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CONVERSION FACTORS AND ABBREVIATIONS

Multiply By To obtain

Length
inch (in.) 254 centimeter (cm)
foot (ft) 0.3048 meter (M)

Area

acre 4,047 square meter (m?)
square foot (t?) 0.09290 square meter (m?)

Volume
cubic foot (ft3) 0.02832 cubic meter (m°®)

Flow rate

inch per year (in./yr) 254 centimeter per year (cm/yr)
foot per day (ft/d) 0.3048 meter per day (m/d)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m?/s)

Hydraulic conductivity

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

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

square foot per second (ft%/s) 0.09290 square meter per second (m?/s)

Hydraulic gradient

foot per foot (ft/ft) 1 meter per meter (m/m)
Leakance
foot per day per foot [(ft/d)/ft] 1 meter per day per meter [(m/d)/m]

Stor age coefficient and porosity

cubic foot per cubic foot (ft3/ft3)

1

cubic meter per cubic meter (m3/m?3)

Diffusion coefficient

square foot per day (ft%/d)

0.09290

square meter per day (m%/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C) +32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/18

Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1988 (NAVD 88).

Elevation, as used in this report, refersto distance above the vertical datum.
Concentrations of chemical constituentsin water are given either in milligrams per liter (mg/L) or micrograms per liter (ug/L).



vi

PREFACE

A new Streamflow-Routing (SFR1) Package was written for use with the U.S. Geologica Survey (USGS)
MODFL OW-2000 ground-water model and the Ground-Water Transport (GWT) Processin MODFLOW
(MODFLOW-GWT). The package replaces an older Stream (STR1) Package that was written for earlier
versionsof MODFLOW. The SFR1 Packageisdesigned to simulate stream-aquifer interactions and to route
flow and a single solute through a network of surface-water channels. The new version offers improved
efficiency in the input of data and offers more options in computing stream depth and width.

The performance of this computer program has been tested in models of hypothetical ground-water flow
systems; however, future applications of the programs may reveal errors that were not detected in the test
simulations. Usersarerequested to notify the USGSif errorsarefound in the documentation report or inthe
computer program. Correspondence regarding the report or program should be sent to:

U.S. Geological Survey, WRD
333 West Nye Lane, Room 203
Carson City, Nevada 89706
Attention: David E. Prudic

Although the computer program has been used by the USGS, no warranty, expressed or implied, is made by
the USGS or the United States Government as to the accuracy and functionality of the program and related
program material. Nor shall the fact of distribution constitute any such warranty, and no responsibility is
assumed by the USGS in connection therewith.

MODFL OW-2000, the SFR1 Package, MODFL OW-GWT, and other ground-water programs are available
from the USGS at the following World Wide Web (WWW) addresses:

http://water.usgs.gov/software/

http://water.usgs.gov/nrp/gwsoftware/

or by anonymous ftp file transfer from directory /pub/software/ground_water/modflow
at Internet address: water.usgs.gov


http://water.usgs.gov/software
http://water.usgs.gov/nrp/gwsoftware
http://water.usgs.gov/

A New Streamflow-Routing (SFR1) Package to Simulate
Stream-Aquifer Interaction with MODFLOW-2000

By David E. Prudic, Leonard F. Konikow, and Edward R. Banta

Abstract

Theincreasing concern for water and its quality require
improved methods to eval uate the interaction between streams
and aquifers and the strong influence that streams can have on
the flow and transport of contaminants through many aquifers.
For this reason, a new Streamflow-Routing (SFR1) Package
was written for use with the U.S. Geological Survey’s
MODFL OW-2000 ground-water flow model. The SFR1 Pack-
ageislinked to the Lake (LAK3) Package, and both have been
integrated with the Ground-Water Transport (GWT) Process of
MODFLOW-2000 (MODFLOW-GWT). SFR1 replaces the
previous Stream (STR1) Package, with the most important dif-
ference being that stream depth is computed at the midpoint of
each reach instead of at the beginning of each reach, aswas
donein the original Stream Package. This approach alows for
the addition and subtraction of water from runoff, precipitation,
and evapotranspiration within each reach. Because the SFR1
Package computes stream depth differently than that for the
original package, a different name was used to distinguish it
from the original Stream (STR1) Package.

The SFR1 Package has five options for simulating stream
depth and four optionsfor computing diversions from a stream.
The options for computing stream depth are: a specified value;
Manning's equation (using awide rectangular channel or an
eight-point cross section); apower equation; or atable of values
that relate flow to depth and width. Each stream segment can
have a different option. Outflow from lakes can be computed
using the same options. Because the wetted perimeter is com-
puted for the eight-point cross section and width is computed
for the power equation and table of values, the streambed con-
ductanceterm no longer needsto be cal culated externally when-
ever the area of streambed changes as a function of flow. The
concentration of solute is computed in a stream network when
MODFLOW-GWT isused in conjunction with the SFR1 Pack-
age. The concentration of a solute in a stream reach is based on
amass-balance approach and accounts for exchanges with
(inputs from or losses to) ground-water systems.

Two test examples are used to illustrate some of the capa-
bilities of the SFR1 Package. The first test simulation was
designed to illustrate how pumping of ground water from an
aquifer connected to streams can affect streamflow, depth,
width, and streambed conductance using the different options.
The second test simulation was designed to illustrate solute

transport through interconnected | akes, streams, and aquifers.
Because of the need to examine time series results from the
model simulations, the Gage Package first described in the
LAK3 documentation wasrevised to include time seriesresults
of selected variables (streamflows, stream depth and width,
streambed conductance, solute concentrations, and solute
loads) for specified stream reaches.

The mass-balance or continuity approach for routing flow
and solutesthrough a stream network may not be applicablefor
all interactions between streams and aquifers. The SFR1 Pack-
ageis best suited for modeling long-term changes (months to
hundreds of years) in ground-water flow and solute concentra-
tions using averaged flows in streams. The Package is not
recommended for modeling the transient exchange of water
between streams and aguifers when the objectiveisto examine
short-term (minutesto days) effects caused by rapidly changing
streamflows.

Introduction

Flow and transport of contaminantsthrough many surficial
aquifers can be strongly affected by interaction with surface
water. Computer programs that simulate the processes of
ground-water flow and contaminant transport through aguifers
are widely used to evaluate and manage ground-water
resources. Because of increased awareness of the interaction
between streams and aquifers, a new Streamflow-Routing
(SFR1) Package was written for use with the U.S. Geological
Survey’s MODFL OW-2000 ground-water flow model
(Harbaugh and others, 2000) and the Ground-Water Transport
(GWT) Processin MODFLOW (MODFLOW-GWT; Konikow
and others, 1996). The SFR1 Package replaces an older Stream
(STR1) Package (Prudic, 1989) written for earlier versions of
MODFLOW (McDonald and Harbaugh, 1984; 1988; and
Harbaugh and McDonald, 1996a; 1996b). Similar to the STR1
Package, the SFR1 Package is written in FORTRAN-77; has
been developed in amodular style; and uses the continuity
equation to route surface-water flow through one or more sim-
ulated rivers, streams, canals, or ditches, which may or may not
be interconnected.

Although revisionsto MODFLOW normally allow input
dataused by earlier versions to be read without change, the
SFR1 Package is sufficiently different from STR1 that input
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2 A new Streamflow-Routing (SFR1) Package

datafrom STR1 cannot be read directly into SFR1. Addition-
aly, the SFR1 Package cal cul ates flow across the streambed on
the basis of stream depth calculated at the midpoint of areach,
whereas STR1 calculates flow acrossthe streambed onthe basis
of stream depth calculated at the beginning of areach. Thus, the
simulated exchange acrossthe streambed using the same datain
both packageswill likely differ between the SFR1 Package and
the STR1 Package. For these reasons, the SFR1 Package has a
different name to distinguish it from the previous version.

Purpose and Scope

The purposes for developing the SFR1 Package were:

(2) to reduce repetition of non-changing values required for
each stress period in the STR1 Package (for example; if flow
changed for one stream at the beginning of anew stress period,
all cell locationsfor al streams and their connections had to be
repeated); (2) to allow more optionsin cal culating stream depth
asafunction of streamflow; (3) to allow optionsfor calculating
streambed conductance as a function of wetted perimeter or
stream width; (4) to allow options for including precipitation,
overland flow, and evapotranspiration along a stream segment;
(5) to dllow more optionsfor diverting flow from a stream; and
(6) to simulate solute transport within a stream network and
between streams and aquifers.

This report explains the basic design and concepts of the
SFR1 Package, including several new options. The report also
describes the connection between the SFR1 Package and the
Lake (LAK3) Package (Merritt and Konikow, 2000), and with
MODFLOW-GWT (an upgrade to the MOC3D model docu-
mented by Konikow and others, 1996). Test ssimulations are
used to illustrate the capabilities of the package. Data input
instructions are provided that are needed to use the program.

Acknowledgments

The USGS Ground-Water Resources Program and the
Southwest Ground-Water Resources Project funded this work.
Several people provided useful suggestions on the design and
structure of the SFR1 Package including: Jon Fenske and Paul
Ely of theU.S. Army Corpsof Engineers, Hydrologic Engineer-
ing Center, Davis, California; and Randall Hanson, Arlen W.
Harbaugh, George Z. Hornberger, Randall Hunt, Stanley
Leake, and Michael Merritt (retired) of the U.S. Geological
Survey.

Approach to Streamflow Routing

Streamflow routing within the SFR1 Package is based on
the continuity equation and assumption of piecewise steady
(nonchanging in discrete time periods), uniform (nonchanging
in location), and constant-density streamflow, such that during
all times, volumetric inflow and outflow rates are equal and no
water is added to or removed from storage in the surface chan-
nels. Thisis the same approach that was used in the previous
STR1 Package (Prudic, 1989).

The program is designed to route streamflow through a
network of channels (which may includerivers, streams, canals,
and ditches and are referred to collectively as streamsin the
remainder of the report). Streamflow is always in the same
direction along the channels, and is constant for each time step
used in the ground-water flow model. If changesin stream-
channel storage during each time step used in the ground-water
flow model are important, then more complicated, one-dimen-
sional unsteady flow models may be required; such models
have been linked to MODFLOW and are available to simulate
stream-aquifer interactions (MODBRANCH by Swain and
Wexler, 1996; and DAFLOW by Jobson and Harbaugh, 1999).

Ordering and Numbering of Streams

The network of streams defined in the SFR1 Packageis
divided into reaches and segments. A stream reach is a section
of astream that is associated with a particular finite-difference
cell used to model ground-water flow and transport. A segment
isagroup of reachesthat have (1) uniform rates of overland
flow and precipitation to them; (2) uniform rates of evapotrans-
piration from them; (3) uniform or linearly changing properties
(for example; streambed elevation, thickness, and hydraulic
conductivity, and stream depth and width); (4) tributary flows
or specified inflow or outflow (only in the first reach); and
(5) diversions (only from the last reach).

A simple exampl e of a stream network superimposed on a
finite-difference grid of an aquifer that has three columns and
three rowsis shown in figure 1. Each finite-difference cell is
designated first by row number followed by column number
[for example; cell (1, 2) isrow 1, column 2]. In this example,
the first stream segment has three reaches and inflow into this
segment is specified. Thefirst reachisin cell (1, 1); the second
reachisin cel (1, 2); and the third reachisin cell (2, 2). The
second stream segment has only onereachin cell (2, 2). Inflow
into this segment can be specified as zero such that flow into the
stream occurs only when the head in the aquifer exceedsthe ele-
vation of the streambed. The third segment also has two
reaches; however, inflow is based on the combined outflow
from segments 1 and 2 (called segment junction in fig. 1). The
first reach of segment threeisin cell (2, 2); and the second reach
isincdl (3, 2).

Morethan one stream reach can be assigned to amodel cell
(figs. 1 and 2). Stream reaches may join together (fig. 2A) or
parallel reaches can flow acrossacell without joining (fig. 2B).
When there is more than one stream reach in amodel cell, the
simulated ground-water head in the cell is used to calculate
ground-water exchange for each of the stream reaches associ-
ated with the cell; and the SFR1 Package (like STR1) maintains
the accounting for all stream reaches contained in the cell. How-
ever, neither the SFR1 Package nor the STR1 Package allow for
one stream reach to be associated with more than one model cell
(fig. 2C).
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Figure 1. Simple stream network having three segments and six reaches in a finite-
difference model grid consisting of three rows and three columns.

The numbering of segments and reachesisimportant. Seg-
ments are numbered sequentially from the farthest upstream
segment to the last downstream segment. Multiple segments
may bejoined as tributary streams. In most instances, the join-
ing segments will not be sequential. However, aslong asthe
upstream segments have alower number than the downstream
segment, outflows from the upstream segments will be added
correctly asinflow to the downstream segment. If tributary seg-
ments have higher numbers than the connecting downstream
segments, then outflows from the higher numbered tributary
segments will be from the previous iteration during the MOD-
FLOW solution of ground-water heads for each time step. As
long as the difference in head between iterationsis small (a
small specified closure criteria), the error caused by adding out-
flow from the previous iteration in the higher numbered tribu-
tary segmentsto the lower numbered connecting segmentswill

be small. Reaches within a segment must be numbered sequen-
tially from the farthest upstream reach in a segment to the last
downstream reach, such asisillustrated in figure 1. The pro-
gram will not correctly add and subtract flows between reaches
if they arenot in sequential order. An example of afinite-differ-
ence grid of a hypothetical aquifer connected to streamsis
shown in figure 3.

For each segment and reach, the basic information of the
layer, row, and column of the cell that correspondsto each reach
and the length of the stream reach in the cell is read only once
for amodel simulation. Thisdiffersfrom STR1, wherethebasic
information could beread for each new stress (time) period. The
new method of data input reduces repetition, but assumes that
thelocations of rivers, streams, canals, and ditchesremain fixed
during the simulation. However, not all specified segments
need be simulated during a stress period.
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A. Connected reaches B. Parallel reaches
in a model cell in a model cell
11
21 1,1 2,1

31

C. One reach per model cell

11

]62 Stream

EXPLANATION
‘ Cell node in finite-difference grid
O Midpoint of stream reach in model cell
1,1 Segment number and reach number

Figure 2. Diagrams showing (A) multiple connected reaches in a model cell, (B)
two parallel reaches in a model cell, and (C) only one reach connected to a sin-
gle model cell even if stream is wider than the cell.

Stream-Aquifer Connection

_ KwL

QL = T(hs_ha)’ €8]

Conceptually, the method of computing flow between
streams and aquifersis the same as that used for the standard
River Package (RIV; McDonald and Harbaugh, 1988, chapter
6) and for the previous Stream Package (STR1; Prudic, 1989,
p. 6-8). Flow between streams and aquifersin the ground-water

where
Q. isavolumetric flow between a given section of
stream and volume of aquifer, in units of volume

model is computed using Darcy’s Law and assuming uniform per time;
flow between a stream and aquifer over a given section of K isthe hydraulic conductivity of streambed sediments,
stream and corresponding volume of aquifer. Thisflow is com- in units of length per time;

puted as: w isarepresentative width of stream, in units of length;



L isthelength of stream corresponding to a volume of
aquifer, in units of length;

m isthe thickness of the streambed deposits extending
from the top to the bottom of the streambed, in units
of length;

hg isthe head in the stream determined by adding stream
depth to the elevation of the streambed, in units of
length; and

h, isthe head in the aquifer beneath the streambed, in
units of length.

In thisformulation, transient | eakage across the streambed
could change depending on both the stream head and the aquifer
head calculated during the time step. The RIV and STR1 Pack-
agesrequirethat aconductanceterm (K wL / m) be specified for
the streambed. In the SFR1 Package, the conductance termis
calculated from hydraulic conductivity, stream length, and
streambed thickness, which isread in the datainput, and stream
width, which is either read in the datainput or computed on the
basis of streamflow. This creates greater flexibility for the user,
allowsfor conductance to vary as a function of stream wetted
width, and eliminates the need to externally estimate the con-
ductance term.
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When the head in the aquifer is below the streambed
bottom elevation, leakage from the stream to the underlying
aquifer is no longer dependent on aquifer head; in this case,
flow across the streambed is estimated by computing the head
gradient across the streambed assuming that the head at the bot-
tom of the streambed is equal to the streambed bottom eleva-
tion. Impliedin thismethod of calculating leakageto the aquifer
isthat the interval between the bottom of the streambed and the
water table has a unit downward gradient, that flow across the
streambed istranslated directly to the water table without delay,
and that the leakage rate does not exceed the saturated hydraulic
conductivity of the deposits or rocks that occupy theinterval
between the streambed and water table. Such assumptions gen-
eraly are reasonable when the unsaturated interval isthin or
when long periods of steady (constant) flow are modeled, and
the hydraulic gradient across the streambed does not greatly
exceed one. In transient Ssmulations, the leakage rate acrossthe
streambed can change depending on the head of the stream. The
hydraulic gradient across the streambed is reported for each
reach and it isleft to the user to decide if the gradients are rea-
sonable. Gradients that greatly exceed one may result in unrea-
sonably large |eakage rates. If the leakage rates are unreason-
able, streambed and aquifer properties used for that reach in the
model might need to be examined and possibly field-checked.

COLUMNS
3 4 5 6
Inflow
Diversion
\ Inflow
U) a
% 3 Point =
o diversion = 4,2
4 iy
5 Pipeline —=
Outflow Flow direction
EXPLANATION
1,1 Segment number and reach number

mmmm  Stream

Figure 3. Example of a segment-numbering scheme in relation to direction of flow and a finite-

difference model grid.
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Thelayer, row, and column of each stream reach are spec-
ified in the model input (Appendix 1). If the cell corresponding
to the stream reach is inactive, the program will search for the
uppermost active cell having the same row and column identi-
fier. If al cells beneath the stream reach are inactive or if the
cell corresponding to the stream reach is set as a constant head,
the program will continue to route flow through the stream
reach, but leakage (either into the aquifer or out of the aquifer)
across the streambed will not occur in the reach.

Stream Water Budgets

A stream water budget for each stream reach, aswell asthe
leakage rate between a stream reach and corresponding model
cell, iscomputed each iteration of atime step and at the end of
each time step. These cal culations are made independent of the
ground-water model budget. The water budget of thefirst reach
in asegment is computed by determining all the inflows and
outflowsto thefirst reach. Any flow out of thefirst reachisthen
routed to the next downstream reach or second reach, where a
new water budget is determined for that reach; flow out of the
second reach is then routed to the next downstream reach or
third reach, and the processis continued to the last reach in the
segment. Flow out of the last reach of a segment is saved and
used asinflow to the next downstream segment, or it isallowed
to the leave the modeled areaif the last reach in the segment
exitsthe modeled areaor if the segment is not connected to any
other segments (for example, if all the water is routed into a
lined canal or sealed pipeline).

Thewater budget of each stream reach isused to determine
the quantity of streamflow availableto |eak into the aquifer dur-
ing each time step. For example, if flow into the reach from all
sourcesis zero (the stream is dry), then no leakageis alowed
from that reach into the underlying aquifer. However, if the
head in the underlying aquifer is greater than the streambed,
then ground-water flow into areach of zero flow is computed,
and the stream then beginsto flow in that reach during thetime
step. Additionally, the outflow from areach can belessthan the
leakage to ground water in the next downstream reach and, if
streamflow into the downstream reach from all sources (out-
flow from upstream reach, overland runoff, and precipitation) is
less than the computed quantity of |eakage through the stream-
bed, then the leakage across the streambed is limited to the
available streamflow in the reach and the stream then goes dry
(there is no outflow from that reach).

The program allows several sources of inflow to a stream
reach. These sourcesinclude aspecifiedinflow at the beginning
of thefirst reach of any segment (Qg;); thesumof tributary flow
from upstream segmentsinto thefirst reach of asegment (Qp,);
direct overland runoff to areach (Q,,), precipitation that falls
directly on areach (Qp); and ground-water leakageto areach
calculated by the model (Qy ;).

zQin = eri+Qtrb+Qro+Qppt_QLi' (Za)

All terms are in units of volume per time. Theterm Q;
is subtracted from the other terms because ground-water flow
to a stream reach (a source of water to a stream reach) isa
negative value (discharge from ground water is negative in
MODFLOW). The program aso allows for several lossesfrom
a stream reach. These losses include streamflow out of areach
(Qqo); specified diversions from the last reach in a segment
(Qgiv); evapotranspiration from areach (Qg); and leakageto the
underlying aguifer (Q o).

onut = ero + Qdiv + Qet + QLo ' (Zb)

Theterm Qy , isadded to the equation only when a stream
reach loses flow to the aquifer (recharge to ground water isa
positive value). For each reach, the sum of flows (in units of
volume per time) into thereach (> Q;,,) isequal to the sum of
flows out of the reach (X Q) :

ZQin = ZQout . (ZC)

Specified inflows and outflows are defined only for the
first and last reach of a segment. Constant flowsinto a segment
can be specified for the first reach of a segment. This specified
flow can represent streamflow entering the first reach in the
modeled area or it can be used to represent localized discharge
into astream (for example, from a pipeline) within the model ed
area. For segments within the modeled area, the specified flow
can be negative, in which case the flow would be subtracted
from any incoming upstream segments (see figure 3 for an
example of apoint diversioninto apipeline). Tributary inflows
to asegment are computed by the program by summing al out-
flows from upstream segments that are tributary to a particular
downstream segment. Diversions can be simulated only from
the last reach of any segment. The quantity of flow to adiver-
sion (such as an unlined canal or ditch) can be specified at a
fixed rate or as a percentage of flow out of the last reach in the
segment.

Uniform overland flow (volume per time) can be specified
for any segment. This volumetric flow rate is prorated for each
reach in the segment on the basis of the fraction of the specified
reach length to the total segment length. Also, uniform precipi-
tation and evapotranspiration rates (units of length per time) can
be specified for each segment. VVolumetric precipitation and
evapotranspiration rates for each reach within the segment are
then computed by multiplying each rate by the reach length and
width.

