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Measures in 1960.

FACTORS FOR CONVERTING INCH-POUND UNITS TO INTERNATIONAL SYSTEM (SI) OF
METRIC UNITS

A dual system of measurements--inch-pound units and the International
System (SI) of metric units--is given in this report. SI is a consistent
system of units adopted by the Eleventh General Conference of Weights and

as follows:

Multiply inch-pound unit

acre

inch

inch

foot

foot

foot

foot

mile

square mile (mi

(in.)

per day (in/d)

(fo)

per day (ft/d)

per vear (ft/yr)
squared per day (ftz/d)

{mi)
2y

By
4,047

25.40

25.40
0.3048
0.3048
0.3048
0.09290
1.609

2.590

The conversion factors for terms used in this report are

To obtain SI unit

square meter (m2)

millimeter (mm)

millimeter per dav (mm/d)
meter (m)

meter per day (m/d)

meter per year (m/year)
meter squared per day (m?/d)

kilometer (km)

square kilometer (kmz)




METHODS AND APPLICATIONS OF DIGITAL-MODEL SIMULATION OF THE
RED RIVER ALLUVIAL AQUIFER, SHREVEPORT TO THE
MOUTH OF THE BLACK RIVER, LOUISTANA

By A. H. Ludwig and J. E. Terry

ABSTRACT

The Red River Waterways Project of the U.S. Army Corps of Engineers
provides for the construction of a series of locks and dams on the Red River
from the Mississippi River to Shreveport, La. The locks and dams will cause a
permanent rise in the level of the river, creating changes in the ground-water
flow system. The U.S. Geological Survey, in cooperation with the Corps and
the U.S8. Soil Conservation Service, began an investigation in 1968 to studv
the effects of the planned navigation pools on the ground-water flow regime.

The Red River downstream from Shreveport flows through an alluvial valley
that ranges from 2 to 12 miles (3.2 to 19 kilometers) in width. Along the
thalweg of the valley, the alluvium ranges from 75 to 200 feet (23 to 61
meters) in thickness and is composed of a silt and clay layver, underlain by a
coarse sand and gravel aquifer. The aquifer is hydraulicallyv connected in
varying degrees to the Red River and its major tributaries.

The methods used in the investigation involved digital modeling of steady-
and nonsteady-state conditions. The nonsteady-state model, utilizing a program
called SUPERMOCK, was designed to simulate transient stress and response in a
ground-water flow system that includes a water table in a confining laver
above an artesian aquifer. The steady-state model), utilizing a program called
GWFLOW, computes the head response in an aquifer due to various boundarv
conditions.

Principal data requirements for the models include climatic data, defini-
tion of the hydraulic characteristics of the upper confining laver and aquifer,
water-table levels in the upper confining laver and potentiometric levels in
the aquifer, and stream-stage data for the Red River and its tributaries.

In addition to the simulation models, several computer programs were
developed to aid in preparation of data and in the calibration of the models.
The programs were designed to compute the harmonic-mean water level at each
observation well (AVERAGE), compute the harmonic-mean conductivity for lavered




materials and the potential upward movement of water due to evapotranspiration
at the land surface (ATMOFLUX), compute daily evapotranspiration (POTEET),
provide main-stem and tributary stream-stage data sets for the nonsteady-state
model (RIVCHANGE and TRIBCHANGE), and to compute the change in the rate of
evapotranspiration due to a change in protentiometric head (DELETDELH).

Calibration techniques unique to each of the models were developed for
the investigation. The calibration procedure for the nonsteady-state model
involved reproducing, by manipulation of model parameters within plausible
limits, observed water-table and potentiometric levels while maintaining
reasonable limits on the rate of accretion to the aquifer.

INTRODUCTION

Background of the Investigation

The Red River Waterways Project of the U.S. Army Corps of Engineers was
authorized by the 90th Congress in the Rivers and Harbors Act of 1958. Project
plans include a 9- by 200-foot (2.7~ by 61-m) navigation channel, beginning at
the confluence of the Red and Mississippi Rivers and winding northwestward
along the present course of the Red River to Shreveport, La. From Shreveport
the channel will follow Twelvemile and Cypress Bayous to a point in Lake O'
the Pines Reservoir near Daingerfield, Tex. (fig. 1). A series of eight locks
and dams will be required to provide the navigation depths and the necessary
225-foot (69-m) lift from the Mississippi River to the head of navigation.

The natural ground-water flow svstem in the Red River alluvial vallev
will be altered by the formation of navigation pools except at locks 7 and 9,
which are to be built into existing dams on Caddo Lake and Lake O' the Pines.
Predominant effects of the navigation pools on the ground-water regime will be
a rise in water levels and changes in the ground-water flow pattern. In April
1963, at the request of the Corps of Engineers, the U.S. Geological Survey
began a preliminary study of the preconstruction and postconstruction ground-
water conditions. The study characterized, using available data, the existing
ground-water conditions in the valley and provided steady-state projections of
the effects of proposed navigation structures on ground-water levels. The
projections were made with the aid of an analog model.

In 1968 the Corps requested that the Geological Survey refine the projec-
tions made in the earlier study and that a continuing ground-water data-
collection program in the Red River Vallev be established. The studv area was
the alluvial valley from the confluence of the Red and Black Rivers to Shreve-
port, La., a distance of 241 river miles or 388 km (fig. 2). The Corps of
Enginecers considered several arrangements of either five or six locks and dams
within this reach of the river. An arrangement of five locks and dams, known
as the B-3 modified plan, was considered the most feasible plan of construction.

The effects of increased river stages, caused by the formation of naviga-
tion pools, on the ground-water regime were projected for stecadv- and nonsteadv-

2
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state conditions. The steady~state change in potentiometric surface was
projected from the average postconstruction river stages. Nonsteady-state
projections, used to determine the effect of the project on agriculture,
were made for specific periods within a typical calendar year. Because of
the size of the project area and the complexity of the flow regime, digital-
modeling techniques were used.

Results of the steady- and nonsteady~state analyses for each of the
five lock-and-dam areas were provided to the Corps of Engineers, 1975-76, in
a series of five administrative reports that were later released to the open
file (Ludwig, 1979a, b; Ludwig and Reed, 1979; Ludwig and Terrv, 1979a, b).
Average depths to the water table for specific periods of interest were
prepared for the U.S. Soil Conservation Service on punched IBM computer
cards. Basic-data reports containing ground-water quality analvses (Ludwiyg,
1974) and ground-water levels through June 1975 (Stephens, 1976) were pub-
lished as open-file reports.

Purpose and Scope

The purpose of this report is to describe the methods used in the studv
and to show their application to the Red River Waterways Project. The dis-
cussion is intended to be sufficiently detailed that the reader can obtain a
basic understanding of the methodology employed in the study. The discussion
covers (1) development and management of the basic-data network and the types
of data collected, (2) conceptualization of the geohvdrology of the studv
area, (3) descriptions of predictive models used and data requirements of
the models, (4) presentation of peripheral digital-computer programs used to
generate or manipulate data for use in the models, (5) calibration of the
models, (6) descriptions of output from the models, and (7) possible utiliza-
tion of the calibrated Red River models for other uses. Examples of program
input and output (taken from analyses of Lock and Dam 3 area) are shown.

