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PREFACE

This report presents a computer program for the simulation of stream-
aquifer relations. A formal release of this report will be available in
the future as a chapter in Techniques of Water Resources Investigations of
the U.S. Geological Survey. The program documented in this report is
designed for incorporation into the modular finite-difference ground-water
flow model developed by the U.S. Geological Survey. The performance of
this computer program has been tested in models of both hypothetical and
actual ground-water flow systems. Future applications, however, may reveal
errors that were not detected in the test simulations. Prior to the formal
release of this report, users are requested to notify the originating
office of any errors found in the report or in the computer program.
Updates may occasionally be made to both the report and computer program.
Users who wish to receive future updates, if any, may send a request to:

U.S. Geological Survey
Federal Bldg., Room 224
705 North Plaza Street
Carson City, Nevada 89701

Copies of the computer program and test data sets are available on

tape or diskette at the cost of processing. The copies may be obtained
from:

U.S. Geological Survey
WATSTORE Program Office
437 National Center
Reston, Virginia 22092
Telephone: (703) 648-5695
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CONVERSION FACTORS AND ABBREVIATIONS

"Inch-pound” units of measure used in this report may be converted to
metric (International System) units by using the following factors.

Multiply inch-pound unit By To obtain metric unit

inch (in.) 2.54 centimeter (cm)

foot (ft) 0.3048 meter (m)

foot per second (ft/s) 0.3048 meter per second (m/s)

foot per day (ft/d) 0.3048 meter per day (m/d)

square foot per second square meter per second
(£t2/s) 0.09290 m%/s)

square foot per day square meter per day
(£t2/4) 0.09290 (m/d)

cubic foot per second cubic meter per second
(£e3/s) 0.02832 m3/s)

cubic foot per day cubic meter per day
(££3/d) 0.02832 (m>/d)

ALTITUDE DATUM

Sea level: 1In this report, "sea level” refers to the National
Geodetic Vertical Datum of 1929 (NGVD of 1929)-- a geodetic datum derived
from a general adjustment of the first-order level nets of both the United
States and Canada, formerly called "Sea Level Datum of 1929.”
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DOCUMENTATION OF A COMPUTER PROGRAM TO
SIMULATE STREAM-AQUIFER RELATIONS USING A
MODULAR, FINITE-DIFFERENCE, GROUND-WATER FLOW MODEL

By David E. Prudic

ABSTRACT

Computer models are widely used to simulate ground-water flow for
evaluating and managing the ground-water resources of many aquifers, but few
are designed to also account for surface flow in streams. A computer
program was written for use in the U.S. Geological Survey modular finite-
difference ground-water flow model to account for the amount of flow in
streams and to simulate the interaction between surface streams and ground
water. The new program is called the Streamflow-Routing Package.

The Streamflow-Routing Package is not a true surface-water flow model
but rather is an accounting program that tracks the flow in one or more
streams which interact with ground water. The program limits the amount of
ground-water recharge to the available streamflow. It permits two or more
streams to merge into one with flow in the merged stream equal to the sum of
the tributary flows. The program also permits diversions from streams.

Streams are divided into segments and reaches. Each reach corresponds
to individual cells in the finite-difference grid used to simulate ground-
water flow. A segment consists of a group of reaches connected in
downstream order. Leakage is calculated for each reach on the basis of the
head difference between the stream and aquifer and a conductance term. It
is subtracted or added to the amount of streamflow into the reach. The
stage in each reach can be computed using the Manning formula under the
assumption of a rectangular stream channel.

The amount of leakage in each reach (either into or out of the aquifer)
is incorporated into the ground-water flow model by adding terms to the
finite-difference equations. Recharge to the aquifer in a reach ceases when
all the streamflow in upstream reaches has leaked into the aquifer and the
stream is dry. A stream is permitted to flow again in downstream reaches if
the head in the aquifer is above the elevation of the streambed.

Results from the program have been compared to results from two
analytical solutions. One assumes time varying areal recharge to the
aquifer and discharge only to a stream and the other assumes recharge to the
aquifer from a change in stream stage. Results from the program reasonably
duplicated the analytical solutions.

Manuscript approved for publication December 13, 1988



The ground-water flow model with the Streamflow-Routing Package has an
advantage over the analytical solution in simulating the interaction between
aquifer and stream because it can be used to simulate complex systems that
cannot be readily solved analytically.

The Streamflow-Routing Package does not include a time function for
streamflow but rather streamflow entering the modeled area is assumed to be
instantly available to downstream reaches during each time period. This
assumption is generally reasonable because of the relatively slow rate of
ground-water flow. Another assumption is that leakage between streams and
aquifers is instantaneous. This assumption may not be reasonable if the
streams and aquifers are separated by a thick unsaturated zone.

Documentation of the Streamflow-Routing Package includes data input
instructions; flow charts, narratives, and listings of the computer program
for each of four modules; and input data sets and printed results for two
test problems, and one example problem.

INTRODUCTION

Computer models that simulate ground-water flow are widely used to
evaluate and manage ground-water resources in many areas of the Nation.
Early models were somewhat limited in the types of processes that could be
simulated without making major changes in the program codes. McDonald and
Harbaugh (1988) developed a computer program that simulates three-
dimensional ground-water flow and includes the effects of many processes
such as areal recharge, rivers, drains, evapotranspiration, and pumpage.
Their program is designed to allow for additional capabilities to be easily
incorporated into it. The program is divided into a main program and a
series of independent subprograms called packages. A package is a group of
subroutines, called modules, that deals with a single aspect of the
simulation. For example, the River Package simulates leakage between rivers
and aquifer. Changes to a package or an addition of a new package does not
require major changes to other packages in McDonald and Harbaugh's program.

The package that simulates the effects of rivers on an aquifer only
accounts for leakage to or from the rivers. It does not track the amount of
flow in the rivers nor does it permit rivers to go dry during a given period
of simulation. In many areas, particularly in the western United States,
streams become dry as they flow across large ground-water basins. In
addition, water commonly is diverted from rivers or streams through canals
or ditches to irrigated fields. The effects of ephemeral streams and
irrigation canals can now be simulated with a new package. The package was
developed to route streamflows in one or more streams across a ground-water
basin; when flow in a stream ceases, the simulation of recharge from the
stream to the aquifer system also ceases.

This report documents: (1) the basic concepts of the Streamflow-
Routing Package, (2) the results of three test simulations, (3) the data
input instructions needed to use. the program, (4) the computer program,
including a narrative, flow chart, program listing and a description of
variables for each module, and (5) the input data sets used for the three
test simulations and selected parts of the printed results.



CONCEPTUALIZATION OF ROUTING STREAMFLOWS

The Streamflow-Routing Package is a modification of the River Package
described by McDonald and Harbaugh (1988, p. 6-1 through 6-30) and is
designed to be incorporated into their program. The new package is designed
to route flow through one or more rivers, streams, canals, or ditches (all
of which are hereafter referred to as streams, for convenience) in addition
to computing leakage between the streams and the aquifer system.

Numbering and Ordering of Streams

A brief description of the model developed by McDonald and Harbaugh
(1988) is necessary prior to describing the numbering and ordering of
streams. The program of McDonald and Harbaugh solves the three-dimensional
ground-water flow equation using finite-difference approximations (p. 2-1
through 2-35). The finite-difference procedure requires that the aquifer be
divided into blocks called cells, which have dimensions x, y, and z. The
aquifer properties in each cell are assumed uniform. The unknown head in
each cell is calculated at a point or node at the center of the cell. The
head is calculated by iterating through the finite-difference equations for
all nodes until the maximum head change in any cell between the previous
iteration and the current iteration is less than a value specified by the
user. Once this criterion is met, the program advances to a new time step
and the process of computing heads at each node is repeated.

Streams superimposed on the aquifer are divided into reaches and
segments. A segment is a stream or diversion in which streamflow from
surface sources are added at the beginning of the segment or subtracted (in
the case of a diversion) at the end of a segment. A reach is the part of a
segment that corresponds to an individual cell in the finite-difference grid
used to simulate ground-water flow in an aquifer. A segment may consist of
one or more reaches. Segments are numbered sequentially from the farthest
upstream segment to the last downstream segment as are reaches within each
segment. Both must also be read into the program in sequential order. The
use of segments in the conceptualization of routing streamflows makes the
accounting of flows where streams merge to form one, or where diversions
subtract flow from a stream, easier to program. Reaches, however, form the
basis for the calculation of leakage between surface water and ground water.

