids concentrations predominantly smaller than
1,000 mg/L in and east of model column 38 at depths cor-
responding to model layers 1-3. Horizontal inflow of water of
the quality described by Orr and Myers along geohydrologic
cross sections E-E’ and F-F’ east of model column 38 should
not greatly affect the quality of water in mountain-front areas.
The overall simulated directions of vertical ground-water flow
in model layers 1 and 2 for 1995 and 2040 differ little from
1948 simulations. Locally, the simulated upward flow into
model layer 1 in model cells in columns 41 and 42 and rows
57-59 in 1948 changes to near zero simulated potential for
flow between model layers 1 and 2 by 1995 and remains so in
2040.

Table 7. Measured and simulated water levels using the zero and maximum return-flow scenarios for 1991 within the calibrated area

of the ground-water-flow model.

Model location Water
Water level simulated
Transient- level simulated using the maxi-

model verifi- U.S. Geological Measured using the zero mum
cation point Survey well water return-flow sce- return-flow sce-
number identification level, in meters nario, in meters nario, in meters
(fig. 18) Row Column Layer number above NAVD 88 above NAVD 88 above NAVD 88

1 16 23 1 330529106042901 1,306 1,275 1,296

2 16 25 1 330526106033201 1,311 1,287 1,310

3 17 24 1 330355106034301 1,300 1,280 1,305

4 25 32 1 325655105594201 1,298 1,295 1,299

5 39 37 1 325135105571901 1,259 1,253 1,258

6 44 36 1 324930105575401 1,247 1,240 1,241

7 45 35 1 324905105583901 1,237 1,238 1,239

8 46 38 1 324844105570801 1,246 1,238 1,239

9 47 32 1 324813105594001 1,225 1,233 1,234

10 47 34 1 324800105585501 1,231 1,235 1,236

11 49 38 1 324713105571201 1,226 1,235 1,236

12 50 39 1 324648105564201 1,229 1,234 1,235

13 58 34 1 324343105585001 1,214 1,222 1,222
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Simulation of Ground-Water Flow 39

Table 9. Simulated flows into and out of the basin-fill aquifer, 1948-2040.

[All values in cubic meters per day]

Simulated

Simulated Simulated Simulated decrease

evapotrans- evapotrans- decrease in in aquifer

Simulated Simulated ground- piration piration using  aquifer storage  storage using
ground- water flow across Simulated using the zero the maximum using the zero the maximum
water the southern ground-water return-flow return-flow return-flow return-flow

Year recharge model boundary flow to springs scenario scenario scenario scenario
1948 143,000 13,000 4,600 124,000 124,000 23,000 5,000
1949 143,000 13,000 4,600 124,000 124,000 23,000 5,000
1950 143,000 13,000 4,600 124,000 124,000 23,000 3,000
1951 143,000 13,000 4,600 124,000 124,000 24,000 4,000
1952 143,000 13,000 4,600 124,000 124,000 24,000 5,000
1953 143,000 13,000 4,600 123,000 124,000 25,000 5,000
1954 143,000 13,000 4,600 123,000 124,000 25,000 4,000
1955 143,000 13,000 4,600 123,000 125,000 27,000 5,000
1956 143,000 13,000 4,600 122,000 125,000 37,000 12,000
1957 143,000 13,000 4,600 122,000 125,000 36,000 9,000
1958 143,000 13,000 4,600 122,000 124,000 34,000 6,000
1959 143,000 13,000 4,600 122,000 124,000 35,000 6,000
1960 143,000 13,000 4,600 121,000 125,000 37,000 7,000
1961 143,000 13,000 4,600 121,000 125,000 39,000 12,000
1962 143,000 13,000 4,600 121,000 125,000 38,000 9,000
1963 143,000 13,000 4,600 120,000 125,000 39,000 10,000
1964 143,000 13,000 4,600 119,000 126,000 58,000 24,000
1965 143,000 13,000 4,600 119,000 125,000 55,000 21,000
1966 143,000 13,000 4,600 118,000 125,000 54,000 18,000
1967 143,000 13,000 4,600 118,000 125,000 61,000 25,000
1968 143,000 13,000 4,600 117,000 125,000 59,000 21,000
1969 143,000 13,000 4,600 116,000 125,000 65,000 25,000
1970 143,000 13,000 4,600 116,000 125,000 69,000 26,000
1971 143,000 13,000 4,600 115,000 124,000 75,000 32,000
1972 143,000 13,000 4,600 114,000 124,000 77,000 30,000
1973 143,000 13,000 4,600 113,000 124,000 79,000 30,000

1974 143,000 13,000 4,600 112,000 123,000 83,000 33,000
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Table 9. Simulated flows into and out of the basin-fill aquifer, 1948-2040.—Continued

Simulated

Simulated Simulated Simulated decrease

evapotrans- evapotrans- decrease in in aquifer

Simulated  Simulated ground- piration piration using  aquifer storage  storage using
ground- water flow across Simulated using the zero the maximum using the zero the maximum
water the southern ground-water return-flow return-flow return-flow return-flow

Year recharge model boundary flow to springs scenario scenario scenario scenario
1975 143,000 13,000 4,600 112,000 122,000 84,000 31,000
1976 143,000 13,000 4,600 111,000 122,000 86,000 34,000
1977 143,000 13,000 4,600 110,000 121,000 84,000 33,000
1978 143,000 13,000 4,600 110,000 120,000 83,000 33,000
1979 143,000 13,000 4,600 109,000 121,000 84,000 35,000
1980 143,000 13,000 4,600 108,000 120,000 82,000 34,000
1981 143,000 13,000 4,600 108,000 120,000 77,000 33,000
1982 143,000 13,000 4,600 107,000 120,000 71,000 27,000
1983 143,000 13,000 4,600 107,000 119,000 62,000 23,000
1984 143,000 13,000 4,600 106,000 118,000 53,000 18,000
1985 143,000 13,000 4,600 106,000 118,000 52,000 18,000
1986 143,000 13,000 4,600 105,000 118,000 42,000 15,000
1987 143,000 13,000 4,600 105,000 118,000 42,000 20,000
1988 143,000 13,000 4,600 104,000 117,000 41,000 21,000
1989 143,000 13,000 4,600 104,000 117,000 42,000 25,000
1990 143,000 13,000 4,600 104,000 117,000 39,000 27,000
1991 143,000 13,000 4,600 103,000 116,000 41,000 29,000
1992 143,000 13,000 4,600 103,000 116,000 43,000 31,000
1993 143,000 13,000 4,600 102,000 116,000 46,000 33,000
1994 143,000 13,000 4,600 102,000 116,000 54,000 39,000
1995 143,000 13,000 4,600 101,000 115,000 56,000 41,000
1996 143,000 13,000 4,600 101,000 115,000 56,000 41,000
1997 143,000 13,000 4,600 101,000 115,000 56,000 39,000
1998 143,000 13,000 4,600 100,000 114,000 55,000 39,000
1999 143,000 13,000 4,600 100,000 114,000 55,000 39,000
2000 143,000 13,000 4,600 99,000 114,000 55,000 38,000

2001 143,000 13,000 4,600 99,000 113,000 55,000 38,000
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Table 9. Simulated flows into and out of the basin-fill aquifer, 1948-2040.—Continued