DATA COLLECTION

The objective of the data-collection program for the Red River studv was
to obtain the data necessary for the determination of the hvdrologic charac-
terics of the flow regime in the Red River alluvium and the climatic factors
and agricultural practices which affect it. To accomplish these objectives,
work activities were divided among the participating agencies as follows: The
Geological Survey mapped the principal hydrologic boundaries, inventoried
existing wells suitable for periodic measurements, drilled test holes and
installed observation wells, analyzed samples of alluvial material for
hydraulic conductivity and grain size, installed and operated a series of
surface-water gages on tributary streams, and analyzed ground-water samples
from selected wells for chemical constituents. The U.S. Soil Conservation
Service installed shallow piezometers at observation-well sites, monitored
crop-observation plots to establish the relationship between vield and soil-
moisture conditions, mapped soil profiles, inventoried land-use practices,
and measured water levels in the network of Geological Survev and Soil
Conservation Service observation wells and piezometers. The Corps of Engi-
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neers provided average preconstruction and postconstruction stage profiles
of the Red River to be used in developing input to the steadv-state model.
The Corps also provided time-variant preconstruction and postconstruction
stage data in the form of 5-day averages at 2-mile (3.2-km) increments for
the period December 1967 to September 1973 for the entire reach of the Red
River in the project area.

The test-drilling program conducted by the Geological Survey was com-
pleted during a series of field sessions from 1968 to 1971. Approximately 350
test holes were drilled in the valley, from Shreveport to the mouth of the
Black River. Test holes were drilled with solid-stem power—auger drilling
equipment, and soil samples were collected at selected depths for analvses of
hydraulic conductivity and particle-size distribution. Most of the test holes
were drilled and logged through the entire alluvial section and into the
underlving Tertiary bedrock. The test holes were cased with 1'/~inch (32-mm)
galvanized-iron pipe and screened with 3-foot (0.9-m), 60-gage well screens.
The screens were set opposite coarse sand and gravel at depths ranging from 20
to 140 tt (6 to 43 m) below the land surface. The locations of the ohservation
wells are shown in figures 3A-E.

In the vicinity of the proposed construction sites and along the river,

the wells are more closely spaced in anticipation of greater variations in |
water levels in these areas. At greater distances from the river, fewer wells ’
are required. The amount of pumpage from the alluvium is small; therefore, )
where little change was expected, the data from a particular well could be
extrapolated over a relatively large area. The density of wells ranged from
one well per square mile (2.6 ka) in the vicinity of the locks and dams to
about one well per 3 mi2 (7.8 kmz) elsewhere in the valley.

Shallow piezometers were placed adjacent to most of the observation wells
to obtain data on the position of the water table in the upper confining
layer. The piezometers consisted of lengths of 3/4-inch (19-mm) galvanized-
iron pipe, driven into the ground to selected depths ranging from 1 to 20 ft
(0.3 to 6.1 m) below the land surface. The lower end of the pipe was left
open to the soil to allow movement of water into and out of the pipe. Two to
five piezometers were installed at each observation-well location, depending
on the variations in lithology in the upper section.

Water-level peasurements in all observation wells and piezometer tubes
were made monchly by Soil Conservation Service personnel. Digital recorders
were installed on 16 wells in the study area. Fourteen of the wells were near
the Red River to provide daily water-level data for the computation of aquifer
diffusivity. In addition, water samples were collected from all of the
observation wells at the time of installation and from many piezometer tubes
and analyzed for chemical quality.

Stream-stage data were collected from a network of 45 continuous recorders,
staff gages, and wire-weight gages (figs. 3A-E). Most of the gages were part
of the regular surface-water data-collection network operated by the Geological
Survey and the Corps of Engincers. However, 14 additional gages were installed
at intervals along tributary streams between existing recording gages and on
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lakes in the vallev. These gages provide supplementary data for the determina-
tion of stream profiles. Climatic data, including maximum and minimum daily
temperature and daily precipitation, were obtained from five National Weather
Service stations in and near the valley (figs. 3A-E).

MODELING THE HYDROLOGIC SYSTEM

Conceptual Model

The Red River flows southeastward through central and northwestern Loui-
siana. From Shreveport to the vicinity of Marksville, the river is confined in
a valley ranging from 2 to 12 mi (3.2 to 19 km) in width. The uplands bordering
the vallev rise as much as 150 ft (46 m) above the general level of the vallev,
Downstream from Marksville, the Red River Valley and the Mississippi River
vallev merge to form the broad Mississippi River alluvial plain. The f{lood
plain is characterized by verv low relief, meandering stream courses, oxbow
lakes, and other alluvial features. The dominant features are natural levees,
which form the topographic highs, and backswamps, which are the topographic
lows. The natural levees rise from 10 to 20 ft (3 to 6 m) above the adjoining
backswamps. Natural levees occur along abandoned channels of the Red River
and on tributarv streams, as well as along the presert course of the river.

Elevations in the vallev range from 40 ft (12.2 m) above mean sea level
(now generally referred to as National Geodetic Vertical Datum of 1929), ncar
the confluence of the Red and Black Rivers, to 170 ft (52 m) above sea level,
at Shreveport.

The average annual precipitation in the vallev ranges from 57 in. (1,448
mm), at Alexandria, to 43 in. (1,092 mm), at Shreveport. The greatest precipi-
tation generally occurs in April and Mav, and the least in September and
Octobuer. The climate of the area is classificd as humid; that is, precipitation
vquals or exceeds potential evapotranspiration. Favorable climatic conditions
and rich soil support abundant vegetal growth. In general, row crops, prin-
cipallv cotton and sovbeans, are grown on the natural levees.  The lower
levels of the natural levees are used mainly for pasture or sovbeans, and the
backswamp arcas are mostlyv forested.

Formations of Tertiarv age underlic the vallev alluvium and crop out
along the vallev walls.  The beds are composed primarily of clav, but locally
thev contain sand lenses.  The beds torm a nearly impermeable boundary to the
alluvial aquiter.  In many places, Pleistocene terrace deposits overlic the
Tertiary deposits in the upland., The terrace deposits, which arce remnanta ot
older and higher flood plains of the Red River, are most prevalent in the
lower end of the vallev, where thev are as much as 200 tt (b1 m) thick, I
Marksville Prairie is a terrace remnant in the Red River flood plaing The
terrace deposits are composed of a heterogencous sequence of sand, silt, and
clav. Gravel lavers occur in the terrace deposits and locally are the soarcs
of large quantities of water,
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The alluvium in the valley generally ranges from about 75 ft (23 m) in
thickness, in the upper end of the area, to about 200 ft (61 m), downstream
from Marksville. The alluvium can be divided into two segments: a lower unit
or aquifer, which is composed of coarse sand and gravel grading upward to fine
sand, and an upper confining layer, which is composed of clay, silt, and fine
sand. The upper confining layer averages about 30 ft (9.1 m) in thickness and
ranges from a few feet to 140 ft (43 m). The aquifer ranges from 5 ft (1.5 m)
in thickness beneath some channel-fill and backswamp deposits to 150 ft (46 m)
in the lower end of the valley. The thicknesses of the two segments vary from
place to place. Differences of as much as 100 ft (30 m) in the thickness of
the upper confining layer within short distances have been noted in Lock and
Dam 1 area. To a lesser extent, variations in thickness occur at manvy places
in the valley, primarilv as the result of fine~grained deposition in former
channels of the Red River.