An example of a finite-difference grid of a hypothetical aquifer
connected to streams is shown in figure la. In this example, the locations
of cells representing the aquifer are described in terms of rows and
columns. Thus, cell (1,3) is the cell located in row 1, column 3. The
streams are divided into segments and reaches. Segment 1 has two reaches
and begins in cell (1,3) and ends in cell (2,3) where some flow is diverted
into segment 2. The remaining flow from segment 1 goes to segment 3, which
has 4 reaches. Segments 2 and 4 join in cell (5,3) to form segment 5.
Segments 3, 5, and 6 join in cell (5,4) to form segment 7. Two small parts
of streams in segments 3 and 6 are not included in the numbering scheme
because they only cross the corners of cells (2,4) and (3,5).



ROWS

ROWS

1
2
Canal~\1 ! @1/
El\[ @ 2
2 2
wig )
1 '\ 3' 3| 4
N 4
o e
2
B.
1)
/
{6
1 1@ >
’\)1\\2\ 2\L )2
S1BE
2
1 2 3 4 5 6
COLUMNS

Not to scale

EXPLANATION

—— STREAM CHANNEL OR DIVERSION--Arrow
indicates direction of flow

o———e STREAM SEGMENT—Dots indicate section
of stream used to define a segment.
Enclosed number is the segment number.
Open number is the reach number within
a segment

om  SECTION OF STREAM CHANNEL OR
DIVERSION-—-Shows sections of streams or
diversions not included in model simulation

Figure 1.--Example numbering systems of streams and diversions for the simulation of
stream-aquifer relations with the finite-difference ground-water flow model

by McDonald and Harbaugh (1988). A, one method of numbering streams

and diversions. B, an alternative method of numbering streams and diversions.



A diversion from one segment can later become tributary to another
segment, which is the case for segment 2 in figure la. Also, more than one
reach in different segments can be assigned to the same model cell. For
example, reach 2 in segment 5; reach 4 in segment 3; reach 5 in segment 6,
and reach 1 in segment 7 are all located in cell (5,4). Leakage to or from
the aquifer from all these reaches is the accumulated sum of all the
leakage, however, the leakage between each reach and the cell is calculated
at the cell node (located in the center of the cell). Thus, only the head
at the cell node is used to calculate leakage for each reach.

An alternative numbering scheme is shown in figure 1b whereby only one
reach and segment is assigned to a cell. In the example, segment 2 (the
diversion canal) begins in cell (3,3) and segment 3 begins in cell (3,4).
Segment 5 has only one reach, located in cell (5,3), but it consists of
parts of three streams. This scheme results in assigning fewer reaches but
causes the combining of flows prior to the confluence of streams and the
subtraction of flows after the diversion.

Streamflow Accounting

Streamflow is accounted for by specifying flow for the first reach in
each segment that enters the modeled area, and then computing streamflow to
adjacent downstream reaches in each segment as equal to inflow in the
upstream reach plus or minus leakage from or to the aquifer in the upstream
reach. The accounting scheme used assumes that streamflow entering the
modeled layer is instantly available to downstream reaches. This assumption
is generally reasonable because of the relatively slow rates of ground-water
flow.

Streamflow into a segment that is formed from tributary streams is
computed by adding the outflows from the last reach in each of the specified
tributary segments. If a segment is a diversion, then the specified flow
into the first reach of the segment is subtracted from flow in the main
stream. However, if the specified flow of the diversion is greater than the
flow out of the segment from which flow is to be diverted, then no flow is
diverted from that segment.

Reaches in a segment are permitted to go dry whenever downward leakage
to the aquifer exceeds stream inflow into the reach. The downstream reaches
also go dry (streamflow into the downstream reaches is zero) and leakage
into the aquifer is not permitted. Upward leakage (from the aquifer) is
permitted even when there is no streamflow in a reach. This happens when
the head in the aquifer exceeds the top of the streambed in a dry reach.
Flow in the stream resumes and downward leakage back into the aquifer can be
simulated in downstream reaches.
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Computing Flow Between Stream and Aquifer

Leakage to or from a stream reach is computed by Darcy’s Law as
follows:

Q, = CSTR (H_-H, ) (1)

where Q1 = leakage to or from the aquifer through the streambed, (L3/T);
H = head in the stream, (L);
H = head in aquifer side of streambed, (L); and

CSTR = conductance of the streambed (L2/T), which is the hydraulic
conductivity of the streambed times the product of the width of
the stream and its length divided by the thickness of the
streambed.

A sketch of the properties used in the calculation of stream leakage to
or from the aquifer is shown in figure 2. The stage in the stream is for
the center of the reach. The head in the aquifer side of the streambed
depends upon whether the earth materials beneath the stream are saturated or
not. If the materials are saturated, then the head in the aquifer side of
the streambed is equal to the head in the model cell beneath the stream
reach. TIf materials are unsaturated, then the head in the aquifer beneath
the streambed is equal to the elevation of the bottom of the streambed. The
relation between stream leakage and head in the model cell is shown in
figure 3. For more detailed information regarding this relation, the reader
is referred to McDonald and Harbaugh (1988, p. 6-1 through 6-30). If
leakage through the streambed to the aquifer in a stream reach is greater
than the amount of streamflow that enters the reach, then the leakage is set
equal to the streamflow that enters the reach and flow out of the reach is
zero. Inflow into the adjacent downstream reach is also zero.

The terms that represent leakage to or from the stream reaches are
added to the finite-difference equations at the start of each iteration in
the same manner as in the River Package described by McDonald and Harbaugh
(1988, p. 6-12). 1If streamflow is zero in a reach and the head in the model
cell is less than the top of the streambed, then no leakage is computed for
that reach. The choice as to which terms to add to the finite-difference
equations is made by comparing the most recent value of the head in the
model cell to the elevation of the bottom of the streambed; or if flow in
the stream reach is zero, to the top of the streambed. These comparisons
are made at the start of each iteration, meaning that the most current value
of head in the model cell used to calculate leakage between stream reaches
and the aquifer is from the previous iteration.
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Computing Stream Stage in Reaches

An option in the package is available that computes the stream stage in
each reach. If the option is used, the stream stage is computed assuming
incompressible steady flow in the stream at constant depth and using the
Manning formula as described by Ozbilgin and Dickerman (1984, p. 3, eq. 1)
as:

Q- _c (ar?/3sl/% (2)
n
where Q = stream discharge, (L3/T);
n = Manning’s roughness coefficient, dimensionless;
A = cross-sectional area of the stream, (LZ);
R = hydraulic radius, (L);

S = slope of the stream channel, (L/L); and
C = a constant, (L1/3/T), which is 1.486 for units of cubic feet per

second or 1.0 for cubic meters per second.

The Manning formula, in particular, the units of (C/n), is discussed by Chow
(1959, p. 98-101). The cross-sectional area and the hydraulic radius for a
rectangular channel are:

A =vwd , and (3)

R = wd 4)
w+ 2d

where d = depth of the water in the stream, (L); and

w = width of the channel, (L).

Substituting these equations into equation 2 and assuming that the depths of
the streams are much less than the width, Ozbilgin and Dickerman (1984,
P. 4) derived the following equation that computes stream depth:

(3)



This is the equation used to approximate the stream stage in each reach in
the Streamflow-Routing Package.

A brief discussion of Manning’s roughness coefficient is presented by
White (1979, p. 602-607). White (p. 605) presented estimates of Manning's
roughness coefficient for a variety of stream channels. The estimates are
listed in table 1.

Streamflow estimates from the Manning formula are accurate in an
intermediate range of roughness coefficients (White, 1979, p. 602-607), but
for deep, smooth channels and shallow, rough channels the estimates of flow
may be unrealistic. Roughness coefficients can be estimated from actual
measurements of stream depth and discharge. However, if field data are not
available, values can be estimated from table 1.