Simulated

Simulated Simulated Simulated decrease

evapotrans- evapotrans- decrease in in aquifer

Simulated  Simulated ground- piration piration using  aquifer storage  storage using
ground- water flow across Simulated using the zero the maximum using the zero the maximum
water the southern ground-water return-flow return-flow return-flow return-flow

Year recharge model boundary flow to springs scenario scenario scenario scenario
2002 143,000 13,000 4,600 99,000 113,000 55,000 38,000
2003 143,000 13,000 4,600 98,000 113,000 55,000 38,000
2004 143,000 13,000 4,600 98,000 112,000 55,000 38,000
2005 143,000 13,000 4,600 98,000 112,000 55,000 38,000
2006 143,000 13,000 4,600 97,000 112,000 55,000 38,000
2007 143,000 13,000 4,600 100,000 111,000 54,000 38,000
2008 143,000 13,000 4,600 97,000 111,000 54,000 38,000
2009 143,000 13,000 4,600 96,000 111,000 54,000 37,000
2010 143,000 13,000 4,600 96,000 110,000 54,000 37,000
2011 143,000 13,000 4,600 95,000 110,000 54,000 37,000
2012 143,000 13,000 4,600 95,000 110,000 54,000 37,000
2013 143,000 13,000 4,600 95,000 109,000 54,000 37,000
2014 143,000 13,000 4,600 94,000 109,000 54,000 37,000
2015 143,000 13,000 4,600 94,000 109,000 54,000 37,000
2016 143,000 13,000 4,600 94,000 109,000 54,000 37,000
2017 143,000 13,000 4,600 93,000 108,000 54,000 37,000
2018 143,000 13,000 4,600 93,000 108,000 54,000 37,000
2019 143,000 13,000 4,600 93,000 108,000 54,000 37,000
2020 143,000 13,000 4,600 92,000 107,000 54,000 37,000
2021 143,000 13,000 4,600 92,000 107,000 54,000 37,000
2022 143,000 13,000 4,600 92,000 107,000 54,000 36,000
2023 143,000 13,000 4,600 91,000 106,000 52,000 36,000
2024 143,000 13,000 4,600 91,000 106,000 52,000 36,000
2025 143,000 13,000 4,600 91,000 106,000 52,000 36,000
2026 143,000 13,000 4,600 90,000 106,000 52,000 36,000
2027 143,000 13,000 4,600 90,000 105,000 52,000 36,000

2028 143,000 13,000 4,600 90,000 105,000 51,000 36,000
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Table 9. Simulated flows into and out of the basin-fill aquifer, 1948-2040.—Continued

Simulated
Simulated Simulated Simulated decrease
evapotrans- evapotrans- decrease in in aquifer
Simulated  Simulated ground- piration piration using  aquifer storage  storage using
ground- water flow across Simulated using the zero the maximum using the zero the maximum
water the southern ground-water return-flow return-flow return-flow return-flow
Year recharge model boundary flow to springs scenario scenario scenario scenario
2029 143,000 13,000 4,600 89,000 105,000 52,000 36,000
2030 143,000 13,000 4,600 89,000 104,000 52,000 36,000
2031 143,000 13,000 4,600 89,000 104,000 52,000 36,000
2032 143,000 13,000 4,600 88,000 104,000 52,000 36,000
2033 143,000 13,000 4,600 88,000 104,000 52,000 36,000
2034 143,000 13,000 4,600 88,000 103,000 52,000 36,000
2035 143,000 13,000 4,600 88,000 103,000 52,000 36,000
2036 143,000 13,000 4,600 87,000 103,000 52,000 36,000
2037 143,000 13,000 4,600 87,000 103,000 52,000 36,000
2038 143,000 13,000 4,600 87,000 102,000 52,000 36,000
2039 143,000 13,000 4,600 86,000 102,000 52,000 36,000
2040 143,000 13,000 4,600 86,000 102,000 52,000 36,000

Model Limitations

The basal no-flow boundary in this model is assigned to
the contact between the basin-fill aquifer and bedrock or the
approximate location of the first occurrence of ground-water
with dissolved-solids concentrations of 10,000 mg/L. This
assumes that little or no water flows through bedrock into the
basin-fill aquifer or across the 10,000-mg/L salinity surface
within the basin-fill aquifer. Neither of these assumptions can
be demonstrated to be accurate using existing field data. The
Tularosa Basin is geologically complex, particularly near the
basin margin. The basin margin is the area of the basin-fill
aquifer under the most stress from ground-water recharge and
withdrawal and the area for which accurate information on
future water levels is of greatest interest. The ability of the
model to simulate water levels in the basin-fill aquifer near the
basin margins is limited by the lack of detailed representation
of this geological complexity.

Hydrologic properties used in the model were assigned to
achieve a trial-and-error best fit between simulated and mea-
sured water-level data. Little data were available for measured
flows into or out of the modeled system other than for ground-
water withdrawal. For example, ET accounts for 88 percent of

simulated flow out of the basin under steady-state conditions.
However, no direct measurements of ET were available for
use in this study. Ground-water recharge was estimated on
the basis of the steady-state simulation calibration and does
not take into account the possible effects on ground-water
recharge by present (1995) surface-water diversions by the
City of Alamogordo. Fit between measured and simulated
fluxes is an important element in model calibration (Hill,
1998), and uncertainty in recharge, ET, and return-flow fluxes
limits confidence in the model calibration.

The spatial and temporal distribution of water-level
measurements limits the area of the ground-water-flow model
that can be considered to be well calibrated. Selected hydro-
logic properties, such as horizontal and vertical hydraulic
conductivity and hydrologic stresses, including recharge,
were allowed to vary within reasonable ranges during model
calibration. Reasonable quantitative ranges are fairly well
established for recharge, based on areally limited data for
hydraulic conductivity, and almost nonexistent for vertical
hydraulic conductivity. This lack of quantitative knowledge
regarding hydrologic properties limits confidence in the model
calibration.



There is considerable uncertainty in the present (1995)
and future distribution and volume of agricultural ground-
water withdrawals and in the amounts and effects of agricul-
tural return flow, limiting confidence in model performance
particularly in the area near Tularosa. Assuming that all
withdrawals in the City of Alamogordo well field are from
the basin-fill aquifer may result in overestimated declines in
simulated water levels. Additionally, all projected increases in
ground-water withdrawal for agricultural irrigation and public
supply are uncertain.

Simulated results are reasonable only for projections
used in this model. Systematic errors between simulated and
measured water levels exist near La Luz Creek and show that
this area is poorly represented in the model. Lack of agreement
between simulated ground-water travel times and '“C apparent
ages in selected Holloman Air Force Base public-supply wells
suggests that parts of the geochemistry and hydrology of the
basin-fill aquifer near the Holloman Air Force Base well fields
are poorly understood. Temporal changes in simulated water
levels and simulated directions of ground-water flow are sensi-
tive to values of and assumptions regarding aquifer properties
and hydrologic stress. Temporal changes in simulated water
levels and simulated ground-water-flow directions presented
in this report should be considered valid only for the set of
properties and stresses used in this model.