Computing Stream Depth

Stream depth is used in the program to compute the head
in each reach by adding stream depth to the top of the streambed
for each reach. Stream depth is computed at the midpoint of
each reach. Unless a constant stream depth is specified, flow
at the midpoint (Quyyt) IS computed prior to computing stream
depth. Flow at the midpoint is computed as:
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dept = eri + Qtrb + 0-5(Qro + Qppt_Qet _QL) ) (3)

where Q, is the leakage through the streambed and includes
leakage from the stream reach to the aguifer (Q, ) and from the
aquifer to the stream reach (Q ;). The leakage term is positive
when leakage is from the stream reach to the aquifer and nega-
tive when leakage isfrom the aquifer to the stream reach, hence
it is subtracted from the other terms.

Becauseflow at the midpoint of areachispartly dependent
on streambed |eakage, which is dependent on stream depth and,
therefore, on flow, equation 3 is nonlinear, and is solved itera-
tively using Newton’'s method or Newton-Raphson method
(Burden and Faires, 1997, p. 65) until the root of the equationiis
estimated within a specified tolerance. In some reaches, oscilla-
tions may develop between iterations when the stream head
(stream depth plus streambed elevation) nearly equals the head
in the aquifer, and leakage across the streambed oscillates
between a positive and a negative number. When this occurs, a
warning is printed in the main listing file for that reach giving
the last two values of stream depth and its effect on streambed
leakage. The simulation continues by taking the average stream
depth of thelast two oscillations (usually, the program oscillates
between the same two numbers; one positive and one negative).
If the oscillations are persistent through the model simulation,
increasing the streambed thickness generally reduces the oscil-
lations.

Five options for computing stream depth for a reach have
been included inthe program. A different option can be used for
each segment. All five options use the same method for deter-
mining the elevation of the streambed in each reach. The eleva-
tion of thetop of the streambed is specified for the beginning of
the first reach and the end of the last reach. The program lin-
early interpol ates between the two values. Thisdiffersfromthe
STR1 Package in which the top and bottom elevation of the
stream bed was specified for each reach. Finally, because
stream depth for each reach is computed on the basis of stream-
flow in each reach, and added to streambed elevation to obtain
astream head, the user isresponsible for checking that stream
heads do not change unreasonably (increase in a downstream
direction) between reaches and among segments.

The first two options for computing stream depth are the
same as those used in STR1, except that stream depth is now
computed for the midpoint of the stream reach. Thefirst option
allows the user to specify a stream depth for the first and last
reach of a segment. The program then linearly interpolates
between the two values using the same method for estimating
the top of the streambed.

The second option uses Manning' s equation to determine
depth as afunction of flow:

Q= (%)ARZ/ESOUZ , (4

where
Q isstream discharge, in units of volume per time;
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C isaconstant, which is 1.0 for units of cubic meters per
second or 1.486 for units of cubic feet per second;
n isManning'sroughness coefficient, dimensionless;
A iscross-sectional area of the stream, units of length
squared;
R ishydraulic radius of the stream, in units of length;
and
S isslope of the stream channel, in units of length per
length.
Assuming awide rectangular stream channel in which the
stream width is much greater than the stream depth, Manning’s
equation can be simplified to:

_ (C\,  5/3¢ 172
Q = (§)wy* s, )
where

w iswidth of channel, in units of length; and

y isdepth of water in stream, in units of length.
Solving for depth yields:

_ [ __Q_n_T/s . ®)

CWSOl/Z

The third option also uses Manning's equation but the
channel geometry is divided into an eight-point cross section.
The cross-section geometry is assumed to be the samein al
reachesin a segment. Horizontal distances and vertical eleva-
tions are specified for each of the 8 points along the cross sec-
tion. Horizontal distances are relative to the |eft edge of the
cross section (viewed in downstream direction). Vertical dis-
tances are relative to the specified streambed elevation (lowest
point or thalweg in the channel). Eight values each for the
horizontal and vertical distances are specified for the segment.
Vertical walls are assumed at the end of each cross section.
Stream depth, width, and wetted perimeter are computed from
the cross section for agiven flow using Manning’ sequation and
by dividing the cross section into three parts (fig. 4). A different
value of Manning' s roughness coefficient can be used in the
calculationsfor parts 1 and 3 (to represent overbank flow) from
that used in part 2.

Because the area (A) and hydraulic radius (R) in Man-
ning’s equation can be complicated functions of depth (particu-
larly for natural channels), no general analytical solutions are
availablefor solving depth for an 8-point cross section giventhe
volumetric flow rate (Chow and others, 1988, p. 160). There-
fore, anumerical method is used to compute stream depth. A
mixed bisection-secant method (Burden and Faires, 1997, p. 72)
isused for computing depth and isamaodification to the method
used by the U.S. Army Corps of Engineersin their Hydrologic
Modeling System (Paul Ely, U.S. Army Corps of Engineers,
Davis, Cdlif., 1997, written commun.).
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Figure 4. An eight-point cross section used to compute depth, width, and wetted perimeter for a stream
segment. (Note: stream cross section is viewed looking downstream.)

Depth (y) issolved by iteratively computing flow for an
estimated depth until the difference between computed flow
(Qp) and streamflow at the midpoint of the reach (Qpypy) are
acceptably small. The generalized form of the equation used to
determine stream depth is (Burden and Faires, 1997, p. 70):

1:(Yn—l)(yn—l _Yn—z)
f(yn—l)_f(yn—z)

yn = f(yn—l)_ ’ (7)
where

n istheiteration number;
f(yn—l) is Qn—l - dept for depth Yn-1s and
f( yn—2) is Qn—Z - dept for depth Yn_2-

The procedure starts with two initial estimates of depth
(Yo and y;) as shown on figure 5. The bisection method initially
is used to bracket the interval around the actua depth (y). The
bisection method simply halves the difference between the two
initial depths (y, in figure 5). The depth y, is used to determine

A

f(yn): Qn' dept

if the function f(y,)) is positive (depth greater than actual) or
negative (depth less than actual). In the example shown in fig-
ure 5, f(y,) is negative and the actual depth lies between y, and
Y1 SO Yg isreplaced by y,. The two depths that define the new
interval are then used in the secant method to estimate a new
depth (y3 in figure 5) by determining the intercept of the line
joining the two bracketing depths (y, and y; in figure 5). The
new estimate (y3) ischecked to determineif thefunction f(y,) is
negative or positive. In the example showninfigure5, yz isneg-
ative and it then replaces y, as the lower limit of the bracket.
The process of finding anew depth is repeated (y, in figure 5).
The process is repeated until the depth (y,,) produces acom-
puted flow (Q,,) that iswithin an acceptable error of streamflow
at the midpoint of each reach (Quyp)-

This method may not solve stream depth for all geome-
tries. An error message is printed whenever the method has
failed to converge to within a reasonable tolerance. For exam-
ple, if the channel has awide, flat bottom, small changesin

Midpoint

Y4
p» Depth (y)

0,0

Figure 5. Bisection-secant method used to determine depth of stream from Manning’s equation
assuming an eight-point cross section (modified from Burden and Faires, 1997, p. 71). From Nu-
merical Analysis 6™ edition by BURDEN/FAIRES c 1997. Reprinted with permission of Brooks/
Cole, a division of Thomson Learning: www.thomsonrights.com.
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stream depth can cause large changesin flow, and the method
may fail to converge. For such geometries, other options may
provide better estimates of depth.

The fourth option uses depth-discharge and width-dis-
charge relations for estimating stream depth and width as a
function of flow. Stream depth and width generally increase at
astream cross section as a power function of increasing stream-
flow (discharge). The fourth option assumes that stream depth
and width can berelated to streamflow by equations of theform
(Leopold and others, 1992, p. 215):

y=cQ' w=aQ"

(8,9
where Q is streamflow (discharge), and variables a, b, ¢, and f
arenumerical coefficientsdetermined from regression methods.
Theregressions are typically done at streamflow gaging sta-
tions. Aswith the other options, therelations between depth and
streamflow and width and streamflow are evaluated at the mid-
point of each reach. Representative values of the numerical
coefficients for selected regions of the United States are listed
in Leopold and others (1992, table 7-5, p. 244).

The fifth option allows the user to enter values of depth
and width for given streamflows on the basis of observations at
a streamflow gaging station. The program uses the tabulated
values to interpol ate stream depths and widths for model-
calculated streamflow. Stream depth and width are determined
by interpolating between two streamflow (discharge) values
that bracket the computed flow at the reach midpoint. Va ues of
streamflow, depth, and width are converted into their loga-
rithms prior to interpolating between the two known values.

If the computed flow is between the lowest tabulated value and
zero flow, asimple linear interpolation between zero flow and
the lowest tabulated flow is used to determine depth and width.
If the computed flow is above the highest tabulated flow value,
an error message is printed, and the program continues by
extrapolation from the log values of the highest two tabulated
values of flow, depth, and width.

Diverting Streamflow

Several options are available for diverting water from
modeled stream channels. The simplest form of adiversionisa
specified flow (negative discharge) that is removed from the
channel at the beginning of the first reach of a segment. Water
from this type of diversion does not interact with ground water
through aleakageterm. For diversionsof thistype, itisassumed
the water is placed in anon-leaking pipe or alined canal (exam-
ple of such apoint diversionisshowninfigure 3). Flow contrib-
uted by such adiversion could be added elsewhere by specify-
ing flow (positive discharge) at the beginning of another
segment.

If adiversionary flow islarge enough to warrant represen-
tationinthemodel, but isdischarged into apipeline, lined canal,
or other structure or system that does not interact with the aqui-
fer and the flow might exceed the available streamflow, then
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there is an aternative meansto represent it. A single-reach
diversionary stream segment can be assigned to the same model
cell asthe upstream segment from which flow isto be diverted.
Ground-water interaction with this single-reach diversionary
segment can be precluded by assigning ahydraulic conductivity
of zero and outflow to anon-defined segment (for example; seg-
ment 0). Diversion of water into the segment would then be sub-
ject to the constraints associated with the type of diversion spec-
ified as described in the following paragraph.

Four other types of diversions route flows through chan-
nelsin the same manner as astream. Water entering adiversion
is subtracted from the end of the last reach of a segment; any
remaining flow at the end of thelast reach of asegment isadded
astributary inflow at the beginning of the first reach in the next
downstream segment. Thefirst option (which isthe default con-
dition) assumesthat all availableflow at theend of thelast reach
of a segment up to the rate specified will be diverted from the
segment. Thus, if flow in the stream is |ess than the specified
diversion, all available flow in the stream will be diverted, and
nonewill remaininthechannel. Thisoptioniscommonto many
diversionsin the western United States. The second option
allows for the specified diversion only if flow in the stream is
greater than that of the diversion, if flow isless than the speci-
fied diversion, no flow is diverted and all flow remainsin the
channel. This option is the same as that specified in the STR1
(Prudic, 1989, p. 5). Thethird option divertsaspecified fraction
of the available flow, and the fourth option diverts all flow in
excess of aspecified rate. Thefourth optiontypically isused for
flood control inwhich all excessflow isdiverted away from the
main channel during peak discharge. The last two options are
from Danskin and Hanson (2002).

Stream-Lake Interconnections

The SFR1 Package and the LAK 3 Package (Merritt and
Konikow, 2000) have been devel oped to accommodate streams
that discharge water into lakes. Any number of inlet streamscan
dischargeinto alake or series of lakes. Outflow from the last
reach of a stream segment is used as inflow to alake. Stream
inflow to alake (as reported by the LAK 3 Package) isthe sum
of al streamsthat enter it. The SFR1 and LAK3 Packages also
accommodate streamsthat emanate from lakes. Outflow from a
lake becomesinflow to thefirst reach of astream segment. Out-
flow from alaketo a stream can be specified or, if unknown, it
can be computed. When outflow from alake is unknown or
variesasafunction of lake stage (lake-water level), the outflow
from alake and therefore inflow to a stream is computed by
using the lake stage as the head at the beginning of the first
reach of astream segment whose source of flow isthelake. Out-
flow from the lake and flow into the stream is computed by sub-
tracting the elevation of the top of the streambed at the begin-
ning of thefirst stream reach from thelake stage (h;). Thisdepth
isused to compute outflow from thelake (and inflow to astream
segment) by solving for flow instead of depth using one of the
specified optionsfor computing stream depth (wide-rectangul ar
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channel, eight-point cross section, or depth-discharge and
width-discharge relations).

For steady-state simul ationsthat coupl e both the SFR1 and
LAK3 Packages, lake stage is dependent on outflow from the
lake and, conversely, flow into the first reach of a stream seg-
ment is dependent on lake stage. The mathematical technique
used to solve the steady-state simulation of |ake stage and out-
flow to a stream is Newton’s method (Merritt and Konikow,
2000, p. 12). Like the secant method used for solving the Man-
ning’ sequation with an 8-point cross section, Newton’ smethod
is an iterative technique for obtaining the root (or zero) of a
function (inthiscase f (h)), where h; isthe |ake stage) that has
acontinuous derivative f ' (h;) (Merritt and Konikow (2000,

p. 12, eq. 13). At the zero valuesfor f (h)), theinflows and out-
flows from the lake are in balance; that is, the lake stageisin

equilibrium given the prevailing hydrologic conditions. One of
thetermsof thederivative f '(h,) isthederivative of the outflow
ratefromthelaketo astream (that is, streamflow from thelake),

dithso(h,) . The form of the derivative of Q,(h,) dependson

the method used to compute streamflow in the first reach of a
stream segment whose source is outflow from alake. When the
method used is based on Manning' s equation for awide rectan-
gular channel (equation 5 of thisreport), the derivative of
stream outflow from the lake is (modified from Merritt and
Konikow, 2000, p. 12, eg. 15):

d _ drc 4 15/3¢ 1/2]_ 5Qs0
i Qo) = g wih —hy1* %, %= 2522, a0
where
Qg islake outflow to stream, in units of volume per time;

h, isthelake stage, in units of length;
hy, iselevation of the top of the streambed, in units of
length; and

y isstream depth, which equals difference between lake

stage (h;) and elevation of stresmbed (hy,), in units of
length.

The derivative for the other methods used to compute
stream discharge from alake is approximated for each iteration
of Newton’s method from the slope of the stage-discharge rela
tion, for values of lake stage close to the most recent approxi-
mation of lake stage. For computing stream depth using option
5, the dlope is determined from the log interpolation of the tab-
ulated values unlesstheinflow stream depth isbel ow the lowest
tabulated stream depth, in which case the slope is based on a
simple linear interpolation between zero depth and the first
tabulated depth.

Solute Transport

When the SFR1 Package and the GWT Process are active,
solute transfer between the stream and the aquifer is simulated.
Where the stream is losing water to the aquifer, solute in the

stream water will mix with the water in the underlying aguifer.
The concentration inthe aquifer will changeif the concentration
inthe stream isdifferent from that in the aquifer. In areaswhere
the stream is gaining water because of ground-water discharge,
the solute concentration in the stream will be affected by the
rate and solute concentration of ground-water inflow. Solutein
astream also will be transported downstream, and its concentra-
tion may be affected by other inflows to the stream or may
affect the concentration in the aquifer. The SFR1 Package in
conjunction with MODFLOW-GWT includes the capability to
account for the exchange of solute between the stream and the
aquifer, and to route sol ute downstream while adj usting concen-
trationsin the stream to account for inflows and outflowsto the
stream from ground water, tributaries, lakes, and other specified
inflows and outflows.

When the GWT Processis active, the model will compute
the concentration of a solute at every node within the transport
domain (which can encompass all, or only part, of the MOD-
FLOW grid). If there is|eakage between the stream and the
aquifer inamodel cell in which concentration is calculated,
then the solute flux between the stream and the aquifer also can
be calculated. Just as streamflow can be routed downstream by
accounting for the sequential gain and loss of flow at successive
model cells, the same can be donefor the solute flux. The solute
concentration is calculated along the stream channel starting
with a user-specified input concentration in the specified
inflow, and adjusted sequentially in adownstream direction by
accounting for solute inputs and (or) outputs at each successive
reach.

The same assumptions that are used to route flow through
a stream network are used to route solutesin the network. The
most important assumptionisthat flow velocitiesin astream are
much faster than those in aground-water system; therefore, itis
assumed that complete flushing of stream reaches occursduring
each time step of the ground-water model and that the volume
of water in storage in a stream reach is small relative to the
amount of flow through the reach during atime step. Hence, the
concentration in water leaving a stream reach can be related to
concentrationsin the flows to that reach, and the initial concen-
tration in the reach at the start of atime step can beignored. An
example of solute transport using the SFR1 and LAK3 Pack-
agesisprovided later in the document (Test 2).

A simple mixing equation, similar to that described by
Konikow and Bredehoeft (1974), is used to calculate the solute
concentration in the streamflow discharging from a stream
reach assuming: (1) complete and instantaneous mixing within
the stream volume of all inflowsto an individual stream reach;
(2) the time scale of changes in the ground-water system is sub-
stantially longer than the time scale of changes in the stream-
flow; and (3) there are no reactions in the stream that affect
solute concentration.

If there is no change in solute mass stored within a stream
reach, the sum of all solute mass entering a stream reach must
equal the sum of al solute mass leaving a stream reach during



each time increment. For a solute, this simple mass-balance
statement may be expressed as:

YQiCi = ¥Q,C,, (11)
where C is the solute concentration, in units of mass per vol-
ume and Q isthe fluid flow, in units of volume per time; the
subscript o refers to flow out of the reach; and the subscript i
refersto flow into the reach.

Expanding terms to account for al components of inflow
and outflow yields:

ericsri + Qtrthrb + Qrocro + Qppthpt - QLngw

= erocsro + Qdistro + Qetcet + QLoCsro ' (12)
where the flow terms are the same as presented in equations
2aand 2b; Q,; on theleft side of equation 12 is nonzero only
when leakage is from the aquifer to the stream reach, whereas
QLo on theright side of equation 12 is nonzero only when leak-
ageisfrom the stream reach to the aquifer. Concentration of
water entering a diversion is assumed to have the same concen-
tration as water at the end of the reach (Cq,). Also, when the
stream reach islosing water to the aquifer, the concentration in
that water is assumed equal to the concentration in the stream-
flow out of the reach (that is, Cg).

Note that for smplicity, the evaporative flow directly out
of astream is assumed to contain no solute (that is, Cg = 0.0)
and that evaporation consequently will increase the solute con-
centration in the water left in the stream. For reachesin which
the stream is losing water to the aquifer, the flow out of the
reach includes both surface-water outflow (Qg,) and ground-
water leakage (Q o). The concentration of the outflow would be
the same in both the surface water and ground-water outflow
components (as indicated on the right side of equation 12). In
this case, the solute concentration leaving astream reach, as sur-
face outflow at the end of the reach (Qgo and Qgjy ), asleakage
from the stream reach to the aquifer (Q, ), or both, may be cal-
culated as:

C — ericsri + Qtrthrb + QroCro + Qppthpt )
o eri + Qtrb + Qro + Qppt - Qet

(13)

For areach in which the stream is gaining water from the
aquifer, only two terms (Qgo and Qg;,) are multiplied by the
concentration at the end of the reach (Cg). Substituting
individual componentsin place of Qg and Qg;, (Where
Qsro * Quiv = Qsri + Qup + Qro + Qppt — Qe _QLi) and
solvingfor Cg, yieldsacal cul ated sol ute concentration leaving
astream reach as:

- ericsri + Qtrbctrb + QroCro + Qpptcppt _QLngw
e eri +Qtrb+Qr0+Qppt_Qet_QLi
When astream segment originates asadiversion, then Cq;;

for the first reach of that segment is defined as being equal to
Cq, Of the reach from which the diversion is taken. When a

C ,(14)
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stream segment originates as inflow from tributaries, then Cy,
for the first reach of that segment is calculated from the sum of
the product of the inflows and their concentrations of all tribu-
taries feeding that segment, as indicated by:

ntrib

Z (Qtrthrb)i
i=1
Ctrb = !

ntrib

) Z (Qtrb)i
i=1
where ntrib is the number of tributaries feeding the segment.

A stream reach may be located at a cell where the aquifer
concentration is unknown and undefined because the solute-
transport equation might be solved only within a subgrid of
the primary MODFLOW grid (or domain). For parts of the
stream network that lie outside of the transport subgrid, the
solute concentration in the stream is assumed not to change
as aresult of leakage across the streambed. That is, the solute
concentration in the ground water is assumed the same as the
surface inflow at the beginning of the stream reach, whereby
ng = (ericsri + Qtrthrb)/(eri + Qtrb) ' regardIESSOf
whether the streamisgaining or losinginthat reach. Thisallows
solute concentration in the stream to be routed through reaches
that lie outside of thetransport subgrid, and any changein solute
concentration in the stream would only be caused by simple
dilution (or mixing) effects related to tributary inflows, added
streamflow (such as a point source), precipitation, evapotrans-
piration, and runoff. An example of such an applicationiswhere
a stream leaves the transport subgrid a small distance before
meandering back to lie within the subgrid. Thisfeatureto allow
continuity of routing outside of the transport subgrid assures
that the model will run successfully for such cases. However, if
there are any significant ground-water inflows of solute outside
of the transport subgrid, then this approximation will not be
appropriate, and the transport subgrid should be expanded to
include the area of interest.

To obtain a solution to the ground-water solute-transport
equation where the stream is losing water to the aquifer, it is
necessary to use the stream routing algorithm to define C; ;
where C’; ;  isthe concentration in afluid source (in this dis-
cussion, leakage from astream reach) to cell i,k (see Konikow
and others, 1996, eq. 55). When stream |leakage isinto the aqui-
fer, C'; i« = Cyro and equation 13issolved at the beginning of
each time increment used to solve the transport equation, but
after a solution to the ground-water flow has been obtained.
Thisalows usto define the value of C'; ;  in streaminfiltrar
tion for the solution to the solute-transport equation for the end
of the current timeincrement. However, in solving equation 14
at the start of a transport time increment, the concentration of
water entering the stream from the ground-water system (Cg,,)
is assumed to equal the concentration in the aquifer at that cell
at the end of the previous time increment.