TABLE 1.--Experimental values of Manning’s roughness coefficient
(White, 1979, p. 605)

Manning's roughness coefficient
Description of channel (n)

Excavated earth channels:

Clean 0.022 + 0.004
Gravelly 0.025 + 0.005
Weedy 0.030 + 0.005
Stony, cobbles 0.035 + 0.010
Natural channels:
Clean and straight 0.030 £ 0.005
Sluggish, deep pools 0.040 + 0.010
Major rivers 0.035 + 0.010
Floodplains:
Pasture, farmland 0.035 + 0.010
Light brush 0.050 + 0.020
Heavy brush 0.075 + 0.025
Trees 0.150 + 0.050

The stream stage in each reach is computed prior to calculating leakage
to or from the aquifer. For the first iteration, the stage for each reach
is calculated using the specified inflow into a stream segment. If no
streamflow is specified into a segment, the stage for all reaches in the
segment will equal the top of the streambed. Leakage terms are then
calculated on the basis of the computed stream stage, streambed conductance,
and the initial (starting) head in each corresponding model cell. These
terms are added to the finite-difference equations used to calculate a new
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head for each model cell. The process continues, except in the following
iterations, leakage calculated in the previous iteration is added or
subtracted from streamflow prior to calculating a new stream stage, and new
leakage terms are computed on the basis of the head in the corresponding
model cell calculated from the previous iteration.

Assumptions and Limitations

The Streamflow-Routing Package does not include a time function for
routing flows specified for the first reach in each segment that enters the
modeled area to downstream reaches. The accounting scheme used assumes that
streamflow entering the modeled area is instantly available in downstream
reaches for each specified period in the model simulation. (The specified
period is referred to as a stress period by McDonald and Harbaugh, 1988, p.
1-5). This assumption is generally valid because of the relatively slow
rate of ground-water flow and because stress periods used in model
simulations are commonly months or years, whereas changes in streamflow
along a course of a stream are usually in days.

Stream stage for a reach can be calculated using the Manning formula
and assuming a rectangular channel with a stream width much greater than
depth. The assumption of a rectangular channel with width much greater than
depth is generally valid but may not be appropriate for all streams. Thus,
using this method to calculate a stream stage may not be valid for all
cases.

The numerical scheme where information from the pervious iteration is
used to determine stream stage, streamflow, and the leakage terms in the
finite-difference equations can, in some cases, cause instability in the
iterative solution process. Such instability may be more prominent when
stream leakage is a dominant part of the simulation.

Streambed conductance values used to calculate leakage between a reach
and a model cell are specified a constant for each stress period. Widths of
a stream channel usually vary depending on the flow and stage in the stream
which may result in varying streambed conductance values. In the package
presented herein, changes in the streambed conductances due to changing
streamflows must be computed separately from the model and then added at the
beginning of each stress period.

Another limitation of the model is that leakage from the stream to the
aquifer is assumed to be instantaneous, which is reasonable where the
thickness of the unsaturated zone between a stream and aquifer is not great.
The assumption may be unreasonable when the thickness of the unsaturated
zone is large, because of the time lag between stream infiltration and
recharge to the aquifer. In addition, the stream infiltration rate may be
greater than the amount of recharge to the aquifer because some of the
infiltrated water may be used to replace soil moisture and(or) be used by
plants adjacent to the stream.

The Streamflow-Routing Package can be used to simulate the leakage
between streams and aquifers. But the user must consider the limitations
associated with the package when using it as the package may not be
appropriate for all cases. The accuracy of the model results will, to a
large extent, be dependent on the size of the model cells, the time

11



intervals used in the simulations, and the closure criteria for completing
the iteration cycle in the modular model (McDonald and Harbaugh, 1988, p. 2-
20 through 2-25).

RESULTS OF TEST SIMULATIONS

The package is designed primarily to simulate vertical leakage from
partially penetrating streams with a distinct streambed and associated
hydraulic conductivity. With some slight changes in the concept of
calculating streambed conductance values, the program can be used to
simulate a fully penetrating stream. This was done in comparing simulation
results to two analytical solutions, which assume a fully penetrating
stream. The comparisons were done to verify that the program works
correctly.

For the first test, results from the Streamflow-Routing Package were
compared to results from an analytical solution developed by Oakes and
Wilkinson (1972). An idealized aquifer with a river flowing through the
middle was chosen and is shown in figure 4. The width of the aquifer
perpendicular to the river was 4,000 ft on each side, while the length
parallel to the river was 13,000 ft. Assumptions used in both the analytical
solution and the model simulation include:

1. The lateral boundaries of the aquifer are impermeable (no flow is
allowed).
2. The rocks beneath the aquifer are impermeable.

3. The river penetrates the entire depth of the aquifer and has
vertical banks.

4. The river is not separated from the aquifer by any confining
material.

5. The transmissivity and storage coefficient are constant throughout
the aquifer and remain constant in time.

6. The aquifer is unconfined and Darcy'’s Law is valid.
7. The flow of ground water is horizontal.

8. The water level in the river is constant along its length and with
time.

9. The infiltration of recharge to the aquifer is instantaneous (no
delay between the time precipitation infiltrates the surface until
it reaches the water table).

10. The discharge from the aquifer is only to the river.

12
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Transmissivity of the aquifer used for both the analytical solution and
in the model simulation was 3,200 ft%/d (0.037 ft%/s). The storage efficient
was 0.20. Because the river is assumed fully penetrating and the aquifer is
not separated from the river by any confining material, the streambed
conductance value was assumed equal to the transmissivity of the aquifer (in
this example, the width of the river is assumed equal to the depth of the
aquifer) times the length of the river in each cell (1,000 ft) divided by an
assumed l-foot thickness of the riverbed. Actually, any large streambed
conductance value can be used as long as the head wvalue in the model cell
(node) that corresponds to the river remains constant during the simulation.
Results of varying the streambed conductance value indicates that for this
problem, streambed conductances greater than 10 ft2/d produce nearly the
same results. The Streamflow-Routing Package is not really needed to
simulate this condition, as the stream could have been represented using
constant heads in model cells representing the stream but the simulation was
done to determine if the package correctly accumulates flow from the aquifer
into the stream.

Annual recharge to the aquifer was 1.5 ft and it was applied evenly
over the aquifer. However, the daily recharge rate varied according to a
sinusoidal distribution for the first 180 days, while no recharge was
allowed for the following 180 days (fig. 5). The sinusoidal distribution
was divided into 15-day intervals for the model simulation and the rate for
the middle of each interval was used as a constant. The distribution used
in the simulation is also shown in figure 5.

A total of six 360-day infiltration periods were used in the
simulation. The first five periods were done to allow the model to reach a
stable yearly cycle because the initial starting water level for each model
cell was not known. Results of the model simulation from the sixth
infiltration period are compared to the results from the analytical solution
for an observation well 2,000 ft from the river (fig. 6). The location of
the well is shown in figure 4. The same results were obtained using the
River Package in the modular model (McDonald and Harbaugh, 1988). The data
set used in the model simulation with the Streamflow-Routing Package and the
results for the last 360-day infiltration period are listed in Appendix I.

The water level computed with the model closely matches the water level
calculated from the analytical solution (fig. 6a). Streamflow computed with
the model (fig. 6b) is slightly less during the period of increasing
streamflow (0-100 days) and slightly more than streamflow calculated from
the analytical solution immediately following peak streamflows (120-
180 days).

The slight difference in flows between the simulation results and the
analytical solution most likely is caused either by the size of the model
cells in the direction of ground-water flow (columns) or by the length of
the stress periods used to simulate the changes in recharge. Increasing the
number of columns (decreasing the size of model columns) and(or) reducing
the length of the stress periods probably would result in a closer
approximation of the computed flow to the flow calculated with the
analytical solution.

14



2.0 T T T T T T T T T T T
g ANNUAL RECHARGE IS 1.5 FEET
p 4
L
a O\
5 1.6 - -
S /|
L
< 4 :
L
L /
(:,E 1.2 / Recharge for analytical solution -
E / Recharge rates assigned to
@ / each 15—day period in
% / model simulation
2
I 0-8 = / -
= /|
E /
o )/
§ 04 / -
@ 4
5 4
v %
o

0.0 / M 1 " 1 M

0 60 120 180 240 300 360

TIME, IN DAYS SINCE START OF INFILTRATION PERIOD

Figure 5.—-Distribution of recharge used for analytical solution
and how it was divided into time intervals for the simulation
of test problem 1.