Summary

The USGS in cooperation with Holloman Air Force Base
and the City of Alamogordo, New Mexico, has completed
a study to evaluate the hydrology of the Tularosa Basin to
estimate rates of ground-water recharge and to determine the
effects of current and anticipated water use. These goals were
accomplished by construction and calibration of steady-state
and transient ground-water-flow models of the non-saline
part of the basin-fill aquifer in the Tularosa Basin. This report
documents the construction and calibration of these ground-
water-flow models and describes simulated ground-water flow
in the non-saline part of the basin-fill aquifer. Numerical simu-
lations were made using the USGS finite-difference ground-
water-flow software MODFLOW-96. Hydrologic investigation
of the basin-fill aquifer included both a steady-state ground-
water-flow simulation and a transient ground-water-flow
simulation between 1948 and 2040. The steady-state simula-
tion was calibrated by comparing contours of simulated water
levels with contours of water levels measured in 1911-12. The
steady-state calibration was refined for the eastern side of the
basin by comparison of simulated water levels with water lev-
els in 40 model cells for which 1911-12 water-level measure-
ments are available. The area containing these 40 model cells
defines the well-calibrated area of the model. The RMSE of
the steady-state calibration was 6.3 meters within the well-
calibrated area of the model. MODPATH was used to estimate
travel time for ground water between selected wells having
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14C apparent ages for ground water and the associated model-
recharge cell. Simulated travel times were systematically
smaller than the corresponding 14C apparent ages, indicating
an error in simulated ground-water-flow rates, in 14C appar-
ent ages, or in assumed flow paths used to estimate ground-
water travel times. The transient ground-water-flow simulation
was calibrated by comparing a time series of simulated water
levels in 12 model cells within the well-calibrated area of the
model with available water levels measured at various inter-
vals between 1952 and 1986. Values of RMSE at these model
cells ranged from 0.8 to 17.0 meters. Results of the transient
simulation were benchmarked by comparing simulated 1991
water levels at 13 model cells within the well-calibrated area
of the model with water levels measured in wells within these
cells in 1991. The overall RMSE of the transient ground-water
flow-model benchmarking was 13.4 meters. If benchmarking
points in the area of the largest agricultural ground-water with-
drawal near Tularosa are excluded, the RMSE of the transient
ground-water-flow benchmarking is 6.4 meters. An area of
underestimated water levels in the steady-state and transient-
model calibrations occurs in the La Luz Creek subbasin area,
indicating that this area is not well represented in the model.

About 143,000 cubic meters per day of annualized aver-
age recharge is estimated to enter the basin-fill aquifer from
subbasins that rim the Tularosa Basin. This recharge equates
to approximately 4-5 percent of total precipitation in most of
the subbasins. Approximately 88 percent of this recharge left
the basin by ET prior to development. In 1995, under the zero
return-flow scenario, an estimated 56,000 cubic meters of
water per day entered the hydrologic system from aquifer stor-
age in addition to that available from recharge. Of this 1995
total amount, an estimated 40 percent left the basin-fill aquifer
by ground-water withdrawal, 51 percent by ET, 7 percent by
interbasin ground-water flow into the Hueco Bolson, and 2
percent by flow into creeks and springs.

Water levels were simulated for 1948, 1995, and 2040
under scenarios of zero and maximum return flow from
agricultural and municipal water use. Changes in simulated
water levels were calculated between 1948 and 1995 and
between 1995 and 2040. The ground-water-flow simulation
was relatively sensitive to the choice of the return-flow sce-
nario in the agricultural area near Tularosa and decreasingly
sensitive to the choice of the return-flow scenario to the south.
The ground-water-flow simulation showed little sensitivity to
the choice of the return-flow scenario near the Holloman Air
Force Base well fields. Declines in simulated water levels in
the agricultural area near Tularosa between 1948 and 1995
were as large as 30 meters under the zero return-flow sce-
nario and 15 meters under the maximum return-flow scenario.
Declines in simulated water levels in the agricultural area near
Tularosa between 1995 and 2040 were as large as 25 meters
under the zero return-flow scenario and 15 meters under the
maximum return-flow scenario. Comparison of water levels
measured near Tularosa in 1991 and water levels simulated
under the maximum return-flow scenario for 1991 indicates
that declines in simulated water levels near Tularosa may be



44

overestimated under the zero return-flow scenario. Declines in
simulated water levels near the City of Alamogordo well field
between 1948 and 1995 were as large as 15 meters under the
zero return-flow scenario and 10 meters under the maximum
return-flow scenario. Declines in simulated water levels near
the City of Alamogordo well field between 1995 and 2040 are
nearly 15 meters under both return-flow scenarios. Simu-
lated declines in water levels near the City of Alamogordo
well fields may be overestimated based on the assumption of

Simulation of Ground-Water Flow in the Basin-Fill Aquifer of the Tularosa Basin, South-Central New Mexico

ground-water withdrawal solely from the basin-fill aquifer.
Simulated declines in water levels near the Holloman Air
Force Base well fields between 1948 and 1995 and projected
declines between 1995 and 2040 are less than 5 meters under
both the zero and maximum return-flow scenarios. General-
ized simulated directions of ground-water flow for 1948, 1995,
and 2040 in the area containing the City of Alamogordo and
Holloman Air Force Base well fields show only localized
changes between 1948 and 1995 and between 1995 and 2040.
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Figure 15B. Simulated and measured water levels from 1948 to 1995 at transient-model calibration points. Location
of calibration points shown in figure 9.—Continued
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Figure 15C. Simulated and measured water levels from 1948 to 1995 at transient-model calibration points. Location
of calibration points shown in figure 9.—Continued
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Figure 15D. Simulated and measured water levels from 1948 to 1995 at transient-model calibration points. Location
of calibration points shown in figure 9.—Continued
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Figure 15E. Simulated and measured water levels from 1948 to 1995 at transient-model calibration points. Location
of calibration points shown in figure 9.—Continued
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Figure 19. Areas of simulated evapotranspiration under steady-state conditions.
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Figure 20. Areas of simulated evapotranspiration under 1995 zero return-flow conditions.
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Figure 21. Contours of simulated water levels in the uppermost active model cells for 1948 under the zero and maximum
return-flow scenarios.
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Figure 23. Contours of simulated water levels in the uppermost active model cells for 1995 under the zero and maximum
return-flow scenarios.



Summary

106° 30° 106°
I oxlz»> % “
g;! e i
5108 I
891209
ENIEE L
33 | \! fy B
30 . 8
~ ¢l
_‘__J'_"J_ A
YA
Zoa/
> ,%JOMalpats
Eig pring m
Z|z
3 |D § |
°iS ¢ s 2
! £
5150 R 3
/‘ o I =
° P !
33" — T 2 < H ]
) £ | J AT
z «§8| - Alamogordo o
< ' B / |
P - B I w
2, [white sanas—! [, . =
o National = j— - T
m Monument,. — _{ _. olloman ‘:,;)
) I = u_Air_Force| (%]
! " Base
=z Lake 1 1
O S Lucero | ]
S S\l 7 S \
1
E A ' : !
% X ' WHITE I
SR O SANDS .
Ate MISSILE |
320 | " RANGE—
0 A
_"l White Sands
Missile Range ——
N Post Headquarters
2
0 10 20 KILOMETERS