Throughout the Red River Valley, the Red River and its major tributaries

are hvdraulically connected in varying degrees to the Red River alluvial ?}
aquifer. Therefore, changes in stream stages resulting from the construction
of the proposed locks and dams would induce similar changes in the potentio=- g

metric surface of the aquifer. The potentiometric surface refers to the level
to which water will rise in wells tapping the aquiter. Also, throughout the
Red River Vallev a water table exists as the upper surface of the zone of
saturation in the fine-grained material above the aquifer. The altitude of
the water table at anv point is a function of the transient flow through the
fine-grained material above the aquifer and the transient head in the aquifer.
Therefore, induced changes in the position of the potentiometric surface would
indirectly cause changes in the position of the water table.

Rainfall on the flood plain is the primary source of recharge for the
alluvial aquifer. Moisture reaches the aquifer indirectly bv infiltrating the
fine-grained material in the confining laver above the aquifer. An unknown,
but probably very small, amount of recharge is derived from the formations of
Tertiarv age that underlie and flank the vallev. Most of the water moving
downgradient through the terrace deposits is discharged into the tributary
streams that flow along the margin ot the vallev.

Water levels in most wells tapping the aquitfer risce above the base of
the fine-grained material overlving the aquifer, an indication that the water
is under contfined or semiconfined conditions. A zone of saturation in the
upper fine-grained material, extending from near the land surface down to the
aquifer, indicates the presence of water-table conditions.  These two con-
ditions exist simultancously because of the great difference in hvdraulice
conductivitv between the fine-grained material overlving the aquiter and the
aquifer itself. The position of the water table mav be cither above or below
the potentiometric level in the aquifer, as reflected by the direction of the i
resr*tant vertical flow in the fine-grained material between the water table p
and the top of the aquifer. Accretion, as detined by Stallman (1956), is the

to precipitation and evapotranspiration, Positive acceretion or recharge takes
place where the vertical hvdraulic gradient is downward. Converscly, negative
accretion or discharge takes place where the vertical hvdraulic gradient is
upward.

I
!
rate at which water is gained or lost through the aquiter surtace in response |
i
H
|
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The natural movement of water in the alluvium is toward discharge points
along the Red River and its tributaries in the valley. Because pumpage of
water from wells is not significant, water levels in the alluvium fluctuate in
response to seasonal variations in precipitation, evapotranspiration, and to
changes in river stage.

The recharge, movement, and discharge of water from the alluvial aquifer
are shown graphically in the idealized section in figure 4. The direction of
water movement, indicated by arrows, shows that the aquifer is being recharged
in zone 1 where the gradient is downward through the clay and silt. Discharge
takes place to the Red River and vertically upward in zone 2, The flow con-
ditions shown in the diagram may change. At any given location, the rate of
accretion is neither constant nor in the same direction at all times. Seasonal
weather changes, changes in river stage, and pumping may cause variations in
the magnitude and direction of water movement in the aquifer.
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Digital Model

Two tvpes of digital models were used in the analvses.  V steadv-state
model, GWFLOW (Bedinger and others, 1973), was used to provide projectians of
changes in the potentiometric surface. A nonsteady-state model, SUPERMOCK
(Reed and others, 1976), was used to simulate tluctuations of the head in the
aquifer and the water table.  For purposes of analvsis, the project arca was
divided into five overlapping model arvas.  Each area contained one or more of
the proposed lock-and-dam construction sites. These areas are identitficd by
referring to a particular lock-and-dam arca (fig. 2). To aid the Corps of
Engincers in determining the best arrangement of locks and dams, steadv-state
analvses woere run tor all alternate plans, including the B-3 moditficed plan.
Specitications for dam locations and pool clevations for the plans considered
are shown in table 1. The nonsteadv-state model was used to make projections
tor the B-3 modificed plan only.

The tramework for the digital models consisted of a rectangular grid of
34 rows and 80 columns superimposed on a map of the area having a scale of
1:62,500.  The spacing between cach intersection (node) in the arid represented
a distance of 0.5 mi (0.8 km).  Thas, cach model represented a 17- by 40-mile
(27- bv 64-km) arca. Five such awodels were used, cach representing a lock-
and-dam areca, to cover the 190-mile (306-km) reach of navigation channel in
the study arca (figs. 2, 3A-E).

he examples used in this report to illustrate the various model inputs
and outputs are taken from the analvsis of Lock and Dam 3 arca.  The tables
and alphameric maps emploved are rvepresentations of the modeled arcas cach
svmbol or tigure represents a value for a grid node (which represents an area
0.5 bv 0.5 mi, or 0.8 by 0.8 km).

To provide tor continuity in modeling the entire navigation reach, the
models were designed to include an arca of overlap on the adjacent model.
Adjacent models were overlapped a minimum distance equivalent to 6 mi (9.7
km). This overlap aided in the identification of errors associated with model
boundarv conditions and vnabled the preparation of a complete suite of data
for the navigation reach. As the models for adjacent arcas were analvzed, the
data developed for arcas common to cach model were examined and compared to
determine the extent of boundary effects.  Model boundaries parallel to the
river were placed at a distance far cenough trom the river so that the cottects
ot river-induced water-level changes would not extend to the boundaries.

Nonsteady State

Nonsteadv=state analvses tor the investigation were made by using three
digital programs called SUPERMOCK, DATE, and HYDROG (Reed and others, 19760,
which were developed particularly for this studv.  SUPERMOCK was designed to
simulate transient stress and response in a pround-water flow svstem that
includes a water table in the contining laver above an artesian aquiter.  The
model incorporates all the components of stress in the flow field.  SUPERMOCK
models three component lavers: a soil-moisture-accounting component, a vertical-
flow component, and a horizontal-flow component (tig. 5. DATE assipgns calendar

1H




Table 1.--Specifications for lock and dam arrangements studied in the
investigation

Pool elevation

Plan designation Lock and dam River mile (feet above mean
number (1967 mileage) sea level)

Project document----——~-- 1 44 40
2 87 60

3 152 95

4 206 115

5 243 135

6 270 150

Group A, plan l-=--m——euee 1 44 40
2 87 65

3 145 95

4 206 115

5 243 135

6 270 150

Group A, plan 2,-—-=—==—-- 1 44 40
2 87 60

3 137 90

4 195 115

5 243 135

6 270 150

Group A, plan 3-——-—-e—-—e- 1 44 40
2 87 65

3 145 90

4 195 115

5 243 135

6 270 150

Group B, plan ]---—----—- 1 L4 40
2 87 65

3 145 95

4 206 120

5 250 145

Group B, plan 2----——--—- 1 44 40
2 87 65

3 145 90

4 195 120

5 250 145

Group B, plan 3-—-=---u-—- 1 44 40
2 87 60

3 137 90

4 195 120

5 250 145

Group B, plan 3 1 44 40
modified-----—-—---~-~- 2 87 58

3 137 87

4 185 115

5 243 145
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Jdates to data computed at obscrvation nodes in SUPERMOCK and, Tor calibration,
makes comparisons between computed potentiometric and water—-table levels trom
SUPERMOCK and obscrved ficeld values. HYDROG produces hvdrooranhs asins outooat
trom DATE.  The use of output 1rom DATE and HYDROC i« discussea Tater in tii-

report under "Calibration of Modols,"

For case (n parameter moditication and tor adegquite sodeline control, <o
data components are read into the model by discrete subarcas, each containia
one observation well at which control data had been colloected. e cont frara-
tion of these subarcas was determined using the Thiessen polvoon method. DYata
that arce entered into, or computed by, SUPERMOCK in this manner are: the
Avdraulic conductivitices of the upper coniining laver, aquiter storiace coesi-
cients, specitic-vield values of the contfining laver, and cvapotran=niration.
e values of these parameters were determined by calibration. In order 1o
maintain control over calibration cause and cettect, the value Jde<inmatd Tor
cach ot these parameters at the control points was assizned to all nodes
within cach polveon (subarea) in the model area.