15



GROUND-WATER LEVEL,
IN FEET ABOVE STREAM

o

STREAMFLOW,
IN CUBIC FEET PER SECOND

S —

Analytical
solution

10 Simulation results

0 60 120 180 240 300 360

3 2 ] A 1 " 1 " 1 M |

0 60 120 180 240 300 | 360
TIME, IN DAYS SINCE START OF INFILTRATION PERIOD

Figure 8.——-Comparison of simulation results for test Eroblem
1 to analytical solution developed by Oakes and Wilkinson
51972). A, Ground-water levels at a well 2,000 feet

rom river; B, Base flows for the river summed over its
modeled length.

16



For the second test, the function that computes the head in the stream
as well as simulating changes in flows to and from the aquifer was compared
to an analytical solution developed by Cooper and Rorabaugh (1963). The
same model grid used in the first test (fig. 4) was used in this test. The
assumptions used in the previous test are the same except for assumptions 8-
10, which are replaced with the following assumptions:

1. The recharge to the aquifer is only from the river as river
stage increases with time.

2. The discharge from the aquifer is also only to the river as river
stage decreases with time.

The aquifer properties used in this test were the same as those used in
the first test. The analytical solution used from Cooper and Rorabaugh
(1963, p. 355-358) is applicable for the case where the lateral boundary is
at infinity (referred by Cooper and Rorabaugh as semi-infinite). The
impermeable boundary assigned at 4,000 ft for this test is of sufficient
distance from the river as not to interfere with the results.

A flood in the river was simulated for a 30-day period. The procedure
used to calculate the distribution of streamflow for the 30-day period and
for 60 days following the flood was first to calculate a distribution of
river stage using equation 71 in Cooper and Rorabaugh (1963, p. 355),
assuming a maximum flood stage of 4 ft above the initial river stage. The
streamflow distribution shown in figure 7 then was calculated by rearranging
equation 5 and solving for streamflow. The streamflow distribution was
calculated from the river stage distribution, a river width of 100 ft, a
roughness coefficient of 0.02377, a slope of 0.0001, and a constant (C in
equation 5) of 1.486 (used when flow is in cubic feet per second). The
input for this test simulation and selected parts of the printed results are
included in Appendix II.

Streamflow for the first 30 days was divided into 1l-day periods for
simulation (fig. 7). Simulation results of computed river stage are shown
in figure 8 as are the results from manually calculating river stage using
equation 71 of Cooper and Rorabaugh (1963, p. 355). The simulation results
are the same as the manually calculated values, indicating the equation that
calculates stream stage has been correctly written in the computer program.
Leakage computed between the river and aquifer in the simulation also
closely approximated the analytical solution for a semi-infinite aquifer
(fig. 9). Results of varying both the number of columns and the length of
stress periods used to simulate the flood wave indicate that both the number
of columns and the length of the time step are important in exactly
duplicating the analytical solution.

The ground-water flow model with the Streamflow-Routing Package has an
advantage over analytical solutions because it can be used to simulate
complex systems. The example of a stream system shown in figure la is used
to illustrate most of the features of the package. The example assumes an
aquifer 6,000 ft wide by 6,000 ft long divided into six equally spaced rows
and columns. The transmissivity of the aquifer is 0.08 ft %s (6,900 ft 2%/d).
Recharge to the aquifer occurs only from stream leakage as does discharge
from the aquifer. Land-surface altitude varies over the modeled area as
shown in figure 10.
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The example includes 7 stream segments with a total of 23 reaches.
There is one diversion (segment 2) and two places where streams join
(segments 2 and 4 join to make segment 5 and segments 3, 5, and 6 join to
make segment 7). Stream stages are also computed for each reach and the
necessary input is included in Appendix III and also table 2. The streams
range in width from 5 to 10 ft. Streambed conductance values also vary
depending on the length and width of each stream reach. The hydraulic
conductivity of the streambed deposits is 4 x 107 ft/s. A steady state
solution was simulated using average annual streamflows for each stream.

Water levels and streamflows and leakage between the stream reaches and
aquifer are shown in figure 11. Total streamflow into the area was
6.5 ft 3/s with an equal amount of streamflow leaving the area. Leakage to
the aquifer was 5,22 ft3/s and leakage from the aquifer was 5.22 ft ¥s. The
areas of leakage to the aquifer were generally the upstream areas while flow
from the aquifer to the streams were generally in the downstream reaches.
Several of the reaches went dry as leakage to the aquifer exceeded
streamflows (shown in fig. 11) but downstream reaches began flowing when the
head in the aquifer exceeded the top of the streambed. The data input and
the simulation results are included in Appendix III.

The example illustrates that the Streamflow-Routing Package can
simulate complex systems. It can also be used to simulate a variety of
systems where aquifer properties change in space and where the amount and
distribution of recharge and discharge can change in space and time.

IMPLEMENTATION OF STREAMFLOW-ROUTING PACKAGE
IN THE GROUND-WATER FLOW MODEL

The Streamflow-Routing Package (STR1) is designed for incorporation
into the ground-water flow model by McDonald and Harbaugh (1988). The
package consists of four FORTRAN subroutines, referred to as modules, that
carry out the following procedures: allocate memory, read and prepare data,
formulate the finite-difference equations, and compute mass-balance
components and print results. The modules are respectively named STRIAL,
STR1IRP, STR1FM, and STR1BD. The first three characters of the names
identify the modules as being part of the Streamflow-Routing Package; the
next character identifies the version number of the package; the last two
characters identify the procedure performed in the module. The procedures
used by the Streamflow-Routing Package are consistent with procedures used
by existing packages in the ground-water flow model (fig. 12).

The MAIN program of the ground-water flow model must be modified to
call the four modules of the Streamflow-Routing Package. The procedures on
the left side of figure 12 are listed in the order each are carried out in
the MAIN program of the model. Call statements to the modules of the
Streamflow-Routing Package must be placed in sections of the MAIN program in
which the particular procedure is being carried out for other packages. For
example, the STRI1AL module must be called within the section of the MAIN
program in which other allocate modules (BAS1AL, RIV1AL, etc.) are called.
In all sections of the MAIN program, the call to the Basic (BAS1l) Package
module (subroutine) must come before any other module call statements.
Actually, the modules of the Streamflow-Routing Package could be used to
replace the River Package in the model. The FORTRAN call statements to be
added to the MAIN program are as follows:
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IF (IUNIT(??).GT.0) CALL STRIAL(ISUM,LENX,LCSTRM,ICSTRM,MXSTRM,
1 NSTREM, TUNIT(??), IOUT,ISTCB1,ISTCB2,NSS,NTRIB,
2 NDIV,ICALC,CONST, LCTBAR, LCTRIB, LCIVAR)

IF (IUNIT(??).GT.0) CALL STRIRP(X(LCSTRM),X(ICSTRM),NSTREM,
1 MXSTRM, IUNIT(??),I0UT,X(LCTBAR) ,NDIV,NSS,
2 NTRIB,X(LCIVAR),ICALC, IPTFLG)

IF (IUNIT(??).GT.0) CALL STR1FM(NSTREM,X(LCSTRM),X(ICSTRM),
1 X (LCHNEW) , X (LCHCOF) , X (LCRHS) , X (LCIBOU) ,MXSTRM,
2 NCOL,NROW,NLAY, IOUT ,NSS, X (LCTBAR) ,NTRIB,

3 X(LCTRIB) ,X(LCIVAR), ICALC,CONST)

IF (IUNIT(??).GT.0) CALL STR1BD(NSTREM,X(LCSTRM),X(ICSTRM),

1 X(LCIBOU) ,MXSTRM, X (LCHNEW) ,NCOL,NROW,NLAY,DELT, VBVL,
2 VBNM, MSUM , KKSTP , KKPER , ISTCB1, ISTCB2 , ICBCFL, X (LCBUFF) , IOUT,
3 NTRIB,NSS,X(LCTRIB) ,X(LCTBAR),X(LCIVAR), ICALC, CONST,IPTFLG)

The user must specify a number between 13 and 24 for IUNIT(??), which
is defined in the Basic Package (McDonald and Harbaugh, 1988, p. 4-9 through
4-12). Then whenever the Streamflow-Routing Package is to be used, a
positive number is specified in the proper location in the Basic Package.
This number corresponds to the FORTRAN unit number assigned to the
Streamflow-Routing Package data set.