0

10 20 MILES

\ N, N N NN Y RN\ %80 830
N\ :
R SN S = R N
N % N A %NS
@Ao '\ \ o " (%
S \ | v U A
2, W\ Ve Y\ Boundary of
\ \ Y\ LAY ! well-calibrated
ES \ t \ L) area of the
N N\ T ground-water-flow
> \ I
% \ \ | model
|
I

—1,230—

--1,210--

EXPLANATION

WATER-LEVEL CONTOUR
SIMULATED UNDER ZERO
RETURN-FLOW SCENARIO-
Contour interval 10 meters.
Datum is NAVD 88

WATER-LEVEL CONTOUR
SIMULATED UNDER MAXIMUM
RETURN-FLOW SCENARIO-
Contour interval 10 meters.
Datum is NAVD 88
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Figure 25. Contours of projected water levels in the uppermost active model cells for 2040 under the zero and maximum
return-flow scenarios.
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Figure 27A. Measured water levels and water levels simulated or projected under the zero and maximum return-
flow scenarios, 1948-2040, for selected model cells representing transient-model calibration points. Location of
calibration points shown in table 3.
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Figure 27B. Measured water levels and water levels simulated or projected under the zero and maximum return-
flow scenarios, 1948-2040, for selected model cells representing transient-model calibration points. Location of
calibration points shown in table 3.—Continued
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Figure 36. Generalized projected directions of horizontal and vertical ground-water flow in model layer 1 for 2040 near the

City of Alamogordo well field.

3



74 Simulation of Ground-Water Flow in the Basin-Fill Aquifer of the Tularosa Basin, South-Central New Mexico

EXPLANATION
a CELL REPRESENTING LOCATION
4 OF CITY OF ALAMOGORDO COLUMN
PUBLIC-SUPPLY WELLS 34 35 36 37 38 39 40 41
D CELL THAT IS INACTIVE
FOR THIS SIMULATION
Tularosa Basin boundary
.~~~ GENERALIZED SIMULATED
DIRECTION OF HORIZONTAL A co co 1
GROUND-WATER OUTFLOW e \ 9
FROM CELL
J——J' GEOHYDROLOGIC SECTION \
FROM ORR AND MYERS
(1986, FIG. 5)
A SIMULATED UPWARD FLOW 20
FROM MODEL LAYER 3 TO b | <h— | <a— | SV
MODEL LAYER 2 | \@\
Y SIMULATED DOWNWARD FLOW ~
FROM MODEL LAYER 2 TO
MODEL LAYER 3 k
21
®  SIMULATED VERTICAL FLUX AT | A | A / f )
LESS THAN 0.001 METER /
PER DAY
(O NO SIMULATED LATERAL Y SR R G Sl ¢ J 22
GROUND-WATER FLOW
OUT OF CELL —
S| | A |2 & | f j 23
1= 7
106° 30” 106° N S Y %'/ f / 24
l o x Ze /
B2 E
g2lg e
28158 N Y ¢ f 25
33° | —
30 4
SR 2uly SRl ¢ é 26
£z
e . . A a4 é $‘ 27
2 :5 5
o
2 / / / / é $ 28
Study
area
33° | — —
: LA L0 E T N AT
g 2
S5 2
5 National = Boundary near the
i Too T e \ 6 7;3 ggEFT;;TS City of Alamogordo
z L' | | Base @ ’ well field
c 2 ucero = I - P
E 3
[
AN
sp0 |
307 [
Missile Range —
Post Headquarters 4
|
See figure 4 for 0 10 20KILOMETERS
model grid
0 10 20 MILES
Figure 37. Generalized projected directions of horizontal and vertical ground-water flow in model layer 2 for 2040 near the

City of Alamogordo well field.

ROW



Summary

EXPLANATION

VA CELL REPRESENTING LOCATION
. OF CITY OF ALAMOGORDO COLUMN

PUBLIC-SUPPLY WELLS 34 35 36 37 38 39 40 41

D CELL THAT IS INACTIVE \

FOR THIS SIMULATION

Tularosa Basin boundary
GENERALIZED SIMULATED
DIRECTION OF HORIZONTAL - - | e
GROUND-WATER OUTFLOW AN \ 19
FROM CELL

J—J' GEOHYDROLOGIC SECTION
FROM ORR AND MYERS
(1986, FIG. 5)

20

&k, 21

/
d 22
23
24

25

e

AN -

ROW

106° 30" 106°

LINCOLN
COUNTY
f—

. h
%%C: B t‘ ) ]

26

“OMalpais
Spring

27

OTERO COUNTY

LAR O s,

isa

MOUNTAINS

Nl S s s NN N

RN =N

28

/\/\/ 29

Boundary near the
i i A Borce 725323EJEEEFEI_S City of Alamogordo
zm' i Base : well field

| area

33° i1 ]
r ’ Kf!.;ngordo \f]

e e A

White Sands ' /
National  j— Y
Monument - . . -

INNENNNANE

_COUNTY
A

V. NVS |
DONA ANA",

SNIVINNOW SFHANYy

SACRAMENTO

Lucero . ! v
r LT

- af -
7 l WHITE

N (! SANDS °
AueuTSST‘N i MISSILE I

320 | M ) RANGE Jl<y &
30" i -

'3 S~ White Sands N

Missile Range ——& 0

Post Headquarters ™5 ¢

=< |

See figure 4 for 0 10 20 KILOMETERS
model grid

0 10 20 MILES

Figure 38. Generalized projected directions of horizontal ground-water flow in model layer 3 for 2040 near the City of
Alamogordo well field.



16

NEORN

EXPLANATION

CELL REPRESENTING LOCATION
OF HOLLOMAN AIR FORCE BASE
PUBLIC-SUPPLY WELLS

CELL THAT IS INACTIVE
FOR THIS SIMULATION

GENERALIZED SIMULATED
DIRECTION OF HORIZONTAL
GROUND-WATER OUTFLOW
FROM CELL

F—F' GEOHYDROLOGIC SECTIONS

E——F

A

v

106°

+  FROM ORR AND MYERS
(1986, FIG. 5)

SIMULATED UPWARD FLOW
FROM MODEL LAYER 2 TO
MODEL LAYER 1

SIMULATED DOWNWARD FLOW
FROM MODEL LAYER 1 TO
MODEL LAYER 2

SIMULATED VERTICAL FLUX

LESS THAN 0.001 METER
PER DAY

30°

33°
30

33°

NS
SNIVLNNOW S3HANY, |

SAY,

U
NG

R

32°
30

N

oy |

STIN ;

SIERRA COUNT

MOUNTAINS

L
ULARO S 2

AY
AY
DONA AN>\

COUNTY

White Sands |
National =~ |—
Monument ~.

l Wi i ~Ba
Lake I 1
Lucero | .

2 -

_~—_ SACRAMENTO

"W

N

1
l WHITE
1
1

#

1
|
White Sands
Missile Range

Post Headquarters i

4

See figure 4 for

0

10 20 KILOMETERS

Simulation of Ground-Water Flow in the Basin-Fill Aquifer of the Tularosa Basin, South-Central New Mexico

COLUMN
33 34 35 36 37 38 39 40 41 42 43 44
bt le]r 2|
¢ $ t j Z/ |~ Tularosa Basin
ARARAR AR AR A A
i
AN Z77 s\
xRy, ik
AR
Sl 841868\
N
PNFTF KGN
fxf//x/,xf'g
!!!«x!@/«—\
%K@/éf@/@/««—«\
Y| || a | K| | | | e
fz!/;!;!!!!?/
a | K| S| x| & || x| |
«&&&&«&g%%
PE 7SS I NS N ) P U P e
S| | | | |aa | | | | |
& | | k| k| | k| k| <a | S | S| SeC

Boundary near the
Holloman Air Force Base
well fields

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

ROW

model grid

0 10 20 MILES

Figure 39. Generalized simulated directions of horizontal and vertical ground-water flow in model layer 1 for 1948 near the
Holloman Air Force Base well fields.