The soil-moisture—accounting component in SUPERMOCK {5 a paramnctric
rainfall acceretion model in which the parameters have phvsical sieni: icanc.

This component computes changes in soil-moisture storage, and recharge Leooand
discharge from the zone of acration to the water table.  Sceven paranctoer- a-cd
in the soil-moisturc-accounting procedure help derine the hvdrautics of tin
s0il as related to intiltration, storage, and drainace. e values o the s
paramcters were chosen arbitrarily by a trial-and-crror procedure in wiich
infiltration was computed basced upon the value of the soils parameters and
daily precipitation and evaporation. Plausibility limits for the parameters
are detfined in the soils literature., Within these limits, the vialues of the
s0ils parameters were adjusted until a combination was found that produccd
"

reasonable intfiltration rates for the tvpes of soils found in the Red River

Vallev. These seven parameters arce:

- SMSIN -

This parameter defines the initial value for surface-moisture storauve, in
inches.  Surface-moisture storage (SMS) is carried by the model in an
arrav containing values Tor SMS at cach node in the arid.  In the first
time step of the model, cach member of this arrav iz =ot equal to SMSTX.
For the Red River models, the value usced in cach lock-and-dam arca was
L.O in. (25.4 mm).

- KSAT -

This parameter detines the saturated bvdraulic conductivity tor woil, in
inches per dav.  For the Red River models, a value of 10,0 in/d (254
mm/d) was used.  This value was within plansible Timits and scemed to
produce the best resalts based upon ohserved data,
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- DRN -

This parameter defines the maximum drainage rate for soil, in inches per
dav. It controls the amount of infiltration, or recharge, to the water
table when an excess in soil moisture is available. A value of 10.0 in/d
(254 mm/d) was used in the Red River models.

e et A b

- SWF -

This parameter defines the suction (tension) of the soil at tfield capacity,

in inches. The value used in the Red River models was 120 in. (3,050

mm). This is a tvpical value for soils in the project area and was

obtained from the soils literature. ]

~ RGF -

This parameter defines the ratio of wilting-point tension to tension at

field capacity (dimensionless). The value used in the Red River models

was 40.0. This value also was obtained from the soils literature and is
a typical value for the project area.

This parameter defines the maximum amount of water, in inches, that can
be held in surface-moisture storage. The value for SM3M was obtained bw
a calibration process in which observed hvdrographs at control wells were
compared with computed hvdrographs at the same locations. A value of 1.0
in. (25.4 mm) for this parameter was used in the Red River models.

1
- XNORM - 1
d
This dimensionless parameter defines the limits ot the recharce rate. It
was set to 3 in all models of the Red River. This value allows the
recharge rate to range from zero, for SMS - 0.5x(SMSM), to 0.15x(DRN),
for SMS=SMSM. bl
The value of each of these parameters was held constant for the entire model {
and was entered to SUPERMOCK on a data input card. i

The stress on the soil-moisture-—-accounting component is the dailv diftfer-
ence between precipitation and potential cvapotranspiration which is input to !
SUPERMOCK on cards. When the stress is positive, infiltration to soil moisture .
is computed as a function of precipitation in e¢xcess of evapotranspiration,
the amount of moisture alreadv in storage, and the hydraulic properties of the '
soil. Infiltration, or positive downward flux, is computed bv the model,
using a modified version of a routine from a model bv Dawdv, Lichtv, and \
Bergmann (1972, p. B5-B8). This routine, which uses d-minute rainfall periods, J
was modified to correspond to the l-dav rainfall periods used in this model,
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Overland runoff, or infiltration residual computed in the routine of Dawdv,
Lichty, and Bergmann (1972), was dropped from the soil-moisture-accounting
procedure in SUPERMOCK. Due to the l-day rainfall period, it was necessarv to
impose an upper limit (SMSM), as previouslyv mentioned, on soil-moisture
storage because redistribution of moisture occurred only once each day. The
value of this limit used in the Red River models was 1 in. (25.4 mm). Because
the surficial material of the Red River alluvium is generally fine grained, a
limit of soil-moisture storage of 1 in. (25.4 mm) is reasonable. Evapotrans-
piration, or negative stress, is subtracted from soil-moisture storage up to
the amount of water available. When soil moisture is reduced to zero, evapo-
transpiration is derived from ground-water storage in the water~table zone in
the confining bed until soil moisture is replenished from rainfall.

The vertical-flow component in SUPERMOCK computes the elevation of the
water table in the fine-grained material above the aquifer a- a function of
the elevation of the water table in the preceding time step, the elevation of
the potentiometric surface, and recharge from the soil-moisture zone. By use
of this watur-table elevation, flow to or from the aquifer can ve determined
and used bv the horizontal-flow component. SUPERMOCK computes the redistribution
of soil moisture (recharge) to the water table as a decaving exponential
function of soil moisture throughout the range from 1 to 0.5 in. (25.4 to 12.7
mm). For soil moisture less than 0.5 in. (12.7 mm), SUPERMOCK sets recharge
to the water table to zero. Initially, the model takes ecvapctranspiration
from soil moisture and then from ground-water storage in the upper confining
layer after soil moisture is depleted. The limit on evapotranspiration from
ground water is the steadv-state rate of upward movement of water, as deter- ’
mined by the method of Ripple, Rubin, and van Hvlckama (1972). ATMOFLUX, a
peripheral data-preparation program developed for the investigation, was used
to compute these data. ATMOFLUX uses a method requiring a specified relation
between unsaturated hvdraulic conductivity and soil suction (Ripple and others,
1972, p. A6, eq. 10). Two parameters of this specification, n, an integer
soil coefficient, and $':, soil suction at which the unsaturated conductivity
is one-halt the saturated conductivity, are used to express the limiting
steady-state c¢vapotranspiration in a nondimensional form. Values of n,
ranging from 2 for clays ta 5 for sands, and values of §%, ranging from 1 for
sands to 2 for finer materials, were used in this study. Output from ATMOFLUX
includes punched cards containing values of evapotranspiration divided by
saturated hydraulic conductivity for depths to the water table ranging from 1
to 30 ft (0.3 to 9.1 m) for four ranges in hvdraulic conductivity associated
with each soil voefficient, n. Thesce pinched cards are used as input to
SUPERMOCK. The actual limiting rate of evapotranspiration used by SUPERMOCK :
was obtained by multiplving the computed upward rate associated with depth to '
the water table at a particular time bv the saturated hvdraulic conductivity
of the upper segment (HCU) of the upper contfining laver in a particular subarea.
The method of Ripple, Rubin, and van tivickama (1972) assumed bare scil and
moisture transport to the land surface. Practicallv all the Red River project
area is covered by vegetation. Therefore, moisture transport wias calculated
to the base of the root zone.




The horizontal-flow component in SUPERMOCK computes the transient eleva-
tion of the potentiometric surface in the aquifer. In the Red River models,
the stresses on the aquifer that were simulated included the imposition of
time-variant stream stages for the main stem of the Red River and its major
tributaries and accretion, which is computed by SUPERMOCK as a function of the
water-table elevation. Where a computed water table does not exist, the model
uses infiltration, or recharge, from the soil-moisture zone as accretion to
the aquifer.