The first call statement is added where space is allocated to the "X"
array (between comments C4 and C5 in the MAIN program). The second
statement is added where information for a package is read and prepared for
each stress period (between comments C7B and C7C in the MAIN program). The
third statement is added where the finite-difference equations are
formulated for each time step (between comments C7C2A and C7C2B in the MAIN
program). The last statement is added where budget terms are calculated for
each time step (between comment C7C4 and C7C5 in the MAIN program).

The four call statements are included in an example MAIN program at the
end of section on module documentation. In the example, the IUNIT number is
specified as 13. Thus, to activate the Streamflow-Routing Package for a
simulation using the example MAIN program, a positive number must be
specified to IUNIT 13 in the Basic (BASl) Package. The number is the
FORTRAN unit number assigned to the data input for the Streamflow-Routing
Package.

Information needed to simulate the effects of rivers, streams, canals
and ditches on aquifer systems with the Streamflow-Routing Package is in a
format similar to that of the River Package described in McDonald and
Harbaugh (1988, p. 6-1 through 6-36). The instructions on the ordering of
the data input is explained in the following section. A sample input data
set is shown in table 2, which corresponds to the example in figures la and
10.
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Input Instructions

FOR EACH SIMULATION:
STR1AL
1. Data: MXSTRM NSS NTRIB NDIV ICALC CONST ISTCB1 ISTCB2

Format: I10 110 110 I10 I10 Fl0.0 I10 I10

FOR EACH STRESS PERIOD:

STR1RP
2. Data: ITMP IRDFLG IPTFLG
Format: 110 110 110

3. Data: Layer Row Col Seg Reach Flow Stage Cond Sbot Stop

Format: 15 I5 I5 IS5 I5 F15.0 F10.0 F10.0 F10.0 F10.0
(Item 3 normally consists of one record for each reach.
Records are read in sequential order from upstream to
downstream, first by segments, and then by reaches. The
downstream ordering and reading of segments and reaches are
important as the order determines the connection of inflows
and outflows. If ITMP is negative or zero, items 3-6 are not
read.)

If stream stages for each reach are to be calculated (ICALC>0), then
the following data set is read in sequential order of segment and reach.

4. Data: Width Slope Rough
Format: F10.0 F10.0 F10.0

If the maximum number of tributaries (NTRIB) that can join a segment is
greater than zero, then the following data set is read. One record for each
segment is read in sequential order. A record is necessary even for
segments that do not have tributaries. In this case a blank record or a
record with all zeros is read.

5. Data: Itrib(1l) Itrib(2) . Itrib(NTRIB)
Format: I5 I5 C. I5

If diversions are specified (NDIV>0), then the following data set is
read. One record is read for each segment in sequential order. For
segments that are not diversions, zeros or blanks are specified for each
input item.

6. Data: Iupseg
Format: I10
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Explanation of Fields Used in Input Instructions

MXSTRM --is the maximum number of stream reaches that can be active during
the simulation.

NSS --is the maximum number of segments that can be used during the
simulation.
NTRIB --is the maximum number of tributary segments that can join during a

simulation. Ten is the maximum number allowed as currently
specified in the program.

NDIV  --is a flag, which when positive, specifies that diversions from
segments are to be simulated.

ICALC --is a flag, which when positive, specifies that stream stages in
reaches are to be calculated.

CONST --is a constant value used in calculating stream stage in reaches.
It is specified whenever ICALC is greater than zero. This constant
is 1.486 for flow units of cubic feet per second and 1.0 for units
of cubic meters per second. The constant must be multiplied by
86,400 when using time units of days in the simulation. (For an
explanation of time units, see McDonald and Harbaugh, 1988, p. 4-
10.)

ISTCBl --is a flag and a unit number.

If ISTCB1>0, it is the unit number to which leakage between each
stream reach and the corresponding model cell will be
saved on disk whenever the variable ICBCFL is
specified. (See McDonald and Harbaugh, 1988, p. 4-15,
for details about the Output Control Package used to
specify ICBCFL.)

If ISTCB1=0, leakage between each reach and corresponding model
cell will not be printed nor filed on disk.

If ISTCB1<0O, streamflows into and out of each reach and leakage
between each reach and corresponding model cell will
be printed whenever the variable ICBCFL is specified.

ISTCB2 --is a flag and unit number for an option of storing streamflow out
of each reach instead of having the results printed.

If ISTCB2>0, it is the unit number where streamflow out of each
reach will be saved on disk whenever the variable
ICBCFL is specified.

If ISTCB2<0, streamflows out of each reach will not be saved on
disk.
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ITMP --is a flag and a counter.
If ITMP<O, stream data from the last stress period will be reused.

If ITMP>0, ITMP will be the number of reaches active during the
current stress period.

IRDFLG --is a flag, which when positive, suppresses printing of the input
data set specified for a stress period. The input data set is
printed for a stress period if the value is zero or blank.

IPTFLG --is a flag, which when positive, suppresses printing of results for
a stress period. The results are printed for a stress period if
the value is zero or blank and whenever the variable ICBCFL is

specified.
Layer --is the layer number of the cell containing the stream reach.
Row --is the row number of the cell containing the stream reach.
Col --is the column number of the cell containing the stream reach.
Seg --is a number assigned to a group of reaches. Segments must be

numbered in downstream order and are read into the program in
sequential order.

Reach --is a sequential number in a segment that begins with one for the
farthest upstream reach and continues in downstream order to the
last reach in the segment. Reaches must be read in sequentially as
the order reaches are read into the program determines the order of
connection of inflows and outflows.

Flow --is the streamflow, in length cubed per time, entering a segment.
This value is specified only for the first reach in each segment.
The value is either a zero or a blank when the reach number (Reach)
is not 1. When inflow into a segment is the sum of outflow from a
specified number of tributary segments, the segment inflow values
are specified as a -1. (Note: 1if the specified inflow to a
diversion is greater than the flow in the reach from which flow is
to be diverted, then no flow is diverted from the stream.)

Stage --is the stream stage, in units of length.

Cond --is the streambed hydraulic conductance, in units of length squared
per time.

Sbot --is the elevation of the bottom of the streambed, in units of
length.

Stop --is the elevation of the top of the streambed, in units of length.

Width --is the width of the stream channel, in units of length. It is used

only when stream stage in each reach is calculated.
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Slope --is the slope of the stream channel in each reach, in units of
length per length. It is used only when stream stage in each reach
is calculated.

Rough --is Manning’'s roughness coefficient for each stream reach. It is
used only when stream stage in each reach is calculated.

Itrib(l)--for a segment that has tributary segments, Itrib(l) is the number
of the first tributary segment. For a segment with no
tributaries, Itrib(l) must be specified as zero.

Itrib(2)--for a segment that has tributary segments, Itrib(2) is the number
of the second tributary segment. For a segment with no or only
one tributary segment, Itrib(2) must be specified as zero.

Iupseg --for a diversion segment, Iupseg is the number of the upstream
segment from which water is diverted. For a segment that is not a
diversion, Iupseg must be specified as zero.

MODULE DOCUMENTATION FOR THE STREAMFLOW-ROUTING PACKAGE

The Streamflow-Routing Package (STR1) consists of four modules
(subroutines), all of which are called by the MAIN program. The modules
are:

STR1AL Allocates space for arrays used in the package.

STR1RP Reads all data needed by package and initializes reach
inflow, outflow, and leakage arrays.

STR1FM Calculates leakage to and from stream reaches and adds
appropriate terms to finite-difference equations used to
calculate heads in aquifer and simulate ground-water flow.

STR1BD Calculates rates and accumulated volumes of stream leakage
into and out of aquifer. Results are either saved on files
or printed.

Module STRIAL

Module STR1AL allocates space for two lists (STRM and ISTRM) which will
contain an entry for each stream reach. Each entry in the ISTRM 1list
includes the location of the cell containing a reach, segment number and the
reach number. Each entry in the STRM list includes the streamflow into the
segment (unless outflow from tributary streams are to be added then a -1 is
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entered), stream stage, conductance of the streambed, and the elevation of
the bottom and the top of the streambed. If the stream stage in the reaches
are to be calculated, the list also includes the width of the stream
channel, the slope of the channel, and Manning'’s roughness coefficient. 1In
addition, the module allocates space for three other lists (ITRBAR, ARTRIB,
and IDIVAR), which will contain an entry for each segment. The ITRBAR list
includes an entry for each tributary segment. The ARTRIB list is where
outflow from each segment is saved and the IDIVAR list includes an entry for
each segment that specifies (if any) the upstream segment number from which
water is diverted.