In order to solve the ground-water solute-transport equa-
tion accurately, itiscommon for transport timeincrementsto be
smaller than thelength of thetime step used to solve the ground-
water flow equation. In such cases, the leakage between the
stream and the aquifer calculated for the flow time step is
applied to every transport time increment during that flow time

(15
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step, but the concentrations in the stream and in the aquifer are
updated more frequently. Thus, transport within the aquifer and
stream is updated every transport time step, whereas leakage
across the streambed is updated every flow time step.

In the mass-balance calculations for MODFLOW-GWT,
the solute mass flux (m, in units of mass) between the stream
reach and aquifer cell for a stream reach that is gaining water
from the aquifer during a given time increment is assumed to
equal the flow rate (Qy ;) times the average concentration in the
aqwfer cell between the start and end of the time increment
[(CJ i k + CJ i.x)/2], where C N i is the concentration of
ground Water in the aquifer ceII J 1,k at the start of the time incre-
ment and C i,k isthe concentration of ground water in the agui-
fer cell at the end of the time increment. That is,

m = [(Cf i+ Cf )/ 21QuAL, (16)
where At is the time difference from the beginning to the end
of the timeincrement.

Assumptions and Limitations

One limitation of the SFR1 Package isthat the method used
to compute stream depth and wetted width at the midpoint of each
stream reach may not always converge to a stable solution
because of the dependency between computed stream head and
leakage that is solved using Newton’s method. Oscillations are
more common when stream head is nearly the same asthat in the
aquifer and flow across the streambed oscillates between adding
water to the aquifer and discharging water from the aquifer. The
solution of stream depth at the midpoint of areach was desired
because several new options were added to the SFR1 Package
that were not availablein the STR1 Package. The SFR1 Package
computes stream head and leakage across the streambed differ-
ently than the STR1 Package. In the STR1 Package, head in the
stream was either fixed or computed on the basis of inflow to the
reach. Leakage to or from the ground-water system was com-
puted over the entire reach and added to or subtracted frominflow
into thereach. Thus, stream head in areach was not dependent on
the leakage across the streambed within the reach. In the SFR1
Package, head in the stream is computed at the midpoint of the
reach within amodel cell and includes half the precipitation,
evapotranspiration, overland runoff, and leakage across the
streambed that occurs within the reach.

Another limitation that needs to be considered when using
the SFR1 Package isthat streamflows and solute concentrations
arerouted between stream reaches based only on continuity. This
means that during each model time step, volumetric inflow and
outflow rates are equal for each stream reach, that no water (or
solute) is added to or removed from storage in the surface chan-
nels, and that any water or solute that enters the aquifer by leak-
agein alosing stream reach is not routed to the next downstream
reach of the stream. The SFR1 Package was designed to model
long-term changes (monthsto hundreds of years) in ground-water
flow and solute transport using averaged flows in streams. The

continuity approach taken in the SFR1 Package has general appli-
cability because ground-water flow velocities are usually much
less than flow velocities in open channels. The SFR1 Packageis
not recommended for modeling the transient exchange of water
between stream reaches and shallow ground water when the
objective isto examine short-term (minutes to days) effects
caused by rapidly changing streamflows or rapidly changing
solute source terms. Moreover, the assumption that asolute is
completely mixed within each stream reach has general applica-
bility for many small streams but may not be applicable for mod-
eling al streamsor largerivers.

The assumption that |eakage through the streambed is trans-
mitted to the water tableinstantaneously when the aquifer headis
below the bottom elevation of the streambed generally limitsthe
applicability of the SFR1 Package to the simulation of transient
leakage through thin unsaturated or nearly saturated zones
beneath streams. This assumption may not be reasonable for
someintermittent or ephemeral channelsin which the water table
istensto hundreds of feet or meters below the streambed. Also,
when the water table is below the bottom of the streambed, flow
across the streambed is dependent on the head difference across
the streambed (the difference between the head in the stream and
the bottom of the streambed), and therate of |eakageis not depen-
dent on deposits or rocks beneath the streambed even when
gradients acrossthe streambed exceed one. Careful consideration
of the head gradient across the streambed, and of the thickness
of the streambed, is needed to minimize simulations with unreal -
istically large leakage rates when the water table is below the
streambed. The head gradient acrossthe streambed isreported for
each reach and can be used to check that the computed |eakage
rates are redistic.

The added complexity of allowing the area of the streambed
to change as afunction of flow at the midpoint of a stream reach,
which affects the leakage rate through the streambed, increases
numerical instability. Instability is greatest for steady-state simu-
| ations because the ground-water storagetermiszero and for sim-
ulationsinwhich the streambed conductancetermishigh relative
to the aquifer conductivity, especially when the head difference
between the stream and aquifer is small.

For complex models with many stream reaches, differences
in the timing and response among individual stream reaches with
their corresponding model cells caused by variationsin stream-
flow, ground-water pumping and solute concentration may
require more time steps to adequately simulate the exchange of
water and solutefor all model cellswith astream reach. Because
of the difficulty in knowing how and when changes in the head
difference between a stream reach and corresponding model cell
will result in large changesin |eakage rates or in solute concen-
trations, the user is cautioned to check stream leakage and solute
concentrations for all stream reaches to make certain that suffi-
cient time steps have been used to adequately simulate changesin
all reaches.

Diversions from stream reaches require knowledge as to
when and where such diversions occur. Although the overall
structure of the SFR1 Package has been designed to allow for the
hierarchical ranking (or priority) of adiversion relative to other



diversionsin the overall stream network (thisis analogous to
water rightsthat have prioritiesin time under the regulations of
many western states), the coding for such a capability will be
implemented in alater version.

If the solute-transport equation is solved using one of the
particle tracking algorithms, then special attention must be
given to the specification of fluid sources or sinks as being
either “strong” or “weak.” Thisinformation isspecified in Data
Set 13 of the input data file for MODFLOW-GWT (see Kipp
and others, 1998, or Konikow and others, 1996). Although
sometrial and error adjustments may berequired, in many cases
it isareasonable first approximation to assume that al stream
reaches represent strong fluid sources or sinks. Thiswould
require setting | GENPT = 1 at all nodes corresponding to
stream cells when using the MOC or MOCIMP solver options.

Test Simulations

Results from two tests are presented to illustrate the fea-
tures of the SFR1 Package. Instructions for data input into the
SFR1 Package are presented in Appendix 1. The first test uses
two simul ations (one steady-state and onetransient) toillustrate
thelong-term effects of ground-water withdrawalsinanaluvial
basin on the flow in streams. The second test is a steady-state
flow simulation of aconnected stream and lakethat iscombined
with atransient transport simulation. Input data and model out-
put for the two test simulations are available for downloading
over the internet at the same site as the computer code listed in
the Preface.

Test 1: Stream-Aquifer Interaction

A hypothetical problem of stream-aquifer interaction was
developed for an alluvia basin in asemiarid region in which
recharge to the aquifer is primarily leakage from streams that
enter the basin from mountains on the northwest, northeast,
and southeast (fig. 6). The principal aquifer is unconsolidated
deposits of mostly sand and gravel. The mountains consist of
bedrock that is many times less permeabl e than the unconsoli-
dated deposits. Upland areas adjacent to the basin contribute
some recharge to the agquifer either as underflow through the
perimeter bedrock or from intermittent channel sthat have small
drainage areas. The southern stream (Blue River) is perennial
across the valley. Ground-water flow trends in the same
direction as the streams. Ground-water evapotranspiration
occurs where depth to water is within 15 ft of land surface,
has a maximum rate of 3 ft/yr at land surface, and is coincident
with the valley lowland through which several streams flow.
The basin fill thickens toward the center of the valley and
hydraulic conductivity of the basin fill is highest in the region
of the stream channels (fig. 7). Hydraulic conductivity is
173 ft/d (2 x 108 ft/s) in the vicinity of the stream channels
and 35 ft/d (4 x 107 ft/s) elsewhere in the alluvial basin.

Test Simulations 13

A model grid of the alluvial basin was divided into uni-
formly spaced cells 5,000 feet on each side (fig. 7). Two simu-
lations were done to produce the results presented herein. A
steady-state simulation with no pumping provided a basis for
comparison to thetransient simulation. Thetransient simulation
was divided into two 50-year stress (time) periods. The first
stress period simulated pumping withdrawal s from ten model
cells of 10 ft3/sin each cell aong the west side of the valley
(seefig. 8) that totaled 100 ft3/s (about twice the steady-state
ground-water inflow). The second stress period simulated the
recovery of the aquifer after all pumping withdrawals ceased.
Theinput datafilesare shownin Appendix 2. Selected output is
aso listed in Appendix 2.

A mean annual discharge was used for the inflow rate to
each stream entering the modeled area (seetable 1). Streambed
properties and stream dimensions used for each stream segment
areadso listed in table 1. Different methods were used to com-
pute stream depth and width for each segment (seel CALC
in table 1). Stream depth was computed using the tabulated
values relating stream depth and width to flow for segment 1
(I CALC=4; valuesarelisted in table 2); Manning’ s equation
assuming awide rectangular channel for segments 2, 4, and 6
(I CALC = 1); constant stage for the ditch represented by seg-
ment 3 (I CALC = 0); power function relating stream depth and
width to flow for segment 5 (I CALC = 3); and Manning’ s equa-
tion assuming an eight-point cross section for segments 7 and 8
(I CALC=2). Coefficientsin equation 8 used for estimating
stream depth for segment 5 were ¢ = 0.35 (CDPTH; Appendix
1) and f = 0.3 (FDPTH, Appendix 1) and coefficientsin equa-
tion 9 used for estimating stream width were a = 3.8 (AWDTH,;
Appendix 1) and b = 0.6 (BWDTH, Appendix 1). The eight-
point cross sections for segments 7 and 8 areillustrated in
figure 9.

The strongly implicit procedure (SIP) was used to solve
the flow equation for both simul ations. For the steady-state sim-
ulation, auniforminitial water level of 1,050 ft was used for al
model cells. The steady-state simulation required 22 iterations
within SIP to converge to a solution using a head closure crite-
rion of 0.0001 ft and a closure criterion (DLEAK) in the SFR1
Package of 0.01, which correspondsto achangein stream depth
between iterations of 0.01 ft. Mass balance is sensitive to both
the head closure criterion in MODFLOW and to DLEAK in
SFR1. Several tests of DLEAK were done ranging from 1. to
0.0001 and the maximum value which did not affect resultswas
0.01. The overall MODFLOW mass-balance error was 0.01
percent. The steady-state simulation required less than 2 sec-
onds of CPU time on a personal computer having a3 GHz Pen-
tium 4(R) processor and 1 GB of RAM. Thetransient simula-
tion used the cal cul ated steady-state water levelsasinitial heads
(fig. 8). Each stress period was divided into 50 time steps with
theinitial time step of 15.7 days. Subsequent time steps were
increased by afactor of 1.1. The maximum number of iterations
in SIPfor any time step was 16 using ahead closure criterion of
0.001 ft and a DLEAK of 0.01 ft. The mass-balance error for al
time steps was less than 0.02 percent. The simulation required
less than 4 seconds of CPU time.
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Table 1. Inflow rates, streambed properties, stream characteristics, and methods used for calculating stream depth
and width in test simulation 1.

[Abbreviations: feet (ft); feet per second (ft/s); and cubic feet per second (ft3/s).]

Manning's
roughness
Stream? coefficient
Streambed Elevation Over
First Inflow hydraulic Streambed of Stream  Stream  Channel bank
Segment andlast  Method rate  conductivity  thickness  streambed  depth width
number reach (1 CALC)b (ft3/s) (ft/s) (ft) (ft) (ft) (ft) (dimensionless)
1 1 4 25 0.00003 3 1095 (0) (0) © ©
4 0.00003 3 1075
2 1 1 G 0.00003 3 1075 (®) 12 0.030 ©
5 0.00003 3 1050 12
3° 1 0 10 0.00003 2 1075 2 10 © ©
6 0.00003 2 1060 1 6
4 1 1 10 0.00003 3 1080 (0) 10 0.030 ©
3 0.00003 3 1060 10
5 1 3 @ 0.00003 3 1060 () () © ©
4 0.00003 3 1045
6 1 1 @ 0.00003 3 1045 (0 12 0.030 ©
5 0.00003 3 1025 12
7 1 2 150 0.00006 3 1040 (0) (0) 0.025 0.045
3 0.00006 3 1025
8 1 2 @ 0.00006 3 1025 () () 0.025 0.045
6 0.00006 3 990

3streambed properties and stream dimensions for each stream segment are specified for the first and last reach in each segment. A
linear interpolation is used to determine the value at the midpoint of each reach.

bMethod determines how stream depth and width are calculated for each reach in a segment. Stream depth and width are specified
when | CALCis 0; stream depth is calculated from Manning's equation assuming awide rectangular channel when | CALCis 1; stream
depth and width are calculated from Manning's equation using an eight-point cross section when | CALC s 2; stream depth and width are
calculated from apower function when | CALC s 3; and stream depth and width are calculated from atable of valueswhen | CALCis4.
See Appendix 1 or section “Computing Stream Depth.”

®Manning’s roughness coefficient is not used for calculating stream depth or width when | CALCis 0, 3, or 4, and Manning’s roughness
coefficient for the overbank is not used when | CALCis 1.

9 nflow calculated from 1 or more tributary segments.

€Segment 3 is a diversion from segment 2 assuming all available flow to the rate specified is diverted.

Table 2. Relation of stream depth and width to streamflow used to compute stream depth and width for all reaches of stream
segment 1 (I CALC=4) in test simulation 1.

[Abbreviations: feet (ft); and cubic feet per second (ft3/s) ]

Eleven values (NSTRPTS; see Appendix 1) were used to define the relation of stream depth and width to flow

Units 1 7 3 i 5 5 7 8 9 10 1
Fow s 05 10 20 20 70 100 200 300 500 750 _ 1000
Depth  ft 025 04 055 07 08 0.9 11 125 14 17 18

Width ft 3.0 35 42 53 7.0 85 12.0 14.0 17.0 20.0 22.0
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Figure 9. Stream cross sections used in computing stream depth for segments 7 and 8 in test simulation 1.



Prior to the pumping of ground water, inflow into the agqui-
fer was mostly from stream |eakage, whereas outflow from the
aquifer was mostly by evapotranspiration near the streams
(table 3). Pumping at about twice the estimated ground-water
inflow produced increased |eakage from streams and decreased
evapotranspiration (table 3). The distribution of flow in the
streams and evapotranspiration after 50 years of pumping is
showninfigure 10. Flow from thetwo perennial streams(Green
Creek and Little Creek) entering Green Valley generaly flowed
through the valley to the Blue River prior to pumping (steady-
state simulation; fig. 8). Much of the flow in Green Creek was
diverted into aditch that returned flow to Little Creek and a sec-
tion of Green Creek was intermittent below the ditch and
upstream from its confluence with Little Creek. After 50 years
of withdrawals, pumping had captured all flows entering Green
Valley from the two creeks because the perennial section of
both streams receded closer to where the streams entered the
valley (compare fig. 10 with fig. 8). The last reach on Green
Creek (stream segment 6, reach 5) just upstream of the conflu-
ence with the Blue River has a small ground-water discharge,
and the reach was perennial during the simulation. Ground-
water levelsand flow in streams recovered to pre-pumping con-
ditions and ground-water flow in the valley had reached steady
state by the end of the 50-year recovery period (no water was
added or removed from storage; table 3).

Changesin flow, stream depth, and width during the tran-
sient simulation areillustrated in figure 11 for selected reaches
that use different methods for computing stream depth and
width. Flow out of the last reach in segment 1 (fig. 11A)
decreased rapidly when pumping began, but the decrease
dowed after only 3 years. The marked change in flow, stream
depth, and width was caused by adeclinein ground-water levels
relative to the head in the stream for all cells corresponding to
all theupstream reaches. After 3years, cellsupstream of thelast
reach began to decline below the streambed causing the slope of
the decline in flow to decrease. Flow in the stream no longer
changed after about 9 years of pumping because the ground-
water level in cells corresponding to the al reachesin stream
segment 1 had declined below the streambed and the leakage
rates had become constant. This same pattern is shown for
stream segment 5 (fig. 11B). Once withdrawal s ceased, flow
began to increase in the last reach of segment 5 after about 21
yrs after pumping had ceased and after about 19 yrsin the last
reach of segment 1. Theincrease of flow in segments 1 and 5
during the recovery period was slower than the decreasein flow
during the pumping period and largely was controlled by the
gradual recovery of ground-water levelsin areas distant from
the pumping wells.

Thelast reach along the ditch (stream segment 3) was used
to illustrate how the option of specifying awidth and depth
(I CALC = 0) works when flow in a channel ceases and when
flow commences again (fig. 11C). Streambed depth and width
were specified to decrease from 2 and 10 ft, respectively, at the
beginning of the segment to 1 and 6 ft, respectively, at the end
of the segment (table 1). Because the midpoint of the last reach
is used to compute depth and width, the calculated values are
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dightly more (1.04 and 6.15 ft, respectively for depth and
width) than those specified for the end of the segment. Stream
width remained constant regardless of flow in the ditch (fig.
11C), whereas stream depth was constant as long as there was
flow in the reach. Once flow in the reach ceased, the streambed
elevation (depth = 0) was used for comparing head differences
between the stream and ground water. The dight lag between
when flow out of the reach went to zero and when stream depth
went to zero during therapid decline (fig. 11C) wasthe result of
all inflow into the reach leaking through the streambed. Inflow
into the reach ceased during the following time step and conse-
quently the entire reach became dry and stream depth became
zero. The samelag occurred during the recovery period and was
again caused by all inflow into the reach leaking through the
streambed. Outflow from the last reach did not occur until
inflow into the reach exceeded that which could leak through
the streambed.

Flow inthelast reach (reach 5) in segment 6 (fig. 11D) was
used to illustrate what happens when there is no inflow from
upstream reaches, but the ground-water level in the correspond-
ing model cell is higher than the elevation of the streambed. In
this example, the method for computing depth was Manning's
equation assuming a wide rectangular channel (I CALC = 1).
Although stream width remains constant throughout the simu-
lation, stream depth isafunction of flow. In thisexample, flow
and stream depth decreased rapidly in the pumping (first stress)
period and depth became zero after only 2 years, even though
there was till asmall quantity of outflow from the reach. The
reason for stream depth being zero with minor outflow is that
the only source of water to the reach isfrom ground-water leak-
age. When thisoccurs, stream depth at the midpoint of thereach
is set to zero and the stream head at the midpoint is equal to the
streambed elevation.

The last reach of segment 8 was used to illustrate changes
in width and depth resulting from changes in streamflow
using Manning' s equation and an eight-point cross section
(I CALC = 2). In the steady-state simulation, stream segment 8
was generally gaining, but became losing during the pumping
period. Streamflow out of the reach, depth, and width decreased
during the pumping period (fig. 11E) because inflow from up-
stream reaches declined and because leakage in the reach
switched from flow out of the aquifer into the stream to flow
from the stream into the aquifer. Although the water table de-
clined in all cells corresponding to reaches in stream segments
7 and 8, the water table did not decline bel ow the streambed and
conseguently, streambed leakage did not become constant.
Once pumping ceased, flow in the reach increased in a manner
similar to how it decreased. The dlight increase in flow after
70 yearswas due to an increase in flow from Green and Little
Creeksto the north into Blue River. The response in segment 8
after pumping ceased in stress period 2 was much different than
that for segments 1 and 5 (compare fig. 11E with figs. 11A and
11B) because ground-water levels did not decline below the
bottom of the streambed beneath segment 8 whereas they did
beneath segments 1 and 5.
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Table 3. Computed ground-water budgets for test simulation 1.

[All rates are in cubic feet per second (ft3/s), rounded to 0.1 ft3/s]

Steady Stress period 1 Stress period 2
state pumping recovery
Water budget component Average
annual After 1 After 10 After 50 After 51 After60  After 100
rates year years years years years years
Inflow
L eakage from streams 43.4 51.8 817 108.7 99.4 59.6 43.4
Recharge along contact
with bedrock 18 18 18 18 18 18 18
Underflow beneath 0.2 0.2 02 02 0.2 02 0.2
streams entering basin
Total Inflow 454 53.8 83.7 110.7 101.4 61.6 454
Outflow
Wells 0 100.0 100.0 100.0 0 0 0
Evapotranspiration 35.9 20.8 15.6 14.2 14.7 17.8 35.9
Leakage to streams 9.3 4.3 5 2 3 16 9.3
Unde_rflow be_neath stream ° P 2 5 2 5 5
exiting basin
Total Outflow 454 125.3 116.3 114.6 15.2 19.6 454
Removed from Storage 0 715 32.6 39 A 0 0
Added to Storage 0 0 0 0 86.3 42.0 0

Streambed conductance varied with stream width for seg-
ments1and 5 (I CALC=4and 3, respectively). Streambed con-
ductance for these two segments decreased in proportion to
decreased stream width (fig. 12A). Constant streambed conduc-
tance occurred when the ground-water level beneath each reach
was below the streambed bottom and inflow into the reach
remained constant. The streambed conductance for segment 5
was greater than for segment 1 because of a greater sensitivity
of stream width to flow due to the parameters used for segment
5, particularly at small stream depths. For segments 7 and 8

(fig. 12B), streambed conductance varied with the wetted
perimeter that was computed from an eight-point cross section
and Manning’ sequation (I CALC = 2). Streambed conductance
for segment 7 decreased only about 1 percent during the pump-
ing period (5.58 to 5.52 ft%/s) because streamflow only
decreased 14 ft3/s (140 to 126 ft3/s), whereas streambed con-
ductance decreased nearly 22 percent (2.51 to about 1.97 ft2/s)
in segment 8 in response to a decrease in flow of 64 ft3/s (150
to 86 ft3/s).
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Test 2: Stream-Lake Interaction with Solute Transport

A hypothetical (but realistic) problem was designed to test
and illustrate the integration of the SFR1 Package with the
LAK3 Package and the GWT Process. The characteristics of the
test case areinspired by a contamination problem in asand and
gravel aquifer in Cape Cod, Massachusetts, as documented in
detail by LeBlanc (1984). At this site, effluent from a sewage
treatment plant recharges the aquifer and is the source of a
plume of contaminated water. One edge of the plume appearsto
dischargeinto the western edge of asmall lake connected to the
aquifer. Thetest caseisahighly simplified and idealized
abstraction of the field conditionsat thissite, and apurely hypo-
thetical stream network was added to the system to facilitate
testing and evaluating the SFR1 Package. Although parameter
values and boundary conditions were selected on the basis of
reported field conditions, this example analysisis not intended
to yield an accurate simulation of the actual flow field or
observed plumein Cape Cod. The boundary conditionsfor this
test problem differ slightly from those used in asimilar test
problem described by Merritt and Konikow (2000) in that
streams are included in the model simulation of flow and
transport.