Summary 71

EXPLANATION COLUMN
/
g CELL REPRESENTING LOCATION

33 34 35 36 37 38 39 40 41 42 43 44
OF HOLLOMAN AIR FORCE BASE
PUBLIC-SUPPLY WELLS x X x x ¢ ¢ ¢ % 40
GENERALIZED SIMULATED
= DIRECTION OF HORIZONTAL MESEARARAR AR 41
GRgUI\éD—WATER OUTFLOW Tularosa Basin
FROM CELL Y% ¢ ¢ ¢ ¢ ¢ boundary 42
F F' GEOHYDROLOGIC SECTIONS
_____~ FROM ORR AND MYERS 43
E E (1986, FIG. 5) U $ ¢ ¢ ¢ ¢/F'
A SIMULATED UPWARD FLOW 1v' $ $ $ %%/é\/ 44
FROM MODEL LAYER 2 TO F
MODEL LAYER 1 s v’% ¢ ﬁ//¢ ¢ 45
¥ SIMULATED DOWNWARD FLOW
FROM MODEL LAYER 1 TO g |2 ¢ ¢ ¢ ¢ $ 46
MODEL LAYER 2
e  SIMULATED VERTICAL FLUX £\ / ¢ ¢ ¢ $ \ 47
LESS THAN 0.001 METER
PER DAY Ef[f¢¢$m¥\ 48
Pl Lt YD e |V 3
. o/ ' Q
106‘[’30 ________ 1(;60 Kla|y| g8 ¢7/V é—jﬁ 50 T
O>-IZ>- 17
g wlalalg gt 2K 5
$°|38
BBy g 52
K x| || g g g 8|8 53
s\ a a4 4R 54
2 VeV eV AW Ay AW SN SN SN 55
2
4
g A | | ||| | g % 56
Py Ay AV AN ) 57
33° | //%: —
% P YV N S S’ S Sl 2l aly SNy Gl gliEs S 58
8%__ 2
B aniitelga'r;as, g | k| | x| | | 8| e | e | <o | e 59
% Moe:mllm_gntr'_:!/_, — Molloman é
o ‘ uAir Force % Boundary near the
= | Holloman Air Force Base
e el sm'dy\ well fields
; é{ area
z 1
% WHITE |
opn SANDS -
VGV! MISSILE
g0 | M RANGE N %
30, 3
White Sands i
Missile Range ——
Post_Headquarters l c'-l
See figure 4 for 0 10 20 KILOMETERS
model grid l_n_,_l_L'_l_,_\

0 10 20 MILES

Figure 40. Generalized simulated directions of horizontal and vertical ground-water flow in model layer 2 for 1948 near the
Holloman Air Force Base well fields.



18

Simulation of Ground-Water Flow in the Basin-Fill Aquifer of the Tularosa Basin, South-Central New Mexico

EXPLANATION

CELL REPRESENTING LOCATION
OF HOLLOMAN AIR FORCE BASE
PUBLIC-SUPPLY WELLS

N\

CELL IN WHICH NO FLOW DIRECTIONS
WERE CALCULATED FOR THIS
SIMULATION

]

/ GENERALIZED SIMULATED
DIRECTION OF HORIZONTAL
GROUND-WATER OUTFLOW

FROM CELL
F——— F' GEOHYDROLOGIC SECTIONS
E— ' FROMORR AND MYERS
(1986, FIG. 5)
106° 30° 106°

LINCOLN
COUNTY

33°
30

“©Malpais

OTERO COUNTY

MOUNTAINS

33° |— —
2
z
N =
Z % |White Sands u
o
3 <
o 5
@ X
=z &
Q [
% Study \(
;l area
> 3
[
N
MISSILE |
32° | RANGE
30"
Missile Range ——
Pos} Headquarters
/|
See figure 4 for 0 10 20 KILOMETERS
model grid

0 10 20 MILES

34 35

COLUMN

36 37 38 39 40 41 42 43 44

(

Tularosa Basin

boundary

¢
¢
J
J

7%

J

7

J

¢
J
J
7z
¢
¢
¢
J
.
¢
¢
J
¢
J
e
Ve
Vd
e

J
¢
J

7
J
J
¢
x

&
J
¢
¢
¢

/
/
¢
¢

J
¢
J

W
¢
¢
¢
\

47

4%

/
J
J
J
/
/
v

e

?

\\N‘\\\\\\\y"&\\\\\\\
\\N\\\\\\\é\\\\\\\\

L
J
v
4
e
Ve
e
Pe
&
v
e

|\ |

!

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Boundary near the

Holloman Air Force Base

well fields

ROW

Figure 41. Generalized simulated directions of horizontal ground-water flow in model layer 3 for 1948 near the Holloman Air
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Figure 44. Generalized simulated directions of horizontal ground-water flow in model layer 3 for 1995 near the Holloman Air
Force Base well fields.
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Appendix 1. Computation of Ground-Water-Flow Directions

Changes in simulated ground-water-flow directions that correspond to changes in stresses applied to an aquifer can give
insight into the nature of a simulated flow system. Generalized simulated horizontal ground-water-flow directions were calcu-
lated in this study using cell-by-cell flow rates output by the MODFLOW-96 program (Harbaugh and McDonald, 1996). Only
flows exiting across the horizontal cell faces were used in the calculations. The arrows, such as those shown in figure 30, repre-
sent the simulated ground-water-flow per unit width exiting each model cell. An explanation of how the flow arrows presented in
this report were computed (written commun., Douglas McAda, U.S. Geological Survey) follows:

The locations and directions of the arrows were calculated using two ARC/Info (version 8.0.1) AML (Arc Macro Lan-
guage) programs and two FORTRAN 77 programs. A third AML, arrows.aml, was used to execute the AMLs and programs in
the proper sequence. Execution of the programs in sequence extracts model-cell flow data from the MODFLOW-96 cell-by-cell
budget file, creates six ARC/Info line coverages (one for each layer of the model) which contain lines oriented in the direction
of flow and passing through the center of each model cell, and six ARC/Info point coverages with point locations where there
is no flow out of model cells. Flow arrows and no-flow points are calculated for the user-specified stress period and time step
extracted from the MODFLOW-96 cell-by-cell budget file.

The programs used to compute the flow arrows presented in this report are documented below:

/* ARROWS.AML

/* This aml ties the programs and amls together from reading the cell-by-cell
/* budget file to creating the coverages for flow arrows and active cells

/* that have no outflow (generally cells with wells). (D.P McAda 3/04 )

/*

/* You will need to answer questions in the read_cbc.f program

/* Compile and load FORTRAN program

&sys g77 -o read_cbc read_cbc.f

/* Execute FORTRAN program

&sys read_cbc

/*

/* Now run gen_flow_info.aml to put the flows at cell faces into Info

&r gen_flow_info

/*

/* Now run gen_flow_arrows.aml to organize flows and make the arrow and point /* covers. The FORTRAN program GEN_
FLOW_ARROWS executes from within this aml.