Narrative of Module STR1AL

Module STR1AL allocates space in the X array of the modular model
(McDonald and Harbaugh, 1988) so the lists needed for stream reaches and
segments can be stored in the computer. A generalized flow chart of the
module is shown in figure 13. A description of the steps shown in the flow
chart follows:

1. Print a message identifying the package and initialize NSTREM
(number of stream reaches).

2. Read and print MXSTRM (the maximum number of stream reaches),
NSS (number of segments), NTRIB (maximum number of tributary
segments that can join to form another segment), NDIV (flag that
allows diversions from streams), ICALC (flag that specifies that
stream stage for each reach will be calculated), CONST (a constant
used in calculating stream stage), ISTCBl (the unit number for
saving on disk the leakage between each reach and the corresponding
model cell or a flag indicating whether the flows for each reach and
the leakage between the stream reach and corresponding model cell
should be printed), and ISTCB2 (the unit number for saving on disk
streamflow out of each reach).

3. Set LCSTRM, which is referenced to the first element in the stream
list (STRM), equal to ISUM, which is currently referenced to the
first unallocated element in the X array.

4., Calculate the amount of space needed for the stream list [ll values
for each reach--(l) segment inflow, (2) stream stage, (3) streambed
conductance, (4) streambed bottom and (5) top elevations, (6) stream
width, (7) channel slope, (8) Manning's roughness coefficient,
(9) streamflow out of each reach, (10) streamflow into each reach,
(11) leakage through the streambed in each reach] and add it to
ISUM.

5. Set ICSTRM equal to ISUM and calculate the amount of space needed
for the ISTRM list (five values are needed for each reach--row,
column, layer, segment number, and reach number). Add the space to
ISUM.
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10.

Set LCTBAR equal to ISUM and calculate the amount of space needed
for the ITRBAR list (NTRIB values are needed for each segment). Add
the space to ISUM.

Set LCTRIB equal to ISUM and calculate the amount of space needed
for the ARTRIB list (one value is needed for each segment). This
list stores the calculated streamflows out of each segment. Add the
space to ISUM.

Set LCIVAR equal to ISUM and calculate the amount of space needed
for the IDIVAR list (one value is needed for each segment and is the
number of the segment that water is to be diverted). Add the space
to ISUM.

Print the number of elements in the X array used by the Streamflow-
Routing Package.

RETURN to MAIN program.
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RETURN

Figure 13.--Generalized flow chart of module STR1AL. Variable names are defined in section
‘List of variables for module STR1AL.
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Program Listing for Module STRIAL

SUBROUTINE STRIAL(ISUM,LENX,LCSTRM,ICSTRM,MXSTRM,NSTREM, IN,

1 I0UT,ISTCB1,ISTCB2,NSS,NTRIB,NDIV, ICALC, CONST,

2 LCTBAR, LCTRIB, LCIVAR)
c c
C----- VERSION 1 230CT1987 STRIAL c
C R R R R e R R e R e e e e e e e e e e e e e e e e e e e e e ke ke ek G
C ALLOCATE ARRAY STORAGE FOR STREAMS C
C TR R R ok b T e B S b e S e S b e e e e b e e e e e e e e e e e e e ek ek G
C c
C SPECIFICATIONS: C
€ mmmmmm e e e oaaa- C
€ mmmm e C
C c
Cl------ IDENTIFY PACKAGE AND INITIALIZE NSTREM. c

WRITE(IOUT,1) IN
1 FORMAT(1HO,'STRM -- STREAM PACKAGE, VERSION 1, 10/23/87',
1"INPUT READ FROM UNIT ’,I3)

NSTREM=0

C2--=-nn- READ MXSTRM, NSS, NTRIB, ISTCBl, AND ISTCB2. C
100 READ(IN,3)MXSTRM,NSS,NTRIB,NDIV,ICALC,CONST,ISTCBL,ISTCB2
3 FORMAT(5I10,F10.0,2I10)
IF(MXSTRM.LT.0)MXSTRM=0
IF(NSS.LT.0)NSS=0
WRITE(IOUT,4)MXSTRM,NSS,NTRIB
4 FORMAT(1H ,'MAXIMUM OF’,I5,' STREAM NODES'//1X, 'NUMBER OF STREAM S
1EGMENTS IS ’,I5//1X, 'NUMBER OF STREAM TRIBUTARIES IS ',I5//)
IF(NDIV.GT.0) WRITE(IOUT,5)
5 FORMAT(1H ,'DIVERSIONS FROM STREAMS HAVE BEEN SPECIFIED’)
IF(ICALC.GT.0) WRITE(IOUT,6) CONST
6 FORMAT(1H , 'HEADS IN STREAMS WILL BE CALCULATED USING A CONSTANT
10F ' ,F10.4)
IF(ISTCBL.GT.0) WRITE(IOUT,7) ISTCBL,ISTCB2
7 FORMAT(1X, 'CELL BUDGETS WILL BE SAVED ON UNITS',I3,'AND’,I3)

c c
C3------ SET LCSTRM EQUAL TO ADDRESS OF FIRST UNUSED SPACE IN X. C
200 LCSTRM=ISUM
c c
Ch------ CALCULATE AMOUNT OF SPACE NEEDED FOR STRM LIST. c
ISPA=11*MXSTRM
ISUM=ISUM+ISPA
C C
C5------ CALCULATE AMOUNT OF SPACE NEEDED FOR ISTRM LIST. C
ICSTRM=ISUM

ISPB=5*MXSTRM
ISUM=ISUM+ISPB

c c
C6------ CALCULATE AMOUNT OF SPACE NEEEDED FOR ITRBAR LIST. C
LCTBAR=ISUM
ISPC=NSS*NTRIB
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ISUM=ISUM+ISPC

--CALCULATE AMOUNT OF SPACE NEEDED FOR ARTRIB LIST.
LCTRIB=ISUM

ISPD=NSS

ISUM=ISUM+ISPD

-~-CALCULATE AMOUNT OF SPACE NEEDED FOR IDIVAR LIST.
LCIVAR=ISUM

ISPE=NSS

ISUM=ISUM+ISPE

ISP=1SPA+ISPB+ISPC+ISPD+ISPE

--PRINT AMOUNT OF SPACE USED BY STREAM PACKAGE.

WRITE (IOUT,8)ISP

FORMAT(1X,18,' ELEMENTS IN X ARRAY ARE USED FOR STREAMS')
ISUM1=ISUM-1

WRITE (IOUT,9)ISUML,LENX

FORMAT(1X,1I8,' ELEMENTS OF X ARRAY USED OUT OF’,I7)
IF(ISUM1.GT.LENX) WRITE(IOUT,10)

FORMAT (1X, ' *%%X ARRAY MUST BE DIMENSIONED LARGER*#*%')
- ~RETURN

RETURN

END
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Variable

CONST

ICALC

ICSTRM

IN

I0U0T

ISTCB1

ISTCB2

ISPA

List of Variables for Module STRI1AL

Range

Package

Package

Package

Package

Global

Package

Package

Module

Definition

A constant used in calculating stream stage
in reaches. Specified only when ICALC is
greater than zero. A value of 1.486 is
used for units of cubic feet per second and
a value of 1.0 is used for units of cubic
meters per second. The value must be
multiplied by 86,400 when days are used as
the time unit.

Flag.
>0,

<0,

stream stage in reaches will be
calculated.
stream stage in reaches will not be
calculated.

Location in X array of first element in ISTRM
list.

Primary unit number from which input for this
package will be read.

Primary unit number for all printed output.

Flag and unit number.

>0,

unit number to which leakage between
each reach and corresponding model cell
is saved on disk whenever the variable
ICBCFL is specified in the Output
Control Package (McDonald and Harbaugh,
1988, p. 4-15).

leakage will not be printed nor
recorded.

leakage between each reach and
corresponding model cell and reach
inflow and outflow are printed whenever
the variables ICBCFL and IPTFLG are
specified.

Flag and unit number.

>0,

<0,

unit number to which streamflow out of
each stream reach will be saved on disk
whenever the variable ICBCFL is
specified.

streamflow out of each reach will not
be saved on disk.