The aquifer is moderately permeable and is assumed to
have homogeneous properties and uniform thickness (table 4).
The aquifer was discretized into 8 layers (each 15 ft thick),

36 rows (at equal spacing of 405.7 ft), and 23 columns (at equal
spacing of 403.7 ft). A steady-state head distribution was
assumed representative of the average flow field. Uniform
recharge was applied at arate of 21 in./yr to thetop layer (layer
1) of the model. Two lakes are located within the model
domain. The eastern lake (Iake 1) is connected to astream. Both
lakesonly occupy cellswithin thefirst model layer (at locations
shown in fig. 13); this enables horizontal |eakage between the
lakes and adjacent active aquifer cellsin layer 1 and vertical
leakage between the lakes and underlying active aquifer cellsin
layer 2. Streams are connected to model layer 1.

The boundary conditions areillustrated in figure 13 and
were designed to produce flow that is generally from north to
south. For the numerical model, constant-head conditions were
specified along the northern and southern edges of the model
domain, and no-flow boundaries were set a ong the east and
west edges of the grid. Because lake cells and aquifer cells
cannot occupy the same space, lake cellsin layer 1 (fig. 13)
areinactive aquifer cellsin the model grid. The constant-head
boundaries were placed in all 8 layers at the map locations
shown in figure 13, with two exceptions. The first exceptionis
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related to the last downstream reach of stream segment 4. The
grid cell in which the reach islocated and the cell underlying it
inlayer 2 are both specified as active aquifer cellsrather than as
constant-head cells because aconstant head in that cell with the
stream reach would have set the gradient across the streambed.
The second exceptionisrelated to the contaminant source (from
treated sewage effluent), which is only introduced into the
upper two model layers (that is, to atotal of 8 cells). The four
cellsin layer 3 that underlie the contaminant source are speci-
fied as active aguifer cells rather than as constant-head cellsto
simulate transport beneath the source. Constant-head el evations
were specified as 50.0 ft along the north boundary, except at the
4 cellsin each of the upper two model layers that represent
inflow from the contaminant source, wherethefixed headswere
50.15 ft in the two middle cells and 50.10 ft in the two outer
cells. The constant-head elevations were set to 28.0 ft along the
south boundary.

The stream network consists of four segments and 38
reaches. The stream depths are cal culated using Manning’s
equation assuming awide rectangular channel (I CALC =1).
For al stream reaches, the channel width was assumed constant
at 5.0 ft and the roughness coefficient for the channel was 0.03.
Inflows to segments 1 and 3 were specified (86,400 and 8,640
ft3/d, respectively). The inflow to stream segment 2 was equal
to the outflow from lake 1, and it was calculated using Man-
ning’'s equation assuming a wide rectangular channel (consis-
tent with | CALC =1) with a depth based on the difference
between the cal culated | ake stage and the el evation of thetop of
the streambed (see Merritt and Konikow, 2000, p. 11). The
inflow to segment 4 is calculated as the sum of outflows from
tributary segments 2 and 3.

Moderate amounts of data from the Cape Cod study area
are available for boron concentrations in the observed plume
and in the sewage effluent, so boron was selected as the ssimu-
lated solutefor thistest case. Variablesrelated to the calculation
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Figure 13. Finite-difference model grid of layer 1, boundary conditions, and locations of lakes and streams used in test

simulation 2.
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Table 4. Hydraulic and transport properties used in test simulation 2.

Variable Value
Horizontal hydraulic conductivity (feet per day) 250
Vertical hydraulic conductivity (feet per day) 125
Storage coefficient (cubic foot of water per cubic foot of aquifer) 0
Aquifer thickness (feet) 120
Porosity (cubic foot of voids per cubic foot of aquifer) 0.30
Recharge rate (feet per day) 4.79x103
L akebed leakance (inverse day) 1
Streambed hydraulic conductivity (feet per day) 100
Streambed thickness (feet) 1
Longitudinal dispersivity (feet) 20
Horizontal transverse dispersivity (feet) 2
Vertical transverse dispersivity (feet) 2
Diffusion coefficient (feet squared per day) 0
Initial concentration (micrograms per liter) 0
Source concentration (micrograms per liter) 500

of solute concentration are listed in table 4. For the purposes of
this test, boron was assumed nonreactive. Molecular diffusion
in the aquifer was assumed a negligible contributor to solute
spreading at the scale of the field problem, so that hydrody-
namic dispersion was related solely to mechanical dispersion,
which was computed in MODFLOW-GWT asafunction of the
specified dispersivity of the medium and the velocity of the
flow field. Theinitial boron concentrationsin the aguifer and in
the lakes were assumed to be zero, and the sewage effluent con-
centration was assumed to be 500 pug/L . The source concentra-
tion in recharge was assumed to be zero and the concentration
in specified inflow to stream segments 1 and 3 was a so zero.
The strongly implicit procedure (SIP) was used to solve the
flow equation. The solute-transport model was run for a stress
period of 25 years.

Selected parts of theinput and output filesfor thistest case
are shown in Appendix 3. The test problem required 394 itera-
tionsin SIP to converge to a solution. The simulation required
6 minutes 50 seconds of CPU time on a persona computer hav-
ing a2 GHz Pentium 4 processor and 512 MB of RAM. Thecal-
culated steady-state head distributionsin layers 1 and 2 are
shown in figure 14. The heads in layers 3 through 8 are almost
identical to the heads shown for layer 2 (fig. 14B). As expected,
the flow is generally from north to south and predominantly
horizontal. Because of recharge at the water table, however,
thereisadlight vertically downward flow in most areas. The
lakes and streams exert a strong influence on the location and
magnitude of vertical flow, asshowninfigure 15. Inlayer 2, the
good hydraulic connection with the lakebed resultsin an amost
flat horizontal hydraulic gradient in head beneath the lakes
(fig. 14B). Ground water dischargesinto the lakes in the north-

ern (upgradient) parts of both lakes, and the lakes |ose water
(and recharge the aquifer) in the southern (downgradient) parts
of the lakes. The model calculated steady-state stage in lake 1
was 45.0 ft and in lake 2 was 37.1 ft. Stream segment 1 was
mostly a gaining stream (leakage across streambed was from
ground water), and stream segment 2 was losing such that out-
flow from thelast reachin segment 2 wasonly half of theinflow
fromlake 1. Stream segment 3 was mostly gaining and outflow
from this segment was only from ground-water leakage. Lastly,
stream segment 4 was alosing stream and leakage was from
the stream to ground water in every reach. Flow into and out
of each stream segment and reach is documented in the main
MODFLOW listing in Appendix 3. Gaining and losing seg-
ments can a so be inferred from hydraulic head contours near
each stream segment (fig. 14).

MODFLOW-GWT required 1,229 time increments to
solve the transport equation for a 25-year stress period. The
solution used the explicit dispersion solver, 27 particlesper cell,
and avalueof CELDI S=0.50 (CELDI Sisdefinedin Konikow
and others, 1996). The calculated concentration in lake 1 and
in the outflow from the last reach in stream segments 2, 3, and
4 during the 25-year simulation period are shown in figure 16.
(This plot was constructed from the output files from the
Gage Package after converting the output units of time in days
totimein years.) Note that because stream segment 2 lost
flow to ground water in al reaches and its only source was
inflow from lake 1, solute concentration in the outflow from the
last reach in stream segment 2 was equal to the concentrationin
the discharge from lake 1 (fig. 16). The small amount of noise
in the calculated concentrations is common in numerical solu-
tions to the solute-transport equation based on the method of
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Figure 14. Contours of simulated steady-state heads in (A) layer 1 and (B) layer 2 for test simulation 2.

characteristics, and reflectsaslight loss of precision rather than
aloss of accuracy. The leading edge of the plume reaches the

upstream edge of lake 1 after about 4 years, at which time the

concentration in the lake beginsto increase rapidly. After about
22 years, the part of the plume close to the source and near the
lake has stabilized and the concentration in the lake reaches an
equilibrium concentration of 37.4 pg/L.

Asthe lake concentration increases, it in turn actsas a
source of contamination to the aquifer in the areas where the
lake is asource of water to the aquifer. Although the lake sig-
nificantly dilutesthe contaminantsthat enter it from the aquifer,
the lake and the stream segments downstream from it in effect
provide ashort circuit for therelatively fast transmission of low
levels of the contaminant. Thisis evident in figure 17, which
shows the computed solute distributionsin layers 1, 3, and 5

after 25 years. Thelow-concentration part of the plume emanat-
ing from the downgradient side of lake 1 has advanced farther,
and is wider, than the main plume that emanated directly from
the source at the north edge of the model. The influence of
ground-water dischargeto stream segment 3ismost apparentin
the concentration pattern shown in figure 17A (that is, the 25
ng/L contour). Comparison of concentration levels at different
depths in the system indicates that in the southern part of the
area, concentrations generally increase with depth. In contrast,
in the northern part downgradient from the source, the highest
concentrations occur in layer 3. These various patterns result
from the dilution effect of recharge of uncontaminated water at
the water table coupled with the consequent downward compo-
nent of flow, which causesthe soluteto move slowly downward
asit migrates to the south.
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1 and 2 for steady-state conditions in test simulation 2.

Implementation of SFR1 Package with MODFLOW-2000

Implementation of SFR1 Package with
MODFLOW-2000

The SFR1 Package consists of ten subroutines that
are used for the Ground-Water Flow (GWF) Process of
MODFL OW-2000 (Harbaugh and others, 2000), three sub-
routines that are used to read and write parameters and non-
parameters, and one subroutine that checks for incompatibili-
ties with the Sensitivity Processin MODFLOW-2000. A
description of how the SFR1 Package is connected to the
Ground-Water Transport (GWT) Process of MODFL OW-
GWT isgiven in the next section. A generalized flow chart
of the main components of the SFR1 Package for the GWF
Process is shown in figure 18. Each subroutine or module
isidentified first by GWF1 (Ground-Water Flow Process),
followed by SFR1 (version 1 of the SFR1 Package), and then
followed by the division of procedures used in MODFLOW-
2000. For example, GWF1SFR1AL P is the module that
allocates space for the SFR1 Package. The standard modules
that are called from the main program are: GWF1SFR1DF,
GWF1SFR1ALP, GWF1SFR1RPP, GWF1SFR1RPS,
GWF1SFR1FM, and GWF1SFR1BD. Four additional
subroutines (modules) are used to compute stream depth
given streamflow and streamflow given stream (or lake)
depth within the formulate module (GWF1SFR1FM)
and the budget module (GWF1SFR1BD). The module
GWF1SFR1DPTH is used to compute depth given stream-
flow and the module GWF1SFR1FLW is used to compute
streamflow given depth from Manning's equation and an
eight-point cross section. The module GWF1SFR1TBD is
used to compute depth given streamflow and the module
GWF1SFR1TBF isused to compute streamflow given depth
from atable of valuesthat relate streamflow to stream depth
and width.

The MAIN program of MODFL OW-2000 has been
further modified to designate SFR” inposition 44in CUNI T.
Whenever “SFR” isused at the beginning of alinein the
NAME file, the program will use the specified unit number
and file nameto obtain information for the SFR1 Package and
will execute MODFL OW-2000 using the SFR1 Package.

Output from the SFR1 Package can be printed: (1) to the
main listing file; (2) to a separate listing file when requested
in the SFR1 input; and (or) (3) to separate files for each spec-
ified stream reach that provides atime series of selected infor-
mation using the Gage Package. Input instructions for the
Gage Package are provided at the end of theinput instructions
for the SFR1 Package in Appendix 1. Six options are avail-
able to print time series for each specified reach. Thefirst
option, OUTTYPE = 0, will print stream stage at the midpoint
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Figure 16. Changes in simulated boron concentrations in lake 1 and at the end of stream segments 2, 3, and
4 for steady ground-water flow and transient solute transport in test simulation 2.

of areach, and streamflow out and solute concentration at the
end of the selected reach. The option, OUTTYPE = 1, adds
stream depth, width, and streamflow at the midpoint of a
selected reach to the variablesin OQUTTYPE = 0. The option,
OUTTYPE = 2, adds streambed conductance, head difference
between stream and aquifer, and gradient across the streambed
to the variablesin OQUTTYPE = 0. The option, OUTTYPE = 3,
adds soluteload at the end of a selected reach to the variablesin
QUTTYPE = 0. The option, OQUTTYPE = 4, prints the times
series of al the variableslisted in OUTTYPE = 0-3. The last
option, OUTTYPE =5, isfor the first reach of adiversion and
will print atime series of stream stage, flow diverted, maximum
assigned diversion rate, flow at end of upstream segment prior
to diversion, solute concentration, and solute load at the begin-
ning of the reach. The Gage Package also can be used to print
time series data for a specified lake, and was used for the time
series graphs shown on figures 11 and 12 as well asthe time
series shown on figure 16.

The SFR1 Package has been programmed to apply leakage
from astream reach to adesignated underlying cell. If the water
level in the underlying cell becomes |ess than the bottom eleva-
tion of the cell, it becomes inactive. When this happens, SFR1
will begin searching vertically below the designated cell to find
the uppermost active cell. If it finds an active cell in the vertical
column, leakage across the streambed is applied to that cell.

If al cellsinthe vertical column beneath a stream reach are
inactive or if the cell corresponding to the stream reach isacon-
stant head cell, no interaction with ground water is allowed and
flow in the stream reach is passed to the next reach.

Integration of MODFLOW-GWT with SFR1 and LAK3
Packages

The MODFLOW-GWT model (Konikow and others,
1996; Kipp and others, 1998), which includesthe GWT Process
for MODFL OW-2000, has been modified to ensure
compatibility with the SFR1 Package and the LAK3 Package
(Merritt and Konikow, 2000). The new code allows the model
to calculate the concentration of a single solutein a stream net-
work and in lakes based on a mass-balance approach in which
all inflowsand outflows of both water and solute are accounted.
Thus, the model allows solute to be routed through a stream net-
work and accounts for inputs from (and leakage | osses to)
ground-water systems, in which the solute concentration may
vary in space and time. The major steps in the calculation pro-
cedure of MODFLOW-GWT with the integrated SFR1 and
LAK3 Packages areillustrated in figure 19.

The SFR1 Package includes a number of output control
parametersthat control the frequency and type of output written
to the MODFLOW listing file or to separate output files. These
parameters also control the frequency of writing output related
to the solute calculations. Output related to solute transport,
however, iswritten to the GWT listing file (FTYPE = CLST).
Solute output from the SFR1 Package is also controlled by the
GWT output control parameter NPNTCL , whichisaflag for fre-
guency of printing concentration data. Also, if the Gage Pack-
age isimplemented simultaneously with MODFLOW-GWT
and the SFR1 Package, solute concentration at the location of
the “gage” will be recorded (in addition to other model results)
at the end of every transport time increment.
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Summary

The new Streamflow-Routing (SFR1) Package has several
enhancements over the previous Stream (STR1) Package. A
new capability isthe linking of the SFR1 Package to the Lake
(LAK?3) Package and the Ground-Water Transport (GWT)
Process of MODFLOW-2000 (MODFLOW-GWT). An impor-
tant difference between the SFR1 Package and the previous the
STR1 Package isthat stream depth is computed at the midpoint
of the reach in the SFR1 Package instead of at the beginning of
areach. Thisapproach allowsfor the addition of water along the
reach from precipitation and overland flow and the removal of
water by evapotranspiration, in addition to simulating |eakage
through the streambed. Because streamflow and depth at the
midpoint of a stream reach are dependent on leakage through
the streambed, stream depth, and leakage are solved using
Newton’s method.

Streams are divided into segments and reaches. A stream
segment is a group of reaches that have similar properties
(streambed hydraulic conductivity, streambed geometry,
precipitation, evaporation, and overland runoff) and solver
(I CALC) options, but only have inflow from tributary streams
at the beginning of the segment and outflow from diversions
either at the beginning of a segment (such as apoint diversion
into apipeline) or at the end of a segment (such as an unlined
cana or asplitinthe natural stream channel). A reachisthe part
of a segment that iswithin asingle model cell. Several stream
reaches (corresponding to different stream segments) can be
within asingle cell but asingle reach cannot interact with more
than one cell.

The program alowsfor five options for simulating stream
depth at the midpoint of areach. For thefirst option, stream
depth is specified and remains constant unless flow at the mid-
point of areach is zero, then stream depth is set to zero. For the
second option, stream depth is computed using Manning's
equation assuming a wide rectangular channel. For the third
option, stream depth, width, and wetted perimeter are computed
using Manning' s equation assuming an eight-point cross sec-
tion. For the fourth option, stream depth and width are com-
puted using power functions to relate depth and width to flow.
For the last option, stream depth and width are computed using
atableof valuesthat rel ate depth and width to flow. Each stream
segment can use adifferent option for computing stream depth.
Also, outflow from lakes (defined by the L AK 3 Package) can be
computed using any of thefive optionson the basis of 1ake stage
and streambed elevation at the beginning of the first reach that
corresponds to the lake outlet. In this case, the outflow com-
puted from the lake is routed into the first reach of an outlet
stream segment.

When Manning’ s equation with the eight-point cross sec-
tion is used to compute stream depth, streambed conductance
can vary asafunction of the wetted perimeter. When the power
functions or the table of values are used to relate streamflow to
stream depth and width, streambed conductance can vary asa
function of width. This means that the streambed conductance
no longer needsto be recomputed separately whenever the area
of the streambed changes as a function of flow.

Several options have been added for the diversion of water
from a stream. For the first option, specified flow is diverted
from the stream unless flow in the stream is less than that spec-
ified for the diversion, in which case al available flow is
diverted from the stream. The second option is the same as the
first, except when flow in the stream is less than that specified,
in which case no flow is diverted from the stream. For the third
option, apercentage of flow isdiverted from the stream. For the
last option, water is diverted only when flow in the stream
exceeds a specified rate. The last option typically is used for
flood control.

MODFLOW-GWT has been modified for compatibility
with the SFR1 Package. When the GWT Processis activated in
combination with the SFR1 Package, the concentration of a
single solute is computed in a stream network using a mass-
bal ance approach, in which all inflows and outflows of both
water and solute are accounted for. Thus, the model allows
solute to be routed through a stream network and accounts for
inputs from (and leakage losses to) ground-water systems, in
which the solute concentration may vary in space and time.
Also, solute transport can be simulated between ground water
and a network of streams and |akes.

The assumption that streamflow and associated dissolved
solutes are routed between stream reaches only on the basis
of continuity may limit the applicability of SFR1. The SFR1
Package is designed for modeling long-term changes (months
to hundreds of years) in ground-water flow and solutes using
averaged flowsin streams. The approach generally is reason-
able because ground-water flow velocitiesare usually much less
than flow velocities in open channels. The SFR1 Package (nor
STR1) isnot recommended for modeling thetransient exchange
of water between stream reaches and shallow ground water
when the objective is to examine short-term (minutes to days)
effects caused by rapidly changing streamflows, in which
changes in storage in the stream channel are important. The
assumption that solutes are completely mixed within each
stream reach has general applicability for many small streams,
but may not be applicable for large rivers or when simulating
short-term effects caused by rapidly changing streamflows.
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APPENDIX 1: DATA INPUT INSTRUCTIONS FOR
STREAMELOW-ROUTING (SFR1) PACKAGE

MODFLOW Name File

Streamflow routing is activated by including a record in the MODFLOW name file
using the file type (Ftype) “SFR” to indicate that relevant calculations are to be made in the
model and to specify the related input data file. The user can optionally specify that stream
gages and monitoring stations are to be represented at one or more locations along a stream
channel by including a record in the MODFLOW name file using the file type (Ftype)
“GAGE” that specifies the relevant input data file giving locations of gages. The SFR1
Package is compatible with MODFLOW-2000 (Harbaugh and others, 2000), but not with
earlier versions of MODFLOW.

Streamflow-Routing Package Input Data

The SFR1 Package input file consists of input items numbered from 0 through 7,
each consisting of one or more records, as described in detail below. These data are used to
specify information about the locations, interconnections, flows, physical and hydraulic
properties of the streambed, and possibly solute concentrations associated with the streams,
as well as specifying certain output control options.

All input variables are read using free formats, unless specifically indicated
otherwise. In free format, variables are separated by one or more spaces or by a comma and
optionally one or more spaces. Thus in free format, a blank field cannot be used to set a
variable value to zero.

Parameters can be used to define the streambed hydraulic conductivity (refer to
Harbaugh and others, 2000, p. 4 and p. 12-18 for an explanation of parameters used in
MODFLOW-2000); however, the current version of the SFR1 Package is only partially
compatible with the Sensitivity and Parameter-Estimation Processes of MODFLOW-2000
(Hill and others, 2000). Although SFR-type parameters may be listed in the Sensitivity
Process input file, the program does not support calculation of sensitivities for, or
estimation of, parameters defined in SFR1. Therefore, SFR-type parameters listed in the
Sensitivity Process input file may not have 1SENS values greater than zero; also, when an
SFR-type parameter is listed in the Sensitivity Process input file, ISENALL may not be
greater than zero. More importantly, when the SFR1 Package is used, parameters defined in
packages other than SFR1 can have sensitivities calculated or be estimated only when
ICALC is specified as either 0 or 1 for all stream segments in the SFR1 Package.