The time-step increment used in the nonsteady~state analvses of the Red
River models was 10 days. Time-variant stream-stage and climatic data were
used as input, and the potentiometric surface and water-table elevations at
each node in the grid were computed for each time step.

Calibration of the nonsteady-state model was based upon preconstruction
stream stages and comparisons of computed and observed hvdrographs at observa-
tion wells. After calibration, the model was used to compute postconstruction
elevations of the potentiometric surface and water table. Postconstruction
output was based upon the imposition of postconstruction stream stages on the
main stem of the Red River. The availability of the time-varyving elevation of
the water table allowed the computation of average depths to the water table for
specific periods of interest requested by the Soil Conservation Service.

Steadyv State

Steady-state projections of the postconstruction potentiometric surface
in the Red River alluvial aquifer were made using techniques developed during
similar studies in the Arkansas River vallev (Bedinger and others, 1970).
During the Arkansas River study, these techniques were applied to analog
modeling. For the Red River investigation, these techniques were incorporated
into a digital model called GWFLOW (Bedinger and others, 1973). GWFLOW is a
two-dimensional representation of an aquifer.

The principal data needs of the GWFLOW model for use in steady-state
analysis are transmissivity of the aquifer, the ratio of change in evapo-
transpiration to change in aquifer head (AET/AH), change in stream stages, and
thickness and hydraulic conductiviiy of streambed material. To determine the
change in head at any point in the aquifer resulting from a change in river
stage, the initial potentiometric surface on the stream boundaries is the
change in river stage and is zero at all other nodes in the aquifer.

In the steady-state models of the Red River alluvial aquifer, trans-
missivity was varied over the modeled area, and AET/AH was entered as varving
by discrete subareas. The method used to determine values of AET/AH is dis-
cussed later under "Preparation of Digital-Model Input" and "Calibration of
Models." Stress on the models was imposed at appropriate stream nodes as
changes in stream stage from preconstruction to postconstruction conditions.
The direct effects of changes in stage for streams with partial hydraulic
connection were simulated by applying nonuniform streambed thickness and
holding the hydraulic conductivity of the streambed material constant. The
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values of AET/AH have a definite controlling effect on the magnitude of change
in the potentiometric surface and on the area of influence of stream-stage
change.

Time-step increments for GWFLOW were based on computation times entered
on cards. The computation times used in the Red River models, which were
those that were recommended for GWFLOW, ranged from 0.00130 to 40,000 davs in
logarithmic increments. Although analyvses indicated that most of the water-—
level changes had taken place in the first 2-3 years, computation times were
extended to 40,000 days to insure complete equilibrium. Primary output from
the models consisted of changes in the potentiometric surface at each node in
the O.5-mile (0.8-km) grid. This output was used to contour changes in the
potentiometric surface in the aquifer resulting from an increase in river
stage.

PREPARATION OF DIGITAL-MODEL INPUT

Preparation of input data for use in the GWFLOW and SUPERMOCK models
involved the collection and manipulation of field data. Some of the data
required, and also the data format, are common to both GWFLOW and SUPERMOCK.
However, because of the greater complexity of the SUPERMOCK model, more detailed
and varied types of input were required for it than for the GWFLOW model.

Several Jata-preparation computer programs, hereinafter termed "peripheral
programs,' were developed during the investigation to process data required by
the models. These programs will be discussed in the following sections.

Source listings and data-input requirements of these peripheral programs are
included as attachments at the end of this report.

Some of the data read into GWFLOW were dependent upon parameter values
determined during the calibration of the nonsteady-state model. Therefore,
nonsteady-state analyses for each lock-and-dam area were made before the
corresponding steadv-state analyses for that area. For purposes of discussion,
preparation of data for the two models will also be discussed in that order.

Nonsteady-State Model

Varied types of data were prepared for entry into the nonsteady-state
model in order to adequately define the flow field. Most of this input is in
the form of alphameric maps that are representations of the modeled area.
Many of these maps are outputs from the peripheral programs mentioned previouslv.
The primary data input to the model are depicted in the generalized flow chart
in figure 6.

Root Depth
Root depths of vegetation are key factors required by SUPERMOCK in

determining the effective depth to the water table for computation of evapotrans-
piration. Evapotranspiration is modeled as depleting the moisture content in
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the soil laver between land surface and the base of the root zone. Upward
rlow trom the water table ovcurs as a response to this surtficial depletion.

Cropping patterns to the nearest 40-acre (162,000-m3) plot and the c¢tfec-
tive root depths tor the various tvpes ot vegetal cover were determined by the
Soil Conservation Scervice. This information was based upon 1971 cropping
patterns that were assumed to be representative of the project area tor the
calibration period.

The root-depth data tor vach lock-and-dam area were entered into SUPERMOCK
in the torm of an alphameric map on cards. The varijous tvpes of vegetal
cover, their associated root depths, and the svmbols representing those depths
are tabulated below:

Root depth

Vegetal cover (feet) Map svmbol
Cotton-—=-—-- -~ e 2.3 C
Scuvbeang-—~--vmmm e e 2.3 S
Pasture~-—-—--=---mommmmm e 2.5 p
Orchards-—-~—-~——~=—~——m e 5.0 0
Woodlands-—~-=~—-—-mrmm e 5.0 W
Uplands=—-=——w=-mc o e o 5.0 U
Urban aregs——==—=r——=mmeo e c e 2.5 E

An cxample of an alphameric root-depth map is shown in tigure 7. (All
examples are for Lock and Dam 3 area.)

Land-Surface Elevation

The elevation of the land surface, in feet above Mean Sea Level Datum of
1929 (now referred to as National Geodetic Vertical Datum of 1929), was used
in the nonsteady-state models as a reference point for determining (1) the
depth to the water table, (2) the relation of the potentiometric surface to
land surface, and (3) the elevation of the top of the aquifer.

Land-surface elevations were obtained from two sources: instrument levels
and topographic maps. The land-surface elevation at each of the observation
wells was determined by instrument and assigned to the node nearest the well.
At all other nodes in each of the lock-and~dam-area models, these data were
picked from topographic maps. The appropriate set of data was read into
SUPERMOCK for each lock-and~dam area in the form of a numeric map. Land-
surface elevations at each node were estimated to the nearest foot.

Topographic map coverage, including map contour interval, is shown in
tigure 8.
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Figure 7.--Example of alphameric root-depth map
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Initial Potentiometric Surtace and Water Table

lhe elevation of the water table and potentiometric surtace is required
by SUPERMOCK as the starting point tor computat jons, In the tirst time step
in the model, the elevation ol the water table is set cequal to the elevation
ot the potentiometric surtace at corresponding nodes.  [herctore, the data
input that must be prepared is the initial potentiometric surtace.

In the Red River models, the average potentiometric surtace tor the
period ot record was used to represent the initial preconstruction potentio-
metric surtace. Ihe elevation ot the averaye potentiometric sartace in the

aquiter was based on a minimum ot 4 vears ot record. Tnese data were collected

from the joint Geological Survev=Soil Conscervation Service observation-well

network in the vallev.e  Measurements were made monthly in the 330-well notwors.