&r gen_flow_arrows

/*

&return

The FORTRAN program, READ_CBC, is modified from the ZONEBUDGET program for MODFLOW-96 (Harbaugh,
1990). This program reads the MODFLOW cell-by-cell budget output file and creates temporary ASCII files containing the
simulated flows for cell faces and a file listing the contents of the cell-by-cell budget file. As in ZONEBUDGET, the user must
enter file names, pumping period, and time steps in response to the prompts. The program READ_CBC is listed below:

PROGRAM READ_CBC

Modified from Arlen’s ZONEBUDGET Program for MODFLOW-96 to read
to read cell-by-cell budget files — Modified by D.P. McAda 3/04

The original program is documented in USGS Open-File Report 90-392,
written by Arlen W. Harbaugh

C
C
C
C
C
C
C
C

SPECIFICATIONS:
PARAMETER (NODDIM=300000,NTRDIM=12,NZDIM=25,MXCOMP=25,MXZWCZ=10)
C----- NODDIM must be greater than or equal to the product of the

C----- number of layers, rows, and columns in the model grid.
C----- NTRDIM must be greater than or equal to the number of budget
C----- terms, other than flow between zones, that will appear
C----- the budget. In the original model, there is a maximum
C----- of 8 terms -- constant-head, storage, wells, rivers,

C----- drains, recharge, general-head boundaries, and

C----- evapotranspiration.



90 Simulation of Ground-Water Flow in the Basin-Fill Aquifer of the Tularosa Basin, South-Central New Mexico

C---—-- NZDIM must be greater than or equal to the maximum zone
C----- number.
C---—-- MXCOMP is the maximum number of composite zones, and must be
C----- less than 81.
C---—-- MXZWCZ is the maximum number of numeric zones within each
C----- composite zone.

COMMON /BUFCOM/BUFF

COMMON /ZONCOM/IZONE

COMMON /CHCOM/ICH

DIMENSION BUFF(NODDIM),IZONE(NODDIM),ICH(NODDIM),
1 VBVL(2,NTRDIM,NZDIM),VBZNFL(2,0:NZDIM,0:NZDIM)
DIMENSION ICOMP(MXZWCZ,MXCOMP),NZWCZ(MXCOMP)
DOUBLE PRECISION VBVL,VBZNFL

DIMENSION ITIME(2,10)

CHARACTER*80 TITLE

CHARACTER*80 NAME

CHARACTER*16 VBNM(NTRDIM),TEXT

CHARACTER*1 METHOD,IANS

C
C set string for use if RCS ident command
NAME =
&’$ld: zonebdgt.f,v 1.0 1996/12/20 13:40:08 rsregan Exp rsregan $’
NAME =
&' @ (#)ZONEBDGT - Program for computing subregional water budgets’
NAME =‘@ (#) for results of MODFLOW simulations’
NAME = ‘@ (#)ZONEBDGT - USGS Open File Report 90-392, Harbaugh’
NAME = ‘@ (#)ZONEBDGT - Contact: h2osoft@usgs.gov’
NAME = ‘@ (#)ZONEBDGT - Version: 1.0x 1996/12/20°
C
C
C-----DEFINE INPUT AND OUTPUT UNITS AND INITIALIZE OTHER VARIABLES
INZN1=10
INZN2=11
INBUD=12
IOUT=13
K1=0
K2=0
NZONES=0
MSUM=0
C
C-----TELL THE USER WHAT THIS PROGRAM IS
WRITE(*,*)
WRITE(*,*) - Modified from ZONEBUDGET version 1.00 to read’
WRITE(*,*) ‘ cell-by-cell flow data from the USGS Modular Ground-W
1ater Flow Model’
C

C-----OPEN A LISTING FILE
WRITE(*,”)
3 WRITE(%,*) ‘ Enter the name of a LISTING FILE for writing budget f
1ile contents?’
READ(*,(A)’) NAME
OPEN(UNIT=IOUT,FILE=NAME,ERR=3)
WRITE(IOUT,4)
4 FORMAT(1H /modified from ZONEBUDGET version 1.00"/
1’ Program to read cell-by-cell flow data and format it for input t
30 other programs.)

C-----OPEN THE CELL-BY-CELL BUDGET FILE
WRITE(*,”)

10 WRITE(*,*) * Enter the name of the file containing CELL-BY-CELL BU
1DGET TERMS?’
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READ(*;(A)) NAME
OPEN(UNIT=INBUD,FILE=NAME,STATUS="OLD’,FORM="UNFORMATTED’,ERR=10)
WRITE(IOUT,)

WRITE(IOUT,*) * The cell-by-cell budget file is”

WRITE(IOUT,*) NAME

C-----READ GRID SIZE FROM BUDGET FILE AND REWIND
READ(INBUD,END=2000) KSTPKPER, TEXT,NCOL,NROW,NLAY
REWIND(UNIT=INBUD)

WRITE(*,*)
WRITE(*,14) NLAY,NROW,NCOL
WRITE(IOUT,*)
WRITE(IOUT,14) NLAY,NROW,NCOL
14 FORMAT(1X,13, layers’,110, rows’,110, columns’)

C-----CHECK TO SEE IF NODIM IS LARGE ENOUGH

NODES=NCOL*NROW*NLAY

IF(NODES.GT.NODDIM) THEN
WRITE(*,*) * PROGRAM ARRAYS ARE DIMENSIONED TOO SMALL
WRITE(*,*) * PARAMETER NODDIM IS CURRENTLY’,NODDIM
WRITE(*,*) * CHANGE NODDIM TO BE’,NODES, OR GREATER’
STOP

END IF

C-----READ A TITLE TO BE PRINTED IN THE LISTING
WRITE(*,)
WRITE(*,”) * Enter a TITLE to be printed in the listing:’
READ(*,(A)’) TITLE
WRITE(IOUT,*)
WRITE(IOUT, (1X,A)’) TITLE

C

¢ get the pumping period and timestep you want

C
write (*,*) * Enter the pumping period you would like’
read (*,*) KPERYES
write (*,*) * Enter the timestep you would like’
read (*,*) KSTPYES

C-----READ BUDGET DATA AND ACCUMULATE AS LONG AS TIME REMAINS CONSTANT.
C-----WHEN TIME CHANGES, PRINT THE BUDGET, REINITIALIZE, AND START OVER
100 READ(INBUD,END=1000) KSTPKPER,TEXT,NC,NR,NL
¢ Write timestep#, pumping period#, flow term, col,row,lay

write (iout,*) KSTP,KPER,TEXT,NC,NR,NL
¢ Read the budget terms

read (INBUD) (BUFF(I),I=1,NODES)

c Ifit's the right pumping period, timestep, & flow across faces we want it

open
open

unit=21 file="flowritf’)
unit=22 file="flowfntf’)
open (unit=23,file="flowlowf’)
open (unit=24file="flowlftf’)
open (unit=25,file="flowbckf’)
if (kstp .eq. kstpyes .and. kper .eq. kperyes) then
¢ see if it is one of the flow faces
if (text(1:6) .eq. ‘FLOW R’) then
INFLOW=21
write (*,”) ‘right’
else if (text(1:6) .eq. ‘FLOW F’) then