When parameters are to be used, NSFRPAR of Item 1 (below) must be greater than
zero, and Items 3, 4, and 7 must be present. Parameter definitions are supplied in Items 3
and 4, and parameters are activated each stress period in Item 7. In addition to the
parameter-controlled segments activated by Item 7, non-parameter-controlled segments
may be specified each stress period by setting 1 TMP of Item 5 greater than zero and
providing I TMP repetitions of Item 6. When parameters are not to be used, NSFRPAR must
equal zero, and Items 3, 4, and 7 must be omitted; in this situation, streams are simulated
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using only 1 TMP and repetitions of Item 6. In each stress period, the sum of 1'TMP plus the
sum of all NLST values in Item 3 associated with the NP parameters listed in Item 7 must
equal or be less than (if some stream segments are inactive) the total number of stream
segments in the stream network (NSS of Item 1). Stream segments defined by Items 3, 4
and 7 cannot be repeated using 1 TMP and Item 6.

FOR EACH SIMULATION:

0. Data:

Text

[#Text]

A character variable (up to 199 characters) that is printed when the file is read.

The “#” character must be in column 1, and, accordingly, the variable starts
in column 2. Any characters can be included in Text.

Note 1: Item 0 can be repeated multiple times.

1. Data: NSTRM NSS NSFRPAR NPARSEG CONST DLEAK ISTCB1 ISTCB2

NSTRM

NSS

NSFRPAR

NPARSEG

CONST

DLEAK

An integer value equal to the number of stream reaches (finite-difference

cells) that are active during the simulation. The value of NSTRM also
represents the number of lines of data to be included in Item 2, described
below.

An integer value equal to the number of stream segments (consisting of one or

more reaches) that are used to define the complete stream network. The
value of NSS represents the number of segments that must be defined
through a combination of parameters and repetitions of Item 6 every stress
period.

An integer value equal to the number of stream parameters (associated with

one or more segments) to be defined.

An integer value equal to (or exceeding) the number of stream-segment

definitions associated with all parameters. This number can be more than
the total number of segments (NSS) in the stream network because the
same segment can be defined in multiple parameters, and because
parameters can be time-varying. NPARSEG must equal or exceed the sum
of NLST x N for all parameters, where N is the greater of 1 and NUMINST;
that is, NPARSEG must equal or exceed the total number of repetitions of
item 4b.

A real value (or conversion factor) used in calculating stream depth for stream

reach. If stream depth is not calculated using Manning’s equation for any
stream segment (that is, ICALC does not equal 1 or 2), then a value of zero
can be entered. If Manning’s equation is used, a constant of 1.486 is used
for flow units of cubic feet per second, and a constant of 1.0 is used for
units of cubic meters per second. The constant must be multiplied by
86,400 when using time units of days in the simulation. An explanation

of time units used in MODFLOW is given by Harbaugh and others

(2000, p. 10.)

A real value equal to the tolerance level of stream depth used in computing

leakage between each stream reach and active model cell. Value is in units
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of length. Usually a value of 0.0001 is sufficient when units of feet or
meters are used in model.

ISTCB1  Aninteger value used as a flag for writing stream-aquifer leakage values. If
ISTCB1 >0, it is the unit number to which unformatted leakage between
each stream reach and corresponding model cell will be saved to a file
whenever the cell-by-cell budget has been specified in Output Control (see
Harbaugh and others, 2000, pages 52-55). If ISTCB1 = 0, leakage values
will not be printed or saved. If ISTCB1 <0, all information on inflows and
outflows from each reach; on stream depth, width, and streambed
conductance; and on head difference and gradient across the streambed will
be printed in the main listing file whenever a cell-by-cell budget has been
specified in Output Control.

ISTCB2  Aninteger value used as a flag for writing to a separate formatted file all
information on inflows and outflows from each reach; on stream depth,
width, and streambed conductance; and on head difference and gradient
across the streambed. If ISTCB2 > 0, then 1STCB2 also represents the
unit number to which all information for each stream reach will be saved to
a separate file when a cell-by-cell budget has been specified in Output
Control. If ISTCB2 <0, information will not be saved to a separate file.

Note 2: The first two variables (NSTRM and NSS) are used for dimensioning arrays, and
must be equal to the actual number of stream reaches defined in Item 2 and the number of
segments that define the complete stream network, respectively.

Note 3: The SFR1 Package differs from the previous Stream (STR1) Package because the
new package solves for stream depth at the midpoint of each reach instead of at the
beginning of the reach. To solve for depth at the midpoint of each reach, the SFR1 Package
uses Newton’s iterative method and consequently, a tolerance (DLEAK) is used for stopping
the iterative process within the SFR1 Package.

One record for each stream reach:

2. Data: KRCH IRCH JRCH ISEG IREACH RCHLEN

KRCH An integer value equal to the layer number of the cell containing the stream
reach.

IRCH An integer value equal to the row number of the cell containing the stream
reach.

JRCH An integer value equal to the column number of the cell containing the stream
reach.

ISEG An integer value equal to the number of stream segment in which this reach is

located. Stream segments contain one or more reaches and are assumed to
have uniform or linearly varying characteristics.

IREACH  Aninteger value equal to the sequential number in a stream segment of this
reach (where a reach corresponds to a single cell in the model). Numbering
of reaches in a segment begins with 1 for the farthest upstream reach and
continues in downstream order to the last reach of the segment.
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RCHLEN A real number equal to the length of channel of the stream reach within this
model cell. The length of a stream reach can exceed the model cell
dimensions because of the meandering nature of many streams. The length
is used to calculate the streambed conductance for this reach. Also, the sum
of the lengths of all stream reaches within a segment is used to calculate the
average slope of the channel for the segment and subsequently other values,
such as the elevation of the streambed and stream stage.

Note 4: Records are read in sequential order from upstream to downstream, first by
segments, and then sequentially by reaches. Segments should be numbered in downstream
order but is not an absolute necessity. If the segments are not numbered in downstream
order, the inflows and outflows from each segment will still be computed but the computed
inflows into a segment from upstream tributary streams having a higher segment number
will be from the previous iteration. Reaches must be listed and read in sequentially because
the order determines the connections of inflows and outflows within a stream segment.

Note 5: The stream network is assumed to remain fixed geometrically over the duration of
a simulation. The active part of the stream network, however, can be made to vary over
time by making selected stream segments inactive for selected stress periods. This would
be implemented by setting the streambed hydraulic conductivity, segment inflow, overland
runoff, and direct precipitation to zero for the inactive segments in Item 4 for the specific
stress periods when they are known to be inactive or dry.

Note 6: If the model cell corresponding to a stream reach is inactive, the program will
search for the uppermost active cell in the vertical column to apply the leakage. If there are
no active cells or if the cell is a constant head, no interaction is allowed and flow in the
reach is passed to the next reach.

When NSFRPAR = 0, skip Items 3 and 4 and enter all stream segment data
using Iltems 5 and 6; and

When NSFRPAR > 0, Items 3 and 4 are repeated NSFRPAR times:
3. Data: PARNAM PARTYP Parval NLST [I NSTANCES NUMINST]

PARNAM A set of characters used to name a parameter to be defined. This name can
consist of 1 to 10 characters and is not case sensitive. That is, any
combination of the same characters with different cases will be equivalent.

PARTYP Type of parameter to be defined. For the SFR1 Package, the only allowed
parameter type is SFR, which defines values of the streambed hydraulic
conductivity.

Parval A real number that is a parameter value that may be overridden by a value in
the Sensitivity Process input file or by a value generated by the Parameter-
Estimation Process.

NLST An integer value that is the number of stream segments associated with this
parameter (this value also indicates how many times Item 4 is repeated in
the next block of input data).
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| NSTANCES An optional keyword that designates a parameter as time varying. The
keyword is case-insensitive; that is, it may be entered in any combination
of upper- and lower-case letters. If | NSTANCES is present, it must be
followed by a value for NUMINST. If | NSTANCES is absent, PARNAM is
non-time-varying and NUMINST should not be present.

NUMINST  An integer value that is the number of instances that are included in the
definition of a time-varying parameter, where each instance is a sequence
of Item 4 (Parts 4b through 4g) defining reaches and associated properties.
If the keyword | NSTANCES is present, NUMINST must be present and
must be at least 1. If the keyword | NSTANCES is absent, NUMINST
should not be present.

When PARNAMis not time-varying, Part 4a is not read, and Parts 4b through
4qg are read sequentially for each of NLST stream segments; and

When PARNAMis time-varying, NUM NST instances are read. For each
instance, Part 4a is read, and then Parts 4b through 4g are read
sequentially for each of NLST stream segments (see notes 7 and 8):

4a. Data: {INSTNAM}

INSTNAM  The name of an instance associated with the parameter PARNAM specified in
the corresponding Item 3 (INSTNAM is read only if PARNAM is time-
varying). The name can consist of 1 to 10 characters and is not case
sensitive. That is, any combination of the same characters with different
case will be equivalent. Names entered for INSTNAM must be unique for
any given parameter, but names may be reused for instances associated
with different parameters.

4b. Data: NSEG ICALC OUTSEG IUPSEG {IPRIOR} {NSTRPTS} FLOW
RUNOFF ETSW PPTSW {ROUGHCH} {ROUGHBK} {CDPTH}
{FDPTH} {AWDTH} {BWDTH}

NSEG An integer value of the stream segment for which information is given to
identify inflow, outflow, and computation of stream depth.

ICALC An integer value used to indicate method used to calculate stream depth in this
segment.

* If ICALC <0, stream depth in each reach is specified at the beginning of
a stress period and remains unchanged unless flow at the midpoint of a
reach is zero, then depth is set to zero in that reach.

* If ICALC > 0, stream depth is calculated and updated each iteration of the
MODFLOW solver within a time step.

* If ICALC =1, stream depth is calculated using Manning’s equation and
assuming a wide rectangular channel.

 If ICALC = 2, stream depth is calculated using Manning’s equation and
assuming an eight-point channel cross section for each segment (which
allows for the computation of a wetted perimeter and for changing
hydraulic conductance of the streambed in relation to changes in flow).
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* If ICALC = 3, stream depth and width are calculated using a power
function relating each to stFrDngTrnflow (Q) using equations 8 andBE»\)N%/\mere —
DEPTH(y) =CDPTH x Q and WIDTH(w) = AWDTH x Q

* If ICALC = 4, stream depth and width are calculated using a table relating
streamflow to depth and width (the table is defined in Part 4f).

OUTSEG  Aninteger value of the downstream stream segment that receives tributary
inflow from the last downstream reach of this segment. If this segment
(identified by NSEG) does not feed (or discharge into) another downstream
(tributary) segment, then enter a value of "0" for this variable (Segment 7 in
figure 3 is an example for which OUTSEG = 0). If the segment ends within
the modeled grid and OUTSEG = 0, outflow from the segment is not routed
anywhere and is no longer part of the stream network. One may wish to use
this if all flow in the stream gets diverted into a lined canal or into a pipe. If
the flow out of this segment discharges into a lake, set OUTSEG equal to
the negative value of the lake identification number (where the minus sign
is used as a flag to tell the model that flow enters a lake rather than a
tributary stream segment).

IUPSEG  An integer value of the upstream segment from which water is diverted (or
withdrawn) to supply inflow to this stream segment if this segment
originates as a diversion from an upstream segment. If the source of a
stream segment is discharge from a lake, set lUPSEG equal to the negative
value of the lake identification number (where the minus sign is used as a
flag to tell the model that streamflow into this segment is derived from lake
outflow rather than a stream segment). If this stream segment (identified by
NSEG) does not receive inflow as a diversion from an upstream segment,
then set IUPSEG = 0.

IPRIOR  Aninteger value that only is specified if TUPSEG > 0 (do not specify a value
in this field if IUPSEG =0 or ITUPSEG < 0). IPRIOR defines the
prioritization system for diversion, such as when insufficient water is
available to meet all diversion stipulations, and is used in conjunction with
the value of FLOW (specified below).

* When IPRIOR =0, then if the specified diversion flow (FLOW) is greater
than the flow available in the stream segment from which the diversion is
made, the diversion is reduced to the amount available, which will leave no
flow available for tributary flow into a downstream tributary of segment
1UPSEG.

* When IPRIOR = -1, then if the specified diversion flow (FLOW) is
greater than the flow available in the stream segment from which the
diversion is made, no water is diverted from the stream. This approach
assumes that once flow in the stream is sufficiently low, diversions from
the stream cease, and is the "priority" algorithm that originally was
programmed into the STR1 Package (Prudic, 1989).

* When IPRIOR = -2, then the amount of the diversion is computed as

a fraction of the available flow in segment IUPSEG; in this case,

FLOW is a value between 0 and 1.

* When IPRIOR = -3, then a diversion is made only if the streamflow
leaving segment TUPSEG exceeds the value of FLOW. If this occurs, then
the quantity of water diverted is the excess flow and the quantity that flows
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from the last reach of segment 1UPSEG into its downstream tributary
(OUTSEG) is equal to FLOW. This represents a flood-control type of
diversion, as described by Danskin and Hanson (2002).

NSTRPTS An integer value specified only when 1CALC = 4. It is used to dimension a
table relating streamflow with stream depth and width as specified in Items
4e and 6e. NSTRPTS must be at least 2 but not more than 50. If the table
exceeds 3 x 50 (for streamflow, stream depth, and width) values, then
MAXPTS in the allocation subroutine GWF1SFR1ALP will need to be
increased from 3 x 50 to 3 x (the desired maximum value).

FLOW A real number that is the streamflow (in units of volume per time) entering or
leaving the upstream end of a stream segment (that is, into the first reach).
o If the stream is a headwater stream, FLOW defines the total inflow to the
first reach of the segment. The value can be any number > 0.

* If the stream is a tributary stream, FLOW defines additional specified
inflow to or withdrawal from the first reach of the segment (that is, in
addition to the discharge from the upstream segment of which this is a
tributary). This additional flow does not interact with the ground-water
system. For example, a positive number might be used to represent direct
outflow into a stream from a sewage treatment plant, whereas a negative
number might be used to represent pumpage directly from a stream into an
intake pipe for a municipal water treatment plant. (Also see additional
explanatory notes below.)

* If the stream is a diversionary stream, and the diversion is from another
stream segment, FLOW defines the streamflow diverted from the last reach
of stream segment 1UPSEG into the first reach of this segment. The
diversion is computed or adjusted according to the value of IPRIOR,

* If the stream is a diversionary stream, and the diversion is from a lake,
FLOW defines a fixed rate of discharge diverted from the lake into the first
reach of this stream segment (unless the lake goes dry) and flow from the
lake is not dependent on the value of ICALC. However, if FLOW = 0, then
the lake outflow into the first reach of this segment will be calculated on
the basis of lake stage relative to the top of the streambed for the first reach
using one of the methods defined by I1CALC.

RUNOFF A real number that is the volumetric rate of the diffuse overland runoff that
enters the stream segment (in units of volume per time). The specified rate
is apportioned to each reach of the segment in direct relation to the fraction
of the total length of the stream channel in the segment that is present in
each reach.

ETSW A real number that is the volumetric rate per unit area of water removed by
evapotranspiration directly from the stream channel (in units of length per
time). ETSW is defined as a positive value.

PPTSW A real number that is the volumetric rate per unit area of water added by
precipitation directly on the stream channel (in units of length per time).

ROUGHCH A real number that is Manning's roughness coefficient for the channel in all
reaches in this segment. This variable is only specified if ICALC =1 or 2.

ROUGHBK A real number that is Manning's roughness coefficient for the overbank areas
in all reaches in this segment. This variable is only specified if 1CALC = 2.
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CDPTH A real number that is the coefﬁment used in the equatlon
(DEPTH = CDPTH x Q )that relates stream depth in all reaches in this
segment to streamflow. This variable is only specified if ICALC = 3.

FDPTH A real number that is the coefﬁment used in the equatlon
(DEPTH = CDPTH x Q )that relates stream depth in all reaches in this
segment to streamflow. This variable is only specified if ICALC = 3.

AWDTH A real number that is the CE%fﬁment used in the equation:
(WIDTH = AWDTH x ) that relates stream width in all reaches in this
segment to streamflow This variable is only specified if ICALC = 3.

BWDTH A real number that is the coefﬁment used in the equation:
(WIDTH = AWDTH x ) that relates stream width in all reaches in this
segment to streamflow This variable is only specified if ICALC = 3.

4c. Data: Hclfact THICKM1 ELEVUP {WIDTH1} {DEPTH1}

Hclfact A real number that is a factor used to calculate hydraulic conductivity of the
streambed at the upstream end of this segment from the parameter value (in
units of length per time).

THICKM1 A real number that is the thickness of streambed material at the upstream end
of this segment (in units of length).

ELEVUP A real number that is the elevation of the top of the streambed at the upstream
end of this segment (in units of length).

WIDTH1 A real number that is the average width of the stream channel at the upstream
end of this segment (in units of length). This variable is only specified if
ICALC<1.

DEPTH1 A real number that is the average depth of water in the channel at the
upstream end of this segment (units of length). This variable is only
specified if ICALC =0, in which case the stream stage in a reach is
assumed to equal the elevation of the top of the streambed plus the depth of
water.

4d. Data: Hc2fact THICKM2 ELEVDN {WIDTH2} {DEPTH2}

Hc2fact A real number that is the factor used to calculate hydraulic conductivity of the
streambed at the downstream end of this segment from the parameter value
(units of length per time).

THICKM2 A real number that is the thickness of streambed material at the downstream
end of this segment (untis of length).

ELEVDN A real number that is the elevation of the top of the streambed at the
downstream end of this segment (units of length).

WIDTH2 A real number that is the average width of the stream channel at the down-
stream end of this segment (units of length). This variable is only specified
if ICALC<1.

DEPTH2 A real number that is the average depth of water in the channel at the down-
stream end of this segment (units of length). This variable is only specified
if ICALC =0, in which case the stream stage in a reach is assumed to equal
the elevation of the top of the streambed plus the depth of water.
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If | CALC= 2:
4e . Data: XCPT1 XCPT2 ... XCPT8
Data: ZCPT1 ZCPT2 ... ZCPTS8
XCPTi A real number that is the distance relative to the left bank of the stream

channel (when looking downstream) for the eight points (XCPT1 through
XCPT8) used to describe the geometry of this segment of the stream
channel. By definition, location XCPT1 represents the left edge of the
channel cross section, and its value should be set equal to 0.0; values
XCPT2 through XCPT8 should equal to or be greater than the previous
distance. See figures 4 or 9 for examples.

ZCPTi A real number that is the height relative to the top of the lowest elevation of
the streambed (thalweg). One value (ZCPT1 through ZCPT8) is needed for
each of the eight horizontal distances defined by XCPTi . The location of
the thalweg (set equal to 0.0) can be any location from XCPT2 through
XCPT7.

If | CALC = 4:

4f . Data: FLOWTAB(1) FLOWTAB(2) .. FLOWTAB(NSTRPT)
Data: DPTHTAB(1) DPTHTAB(2) .. DPTHTAB(NSTRPTS)
Data: WDTHTAB(1) WDTHTAB(2) .. WDTHTAB(NSTRPTS)

FLOWTAB A real number that is the streamflow (units of volume per time) related to a
given depth and width. One value is needed for each streamflow that has a
corresponding value of depth and width up to the total number of values
used to define the table—FLOWTAB (1) through FLOWTAB(NSTRPTS).
NSTRPTS is defined in Part 4b .

DPTHTAB A real number that is the average depth (units of length) corresponding to a
given flow. The number and order of values, DPTHTAB (1)through
DPTHTAB(NSTRPTS)must coincide with the streamflow values
(FLOWTAB)listed on the line immediately preceding.

WDTHTAB A real number that is the stream width (units of length) corresponding to a
given flow. The number and order of values, WDTHTAB (1)through
WDTHTAB(NSTRPTS), must coincide with the streamflow values
(FLOWTAB) listed on first line in Part 4f.

If Ground-Water Transport (GWT) Process is active (Ftype “GWT” exists),
then read Part 4g NSOL times (where NSOL is the number of solutes
being simulated, see note 15):

4g. Data: {CONCQ(NSOL)} CONCRUN(NSOL) CONCPPT(NSOL)

CONCQ A real number that is the solute concentration associated with “FLOW” (Part
4b—specified flow entering the upstream end of the stream segment). Only
specify this variable for stream segments where 1TUPSEG = 0.
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CONCRUN A real number that is the solute concentration in the overland runoff entering
the stream segment.

CONCPPT A real number that is the solute concentration in precipitation that directly
falls onto the stream surface.

NSOL An integer value that is the number of solutes that are being simulated. The
version of the Ground-Water Flow (GWT) Process for MODFLOW-2000
(MODFLOW-GWT) documented by Konikow and others (1996) is limited
to simulating one solute, and until a new version is released, NSOL must
be 1.

Note 7: Item 4, Parts 4b through 4g must be completed sequentially for each of the NLST
stream segments; that is, Parts 4b through 4g for one stream segment must be entered
before Parts 4b through 4g of the next stream segment. However, the data for stream
segments need not be entered sequentially by stream segment number. For example, data
for stream segment 2 can be entered before data for stream segment 1.