Water-level measurements at cach observation well in g particular tock-and-dam
area were averdaged on g time-weichted basis usine o dicital vrocram callod
AVERAGE, which was developed tor this purpose,  he only data required bhy tio
AVERAGE program are water levels and corresponding dates ot measurcment at

cach observation well. A program-source listing, containing input reguirement s

and tormats, and an example of program outpat are included in attachment A,
[he daverave values determined trom this procedure were plottred and manualtly
contoured to obtain the clevation ot the preconstruction potentiometric
surtace in that lock-and-dam arca. Ihe resulting averase potentiometric
surface represents a hvpothetical dvnamic-cquilibrium condition of head in tiwe
aquiter for preconstruction conditions.  From the contour map, the clevation
of the potentiometric surtace was picked for cach node in the erid coverine o
lock-and-dam area. These values were coded into a numeric map containiny
vlevations to the nearest 1oot at cach node. e map was converted into data
cards that were used as input to SUPERMOCK,

Ubserved Potentiometric Surtace and Water=-Table Elevations

For purposes of calibration, obscrved levels of the water table and the
potentiometric surtface were compared with corresponding values computed b
SUPERMOCK.  The comparisons were made in the DATE program (Reed and othor-,
1976) that was run in scquence with the SUPERMOCK model. he obscorved data
used in DATE consisted of the spring "high" and tall "low" water table and
potentiometric levels for one or more vears.

The observed potentiometric levels tor the bivh in the spring and the lTow
in the fall of specified vears were read into DATE as exact value-o  However,
because the position of the water table at some <ites known onlvy within a
certain range, several input tormat options are allowed.  Watcer-table valae:
mav be entered as being greater than or less than a wiven value, as beine
within a closed range, as an exact value, or as being unknown,

An example of a calibration table produced by DATE and a discuion ot
the use of the data are given in the section "Calibration and Veritication ot
the Nonsteadv-State Model." Observed data are printed in the table accordine
to the format in which thev were entered (o DATE.  Use ot the obocrved daty
for comparisons with computed data was invaluable in the calibration orocess.
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Transmissivity

The transmissivity of the alluvial aquifer in the studv area ranges from
3,000 to 15,000 ftzld (279 to 1,390 mz/d). These values were determined at
svlected sites by analysis of pumping-test data and by analvsis of aquifer
response to river-stage fluctuations. These data were extrapolated to other
arcas ol the vallev by developing relationships between hvdraulic conductivity
and particle size at the pumping~test sites and extending these values, on the
basis of grain-size relationships and thickness, to test-holte sites.

Pumping tests conducted by the Geological Survey as part of earlier
studies of the alluvium (Newcome, 1960) provided values of transmissivitvy at
six locations in the vallev., Transmissivity values, determined from these
tests, ranged from 5,300 to 13,000 ftz/d (492 to 1,210 m")/d). The hvdraulic
conductivity ranged from 130 to 160 ft/d (40 to 49 m/d).

Approximately 150 samples of aquifer material were collected trom test
holes and analvzed tor hvdravlic conductivity and particle size duriaoyg the
investigation. From these analvses, a relationship was developed botween
hvdraulic conductivity and particle size, using the method of Johnson and
Sedinper (1967)0 From this relationship, an average value ot hvdraulic
conductivity was developed for the alluvial aquitfer. Conductivity values
obtained by this method were compared with those determined trom pumping
tests.  From these analvses, an average value of hvdraulic conductivity of 147
ft/d (45 m/d) was decermined tor the alluvial aquifer.  This value was choecked
at several locations near the river by using the RIVER-INDUCED FLUCTUATTONS
computer program (Bedinger and others, 1973).  The transmissivity at cach o
the test-hole sites was then computed by multiplving the average conductivity
by tiie thickness of aquiter material noted in the test-hole logs.

lransmissivity values for the terrace deposits were ostimated using
thicknesses obtained trom lows of test holes in the deposits. e averavoe
Svdraal ic conductivity was assumed to bhe 147 (t/d (45 m/d). Ferrace deposite
woere assivined transmissivity values vhere they are arcally extensive and are
considered to be hvdranlically connected with the alluvial aguiter.

I'te tormations ot Tertiary ave, which anderlice the alluvium and torm the
aplands bhovderioeg the vallev, are composed primarity ot sile and olav and are
relatively dmpermeable compared with the allovial aquiter,  Batimatoed trans-
Missavities tor sand units in these formations ranged from o0 to oo v |
(4e7 to oo me/d) in areas where thev are in hvdranlic connection with tin
alluvial aquiter.  These cstimates were based apon geologic and pumpine-tost
data collected during carlicer studics (Sewcome, 1T9noy,

MUor transmissivity valoes bhad heen nlotted and contoarced tor thn
project arca, alphameric maps were prepared tor ocach Tock-and=dam arvear and
the dat s were panched on cards tor input to tive modet- Soceamb e ot an
alphameric transmissivity map trom the tady and explanat ion ot covabol are
Shown intiire o,
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Additional checks were made on the modeled transmissivity values during
calibration of the nonsteadv-state models.  However, onlv minor adjustments
woere made, and the maps were used virtually as initially prepared in Hoth the
steadv- and nonsteadv-state models,

Conductivity of the Upper Contfining Laver

Movement ot water to or from the alluvial aquitfer takes place through the
upper contining laver, which overlies the aquifer nearly evervwhoere in the
vallev.  The upper contining laver, which is composed of a heterogencous
sequence of clav, silt, and sand, rangzes in thickness from a few feet to 140
ft (43 m). Movement ot water through the upper contining laver was modeled as
being one-dimensional vertical tlow.  To provide for greater tlexibility in
mod ling the vertical-tlow component, the upper contining laver was modeled as
two seements; one segment extending trom the base of the root zone to the
water table and the other extending trom the water table to the top of the
aquifer.

Both the upper and lower segments were assigned values ot hvdraulic
conductivity, designated HOU and HCL, respectivelv.  These values were entered
in SUPERMOCK by discrete subarcas--cach subarcea having a unique value for HCU
and HCL.  Fach node within a subareva was assigned the same value tor HCU and F’
HCL.  Initially, HCU and HCL values in a particular subarca were scet equal to
the same value,  This value represented the harmonic mean of the conductivitices
tor materials in the upper contining laver in that subarea.  These harmonic-
mean conductivities were computed using a digital program, ATMOFLUXN, shown in
attachment B. The ATMOFLUN program uses as input the thickness and lithologic
class tor matervials in the upper contining laver. Lithologic data tor the
upper contining laver were obtained trom test=hole logs.  The scheme ased in
the studvy for associating lithologic ¢lass and hvdraulic conductivity is shown
in tigure 10,

Hydraulic~conductivity values ranging trom 3.0 to L.oxLu™ " 1t/d (0.9 to
INLOTE m/d) were selected as being the phvsical plausibility lTimits within
which adjustments could be made to the vertical hvdraulic conductivity of the
upper contining laver.  This range represents the conductivity ot materials
ranging from tine sand to dense clav.  Because of the lateral variability of
upper alluvial materials, the initial conductivity values, as determined from
test-hole logs, arce not necessarily representative ot the entire arca as
mode Led. IMercefore, the only constraints on adjusting vertical hvdraulic
conductivity values during calibration wvas to remain within the physical
plausibility limits,

An example of an alphameric map and the accompanving table desinmyg the
value of HCU and HCL for ecach subarca of a lock-and-dam area arve shown in
tigure 11.
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7 0.1 15 0.0004
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Figure 10.--Trilinear graph of soil-classification scheme showing hydraulic-conductivity
values for soil classes used in ATMOFLUX program.
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Relation of Evapotranspiration to Depth to Water