—~ o~~~
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INFLOW=22
write (*,*) ‘front’
else if (text(1:6) .eq. ‘FLOW L) then
INFLOW=23
write (*,”) ‘lower’
else
go to 100
end if
c if this is what we want, let’s write it
c
call writit (buff,inflow,ncol,nrow,nlay)

if (text(1:6) .eq. ‘FLOW R’) then
INFLOW=24
write (*,*) ‘left’
call writleft (buff,inflow,ncol,nrow,nlay)
else if (text(1:6) .eq. ‘FLOW F’) then
INFLOW=25
write (*,”) ‘back’
call writbck (buff,inflow,ncol,nrow,nlay)
else
go to 100
end if

end if
go to 100

C-----EMPTY BUDGET FILE
2000 WRITE(*,*) ‘CELL-BY-CELL FLOW TERM FILE WAS EMPTY’
STOP
1000 WRITE(*,*) ‘END OF CELL-BY-CELL FLOW TERM FILE’
STOP
end
C
subroutine writit (buff,inflow,nc,nr,nl)
dimension buff(nc,nr,nl)
do 105 ir=1,nr
do 105 ic=1,nc
iseq=(ir-1)*nc+ic
write (inflow,200) ir,ic,iseq, (buff(ic,ir,il),il=1,nl)
200 format( 2(i4,,),i10,’,,5(e20.6,),e20.6)
105 continue

end
c
subroutine writleft (buff,inflow,nc,nr,nl)
dimension buff(nc,nr,nl),zero(100)
do 101 i=1,100
101 zero(i)=0
do 105 ir=1,nr
iseq=(ir-1)*nc+1
inc=1
write (inflow,200) ir,inc,iseq,(zero(il),il=1,nl)
do 105 ic=1,(nc-1)
inc=ic+1
iseq=(ir-1)*nc+inc
do 106 il=1,nl
106 buff(ic,ir,il)=0-buff(ic,ir,il)
write (inflow,200) ir,inc,iseq, (buff(ic,ir,il),il=1,nl)
200 format( 2(i4,,),i10,,,5(e20.6,),e20.6)

105 continue
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end

subroutine writbck (buff,inflow,nc,nr,nl)
dimension buff(nc,nr,nl),zero(100)
do 101 i=1,100
101 zero(i)=0
do 105 ir=0,(nr-1)
ibr=ir+1
do 105 ic=1,nc
iseq=(ibr-1)*nc+ic
if (ibr .eq. 1) then
write (inflow,200) ibr,ic,iseq,(zero(il),il=1,nl)

else
¢ Remember the flow on back face will be negitive of what is in buff
do 106 il=1,nl
106 buff(ic,ir,il)=0-buff(ic,ir,il)
write (inflow,200) ibr,ic,iseq, (buff(ic,ir,il),il=1,nl)
end if
200 format( 2(i4,,),i10,,,5(e20.6,,),e20.6)

105 continue
end

The AML, gen_flow_info.aml reads the temporary files created by READ_CBC and writes the data into Info files. These
Info files subsequently are used in the gen_flow_arrows.aml. The AML, gen_flow_info.aml is listed below:

/* GEN_FLOW_INFO.AML

/* This aml reads the information in the temporary files created from
/* the FORTRAN program READ_CBC and writes it into Info files.
/* These Info files are then used in the gen_flow_arrows.aml.
&data arc info

arc

SEL FRIF

PURGE

Y

ERASE FRIF

Y

define FRIF

ROW,4,4,1

COL,4,4,1

SEQNUM,10,10,!

FRIFL1,4,12,F,3

FRIFL2,4,12,F,3

FRIFL3,4,12,F,3

FRIFL4,4,12,F,3

FRIFL5,4,12,F,3

FRIFL6,4,12,F,3

ADD FROM ../flowritf ascii
SEL FLTF
PURGE

Y

ERASE FLTF

Y

define FLTF
ROW,4,4,
COL,4,4)
SEQNUM,10,10,!
FLTFL1,4,12,F,3
FLTFL2,4,12,F,3
FLTFL3,4,12,F,3
FLTFL4,4,12,F3
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FLTFL5,4,12,F3
FLTFL6,4,12,F3

ADD FROM ../flowlftf ascii
SEL FFTF
PURGE

Y

ERASE FFTF

Y

define FFTF
ROW,4,4,
COL,4,4,
SEQNUM,10,10,I
FFTFL1,4,12,F,3
FFTFL2,4,12,F,3
FFTFL3,4,12,F,3
FFTFL4,4,12,F,3
FFTFL5,4,12,F,3
FFTFL6,4,12,F,3

ADD FROM ../flowfntf ascii
SEL FBKF
PURGE

Y

ERASE FBKF

Y

define FBKF
ROW,4,4,
COL,4,4,
SEQNUM,10,10,I
FBKFL1,4,12,F,3
FBKFL2,4,12,F,3
FBKFL3,4,12,F,3
FBKFL4,4,12,F,3
FBKFL5,4,12,F,3
FBKFL6,4,12,F,3

ADD FROM ../flowbckf ascii
SEL FLOF
PURGE

Y

ERASE FLOF

Y

define FLOF
ROW,4,4,
COL,4,4,
SEQNUM,10,10,I
FLOFL1,4,12,F,3
FLOFL2,4,12,F,3
FLOFL3,4,12,F,3
FLOFL4,4,12,F,3
FLOFL5,4,12,F,3
FLOFL6,4,12,F,3

ADD FROM ../flowlowf ascii
Q STOP
&END
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The AML, gen_flow_arrows.aml uses horizontal fluxes (from the Info files created by gen_flow_info.aml) to calculate the
relative flux of water per unit width across cell faces and the flow-direction arrows. This AML creates six ARC/Info line cover-
ages (one for each model layer) of the arrows and six ARC/Info point coverages (one for each model layer) of cells with no flux
exiting the cell. The FORTRAN program GEN_FLOW_ARROWS is executed from within gen_flow_arrows.aml. The AML,
gen_flow_info.aml is listed below:

/* GEN_FLOW_ARROWS.AML

/* Aml to take horizontal fluxes (in info files FBKF, FRIF, FFTF, FLTF),

/* calculate flux per unit width across face, and calculate flow-

/* direction arrows. These are uniformly-sized arrows and are NOT

/* adjusted proportially to flux rate

/*

&data arc info

arc

SEL TULA_POL.PAT
RELATE FBKF BY SEQNUM ORDERED
RELATE 2 FRIF BY SEQNUM ORDERED
RELATE 3 FFTF BY SEQNUM ORDERED
RELATE 4 FLTF BY SEQNUM ORDERED
RELATE 5 TULA_PTS.PAT BY SEQNUM
CALC $COMMA-SWITCH = -1
&do lay :=1 &to 6