Note 8: When the defined parameter (PARNAM) is not time-varying, Item 4, Part 4a is
omitted, and each stream segment controlled by parameter PARNAM is defined by one
sequence of Parts 4b through 4g. When the defined parameter (PARNAM) is time-varying,
Item 4, Parts 4a through 4g must be completed for each of NUMINST instances. For each
instance, Part 4a is defined followed by Parts 4b through 4g for each of the NLST stream
segments associated with that instance. For example, NUMINST =2, NLST =3, ICALC=1
and the GWT Process is inactive, the sequence of records for Item 4 would be: 4a, 4b, 4c,
4d, 4b, 4c, 4d, 4b, 4c, 4d, 4a, 4b, 4c, 4d, 4b, 4c, 4d, 4b, 4c, and 4d.

Note 9: Record 4b will contain 8 to 13 variables; depending on the values of 1CALC and
I1UPSEG. (1CALC determines how stream depth is to be calculated; when 1CALC is 1 or 2,
depth is calculated using Manning's equation, which, in turn, requires a channel roughness
coefficient (ICALC = 1) or a channel and bank roughness coefficient (ICALC = 2).
Similarly, Parts 4c and 4d will include 3 to 5 values.

Note 10: A stream segment that receives inflow from upstream segments is allowed to have
as many as ten upstream segments feeding it, as defined by the respective values of
OUTSEG in Part 4b.

Note 11: Stream properties and stresses defined in Parts 4b are assumed constant and
uniform within a single stream segment. Additionally, hydraulic conductivity, streambed
thickness, elevation of top of streambed, stream width, and stream depth may vary
smoothly and linearly within a single stream segment. For these variables, data values at
the upstream end of the segment are described in Part 4c and data values at the downstream
end of the segment are described in Part 4d. Values of these variables for individual
reaches of a segment are estimated using linear interpolation. To make any variable the
same throughout the segment, simply specify equal values in Parts 4c and 4d. The two
elevations in Parts 4c and 4d are used in conjunction with the total length of the stream
segment (calculated from RECHLEN given for each reach in Item 2) to compute the slope
of the stream and the elevations for any intermediate reaches. The streambed thickness is
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subtracted from the top of streambed elevations to calculate the elevations of the bottom of
the streambed (used in calculations of leakage).

Note 12: If Part 4e is included (for ICALC = 2), it is assumed that the cross-sectional
geometry defined by these data is the same over the entire length of the segment. Similarly,
if Part 4f is included (for ICALC = 4), it is assumed the tabulated relation between
streamflow and stream depth and width is the same over the entire length of the segment.

Note 13: If the Lake (LAK3) Package is also implemented, then flow out of the lake into

a stream segment is dependent on the option used to compute stream depth (ICALC =1, 2,
3, or 4). Constant discharge from a lake can be simulated no matter what value of ICALC is
assigned to the stream segment emanating from the lake by assigning a positive value to
FLOW in Part 4b.

Note 14: If a diversionary flow is large enough to warrant representation in the model, but
is discharged into a pipeline, lined canal, or other structure or system that does not interact
with the aquifer and the flow might exceed the available streamflow, then there is an
alternative means to represent it. Instead of specifying a negative value of FLOW, we
suggest representing the withdrawal by a single-reach diversionary stream segment, which
would be located in the same model cell as the reach from the upstream segment (1UPSEG)
from which the diversion is made; specifying the segment's streambed hydraulic
conductivity equal to 0 will preclude interaction with the aquifer and setting OUTSEG =0
will remove the flow from the system. The diversion will then be subject to the constraints
associated with the value of 1PRIOR.

Note 15: The version of MODFLOW-GWT documented by Konikow and others (1996) is
limited to simulating one solute, and until a new multi-species version is released, NSOL
automatically defaults to a value of 1.

FOR EACH STRESS PERIOD:
5. Data: ITMP IRDFLG IPTFLG {\P}

ITMP An integer value for reusing or reading stream segment data that can change
each stress period. 1 TMP = 0 when all stream segment data is defined by
Item 4 (NSFRPAR > 0; number of stream parameters is greater than 0). If
I TMP < 0, then stream segment data not defined in Item 4 will be reused
from the last stress period (Item 6 is not read for the current stress period).
If ITMP > 0, then stream segment data not defined in Item 4 (for a number
of segments equal to the value of 1TMP) will be defined in Item 6 below.
I TMP must be defined > 0 for the first stress period of a simulation.

IRDFLG  An integer value for printing input data specified for this stress period. If
IRDFLG = 0, input data for this stress period will be printed. If IRDFLG >
0, then input data for this stress period will not be printed.

IPTFLG  Aninteger value for printing streamflow-routing results during this stress
period. If IPTFLG = 0, or whenever the variable 1CBCFL is specified, the
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results for specified time steps during this stress period will be printed. If
IPTFLG > 0, then the results during this stress period will not be printed.

NP An integer value of the number of parameters used in the current stress period.
The parameters being used are subsequently listed in Item 7 below. NP and
Item 7 below are not read when NSFRPAR = 0.

Note 16: In each stress period, the sum of 1TMP plus the sum of all NLST values in Item 3
associated with the NP parameters listed in Item 7 must equal or be less than (some stream
segments may not be active during a stress period) the total number of stream segments in
the stream network (NSS of Item 1). Stream segments defined by Items 3, 4, and 7 cannot
be repeated using 1 TMP and Item 6.

If | TMP > 0O:

6a. Data: NSEG ICALC OUTSEG IUPSEG {IPRIOR} {NSTRPTS} FLOW
RUNOFF ETSW PPTSW {ROUGHCH} {ROUGHBK} {CDPTH}
{FDPTH} {AWDTH} {BWDTH}

See Item 4, Part 4b for variable definitions.
6b. Data: HCOND1 THICKM1 ELEVUP {WIDTH1} {DEPTH1}
HCOND1  Hydraulic conductivity of the streambed at the upstream end of this segment

(units of length per time).

See Item 4, Part 4c for definitions of variables THICKM1, ELEVUP, WIDTH1, and
DEPTH1.

6c. Data: HCOND2 THICKM2 ELEVDN {WIDTH2} {DEPTH2}

HCOND2  Hydraulic conductivity of the streambed at the downstream end of this
segment (units of length per time).

See Item 4, Part 4d for definitions of variables THICKM2, ELEVDN, WIDTH2, and

DEPTHZ2.

If | CALC = 2:

6d. Data: XCPT1l XCPT2 ... XCPT8
Data: ZCPT1 ZCPT2 ... ZCPT8

See Item 4, Part 4e for variable definitions.

If | CALC = 4:

6e. Data: FLOWTAB(1) FLOWTAB(2) ... FLOWTAB(NSTRPTS)
Data: DPTHTAB(1) DPTHTAB(2) ... DPTHTAB(NSTRPTS)
Data: WDTHTAB(1) WDTHTAB(2) ... WDTHTAB(NSTRPTS)

See Item 4, Part 4f for variable definitions.
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If Ground-Water Transport (GWT) Process is active (Ftype “GWT” exists),
then read Part 4g NSOL times (where NSOL is the number of solutes
being simulated):

6f . Data: {CONCQ(NSOL)} CONCRUN(CNSOL) CONCPPT(NSOL)
See Item 4, Part 4g for variable definitions.

Note 17: Item 6 must be completed 1 TMP times. The data need not be defined in sequential
order by stream segment number. All active segments in the stream network must be
defined for each stress period through a combination of 1'TMP and Item 6 and NP and

Item 7.

Note 18: If ITMP <0, then Item 6 is excluded for this stress period. If ITMP <0, then
values for Item 6 from the previous stress period are reused. If ITMP =0, then no Item 6
records are read, and all segments must be defined using parameters.

Note 19: If Item 6, Part 6f is included because solute transport is being simulated, then Part
6f should consist of one record (line) for each solute; each record must contain two or three
values; and there must be as many records as the number of solutes being simulated
(NSOL). The default value of NSOL is 1 and the presently documented version of
MODFLOW-GWT is limited to simulating one solute.

Note 20: All the explanatory notes applicable to Item 4 (except those related to parameters)
are also relevant to Item 6.

If NP > 0, then:
7. Data: Pname [Iname]

Pname The name of a parameter that is being used in the current stress period. Repeat
Item 7 NP times (see Item 5).

Iname An instance name that is read only if Pname is a time-varying parameter.
Multiple instances of the same time-varying parameter are not allowed in a
stress period.
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Stream Gaging (Monitoring) Station File (GAGE)

Cells of the model grid can be designated as “stream gaging station” locations. At
each such cell (or stream reach), the time, stage, streamflow out of that reach, and (if solute
transport is being simulated) the concentration of a solute after each time step (and each
transport time increment) will be written to a separate output file to facilitate model output
evaluation and graphical post processing of the calculated data. Several options are
available to also print additional information. The input file for specifying gaging station
locations is read if the file type (Ftype) “GAGE” is included in the MODFLOW name file.
The output file will contain two header lines that provide relevant information (the text will
be contained within quotes). The GAGE Package is also applicable to lakes [see notes
below and separate input instructions for gaging lakes in Merritt and Konikow (2000), and
on the Internet web site listed in the Preface].

FOR EACH SIMULATION, IF GAGE PACKAGE IS USED:
1. Data: NUMGAGE
NUMGAGE  Number of gaging stations.

FOR EACH GAGING STATION:
2. Data: GAGESEG GAGERCH UNIT OUTTYPE

GAGESEG An integer value that is the stream segment number where gage is located.
GAGERCH  An integer value that is the stream reach number where gage is located.

UNIT An integer value that is the unit number of output file for this gage.
OUTTYPE  Aninteger value that is a flag for type of expanded listing desired in output
file:
0 Use standard default listing of time, stage, outflow, and solute
concentration.
1 Default values plus depth, width, and flow at midpoint.
2 Default values plus streambed conductance for the reach, head
difference across streambed, and hydraulic gradient across
streambed.

Default values plus solute load in stream (if GWT is active).
4 All of the above.

Use for diversions to provide a listing of time, stage, flow diverted,
maximum assigned diversion rate, flow at end of upstream
segment prior to diversion, solute concentration, and solute load.
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Note 1: A unigue unit number must be specified for each stream gaging station and match
those unit numbers to Ftype “DATA” file types and file names in the MODFLOW name
file (see Harbaugh and others, 2000, p. 42-44).

Note 2: If the LAK3 Package is also active, a gaging station may be placed on a lake. In
this case, only two required variables and one optional variable are read. The first variable
should be the negative value of the lake number and the second is the unit number for the
output. The original description of the Gage Package (Merritt and Konikow, 2000, p. 57)
did not include additional print options listed for OUTTYPE . For a gaging station on a
lake, a minus sign on the unit number is a flag indicating that OUTTYPE for a lake will be
read.

Note 3: Data Set 2 must include exactly NUMGAGE lines (records) of data. If
NUMGAGE > 1, it is permissible to interleaf in Item 2 records for stream gaging stations
with records for gages on lakes. Data lines (records) within Item 2 can be listed in any
arbitrary order.

Note 4: Solute load represents the total mass of solute passing the gaging station during a
model time unit. Units for solute load depend on the units used for solute concentration,
time, and length in the model.






APPENDIX 2: SELECTED INPUT DATA AND PRINTED
RESULTS FOR TEST SIMULATION 1

Test simulation 1 is designed to demonstrate the capability of the Streamflow-Routing
(SFR1) Package for estimating effects of ground-water withdrawals on streamflows in an alluvial
basin. This test includes two simulations: a steady-state simulation followed by a transient
simulation with two stress periods—each 50 years long. For the transient simulation, the first
stress period included ground-water withdrawals at twice the steady-state inflow into the aquifer
and the second stress period included no ground-water withdrawals. A description of the basin-
fill aquifer including its extent, thickness, hydraulic properties, and model grid are presented in
figures 6 and 7. Variables used to route flow in streams are presented in tables 1 and 2, and
figure 9. Results of the steady-state simulation used as initial conditions for the transient
simulation are presented in table 3 and figure 8. Results of the transient simulation are presented
in table 3, and figures 10-12.

Selected sections of several key input and output data files are shown below—sometimes
with annotations; gaps in the listings are indicated by an ellipsis. A complete set of these files is
available for distribution over the Internet as discussed in the Preface. Contents of some files are
enclosed in a border and explanations are noted outside of the border; for other files,
explanations are sometimes included as comments following a semi-colon on the line being
explained. Some brief annotations were added to the selected output listings to help the reader
understand the purpose of various sections of output. These annotations are written in bold
italics. Font sizes in the following listings are sometimes reduced so that lines will fit within
page margins. Information pertaining specifically to the SFR1 Package is highlighted by shading.
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Listing of Selected Input Data Sets for Test Simulation 1

Following (enclosed in a border) are the contents of the MODFLOW name file for the
transient part of test simulation 1; explanations are noted outside of border:

File name: Testltr.nam

LIST 9 testltr.Ist <— Output file for MODFLOW
BAS6 75 testltr.ba6 < Input file for Basic Package
LPF 7 testltr.lIpf < Input file for Layer Property Flow Package
DIS 8 testltr.dis < Input file for Discretization Package
SIP 13 testltr.sip <— Input file for Strongly Implicit Procedure
oc 14 testltr.oc <— Input file for Output Control option
SFR 15 testl.sfr < Input file for Streamflow-Routing (SFR1)
WEL 16 testl.wel < Input file for Well Package
GHB 17 testl.ghb <— Input file for General-Head Boundary Package
EVT 18 testl.evt < Input file for Evapotranspiration Package
RCH 19 testl.rch <— Input file for Recharge Package
GAGE 32 testl.gag <— Input file for Gage Package
DATA 58 testltr.hds <— Output file for calculated heads
DATA 59 testitr.et <— Output file for calculated heads
DATA 81 testitr.flw <— Auxiliary output file for the SFR1 Package
DATA 83 testltr.sgl <— Output file for last reach in stream segment 1
DATA 84 testltr.sg2 <— Output file for last reach in stream segment 2
DATA 85 testltr.sg3 <— Output file for last reach in stream segment 3
DATA 86 testltr.sg4 <— Output file for last reach in stream segment 4
DATA 87 testltr.sg5 <— Output file for last reach in stream segment 5
DATA 88 testltr.sg6 <— Output file for last reach in stream segment 6
DATA 89 testltr.sg7 <— Output file for last reach in stream segment 7
DATA 90 testiltr.sg8 <— Output file for last reach in stream segment 8
DATA 91 testltr.dvsg9 <— Output file for first reach of diversion segment 3
T T T

1 2 3

1 Ftype (that is, the type of file)
2 Unit number
3 File name (name chosen to reflect contents of file)
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Following (enclosed in a border) are the contents of the Basic Package input file for the
transient part of test simulation 1; explanations are noted outside of border:

File name: testltr.bab

Head value assigned to inactive cells.
Initial head information for transient simulation values are rounded to nearest tenth of foot.

#Test 1 «1
#Transient Simulation for SFR Package «1
FREE «?
INTERNAL 1 (1014) 6 I1BOUND layer 1 «3
1 1 0 0 0 0 0 0 0 0 «3
1 1 1 0 0 1 1 1 0 0
0 1 1 1 1 1 1 1 0 0
1 1 1 1 1 1 1 1 1 0
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 0
0 1 1 1 1 1 1 1 1 0
0 1 1 1 1 1 1 1 1 0
0 1 1 1 1 1 1 1 1 1
0 1 1 1 1 1 1 1 1 0
1 1 1 1 1 1 1 1 1 0
1 1 1 1 1 1 1 1 1 0
0 1 1 1 1 1 1 1 1 0
0 0 1 1 1 1 0 0 0 0
6999.00 HNOFLO « 4
INTERNAL  1.000E+00 (10F8.0) 0 SHEAD layer 1 5
1092.9 1089.4 6999.0 6999.0 6999.0 6999.0 6999.0 6999.0 6999.0 6999.0 |, 5
1089.9 1086.7 1081.4 6999.0 6999.0 1072.3 1071.5 1071.1 6999.0 6999.0
6999.0 1079.4 1077.5 1073.6 1072.5 1070.6 1069.1 1068.3 6999.0 6999.0
1069.1 1070.7 1070.2 1067.0 1065.5 1063.6 1063.9 1065.9 1066.1 6999.0
1064.9 1063.9 1062.9 1061.5 1060.8 1060.8 1060.2 1062.0 1065.7 1068.1
1059.8 1058.3 1057.2 1056.4 1056.3 1056.9 1057.2 1059.1 1061.9 1065.6
1056.1 1053.0 1051.7 1051.2 1051.3 1051.9 1053.2 1055.5 1056.5 6999.0
6999.0 1046.3 1045.7 1045.5 1045.8 1046.5 1047.8 1049.9 1050.4 6999.0
6999.0 1039.1 1039.1 1039.5 1040.0 1041.0 1041.6 1042.9 1044.0 6999.0
6999.0 1031.1 1031.8 1033.3 1034.3 1035.4 1036.5 1037.6 1039.3 1041.6
6999.0 1021.4 1023.1 1026.8 1028.7 1030.5 1032.1 1033.6 1035.7 6999.0
1001.2 1009.2 1014.5 1019.6 1023.1 1026.2 1028.6 1030.4 1034.3 6999.0
994.5 1000.0 1006.7 1012.9 1018.7 1024.3 1029.1 1034.1 1036.1 6999.0
6999.0 1004.0 1009.0 1013.7 1018.9 1024.0 1029.5 1035.1 1039.3 6999.0
6999.0 6999.0 1011.9 1015.1 1019.1 1022.4 6999.0 6999.0 6999.0 6999.0
1 Two header lines of comments.
2 Options line.
3 IBOUND array.
4
5
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Following (enclosed in a border) are the contents of the Discretization Package input file
for the transient part of test simulation 1; explanations are noted outside of border:

File name: testltr.dis

#Discretization input data for Test 1--Transient

1 15 10 2 1 1 NLAY ,NROW,NCOL ,NPER, ITMUNI,LENUNI «1
0 2
CONSTANT 5._.000E+03 DELR <3
CONSTANT 5.000E+03 DELC 4
INTERNAL 1.000E+00 (10F7.0) 12 TOP «5
1105.0 1105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 «5

1105.0 1095.0 1105.0 0.0 0.0 1100.0 1100.0 1110.0 0.0 0.0

0.0 1100.0 1085.0 1080.0 1078.0 1076.0 1073.0 1090.0 0.0 0.0

1110.0 1100.0 1090.0 1085.0 1076.0 1080.0 1080.0 1070.0 1100.0 0.0

1110.0 1100.0 1085.0 1080.0 1078.0 1074.0 1077.0 1066.0 1075.0 1080.0

1105.0 1095.0 1080.0 1077.0 1073.0 1069.0 1070.0 1063.0 1085.0 1095.0

1105.0 1090.0 1075.0 1072.0 1070.0 1065.0 1065.0 1069.0 1090.0 0000.0

0.0 1080.0 1070.0 1068.0 1063.0 1060.0 1063.0 1067.0 1090.0 0000.0

0.0 1075.0 1065.0 1062.0 1058.0 1052.0 1055.0 1065.0 1090.0 0000.0

0.0 1070.0 1060.0 1055.0 1046.0 1046.0 1044.0 1060.0 1088.0 1100.0

0.0 1055.0 1050.0 1045.0 1041.0 1042.0 1040.0 1050.0 1075.0 0.0

1027.0 1028.0 1028.0 1032.0 1032.0 1033.0 1032.0 1040.0 1060.0 0.0

997.0 1004.0 1008.0 1014.0 1020.0 1027.0 1032.0 1038.0 1050.0 0.0

0.0 1030.0 1040.0 1045.0 1050.0 1050.0 1050.0 1050.0 1044.0 0.0

0.0 0.0 1080.0 1080.0 1080.0 1080.0 0.0 0.0 0.0 0.0
INTERNAL 1.000E+00 (10F7.0) 0 BOT layer 1 6
1000.0 1000.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 <6

1000.0 900.0 900.0 0.0 0.0 950.0 950.0 950.0 0.0 0.0

0.0 850.0 670.0 680.0 680.0 770.0 770.0 890.0 0.0 0.0

925.0 850.0 650.0 650.0 650.0 680.0 740.0 850.0 950.0 0.0

925.0 800.0 650.0 600.0 600.0 600.0 650.0 720.0 850.0 950.0

925.0 800.0 650.0 600.0 550.0 600.0 650.0 720.0 850.0 970.0

925.0 800.0 650.0 600.0 550.0 600.0 650.0 720.0 950.0 0.0

0.0 850.0 700.0 650.0 570.0 600.0 700.0 850.0 950.0 0.0

0.0 850.0 700.0 650.0 540.0 580.0 700.0 850.0 950.0 0.0

0.0 850.0 700.0 630.0 530.0 580.0 650.0 800.0 900.0 950.0

0.0 850.0 700.0 620.0 580.0 620.0 700.0 800.0 900.0 0.0

900.0 830.0 710.0 640.0 600.0 650.0 700.0 800.0 900.0 0.0

900.0 810.0 750.0 700.0 650.0 700.0 750.0 800.0 900.0 0.0

0.0 950.0 850.0 850.0 850.0 850.0 850.0 850.0 850.0 0.0

0.0 0.0 950.0 950.0 950.0 950.0 0.0 000.0 000.0 0.0
1.577880E+09 50 1.1 TR STRESS PERIOD 1 «7
1.577880E+09 50 1.1 TR STRESS PERIOD 2 «7

1 Grid characterization data.

2 Flags for quasi-3D simulation.

3 Row discretization data.

4 Column discretization data.

S Top elevations for layer 1 read from following data.