Because the eatire valley is covered by vegetation, the removal of water
bv evapotranspiration is not at the land surface but is at the base of the
root zone in the fine-grained laver. To determine the rate of evapotrans-
piration from the root zone for different depths to water, a function expressing
the relationship between dimensionless cevapotranspiration and depth to water
below the root zone (CGWETO) is used bv the model. Values of the GWETO function
were computed by the ATMOFLUX program (attachment F) and were entered to the
model on cards. GWETO includes four different functional relations between
evapotranspiration and saturated hydraulic conductivitv. The values of the
GWETO tfunction for the four ranges in hyvdraulic conductivity and for depths of
from 1 to 30 ft (0.3 to 9.1 m) to the water table are shown in figure 12. The
approvriate relation is chosen during program execution based on the value of
HCU. The value of evapotranspiration is computed in the program as the product
of GWETO at a particular depth to water and the upper hydraulic conductivity
(HCU). A detailed discussion of the determination of the GWETO function is
given in Reed, Bedinger, and Terry (1976, p. 52).
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Figure 12.--Example of GWETO functions for computation of evapotranspiration.
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Thickness of Streambed Material

The Red River and its tributaries do not fully penctrate the alluvial
aquifer at all places along their channel. The fine-grained material that
exists beneath the stream channels in places retards the movement of water to
or from the aquifer. As a result, for preconstruction conditions, water
levels in observation wells as close as 200 ft (61 m) to the streams mav
differ bv as much as 3 to 5 ft (0.9 to 1.5 m) from stream levels during
transient conditions.

In SUPERMOCK, grid nodes assigned to the main stem of the Red River mav
optionally be specified as fully or partially penetrating the aquifer. All
tributary stream entries are assumed to be partially penetrating. The model
requires that all partially penetrating stream nodes be assigned a streambed
thickness.

The thickness of material beneath the stream channels was not known
initially except through qualitative estimates based on logs of test holes
near the stream channels. Therefore, the effective thickness was determined
from ana®ysis of SUPERMOCK's response to different thicknesses as indicated by
the differences in the computed and observed potentiometric surface at control
wells near a stream. The reasonableness of the annual accretion to the
aquifer necessary to maintain a computed potentiometric level equal to the
observed level at those wells was also considered. An arbitrarv value of
thickness was assigned to each node in the model that represents a point on a
stream channel. Maps showing streambed thickness were then prepared for each
of the modeled areas. Separate symbols were used for each stream, and an
arbitrary value of thickness was given to each symbol. During calibration,
additional symbols were introduced where needed to represent different thick-
nesses.  Where changes were not required, the symbols used initially were
retained for ease in identifying various modeled stream channels. For reaches
of a stream where zero thickness seemed to be indicated by model response, a
verv small nonzero value was assigned. The program logic in SUPERMOCK computes
no flow through the streambed if a zero thickness is coded for the node in the
streambed-thickness map. An example of a streambed-thickness map and its
accompanving legend are shown in figure 13. The thickness value associated
with the symbols H and C is printed as zero because of the print format in
SUPERMOCK. The value is actually a small nonzero fraction. The blank in the
ewplanation indicates a nonstream node and therefore has no streambed thick-
ness associated with it. The 3's around the edge of the model indicate a no-
flow boundary.

The thicknesses shown on the maps do not necessarily indicate the physical
thickness of fine-grained material at a given location. A single value of
5x107 3 ft/d (1.5x10"3 m/d) was used in the model as the hydraulic conductivity
of the fine-grained material. Therefore, the thickness was adjusted to obtain
the correct ratio of hydraulic conductivity to thickness for calibration.

Also, because of the 0.5-mile (0.8-km) grid spacing used in the models, anv
modeled watercourse is effectively 0.5 mi (0.2 km) wide. Thus, the modeled
thicknesses must represent the flow characteristics through streambed materials
in generally much narrower streams. A near-zero thickness of streambed
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Figure 13.--Example of alphameric streambed-thickness map tor
nonsteady-state analysis.
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material is an indication that at that point the river and aquifer arc in
pertect hydraulic connection.

Changes in the preconstruction streambed-thickness map required in the
postconstruction analvsis included onlv the addition of nodes reflecting
postconstruction changes in the position of the navigation channel. The added
nodes were assigned the same thickness value as adjoining river nodes.

Specific Yield and Storage Coefficient

The introduction of specific-yield values and aquifer-storage coefficients
into the model was done in alphameric form by discrete subarcas identical with
those used for the entry of HCU and HCL. An example of an alphameric map of
specific-vield values and storage coefficients and the explanation for cach
are shown in figure 14. The scheme for applving calibration values to identical
subareas was used so that, during the calibration process, modifications could
be made to the values represented by symbols in any one subarea without substan-
tially affecting adjacent areas.

Specific-vield values were limited to a plausibilityv from 1x1072 to i
2x10~1, and the storage coefficient was allowed to varv from 11073 to 1x107°.
The final specific-vield values and aquifer storage-cocfficient values were
adjusted in the calibration procedure bv a trial-and-ervor procuss within
these limits.

Precipitation and Potential Evapotranspiration

Dailv precipitation and evapotranspiration data are required bv SUPERMOCK,
Climatic information used in preparing these data was obtained from National
Weather Service stations in, or near, each lock-and-dam areca. Data from
Weather Service stations at Alexandria, Natchitoches, Westdale, and Shreveport
were used in Lock and Dam 2-5 areas, respectivelv (fig. 3). Data for Lock
and Dam 1 area were taken from the Jonesville station, which is about 20
mi (32 km) north of that area.

Daily precipitation, in inches, was taken directly from Weather Service
records and coded for card input to SUPERMOCK. The model assumes uniform
distribution of precipitation throughout the grid arca. Therefore, no nodal
specifications were required. SUPERMOCK required that the precipitation data
begin on or before the first day of the simulation run and continuce through
the duration of the period analyzed.

Daily potential-evapotranspiration data were not direcctlv available.
Therefore, a computation scheme was required to derive the data. Potential
evapotranspiration is the combination of evaporation from the ground surtace
and transpiration from plants when there is complete vegetal coverage and soil
moisture is adequate. Potential cvapotranspiration was computed by the method
of Thornthwaite (1948). This computation scheme was incorporated into a
digital~computer program called POTEET, which was modified from a program
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Coefficient of storage map
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developed by E. P. Weeks (written commun., 1973). The principal data require-
ments of this program are minimum and maximum daily air temperatures, monthly
average temperatures during the period for which potential evapotranspiration
is to be computed, and latitude. A source program listing and complete data
requirements for POTEET are included in attachment C. Primary output from
POTEET consists of punched computer cards that are in a format compatible with
input requirements for SUPERMOCK.

River Stage

Two complete sets of time-variant stream—stage data for the Red River and
its major tributaries were required for nonsteady~-state analysis. Preconstruc-
tion conditions in each lock-and-dam area were simulated and the nonsteady-
state model was calibrated to reproduce observed water-table levels and
potentiometric-surface elevations at control wells. After successful calibra-
tion, the preconstruction stages were replaced by time-variant postconstruction
stages, and production runs were made simulating postconstruction conditions
in the flow field. Datum for all stream-stage data used in the nonsteadv-
state model was Mean Sea Level Datum of 1929.