Number of words in X array allocated to the
STRM list by this module.
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ISPB

ISPC

ISPD

ISPE

ISP

ISUM

ISUM1

LCIVAR

LCSTRM

LCTBAR

LCTRIB

LENX

MXSTRM

NDIV

NSS

NSTREM

NTRIB

Module

Module

Module

Module

Module

Global

Module

Package

Package

Package

Package

Global

Package

Package

Package

Package

Package

Number of words in X array allocated to the
ISTRM list by this module.

Number of words in X array allocated to the
ITRBAR list by this module.

Number of words in X array allocated to the
ARTRIB list by this module.

Number of words in X array allocated to the
IDIVAR list by this module.

Total number of words in X array allocated by
this module.

Index number of lowest element in X array
which has not yet been allocated.

ISUM minus one.

Location in X array of first element in the
IDIVAR list.

Location in X array of first element in the
STRM list.

Location in X array of first element in the
ITRBAR list.

Location in X array of first element in the
ARTRIB list.

Length of the X array in words. This should
always be equal to the dimension of the X
specified in the MAIN program.

Maximum number of stream reaches active
during the simulation.

Flag.
>0, diversions from segments will be
specified.
<0, no diversions from segments will be
specified.

Maximum number of stream segments.

Number of stream reaches active during
current stress period.

Maximum number of tributary segments that
join one downstream segment.
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Module STRI1RP

Module STRIRP reads for each model cell containing a stream reach, the
location of the cell, the segment and reach numbers, streamflow into the
segment, stream stage, conductance of the streambed, and elevation of the
bottom and top of the streambed. If the stream stage in each reach is to be
calculated, then the module also reads for each reach, the width of the
stream channel, the slope of the channel, and Manning’'s roughness
coefficient. If outflow from two or more tributary stream segments is to be
added as inflow to a downstream segment, then the module reads for each
segment, the segments that are tributary to it. If diversions are to be
subtracted from segments, then the module reads for each segment the
upstream segment from which water is diverted.

Narrative for Module STRIRP

The module STR1RP reads and records data needed for each of the lists
used by the Streamflow-Routing Package. A generalized flow chart of the
module is shown in figure 14. A description of the steps shown in the flow
chart follows:

1. Read ITMP, IRDFLG, IPTFLG. If ITMP is greater than or equal to
zero, it is the number of stream reaches active during the current
stress period, or when less than zero, it indicates that the stream
data used in the last stress period will be used in the current
stress period. If IRDFLG and IPTFLG are positive, then the input
data set and the results will not be printed for the stress period.

2. Test ITMP. 1If ITMP is negative, print message that indicates data
from the last stress period will be used and then return to MAIN
program. If ITMP is greater than or equal to zero, set the number
of active stream reaches (NSTREM) in the current stress period equal
to ITMP.

3. Compare the number of stream reaches (NSTREM) in the current stress
period to the number specified as the maximum for the simulation
(MXSTRM). If NSTREM is greater than MXSTRM then STOP. If NSTREM is
less than or equal to MXSTRM then print the number of stream reaches
(NSTREM) used in the current stress period.

4. Check the number of stream reaches. If NSTREM is zero for the
current stress period then return to MAIN program.

5. Read and print (print if IRDFLG is zero) for each stream reach: the
layer, row, column, segment number, reach number, stream segment
inflow, stream head, streambed conductance, and the elevation of the
bottom and top of the streambed.
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6.

10.

11.

12.

Check if ICALC is greater than zero. If ICALC is greater than zero,
read and print (print if IRDFLG is zero) the channel width, channel
slope, and Manning’'s roughness coefficient for each reach stream.
If ICALC is less than or equal to zero, no data is read.

Initialize the ITRBAR list to zero.
Initialize the IDIVAR list to zero.

Read and print (print if IRDFLG is zero) for each segment the
tributary segments. One record of NTRIB values is read for each
segment even though some segments have no tributaries. The maximum
number of tributary segments is 10. The number is currently set in
the program but could be changed if needed (Format statements 11 and
12).

Check if NDIV is greater than zero. If NDIV is greater than zero,
read and print (print if IRDFLG is zero) for each segment the
segments in which water is diverted. A zero value is assigned to
segments that do not divert water.

Initialize to zero for each reach, the reach inflow, outflow, and
leakage to or from the aquifer system.

RETURN to MAIN program.
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Figure 14.--Generalized flow chart of module STRIRP. Variable names are
detfined in section ‘List of variables tor module STR1RP.
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Program Listing for Module STRIRP

SUBROUTINE STR1RP(STRM, ISTRM,NSTREM,MXSTRM, IN, IOUT, ITRBAR,NDIV,

1 NSS,NTRIB, IDIVAR, ICALC, IPTFLG)
c C
Cc C
C-n-n-- VERSION 1 230CT1987 STRIRP c
C L T e e e e e e e e e e e e T T
Cc READ STREAM DATA: INCLUDES SEGMENT AND REACH NUMBERS, CELL c
C SEQUENCE OF SEGMENT AND REACH, FLOW INTO MODEL AT BOUNDARY, C
Cc STREAM STAGE, STREAMBED CONDUCTANCE, AND STREAMBED TOP AND G
c BOTTOM ELEVATIONS C
C LR e s L e L T e e e R L e e T e L e R e T
C C
C SPECIFICATIONS: c
o C
DIMENSION STRM(11,MXSTRM),ISTRM(S5,MXSTRM), ITRBAR(NSS,NTRIB),

1 IDIVAR(NSS)
o c
C c
ClA----- IF MXSTREAM IS LESS THAN 1 THEN STREAM IS INACTIVE. RETURN. c

IF(MXSTRM.LT.1) RETURN
C C
ClB----- READ ITMP(NUMBER OF STREAM REACHES OR FLAG TO REUSE DATA). C
READ(IN,1)ITMP, IRDFLG, IPTFLG
1 FORMAT(3I10)
c c
C2A----- IF ITMP <0 THEN REUSE DATA FROM LAST STRESS PERIOD. c
IF(ITMP.GE.0)GO TO 50
WRITE (IOUT,?2)
2 FORMAT (1HO, 'REUSING STREAM NODES FROM LAST STRESS PERIOD')
RETURN
c c
C2B----- IF ITMP=> ZERO THEN IT IS THE NUMBER OF STREAM REACHES. C
50 NSTREM=ITMP
c C
C3A----- IF NSTREM>MXSTRM THEN STOP. C
IF(NSTREM.LE.MXSTRM)GO TO 100
WRITE (IOUT,99)NSTREM , MXSTRM
99 FORMAT(1HO, 'NSTREM(',I4,’') IS GREATER THAN MXSTRM(',I4,')')
STOP
Cc C
C3B----- PRINT NUMBER OF STREAM REACHES IN THIS STRESS PERIOD. C
100 IF(IRDFLG.EQ.0) WRITE(IOUT,3)NSTREM
3 FORMAT(1HO,//1X,I5,' STREAM NODES')
Cc c
Cln-nnmm- IF THERE ARE NO STREAM CELLS THEN RETURN. C
IF(NSTREM.EQ.0) RETURN
C c
C5------ READ AND PRINT DATA FOR EACH STREAM REACH. Cc