6 Bottom elevations for layer 1 read from following data.
7 Time step and stress period information.
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Following (enclosed in a border) are the contents of the Layer-Property Flow Package

input file for the transient part of test simulation 1; explanations are noted outside of border:

File name: testltr.Ipf

<1

<1

2

<3

<3

<3

«—4

<5

<6

<6

«7

<8

<9

<9

# Layer-Property Flow Package input

# For transient simulation of Test 1

HDRY, NPLPF

ILPFCB,
LAYTYP

LAYAVG
CHANI

LAYVKA
LAYWET

1

HY layer

0

2.000E-04 (10F5.0)
10.0 10.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

INTERNAL

2.0 10.0 10.0 0.0 0.0 2.0 2.0 2.0 0.0 0.0

0.0 2.0 10.0 10.0 2.0 2.0 2.0 2.0 0.0 0.0

2.0 2.0 2.0 10.0 10.0 10.0 2.0 2.0 2.0 o0.0

2.0 2.0 2.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
2.0 2.0 2.0 10.0 10.0 10.0 10.0 10.0 2.0 2.0
2.0 2.0 2.0 10.0 10.0 10.0 10.0 10.0 2.0 O0.0
0.0 2.0 2.0 10.0 10.0 10.0 10.0 2.0 2.0 o0.0

0.0 2.0 2.0 10.0 10.0 10.0 10.0 2.0 2.0 O0.0

0.0 2.0 2.0 10.0 10.0 10.0 10.0 2.0 2.0 2.0

0.0 2.0 2.0 10.0 10.0 10.0 10.0 2.0 2.0 O0.0

2.0 2.0 10.0 10.0 10.0 10.0 10.0 2.0 2.0 O0.0
10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 0.0

0.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 10.0 0.0
0.0 0.0 2.0 2.0 2.0 2.0 0.0 0.0 0.0 0.0

CONSTANT
CONSTANT

VKA
Ss

-E-6

1

Sy

0

(10F4.0)

1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.51.01.00.00.00.50.50.50.00.0
0.0 0.51.0 1.0 0.5 0.50.50.50.0 0.0
0.50.50.51.01.0 1.0 0.5 0.50.50.0

0.50.50.51.01.01.01.01.01.01.0

0.2

INTERNAL

0.50.50.51.01.01.01.01.00.50.5

0.50.50.51.01.01.01.01.0 0.5 0.0

0.0 0.50.51.01.01.01.0 0.5 0.5 0.0
0.0 0.50.51.01.01.01.0 0.5 0.50.0
0.0 0.50.51.01.01.01.0 0.5 0.50.5

0.0 0.50.51.01.01.01.0 0.5 0.50.0
0.50.51.01.01.01.01.0 0.5 0.50.0
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0

0.0 0.5 0.5 0.50.50.50.50.51.00.0

0.0 0.0 0.5 0.5 0.5 0.5 0.0 0.0 0.0 0.0

1 comment lines.

2 Flag for cell-by-cell flow terms, head in cell for wet-dry simulations, and flag related to wet-dry simulations.

3 Layer type, method for computing transmissivity, horizontal anisotropy.

4 Flag to determine vertical hydraulic conductivity.

5 Flag to determine if rewetting is active.
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6 Hydraulic conductivity data for layer 1 read from following data.
7 Ratio of vertical to horizontal hydraulic conductivity.

8 Specific storage for layer 1.

9 Specific yield for layer 1.

Following (enclosed in a border) are the contents of the Evapotranspiration Package input
file for transient part of test simulation 1; explanations are noted outside of border:

File name: testl.evt

1 59 NEVTOP I1EVTCB «1
0 0 0 0 INSURF INEVTR INEXDP INIEVT |<—2
INTERNAL 1.0 (10F10.0) 12 SURF <3
1110.0 1110.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | <3
1110.0 1105.0 1110.0 0.0 0.0 1100.0 1100.0 1110.0 0.0 0.0
0.0 1100.0 1095.0 1088.0 1085.0 1085.0 1085.0 1090.0 0.0 0.0
1105.0 1100.0 1090.0 1083.0 1078.0 1075.0 1080.0 1085.0 1100.0 0.0
1105.0 1090.0 1080.0 1077.0 1074.0 1073.0 1074.0 1078.0 1080.0 1085.0
1100.0 1080.0 1075.0 1072.0 1071.0 1069.0 1070.0 1075.0 1080.0 1100.0
1100.0 1080.0 1070.0 1065.0 1065.0 1065.0 1065.0 1070.0 1090.0 0.0
0.0 1075.0 1065.0 1059.0 1059.0 1058.0 1063.0 1070.0 1090.0 0.0
0.0 1065.0 1055.0 1053.0 1053.0 1052.0 1055.0 1065.0 1090.0 0.0
0.0 1060.0 1046.0 1046.0 1046.0 1046.0 1044.0 1060.0 1088.0 1100.0
0.0 1045.0 1039.0 1040.0 1041.0 1042.0 1040.0 1050.0 1075.0 0.0
1027.0 1028.0 1028.0 1032.0 1032.0 1033.0 1032.0 1040.0 1060.0 0.0
997.0 1004.0 1008.0 1014.0 1020.0 1027.0 1032.0 1038.0 1050.0 0.0
0.0 1030.0 1040.0 1045.0 1050.0 1050.0 1050.0 1050.0 1044.0 0.0
0.0 0.0 1080.0 1080.0 1080.0 1080.0 0.0 0.0 0.0 0.0
CONSTANT  9.5E-08 EVTR <4
CONSTANT 15.0 EXDP <5
-1 -1 -1 -1 INSURF INEVTR INEXDP INIEVT <6

1 Evapotranspiration (ET) option code and unit number for storing cell-by-cell flow terms.
2 Read flags for stress period 1.

3 ET surface elevation for stress period 1.

4 Maximum ET flux for stress period 1.

5 ET extinction depth for stress period 1.

6 Read flags for stress period 2 (reusing data from stress period 1).
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Following (enclosed in a border) are the contents of the Recharge Package input file for
the transient part of test simulation 1; explanations are noted outside of border:

File name: testl.rch

1 0 NRCHOP 1RCHCB «1
0 0 INRECH INIRCH 2
INTERNAL  5.000E-10 (10F4.0) 0 RECH <3
0.5 2.00.00.00.00.00.00.00.00.0 <3
2.0 0.52.00.00.08.08.08.00.00.0
0.0 2.0 0.5 2.0 2.0 0.5 0.5 0.5 0.0 0.0
8.0 0.5 0.5 0.5 0.5 0.50.50.52.00.0
8.0 0.5 0.5 0.5 0.5 0.5 0.5 0.50.5 0.5
2.0 0.5 0.50.50.50.50.50.50.5 2.0
2.0 0.5 0.50.50.50.50.50.52.00.0
0.0 2.0 0.5 0.5 0.5 0.5 0.5 0.5 2.0 0.0
0.0 2.0 0.5 0.5 0.5 0.5 0.5 0.5 2.0 0.0
0.0 2.0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 8.0
0.0 2.0 0.5 0.5 0.5 0.5 0.5 0.5 2.0 0.0
2.0 0.5 0.50.50.50.50.50.52.00.0
0.5 0.5 0.5 0.50.50.50.50.52.00.0
0.0 0.5 0.5 0.5 0.50.52.0 2.0 0.5 0.0
0.0 0.0 2.0 2.0 2.0 2.0 0.0 0.0 0.0 0.0
-1 -1 INRECH INIRCH <4

1 Recharge (RCH) option code and unit number for storing cell-by-cell flow terms.
2 Read flags for stress period 1.

3 RCH rates for stress period 1.

4 Read flags for stress period 2 (reusing information from stress period 1).

Following (enclosed in a border) are the contents of the Well Package input file for the
transient part of test simulation 1; explanations are noted outside of border:

File name: testl.wel

10 -1 MXACTW 1WELCB «1

10 0 ITMP NP -- Stress Period 1 2
-10.00 <3
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
0 0 ITMP NP -- Stress Period 2 14
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1 Maximum number of wells and unit number for storing cell-by-cell flow terms.
2 Read flags for stress period 1.

3 Layer, row, column and discharge of each well for stress period 1.

4 Read flags for stress period 2 (no wells active in stress period 2).
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Following (enclosed in a border) are the contents of the General-Head Boundary Package
input file for the transient part of test simulation 1; explanations are noted outside of border:

File name: testl.ghb

2 -1 MXACTB 1GHBCB 1
2 0 ITMP NP -- Stress Period 1 2
1 13 1 988.0 0.038 «3
1 14 9 1045.0 0.038

-1 0 ITMP NP -- Stress Period 2 —4

1 Maximum number of general-head boundary cells and unit number for storing cell-by-cell flow terms.
2 Read flags for stress period 1.

3 General-head boundary cells for stress period 1.

4 Read flags for stress period 2 (reusing information from stress period 1).

Following (enclosed in a border) are the contents of the Strongly Implicit Procedure
Package input file for the transient part of test simulation 1; explanations are noted outside of
border:

File name: testltr.sip
300 5 MXITER NPARM «—1
0.80 1.0E-03 1 0.0 1 «—2
1 Maximum iterations, number of iteration parameters.
2 Acceleration parameter, head change criterion, flag for seed, seed, printout interval for SIP.

Following (enclosed in a border) are the contents of the Streamflow-Routing (SFR1)
Package input file for the transient part of test simulation 1; explanations are noted outside of
border:

File name: Testl.sfr

#Test simulation 1 using SFR1 «1
36 8 0 O 1.486 0.01 -1 81 «—2
1 1 1 1 1 4500. <3
1 2 2 1 2 7000 . <3
1 3 3 1 3 6000. <3
1 3 4 1 4  5550. <3
1 4 5 2 1 6500. <3
1 5 6 2 2 5000. <3
1 6 6 2 3 5000. <3
1 7 6 2 4  5000. <3
1 8 6 2 5 5000. <3
1 3 5 3 1 5000. <3
1 3 6 3 2 5000. <3
1 3 7 3 3  4500. <3
1 4 8 3 4 6000. «3
1 5 8 3 5 5000. «3
1 6 8 3 6 2000. «3
1 5 10 4 1 2500. «3
1 5 9 4 2 5000. «3




1 6 8 4 3  3500.
1 6 8 5 1 4000.
1 7 7 5 2 5000.
1 8 7 5 3  3500.
1 8 6 5 4  2500.
1 9 6 6 1 5000.
1 10 7 6 2 5000.
1 11 7 6 3  5000.
1 12 7 6 4  5000.
1 13 7 6 5 2000.
1 14 9 7 1 5000.
1 13 8 7 2  5500.
1 13 7 7 3  5000.
1 13 6 8 1 5000.
1 13 5 8 2 5000.
1 13 4 8 3 5000.
1 13 3 8 4 5000.
1 13 2 8 5 5000.
1 13 1 8 6  3000.
8 0 O
142011 25.0 0.0 0.0E-08 0.0E-08
0.00003 3. 1095.
0.00003 3. 1075.
0.5 1.0 2.0 4.0 7.0 10.0 20.0 30.0 50
0.25 0.4 0.55 0.7 0.8 0.9 1.1 1.25 1
3.0 3.5 4.2 5.3 7.0 8.5 12. 14.0 17
21600.0 0.0 O0.0E-08 0.0E-08 0.030
0.00003 3. 1075. 12.
0.00003 3. 1050. 12.
3051 0 10.0 0.0 O0.OE-08 0.0E-08
0.00003 2. 1075. 10. 2.
0.00003 2. 1060. 6. 1.
415010.0 0.0 0.0E-08 O0.0E-08 0.030
0.00003 3. 1080. 10.
0.00003 3. 1060. 10.
5360 0.0 0.0 0.0E-08 O0.0E-08 0.3 0.35 3.8 0.6
0.00003 3. 1060.
0.00003 3. 1045.
6180 0.0 0.0 0.0E-08 0.0E-08 0.030
0.00003 3. 1045. 12.
0.00003 3. 1025. 12.
7280 150.0 0.0 0.0E-08 O0.0E-08 0.025 0.045
0.00006 3. 1040.
0.00006 3. 1025.

0.0 10. 80. 100. 150. 170. 240. 250.
20. 13. 10. 2. 0. 10. 13. 20.
8200 0.0 0.0 O.0E-08 0.0E-08 0.025 0.045

0.00006 3. 1025.
0.00006 3. 990.
0.0 10. 80. 100. 150. 170. 240. 250.
25. 17. 13. 4. 0. 10. 16. 20.
-1 0 O

oroO

~

N
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«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«—4
<5
<6
<6
«~7
«~7
«~7
<5
<6

)
<5

<6
<6
<5
<6
<6
<5
<6
<6
<5
<6
<6
<5
<6
<6
<38
<8
<5
<6
<6
<8
<8
<9

1 Optional text line for comments.



64 A new Streamflow-Routing (SFR1) Package

2 Basic stream network description (Input Item 1).

3 Stream reach descriptions (Input Item 2).

4 Read and print flags for stress period 1(Input Item 5).

5 General stream segment data (Input item 6a).

6 Stream segment data for upstream and downstream ends (Input Items 6b & 6c¢).

7 Stream segment data when relation of flow to depth and width read from table (Input Item 6e).
8 Stream segment data for 8-point cross section (Input Item 6d).

9 Read and print flags for stress period 2 (reusing information from stress period 1; Input Item 5).

Following (enclosed in a border) are the contents of the Output-Control option input file
for the transient part of test simulation 1. Input was constructed in the optional style using words:

File name: testltr.oc

HEAD PRINT FORMAT 4
DRAWDOWN PRINT FORMAT O
HEAD SAVE FORMAT (10F10.3) LABEL
HEAD SAVE UNIT 58
PERIOD 1 STEP 1

PRINT BUDGET

PRINT HEAD

SAVE HEAD

SAVE BUDGET
PERIOD 1 STEP 5

PRINT BUDGET

PRINT HEAD

SAVE HEAD

SAVE BUDGET
PERIOD 1 STEP 10

PRINT BUDGET

PRINT HEAD

SAVE HEAD

SAVE BUDGET

PERIOD 1 STEP 50
PRINT BUDGET
PRINT HEAD
SAVE HEAD
SAVE BUDGET

PERIOD 2 STEP 1
PRINT BUDGET
PRINT HEAD
SAVE HEAD
SAVE BUDGET

PERIOD 2 STEP 5
PRINT BUDGET
PRINT HEAD
SAVE HEAD
SAVE BUDGET

PERIOD 2 STEP 10
PRINT BUDGET
PRINT HEAD
SAVE HEAD
SAVE BUDGET

PERIOD 2 STEP 50
PRINT BUDGET
PRINT HEAD
SAVE HEAD
SAVE BUDGET
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Following are the contents of the Gage package input file for the transient part of test
simulation 1; explanations are noted as comments at the end of each record (Unit numbers are
linked to a file name through the Ftype “DATA” in the MODFLOW name file):

File name: testl.gag

8 NUMGAGE (number of gaging stations)

1 4 83 4 Stream Segment & Reach #; Output file for Gage 1; Output option
2 3 84 1 Stream Segment & Reach #; Output file for Gage 2; Output option
3 6 85 1 Stream Segment & Reach #; Output file for Gage 3; Output option
4 3 86 1 Stream Segment & Reach #; Output file for Gage 4; Output option
5 4 87 4 Stream Segment & Reach #; Output file for Gage 5; Output option
6 5 88 1 Stream Segment & Reach #; Output file for Gage 6; Output option
7 3 89 4 Stream Segment & Reach #; Output file for Gage 7; Output option
8 6 90 4 Stream Segment & Reach #; Output file for Gage 8; Output option
3 1 91 5 Stream Segment & Reach #; Output file for Gage 9; Output option
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Listing of Selected Output Files for Test Simulation 1

Following are the contents of the main MODFLOW listing file of the transient part for
test simulation 1:

File name: testltr.Ist

MODFLOW-2000
U.S. GEOLOGICAL SURVEY MODULAR FINITE-DIFFERENCE GROUND-WATER FLOW MODEL
VERSION 1.13.01 02/09/2004
This model run combines GLOBAL and LIST output into this single file.

GLOBAL LISTING FILE: OUT\TestlTR.Ist

UNIT 9

OPENING DATA\testltr.ba6
FILE TYPE:BAS6 UNIT
FORMAT - FORMATTED

75

OPENING DATA\testltr.lIpf
FILE TYPE:LPF UNIT 7
FORMAT - FORMATTED

OPENING DATA\testltr.dis
FILE TYPE:DIS UNIT 8
FORMAT : FORMATTED

OPENING DATA\testltr.sip
FILE TYPE:SIP UNIT 13
FORMAT - FORMATTED

OPENING DATA\testltr.oc
FILE TYPE:0C UNIT 14
FORMAT - FORMATTED

OPENING DATA\testl.sfr
FILE TYPE:SFR UNIT
FORMAT : FORMATTED

15

OPENING DATA\testl.wel
FILE TYPE-WEL UNIT
FORMAT - FORMATTED

16

OPENING DATA\testl.ghb
FILE TYPE:GHB UNIT
FORMAT : FORMATTED

17

OPENING DATA\testl.evt
FILE TYPE:ZEVT UNIT
FORMAT : FORMATTED

18

OPENING DATA\testl.rch
FILE TYPE:RCH UNIT
FORMAT : FORMATTED

19

OPENING DATA\testl.gag
FILE TYPE:GAGE UNIT
FORMAT : FORMATTED

32

OPENING OUT\testltr.hds
FILE TYPE:DATA UNIT
FORMAT : FORMATTED

58

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:-OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS :UNKNOWN
ACCESS:SEQUENTIAL



OPENING OUT\testltr.et
FILE TYPE:DATA(BINARY)
FORMAT -BINARY

OPENING OUT\testiltr.flw
FILE TYPE:DATA  UNIT
FORMAT : FORMATTED

OPENING OUT\testltr.sgl
FILE TYPE:DATA UNIT
FORMAT - FORMATTED

OPENING OUT\testltr.sg2
FILE TYPE:DATA UNIT
FORMAT - FORMATTED

OPENING OUT\testltr.sg3
FILE TYPE:DATA  UNIT
FORMAT : FORMATTED

OPENING OUT\testltr.sg4
FILE TYPE:DATA UNIT
FORMAT : FORMATTED

OPENING OUT\testltr.sg5
FILE TYPE:DATA UNIT
FORMAT - FORMATTED

OPENING OUT\testltr.sg6
FILE TYPE:DATA UNIT
FORMAT : FORMATTED

OPENING OUT\testltr.sg7
FILE TYPE:DATA UNIT
FORMAT : FORMATTED

OPENING OUT\testltr.sg8
FILE TYPE:DATA  UNIT
FORMAT : FORMATTED

UNIT 59
ACCESS:SEQUENTIAL

81  STATUS:UNKNOWN
ACCESS:SEQUENTIAL

83  STATUS:UNKNOWN
ACCESS:SEQUENTIAL

84 STATUS : UNKNOWN
ACCESS:SEQUENTIAL

85  STATUS:UNKNOWN
ACCESS:SEQUENTIAL

86  STATUS:UNKNOWN
ACCESS:SEQUENTIAL

87  STATUS:UNKNOWN
ACCESS:SEQUENTIAL

88  STATUS:UNKNOWN
ACCESS:SEQUENTIAL

89 STATUS : UNKNOWN
ACCESS:SEQUENTIAL

90  STATUS:UNKNOWN
ACCESS:SEQUENTIAL

OPENING OUT\testltr.dvsg9

FILE TYPE:DATA  UNIT
FORMAT : FORMATTED

90  STATUS:UNKNOWN
ACCESS:SEQUENTIAL

THE FREE FORMAT OPTION HAS BEEN SELECTED

DISCRETIZATION INPUT DATA READ FROM UNIT 8

#Discretization input data for Testl --Transient
15 ROWS

1 LAYERS

10 COLUMNS

2 STRESS PERIOD(S) IN SIMULATION
MODEL TIME UNIT IS SECONDS
MODEL LENGTH UNIT IS FEET
THE GROUND-WATER TRANSPORT PROCESS IS INACTIVE

THE OBSERVATION PROCESS
THE SENSITIVITY PROCESS

IS INACTIVE
IS INACTIVE

THE PARAMETER-ESTIMATION PROCESS 1S INACTIVE

MODE: FORWARD

Confining bed flag for each layer:

0

1375 ELEMENTS OF GX ARRAY USED OUT OF
150 ELEMENTS OF GZ ARRAY USED OUT OF

150 ELEMENTS OF

1G ARRAY USED OUT OF

STATUS :UNKNOWN

1375
150
150
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DELR = 5000.00
DELC = 5000.00
STRESS PERIOD LENGTH TIME STEPS MULTIPLIER FOR DELT SS FLAG
1 1.5778801E+09 50 1.100 TR
2 1.5778801E+09 50 1.100 TR

TRANSIENT SIMULATION

LPF1 -- LAYER PROPERTY FLOW PACKAGE, VERSION 1, 1/11/2000
INPUT READ FROM UNIT 7

# Layer-Property Flow Package input

# For transient and steady state simulations

HEAD AT CELLS THAT CONVERT TO DRY=  0.0000

No named parameters

LAYER FLAGS:

LAYER LAYTYP LAYAVG CHANI LAYVKA LAYWET
1 1 0 1.000E+00 1 0
INTERPRETATION OF LAYER FLAGS:

INTERBLOCK HORIZONTAL  DATA IN
LAYER TYPE  TRANSMISSIVITY  ANISOTROPY  ARRAY VKA  WETTABILITY

LAYER (LAYTYP) (LAYAVG) (CHANI) (LAYVKA) (LAYWET)

1 CONVERTIBLE HARMONIC 1.000E+00  ANISOTROPY NON-WETTABLE

600 ELEMENTS IN X ARRAY ARE USED BY LPF
6 ELEMENTS IN 1X ARRAY ARE USED BY LPF

SIP5 -- STRONGLY IMPLICIT PROCEDURE SOLUTION PACKAGE
VERSION 5, 9/1/93 INPUT READ FROM UNIT 13
MAXIMUM OF 300 ITERATIONS ALLOWED FOR CLOSURE
5 ITERATION PARAMETERS
905 ELEMENTS IN X ARRAY ARE USED BY SIP
900 ELEMENTS IN IX ARRAY ARE USED BY SIP

1505 ELEMENTS OF X ARRAY USED OUT OF 1505
O ELEMENTS OF Z ARRAY USED OUT OF 1
906 ELEMENTS OF IX ARRAY USED OUT OF 906
O ELEMENTS OF XHS ARRAY USED OUT OF 1