The Corps of Engineers provided time-variant preconstruction and post-
construction stages on the main stem of the Red River for the period December
1967 to September 1973. These data consisted of sets of 5-day-average stages
at approximately 2-mile (3.2-km) intervals for the entire reach of the Red
River in the project area. Each set of associated stage and river-mile data
was identified by a sequence number, increased bv 5 for each set, to correspond
to the time (day) on which the average stages were based. The preconstruction
and postconstruction stages comprised two separate data sets, each residing on
a separate 7-track magnetic tape. These data sets were transferred to 9-track
tapes and used as master input-data sets for the creation of separate lock-
and-dam-area main~stem river-stage~data sets, as needed.

The individual lock-and-dam-area sets for the main stem of the Red River
were created by use of a digital program called RIVCHANGE, developed specifi-
cally for that purpose. The source~program listing of RIVCHANCE and data-
input requirements and formats are included in attachment D. Input requirements
for RIVCHANGE include the following: (1) beginning and e¢nding sequence numbers
corresponding to the beginning and ending dates of a period of time encompassing
the period to be analyzed for a particular lock-and-dam area; (2) a number
equal to an interpolated sequence number within the period specified in (1) at
which computation of 10-day averages is to begin; (3) the length of time, in
days, for which computation of 10-day averages is to continue; (4) the beginning
and ending river miles in a particular lock-and-dam arca; and (5) grid nodes
and associated river miles at which l0-day-average river stages were desired.
Node designation and associated river mile were determined manuallv, beginning
at the downstream end of the model and procceding upsteam scequentiallv to the
upstream end of the model area.

RIVCHANGE was designed to interpolate in time and space and compute 10-
day-average stages at specified river miles associated with river-stage nodes
in the model of a particular lock-and-dam area. The program first located the
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specified time period within the master data set and determined the reach of
the river to be analyzed. The spatial interpolation was based on river miles
and the temporal interpolation was based on sequence numbers and associated
calendar dates. As enough daily data became available from the interpolation,
RIVCHANGE began computing l0O-day-average stages, beginning with the dav
designated by the beginning sequence number for computations, and continuing
for the number of days specified.

Qutput from RIVCHANGE consisted of l0-dav-average river stages associated
with specified grid nodes. Each set of average data was identified by a
sequence number and a calendar date. These data were printed and also
stored in a sequential data set on a magnetic disk pack. The disk data set
could then be accessed by SUPERMOCK to obtain main-stem river stage everv 10
days for the duration of a simulation period.

Preconstruction and postconstruction main-stem data sets were created
by RIVCHANGE. Ditferences in the preparation of preconstruction- and post=—
construction-area data sets involved accessing diftferent master data sets
and specifving a different set of associated grid nodes and river miles.

Time-variant l0-dav-average stages on signiticant tributaries to the
Red River were also required by SUPERMOCK. A digital program called TRIBCHANGE
was developed to provide these data in a suitable form. Input requirements
for TRIBCHANGE include the following: (1) the total number of tributarv-
stream nodes to which stages would be assigned, (2) a beginning sequoence
number--identical with that for the main-stem data set-for computing sequence
numbers for sets of tributary-stream output, (3) manuallv computed 10-dav-
average stages at gaging stations on each stream, and (4) associated grid
nodes and stream miles for each stream. Data for anv number of streams can
be used as input to TRIBCHANGE, and the entire tributarv-stream data sct mav
be created in one run of the program,

TRIBCHANGE was designed to interpolate onlv spatially because the lO-dav
averages entered to it were computed manuallv for the needed time increments.
At nodes where tributary streams enter the Red River, the 10-dav-average data
from the main-stem-data set were entered to TRIBCHANCE as data for the base
gage on that stream.

OQutput from TRIBCHANGE consisted of l0O-dav-average stages everv 10 davs at
all specified grid nodes for tributary streams in a particular lock-and-dam
area. LCach set was identitied by a sequence number identical with the scquence
number of a corresponding average set in the main-stem-data set.

Data [rom TRIBCHANGE were printed and also stored in a sequential data
set on a magnetic disk pack. This disk data sct was then accessed by SUPERMOCK
to obtain l0-day average tributary-stream stages cvery 10 davs during the
duration of a run.

Both preconstruction and postconstruction tributarv-stream-data scots
were created by TRIBCHANGE,  Changes in data used as input to the program
for postconstruction included changes in base-gage data at the mouth ot
streams emptving directlv into the Red River, therceby retlecting increased
postconstruction stages on the Red River.,
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Iransmissivity

Fhve transoirssivity of the agquitor s e cuterod to o WHLOY v vy tant
over the wrbd area or g g spatially caroime parancters Por the ol oy
modoels, transmt cvivity was oentered as ospatialle caroine, oadleneer

was nsod i whiich cacn svmbol orepresented o ditteront o calae o tran o
e o mapy was identical with that used i the SEEPRMOCK mode ], (Seo i,

Change in fvapotranspiration wito Change in Potentiometric Sartace

CWELOW allows tor values representing the chanve in ovapotranspirvat ion
Wil Pespoect Lo o chaee in head GCUETTHY to e entored as cither constant
cver tae crid o avea, varving, or not modeloed atoall. Por the Red River =ode by
SETH was ovaricd by discrete subarcas, as represented by o dittorent soembole
in an alphameric map ot the erid. e alphameric map tor SPTOH was identical
with the map uscd in SUPERMOCK tor ifdentitviong cvapotranspiration and bodranl i
conductivity ot the contining laver. (See fiv, 1o,

Values of 20T/ 00 were determined with the aid of a dicital-computer
prosram called DELETDELH.  Taput data requirements, program listine, and an
example of provram output arce shown in attachment Fooo The computation schene
in this program is based on a method viven by Ripple, Rubin, and van Hvlekama
(1972). Vrimarv input to the program includes the tollowing: (1) the upper
and lower hvdraulic conductivitices (HCU and HCL) ot the contfining laver in
vach subarea, as determined from calibration of SUPERMOCK: (2) the thickness
ot material from the base of the root zone to the top of the agquifer in cach
subiarea; and (3) values of cvapotranspiration divided by saturated hvdraulic
conductivity (GWETO) for depths to the zone of saturation of from 1 to 30 ('t
(W3 to 9.1 m) tor tour ranges in hvdraulic conductivityv, as computed by
ATMOFLUX.  Using these data, DELETDELH computes, for cach subarea, values of
MET/AH tor depths to water of trom 1 to 30 tt (0.3 to 9.1 m).

Values ot AET/AH are computed by DELETDELH bv the following procedure,
Input values of GWETO (ratio of limiting rate of cvapotranspiration to hvdraulice
conductivity) were multiplied by the input valuce of HCU to convert the dimen-
sionless GWETO value into a limiting rate of cvapotranspiration (in feet per
dav) trom the water table.  This flow was then routed down to the base ot the
cont ininy laver, using input data on HCL and thickness of the contining laver,
to obtain the artesian head (expressed as depth to water) necessary to sustain
this tlow. The flow is largest for the shallowest computed depth to water (1
fty, or 0.3 m) and decreases with increasing depth to water.  The steadv-state
model uses changes in head and flow as boundarv conditions.  Change in flow
per unit of head change (AET/AH) was computed by DELETDELH for an input value
of depth to water by dividing differences in flow by diftferences in depth to
water.,  An example of results of the computations is shown in attachment 1,

The relation between cvapotranspiration and depth to water is a cuarvili-
near function. The function is computed bv the program DELETDELH,  Output
from this program are tables of AET/AH values for depths ot from | to 30 1y
(0,3 to 9.1 m) to water. The model calculates the chanpe in cvapotranspiration
with change in water level as a lincar tunction., Therefore, an iterative
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