IF(IRDFLG.EQ.0) WRITE(IOUT,4)
FORMAT(1H ,3X,’LAYER ROW  COL  SEGMENT REACH STREAMFLOW
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1 STREAM  STREAMBED STREAMBED BOT STREAMBED TOP', /27X,
2'NUMBER  NUMBER STAGE  CONDUCTANCE ELEVAT
3I0N ELEVATION',/3X,110(’'-"))
DO 250 II-1,NSTREM
READ(IN,5)K,I,J,ISTRM(4,II),ISTRM(5,II),STRM(1,II),STRM(2,1II),
1STRM(3,II),STRM(4,II),STRM(5,II)
5 FORMAT(5I5,F15.0,4F10.0)
IF(IRDFLG.EQ.0) WRITE(IOUT,6)K,I,J,ISTRM(4,II),ISTRM(5,II),
1STRM(1,II),STRM(2,II),STRM(3,II),STRM(4,II),STRM(5,1I)
6 FORMAT(1X,3X,I4,217,219,7X,G11.4,G12.4,G11.4,4X,2G13.4)
ISTRM(1,II)=K
ISTRM(2,II)=I
ISTRM(3,I1)=J
250 CONTINUE
c c
C6----READ AND PRINT DATA IF STREAM STAGE IS CALCULATED. C
IF(ICALC.LE.O0) GO TO 300
IF(IRDFLG.EQ.0) WRITE(IOUT,7)
7 FORMAT(1HO,3X,'LAYER',3X,'ROW’,4X,'COL ',' SEGMENT',3X,
1'REACH’,8X, 'STREAM' 13X, 'STREAM', 10X, 'ROUGH’, /27X, 'NUMBER', 3X,
2 'NUMBER',8X,'WIDTH',14X,'SLOPE',10X,'COEF.’',/3X,110('-"))
DO 280 II=1,NSTREM
READ(IN,8) STRM(6,II),STRM(7,II),STRM(8,II)
8 FORMAT(3F10.0)
IF(IRDFLG.EQ.0) WRITE(IOUT,9)ISTRM(1,II),ISTRM(2,II),ISTRM(3,II),
1ISTRM(4,I1),ISTRM(5,II),STRM(6,II),STRM(7,II),STRM(8,II)
9 FORMAT(4X,14,217,219,7X,G12.4,4X,G13.4,4X,G12.4)
280 CONTINUE

Cl------ INITIALIZE ALL TRIBUTARY SEGMENTS TO ZERO. c
300 DO 320 IK=1,NSS
DO 320 JK=1,NTRIB
ITRBAR (IK,JK)=0
320 CONTINUE

C8----- INITIALIZE DIVERSION SEGMENT ARRAY TO ZERO. C
DO 325 IK=1,NSS
IDIVAR(IK)=0
325 CONTINUE

C9----- READ AND PRINT TRIBUTARY SEGMENTS. c
IF(NTRIB.LE.O) GO TO 343
IF(IRDFLG.EQ.0) WRITE(IOUT,10)NTRIB
10 FORMAT(1HO,30X, ‘MAXIMUM NUMBER OF TRIBUTARY STREAMS IS ’,I5,//1X,
1 20X, 'STREAM SEGMENT',15X,’'TRIBUTARY STREAM SEGMENT NUMBERS')
DO 340 IK-1,NSS
READ(IN,11) (ITRBAR(IK,JK),JK=1,NTRIB)
11 FORMAT(101I5)
IF(IRDFLG.EQ.0) WRITE(IOUT,12)IK, (ITRBAR(IK,JK),JK=1,NTRIB)
12 FORMAT(20X,15,20X,1015)
340 CONTINUE
C c
C10----READ AND PRINT DIVERSION SEGMENT NUMBERS. C
343 IF(NDIV.LE.O) GO TO 350
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IF(IRDFLG.EQ.0) WRITE(IOUT,13)
13 FORMAT(1HO,10X, 'DIVERSION SEGMENT NUMBER',10X,
1 'UPSTREAM SEGMENT NUMBER')
DO 345 IK=1,NSS
READ(IN,14) IDIVAR(IK)
14 FORMAT(I10)
IF(IRDFLG.EQ.0) WRITE(IOUT,15) IK,IDIVAR(IK)
15 FORMAT(20X,I5,28X,15)
345 CONTINUE
c
Cll----SET FLOW OUT OF REACH, FLOW INTO REACH, AND FLOW THROUGH
c STREAM BED TO ZERO.
350 DO 360 II =1,NSTREM
STRM(9,I1)=0.0
STRM(10,11)=0.0
STRM(11,I1)=0.0
360 CONTINUE
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Variable

ICALC

IDIVAR

I1

IK

IN

IOUT

IPTFLG

IRDFLG

ISTRM

List of Variables for Module STR1RP

Range

Module

Package

Package

Module
Module

Package

Global

Package

Module

Package

Definition

Row number of model cell containing a stream
reach.

Flag.
>0, stream stage in reaches will be
calculated.
<0, stream stage in reaches will not be
calculated.

DIMENSION (NSS), For each segment: wupstream
segment number from which water is to be
diverted.

Index for reach.
Index for segment.

Primary unit number from which input for this
package will be read.

Primary unit number for all printed output.

Flag to specify printing of results for each
stress period. Results may be printed at
selected time steps within a stress period
depending on the value specified for
variable ICBCFL in the Output Control
Package (McDonald and Harbaugh, 1988, p. 4-
15).

0, results will be printed according to
the value of ICBCFL.

>0, results will not be printed even if
ICBCFL is specified.

Flag to specify printing of input data set
for each stress period.
0, input data will be printed.
>0, input data will not be printed.

DIMENSION (5,MXSTRM), For each reach: layer,

row, column, segment number, and reach
number.
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ITMP

ITRBAR

JK

MXSTRM

NDIV

NSS

NSTREM

NTRIB

STRM

Package

Package

Module

Module

Module

Package

Package

Package

Package

Package

Package

Flag or number of reaches.
>0, number of reaches active during current
stress period.
<0, same reaches active last stress period
will be active during the current
stress period.

DIMENSION (NSS,NTRIB), For each segment:
segment numbers of each tributary segment.
A zero is assigned if no segments are
tributary to a given segment.

Column number of model cell containing a
stream reach.

Index for tributary segments.

Layer number of model cell containing a
stream reach.

Maximum number of stream reaches active
during the simulation.

Flag.
>0, diversions from segments will be
specified.
<0, no diversions from segments will be
specified.

Maximum number of stream segments.

Number of stream reaches active during the
current stress period.

Maximum number of tributary segments that
join one downstream segment.

DIMENSION (11,MXSTRM), For each reach:
(1) segment inflow, (2) stream stage,
(3) streambed conductance, (4) streambed
bottom and (5) top elevations, (6) stream
width, (7) channel slope, (8) Manning's
roughness coefficient, (9) streamflow out
of each reach, (10) streamflow into each
reach, and (11) leakage through the
streambed in each reach.
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Module STR1FM

Module STR1FM calculates leakage from each stream reach to the
corresponding model cell and subtracts the leakage from streamflow into each
reach. The module then adds the appropriate terms to the finite-difference
equation for each model cell that contains a stream reach. If streamflow in
a reach is zero, then no terms are added to the finite-difference equation
for the corresponding model cell.

Narrative for Module STR1FM

The module STR1FM routes flow in streams and adds terms representing
stream leakage to the accumulators HCOF and RHS in equation 26 of McDonald
and Harbaugh (1988, p. 2-26). A generalized flow chart of the module is
shown in figure 15. A description of the steps shown in the flow chart
follows:

1. If NSTREM is less than or equal to zero, then no stream reaches are
active during the current stress period.

2. Repeat steps 3 through 20 for each reach in the ISTRM list,

3. Determine the column, row, and layer of the cell containing the
reach.

4. 1f the cell is external to the active cells in the simulation,
bypass processing on this reach and go on to the next reach.

5. Determine segment number (ISTSG) and reach number (NREACH).

6. IF NREACH equals one then set stream inflow to the reach (FLOWIN)
equal to the segment inflow value.

7. 1If NREACH equals one and ISTSG is greater than one, set ARTRIB
(ISTSG-1) equal to the outflow from the last reach in the previous
segment.

8. 1If the segment is a diversion from an upstream segment, IDIVAR
(ISTSG) is greater than zero, calculate the flow out of the upstream
segment including the amount that is diverted. If more water is to
be diverted than is available in the stream, set the amount of flow
to be diverted to zero.

9. 1If flow in the first reach in a segment is negative, as specified in
the input data set, then reset FLOWIN equal to zero, sum the outflow
from the specified tributary segments in the ITRBAR list and add the
sum to FLOWIN.
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FIGURE 15.--Generalized flow chart of module STR1FM. Variable names are defined in section
‘List of variables for module STR1FM.’
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10.

11.

12.
13.

14.

15.

16.

17.
18.

19.

20.

21.

If NREACH is greater than one, set the flow into the reach equal to
the outflow from the adjacent upstream reach (NREACH-1).

If ICALC is greater than zero, then calculate stream stage by first
calculating the depth then adding the value to top of streambed.

Determine leakage (FLOBOT) through streambed for each reach.

If the head in model cell (H) is greater than the elevation of
bottom of streambed (SBOT), then FLOBOT is equal to streambed
conductance (CSTR) times the differen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>