ASEL

CALC ACTIVE =1

CALC DONE =0

RESEL AREA LT 0

CALC ACTIVE=0

NSEL

CALC WORKT1 = $1FBKFL%lay%

CALC WORK2 = $2FRIFL%lay%

CALC WORKS = $3FFTFL%lay%

CALC WORK4 = $4FLTFL%lay%

REM Find inactive cells (no horizontal flow-- > -0.00001 & < 0.00001)
RESEL WORKT It .00001 and WORK2 It .00001 and WORKS3 It .00001 and WORK4 It .00001
RESEL WORKT1 gt -.00001 and WORK2 gt -.00001 and WORKS gt -.00001 and WORK4 gt -.00001
CALC ACTIVE=0
ASEL

REM Find cells where both front and back flow are out of cell
RESEL ACTIVE = 1 AND WORK1 gt 0 and WORKS3 gt 0
CALC WORK1 = WORK1 - WORK3
CALC WORK3 =0

REM If back flow is negitive, it is positive the other way
RESEL WORK1 LT 0
CALC WORKS3 = 0 - WORK1
CALC WORK1 =0

REM Now find cells where both right and left flow are out of cell
ASEL
RESEL ACTIVE = 1 AND WORK?2 gt 0 and WORK4 gt 0
CALC WORK2 = WORK2 - WORK4
CALC WORK4 =0

REM If back flow is negitive, it is positive the other way
RESEL WORK2 LT 0
CALC WORK4 =0 - WORK2
CALC WORK2 =0

REM

REM lets eliminate negitive flows now so we only look at flow out of cells
ASEL
RESEL ACTIVE =1 AND WORK1 LT 0
CALC WORK1 =0
ASEL
RESEL ACTIVE =1 AND WORK2 LT 0
CALCWORK2 =0
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ASEL
RESEL ACTIVE =1 AND WORK3 LT 0
CALC WORK3 =0
ASEL
RESEL ACTIVE =1 AND WORK4 LT 0
CALC WORK4 =0
REM Now we can calculate vector components because the values are either
REM pos or zero, and - will be left or front & + will be right or back
ASEL
RESEL ACTIVE =1
REM Now divide by row & column spacing, and since the flow arrows represent
REM directions and not magnitude, let’s uniformly apply an adjustment factor
REM to width so the numbers don’t get too small.
REM WORK2 now becomes x & WORK1 now becomes y
CALC WORK2 = (WORK2 - WORK4 ) / ( ROWSPACING / 750 )
CALC WORK1 = (WORK1 - WORK3 ) / ( COLSPACING / 750 )
REM WORKS is slope of line defining arrow
RESEL WORK2 NE 0
CALC WORK3 = WORK1 / WORK2
ASEL
RESEL ACTIVE =1
OUTPUT ../TMPOUT%lay% INIT
PRINT ROW,COL,SEQNUM,$5X-COORD,$5Y-COORD,WORK2,WORK1,WORK3
&end
q stop
&end
/* compile and run the fortran program GEN_FLOW_ARROWS
&sys g77 —o gen_flow_arrows gen_flow_arrows.f
&sys gen_flow_arrows
&do lay :=1 &to 6
&if [exists arrows_%lay% -cover] &then kill arrows_%lay%
/* this generates the arc cover for the arrows
&data arc generate arrows_%lay%
input genin%lay %
lines
Q
&end
build arrows_%lay% line
additem arrows_%lay%.aat arrows_%lay%.aat row 4 4 i
additem arrows_%lay%.aat arrows_%lay%.aat col 4 4 i
additem arrows_%lay%.aat arrows_%lay%.aat SEQNUM 10 10 i
&if [exists nooutf_%lay% -cover] &then kill nooutf_%lay%
/* this generates the point cover for active cells without outflow
&data arc generate nooutf_%lay%
input noout%lay%
points
Q
&end
build nooutf_%lay% point
additem nooutf_%lay%.pat nooutf_%lay%.pat row 4 4 i
additem nooutf_%lay%.pat nooutf_%lay%.pat col 4 4 i
additem nooutf_%lay%.pat nooutf_%lay%.pat SEQNUM 10 10 i
&end
&data arc info
arc
&do lay :=1 &to 6
SEL ARROWS_%lay%.AAT
CALC SEQNUM = ARROWS_%lay%-ID
RELATE TULA_PTS.PAT BY SEQNUM
CALC ROW = $1ROW
CALC COL = $1COL
SEL NOOUTF_%lay%.PAT
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CALC SEQNUM = NOOUTF_%lay%-ID
RELATE TULA_PTS.PAT BY SEQNUM
CALC ROW = $1ROW
CALC COL = $1COL
&end
Q stop

&end

&return

The FORTRAN program, GEN_FLOW_ARROWS, executed from within gen_flow_arrows.aml, calculates the beginning
and ending coordinates of the arrows for each model cell. The program GEN_FLOW_ARROWS is listed below:

PROGRAM GEN_FLOW_ARROWS
C This program takes the tmpout# files from the aml of the same name and
C does more calculations before generating the arrow coverages
character*50 infile,outfile
do 1 lay=1,6
write (infile,fmt=(a6,i1)’) tmpout’,lay
write (outfile,fmt="(a5,i1)’) ‘genin’,lay

open (unit=30,file="check’)
open (unit=10,file=infile)
open (unit=20,file=outfile)
write (outfile,’(a5,i1)’) ‘noout’,lay
open (unit=25,file=outfile)
10  read (10,*,end=98) ir,ic,iseq,x0,y0,xx,yy,slope
c see if this is a large enough flux to worry about
sum = abs(xx)+abs(yy)
r=0
angle=0
if (sum .lt. 0.00001) then
c if this cell got here it's active, so we need to note it
write (25,fmt="(i10,2f15.4)’) iseq,x0,y0
goto 10
end if
Calculate the angle, then the x & y to get an arrow 420 cover units long
¢ Ifxxis zero it’s just y, but we need it in the right direction
if (xx .It. 0.00001 .and. xx .gt.-0.00001) then
y=420
x=0
if (yy .It. 0.0) y=-420

o

¢ Orifyyis zero it's just x, but we need it in the right direction
else if (yy .It. 0.00001 .and. yy .gt.-0.00001) then
y=0
x=420
if (xx .It. 0.0) x=-420
¢ Orif they are not zero then lets convert to polar coords. then use
c our arrow length for r. Remember angle is in radians.

else
c get the angle and put it in the proper quadrant
angle=atan(abs(slope))
if (xx .It. 0.0 .and. yy .gt. 0.0)
+ angle=3.141592654-angle
if (xx .1t. 0.0 .and. yy .It. 0.0)
+ angle=angle-3.141592654
if (xx .gt. 0.0 .and. yy .It. 0.0)
+ angle=0.0-angle
c make the radius in the proper quandrant also
r=420
x=r*cos(angle)
y=r*sin(angle)
end if
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¢ Calc the arrow orig relative to x0 & y0, so the arrow goes through node
xb=x0-(x/2)
yb=y0-(y/2)
¢ Calc the arrow point
xe=x0+(x/2)
ye=y0+(y/2)
¢ Print out a file
write (20,fmt="(i10)’) iseq
write (20,fmt="(2f15.4)’) xb,yb
write (20,fmt="(2f15.4)’) xe,ye
write (20,*) ‘END’
if (lay .eq. 1)
+ write (30,fmt="(2i4,10f10.3)’),ir,ic,angle,r,x,y
goto 10
98  write (20,%) ‘END’
write (25,*) ‘END’
close (10)
close (20)
close (25)
1 continue
stop
end
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