SOLUTION BY THE STRONGLY IMPLICIT PROCEDURE

MAXIMUM ITERATIONS ALLOWED FOR CLOSURE
ACCELERATION PARAMETER

HEAD CHANGE CRITERION FOR CLOSURE

SIP HEAD CHANGE PRINTOUT INTERVAL

0.80000
0.10000E-02
1

CALCULATE ITERATION PARAMETERS FROM MODEL CALCULATED WSEED
WETTING CAPABILITY 1S NOT ACTIVE IN ANY LAYER

#TestProblem 1

#Transient Simulation For SFR Package

THE FREE FORMAT OPTION HAS BEEN SELECTED
1 LAYERS 15 ROWS 10 COLUMNS
2 STRESS PERIOD(S) IN SIMULATION
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BAS6 -- BASIC PACKAGE, VERSION 6, 1/11/2000 INPUT READ FROM UNIT 75
5 ELEMENTS IN IR ARRAY ARE USED BY BAS

WEL6 -- WELL PACKAGE, VERSION 6, 1/11/2000 INPUT READ FROM UNIT 16
No named parameters
MAXIMUM OF 10 ACTIVE WELLS AT ONE TIME
CELL-BY-CELL FLOWS WILL BE PRINTED WHEN ICBCFL NOT O
40 ELEMENTS IN RX ARRAY ARE USED BY WEL

EVT6 -- EVAPOTRANSPIRATION PACKAGE, VERSION 6, 12/14/2000
INPUT READ FROM UNIT 18
No named parameters
OPTION 1 -- EVAPOTRANSPIRATION FROM TOP LAYER
CELL-BY-CELL FLOWS WILL BE SAVED ON UNIT 59
450 ELEMENTS IN RX ARRAY ARE USED BY EVT
150 ELEMENTS IN IR ARRAY ARE USED BY EVT

GHB6 -- GHB PACKAGE, VERSION 6, 1/11/2000 INPUT READ FROM UNIT 17
No named parameters
MAXIMUM OF 2 ACTIVE GHB CELLS AT ONE TIME
CELL-BY-CELL FLOWS WILL BE PRINTED WHEN ICBCFL NOT O
10 ELEMENTS IN RX ARRAY ARE USED BY GHB

RCH6 -- RECHARGE PACKAGE, VERSION 6, 1/11/2000 INPUT READ FROM UNIT 19
No named parameters
OPTION 1 -- RECHARGE TO TOP LAYER

150 ELEMENTS IN RX ARRAY ARE USED BY RCH

150 ELEMENTS IN IR ARRAY ARE USED BY RCH

24 ELEMENTS IN IX ARRAY ARE USED BY GAGE

SFR1 -- STREAMFLOW ROUTING PACKAGE, VERSION 1, 8/15/2003
INPUT READ FROM UNIT 15

#Test Problem 1 using SFR1

NUMBER OF STREAM NODES 1S 36

NUMBER OF STREAM SEGMENTS IS 8

NUMBER OF STREAM PARAMETERS 1S 0

NUMBER OF STREAM SEGMENTS DEFINED USING PARAMETERS IS 0
MAXIMUM ERROR FOR STREAM LEAKAGE RATES 1S 1.00E-02
CONSTANT FOR MANNINGS EQUATION 1S 1.4860E+00

STREAMFLOW OUT OF EACH REACH WILL BE SAVED ON UNIT 81
2147 ELEMENTS IN RX ARRAY ARE USED BY SFR
236 ELEMENTS IN IR ARRAY ARE USED BY SFR
32 ELEMENTS IN IX ARRAY ARE USED BY GAGE

2977 ELEMENTS OF RX ARRAY USED OUT OF 2977
573 ELEMENTS OF IR ARRAY USED OUT OF 573

STREAM NETWORK DESCRIPTION:

LAYER ROW COL  SEGMENT  REACH LENGTH

NUMBER NUMBER IN CELL
1 1 1 1 1 4 .500E+03
1 2 2 1 2 7.000E+03
1 3 3 1 3 6.000E+03
1 3 4 1 4 5.550E+03
1 4 5 2 1 6.500E+03
1 5 6 2 2 5.000E+03
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1 6 6 2 3 5.000E+03
1 7 6 2 4 5.000E+03
1 8 6 2 5 5.000E+03
1 3 5 3 1 5.000E+03
1 3 6 3 2 5_.000E+03
1 3 7 3 3 4 _500E+03
1 4 8 3 4 6.000E+03
1 5 8 3 5 5.000E+03
1 6 8 3 6 2 .000E+03
1 5 10 4 1 2 .500E+03
1 5 9 4 2 5.000E+03
1 6 8 4 3 3.500E+03
1 6 8 5 1 4 _000E+03
1 7 7 5 2 5.000E+03
1 8 7 5 3 3.500E+03
1 8 6 5 4 2 .500E+03
1 ©) 6 6 1 5.000E+03
1 10 7 6 2 5.000E+03
1 11 7 6 3 5.000E+03
1 12 7 6 4 5.000E+03
1 13 7 6 5 2.000E+03
1 14 9 7 1 5.000E+03
1 13 8 7 2 5_.500E+03
1 13 7 7 3 5.000E+03
1 13 6 8 1 5.000E+03
1 13 5 8 2 5.000E+03
1 13 4 8 3 5.000E+03
1 13 3 8 4 5.000E+03
1 13 2 8 5 5.000E+03
1 13 1 8 6 3.000E+03

9 GAGING STATIONS WERE SPECIFIED.
(Lakes are identified by a negative value of the Lake Number)
RECORDS WILL BE WRITTEN TO SEPARATE OUTPUT FILES REPRESENTED BY FOLLOWING UNIT NUMBERS:

Stream Gages:

GAGE #  SEGMENT REACH UNIT  OUTTYPE
1 1 4 83 4
2 2 3 84 1
3 3 6 85 1
4 4 3 86 1
5 5 4 87 4
6 6 5 88 1
7 7 3 89 4
8 8 6 90 4
9 3 1 91 5

CLASSIFICATION & COUNT OF STREAM SEGMENTS BASED ON SOURCE OF INFLOW:
HEADWATER DIVERSION RECEIVES TRIBUTARY FLOW

SEGMENT SEG. INFLOW  OVERLAND  STREAM STREAM ICALC OUTFLOW DIVERSION PRIORITY
NO. LENGTH RATE RUNOFF ET PPT. METH. TO SEG. FROM SEG. NO.
1 2.305E+04 2.500E+01 0.000E+00 0.000E+00 0.000E+00 4 2 0 0
2 2.650E+04 0.000E+00 0.000E+00 0.00OE+00 0.00OE+00 1 6 0 0
3 2.750E+04 1.000E+01 0.00OCE+00 0.000E+00 0.00OE+00 0 5 1 0
4 1.100E+04 1.000E+01 0.00OE+00 0.00OE+00 0.00OE+00 1 5 0 0
5 1.500E+04 0.000E+00 0.00OE+00 0.00OE+00 0.00OE+00 3 6 0 0
6 2.200E+04 0.000E+00 0.00OE+00 0.000E+00 0.00OE+00 1 8 0 0
7 1.550E+04 1.500E+02 0.000E+00 0.000E+00 0.00OE+00 2 8 0 0
8 2.800E+04 0.000E+00 0.00OE+00 0.00OE+00 0.0O0OE+00 2 0 0 0
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STREAMBED PROPERTIES AND STREAM DIMENSIONS

SEGMENT BED HYD. COND. BED THICKNESS ELEV.-TOP OF BED WIDTH OF STREAM DEPTH OF STREAM STREAM ROUGHNES

No. UPPER LOWER UPPER LOWER UPPER LOWER UPPER LOWER UPPER LOWER  CHANNEL BANK
1 3.00E-05 3.00E-05 3.00E+00 3.00E+00 1.095E+03 1.075E+03
2 3.00E-05 3.00E-05 3.00E+00 3.00E+00 1.075E+03 1.050E+03 1.20E+01 1.20E+01 3.00E-02
3 3.00E-05 3.00E-05 2.00E+00 2.00E+00 1.075E+03 1.060E+03 1.00E+O1 6.00E+00 2.00E+00 1.00E+00
4 3.00E-05 3.00E-05 3.00E+00 3.00E+00 1.080E+03 1.060E+03 1.000E+01 1.000E+01 3.00E-02
5  3.00E-05 3.00E-05 3.00E+00 3.00E+00 1.060E+03 1.045E+03
6  3.00E-05 3.00E-05 3.00E+00 3.00E+00 1.045E+03 1.025E+03 1.200E+01 1.200E+01 3.000E-02
7 6.00E-05 6.00E-05 3.00E+00 3.00E+00 1.040E+03 1.025E+03 2.500E-02 4.500E-02
8  6.00E-05 6.00E-05 3.00E+00 3.00E+00 1.025E+03 9.900E+02 2.500E-02 4.500E-02
EIGHT POINT CROSS SECTION DATA FOR SEGMENTS WITH ICALC = 2
X VALUES X VALUES START FROM LEFT SIDE LOOKING DOWNSTREAM
SEGMENT NO. X1 X2 X3 X4 X5 X6 X7 X8
7 0.000E+00 1.000E+01 8.000E+01 1.000E+02 1.500E+02 1.700E+02 2.400E+02 2.500E+02
8 0.000E+00 1.000E+01 8.000E+01 1.000E+02 1.500E+02 1.700E+02 2.400E+02 2.500E+02

Z VALUES ARE RELATIVE TO STREAMBED ELEVATION
SEGMENT NO. Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8
7 2.000E+01 1.300E+01 1.000E+01 2.000E+00 0.00OE+00 1.000E+01 1.300E+01 2.000E+01
8 2_500E+01 1.700E+01 1.300E+01 4.000E+00 0.00OOE+00 1.000E+01 1.600E+01 2.000E+01

STREAMFLOW RELATION WITH DEPTH 1S BASED ON EQUATION O = CDPTH*(DEPTH)**FDPTH
STREAMFLOW RELATION WITH WIDTH 1S BASED ON EQUATION Q = AWDTH*(WIDTH)**BWDTH

SEGMENT NO. CDPTH FDPTH AWDTH BWDTH
5 3.000E-01 3.500E-01 3.800E+00 6.000E-01
STREAMFLOW RELATION WITH DEPTH AND WIDTH 1S BASED ON TABULATED VALUES

SEGMENT NO. STREAMFLOW DEPTH WIDTH
1 5.0000E-01 2.5000E-01  3.0000E+00
1 1.0000E+00  4.0000E-01  3.5000E+00
1 2_0000E+00 5.5000E-01  4.2000E+00
1 4_.0000E+00  7.0000E-01  5.3000E+00
1 7.0000E+00 8.0000E-01  7.000OE+00
1 1.0000E+01 9.0000E-01  8.5000E+00
1 2_0000E+01 1.1000E+00 1.2000E+01
1 3.0000E+01 1.2500E+00 1.4000E+01
1 5.0000E+01 1.4000E+00 1.7000E+01
1 7_.5000E+01 1.7000E+00 2.0000E+01
1 1.0000E+02 1.8000E+00 2.2000E+01

SOLVING FOR HEAD
7 ITERATIONS FOR TIME STEP 13 IN STRESS PERIOD 1

MAXIMUM HEAD CHANGE FOR EACH ITERATION:

HEAD CHANGE HEAD CHANGE HEAD CHANGE HEAD CHANGE HEAD CHANGE
LAYER,ROW,COL LAYER,ROW,COL LAYER,ROW,COL LAYER,ROW,COL LAYER,ROW,COL

-1.365 -0.4459 -0.1303 -0.3064E-01  -0.7463E-02
(1, 8, 3 (1, 8, 5 ( 1, 8, 5 ( 1, 8, 5 ( 1, 10, 7)
-0.1737E-02  -0.5340E-03
( 1,10, 7) ( 1,10, 7)
STREAM LEAKAGE PERIOD 1 STEP 13
LAYER ROW COL STREAM RCH. FLOW INTO FLOW TO FLOW OUT OF OVRLND. DIRECT STREAM STREAM STREAM STREAM STREAMBED STREAMBED
SEG.NO. NO. STRM. RCH. AQUIFER STRM. RCH. RUNOFF PRECIP ET HEAD DEPTH WIDTH CONDCTNC. GRADIENT
1 1 1 1 1 2.500E+01 8.115E-01 2.419E+01 0.00E+00 0.00OE+00 0.00E+00 1.09E+03 1.17E+00 1.31E+01 5.94E-01 4.56E-01
1 2 2 1 2 2.419E+01 2.422E+00 2.177E+01 O0.00E+00 O0.00E+00 0.00E+00 1.09E+03 1.15E+00 1.26E+01 8.68E-01 9.30E-01
1 3 3 1 3 2.177E+01 2.888E+00 1.888E+01 0.00E+00 O0.00E+00 0.00E+00 1.08E+03 1.11E+00 1.21E+01 7.03E-01 1.37E+00
1 3 4 1 4 1.888E+01 2.454E+00 1.642E+01 O0.00E+00 O0.00E+00 0.00E+00 1.08E+03 1.06E+00 1.13E+01 6.04E-01 1.35E+00
1 4 5 2 1 6.424E+00 2.758E+00 3.666E+00 O0.00E+00 O0.00E+00 O0.00E+00 1.07E+03 5.36E-01 1.20E+01 7.80E-01 1.18E+00
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2.030E+00 1.635E+00
1.635E+00 0.000E+00
0.000E+00 0.000E+00
0.000E+00 0.000E+00
2.825E+00 7.175E+00
2.061E+00 5.114E+00
6.674E-01 4.447E+00
9.967E-01 3.450E+00
1.579E+00 1.871E+00
5.598E-01 1.311E+00
9.096E-01 9.090E+00
1.802E+00 7.289E+00
1.235E+00 6.054E+00
1.194E+00 6.171E+00
1.660E+00 4.511E+00
9.907E-01 3.520E+00
6.244E-01 2.896E+00
2.002E+00 8.937E-01
8.937E-01 0.000E+00
0.000E+00 0.000E+00
0.000E+00 0.000E+00
-7.003E-01 7.003E-01
2.967E+00 1.470E+02
4.282E+00 1.428E+02
4.630E+00 1.381E+02
3.350E+00 1.355E+02
1.186E+00 1.343E+02
-7.394E-01 1.350E+02
-1.910E+00 1.369E+02
-9.430E-01 1.379E+02
3.993E-01 1.375E+02

VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP 13

[elelele o)

OO0 O0O0OO0Oo

[elelele o)

O O O0OoOo

[elelele o)

O O OOoOo

IN:
STORAGE
CONSTANT HEAD
WELLS
ET
HEAD DEP BOUNDS
RECHARGE
STREAM LEAKAGE

TOTAL 1IN

OuUT:
STORAGE
CONSTANT HEAD
WELLS
ET
HEAD DEP BOUNDS
RECHARGE
STREAM LEAKAGE

TOTAL OUT
IN - OUT
PERCENT DISCREPANCY

2694204672.0000
0.0000

0.0000

0.0000
7157434.0000
59632804 .0000
1618403840.0000

4379399168.0000

1361236.7500
0.0000
3324476928.0000
827228864.0000
8185666.0000
0.0000
218821824 .0000

4380074496 .0000
-675328.0000
-0.02

PERCENT DISCREPANCY

OOE+00 0.00E+00 0.00E+00 1.07E+03 3.
O0OE+00 0.00E+00 0.00E+00 1.06E+03 2.
.00E+00 0.0OE+00 O0.00E+00 1.06E+03 O
.00E+00 0.00E+00 O0.00E+00 1.05E+03 O
.00E+00 O0.00E+00 O0.00E+00 1.08E+03 1
.00E+00 0.00E+00 O0.00E+00 1.07E+03 1
.00E+00 O0.00E+00 O0.00E+00 1.07E+03 1
.00E+00 0.00OE+00 O0.00E+00 1.07E+03 1
OOE+00 0.00E+00 O0.00E+00 1.06E+03 1.
O0OE+00 0.00E+00 0.00E+00 1.06E+03 1.
.00E+00 0.00E+00 O0.00E+00 1.08E+03 6
.00E+00 O0.00E+00 O0.00E+00 1.07E+03 6
.00E+00 O0.0OE+00 O0.00E+00 1.06E+03 5
.00E+00 0.00E+00 O0.00E+00 1.06E+03 5
.00E+00 0.00E+00 O0.00E+00 1.05E+03 5
OOE+00 0.00E+00 0.00E+00 1.05E+03 4.
OOE+00 0.00E+00 0.00E+00 1.05E+03 4.
.00E+00 O0.00OE+00 O0.00E+00 1.04E+03 3
.00E+00 O0.00E+00 O0.00E+00 1.04E+03 1
.00E+00 O0.00E+00 O0.00E+00 1.03E+03 O
.00E+00 0.00E+00 O0.00E+00 1.03E+03 O
.00E+00 O0.00E+00 O0.00E+00 1.03E+03 O
.00E+00 O0.00OE+00 O0.00E+00 1.04E+03 2
OOE+00 0.00E+00 O0.00E+00 1.03E+03 2.
O0OE+00 0.00E+00 0.00E+00 1.03E+03 2.
.00E+00 0.00E+00 O0.00E+00 1.02E+03 2
.00E+00 O0.00E+00 O0.00E+00 1.02E+03 2
.00E+00 O0.00E+00 O0.00E+00 1.01E+03 2
.00E+00 0.00E+00 O0.00E+00 1.01E+03 2
.00E+00 O0.00E+00 O0.00E+00 1.00E+03 2
.00E+00 0.00OE+00 O0.00E+00 9.95E+02 2
IN STRESS
RATES FOR THIS TIME STEP
IN:

STORAGE =

CONSTANT HEAD =

WELLS =

ET =

HEAD DEP BOUNDS =

RECHARGE =

STREAM LEAKAGE =

TOTAL IN =

ouUT:

STORAGE =

CONSTANT HEAD =

WELLS =

ET =

HEAD DEP BOUNDS =

RECHARGE =

STREAM LEAKAGE =

TOTAL OUT =

IN - OUT =

84E-01 1.20E+01 6
38E-01 1.20E+01 6
.00E+00 1.20E+01 6.
.00E+00 1.20E+01 6
.91E+00 9.64E+00 7
.73E+00 8.91E+00 6
.55E+00 8.22E+00 5
.36E+00 7.45E+00 6.
16E+00 6.65E+00 4
04E+00 6.15E+00 1
.39E-01 1.00E+01 2
.03E-01 1.00E+01 5
.28E-01 1.00E+01 3.
.86E-01 1.20E+01 4
.40E-01 1.03E+01 4
89E-01 8.76E+00 2
53E-01 7.68E+00 1
.37E-01 1.20E+01 6.
.69E-01 1.20E+01 6
.00E+00 1.20E+01 6
.00E+00 1.20E+01 6
.00E+00 1.20E+01 2
.28E+00 5.53E+01 5
26E+00 5.52E+01 6.
24E+00 5.51E+01 5.
.72E+00 3.95E+01 4
.71E+00 3.93E+01 4
.71E+00 3.92E+01 4
.71E+00 3.93E+01 4
.73E+00 3.95E+01 4
.73E+00 3.96E+01 2
PERIOD 1
L**3/T
71.4506
0.0000
0.0000
0.0000
0.2153
1.7937
51.8144
125.2740
0.0000
0.0000
100.0000
20.7569
0.2446
0.0000
4.2925
125.2941
-2.0004E-02
-0.02

-00E-01
-00E-01

00E-01

-00E-01
-23E-01

-68E-01
.55E-01

71E-01

-99E-01
-84E-01

-50E-01
-00E-01

50E-01

-53E-01
-69E-01

-84E-01
-81E-01

00E-01

-00E-01
-00E-01

-00E-01
-40E-01
-60E+00

13E+00
56E+00

-01E+00
-02E+00
-01E+00
-02E+00
.04E+00
-43E+00
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TIME SUMMARY AT END OF TIME STEP 13

IN STRESS PERIOD
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SECONDS MINUTES HOURS DAYS
TIME STEP LENGTH 4.25468E+06 70911. 1181.9 49.244
STRESS PERIOD TIME 3.32448E+07 5.54080E+05 9234.7 384.78
TOTAL TIME 3.32448E+07 5.54080E+05 9234.7 384.78
SOLVING FOR HEAD
16 ITERATIONS FOR TIME STEP 50 IN STRESS PERIOD 1

MAXIMUM HEAD CHANGE FOR EACH ITERATION:

HEAD CHANGE HEAD CHANGE HEAD CHANGE

HEAD CHANGE

HEAD CHANGE

LAYER,ROW,COL LAYER,ROW,COL LAYER,ROW,COL LAYER,ROW,COL LAYER,ROW,COL

-1.503 -0.5579 -0.7173 -0.4745 -0.3332
C 1, 7, 1) ( 1, 4, 2) 1, 2, 3) 1, 6, 4) 1, 2, 3)
-0.1340 -0.3992E-01 -0.3943E-01  -0.3558E-01  -0.1856E-01
( 1, 6, 9 1, 6, 9) 1, 6, 6) 1, 5, 5) 1, 6, 9)
0.6601E-02  -0.3052E-02  -0.3345E-02  -0.2481E-02 -0.1653E-02
1, 7, 9 (C 1, 6, 9 (C 1, 3, 4o ( 1, 6, 5 ( 1, 2, 3)
-0.7669E-03
( 1, 6, 9
STREAM LEAKAGE PERIOD 1 STEP 50
LAYER ROW COL STREAM RCH. FLOW INTO FLOW TO FLOW OUT OF OVRLND. DIRECT STREAM STREAM STREAM STREAM STREAMBED STREAMBED
SEG.NO. NO. STRM. RCH. AQUIFER STRM. RCH. RUNOFF PRECIP ET HEAD DEPTH WIDTH CONDCTNC. GRADIENT
1 1 1 1 1 2.500E+01 2.358E+00 2.264E+01 0.00E+00 0.00E+00 O0.00E+00 1.09E+03 1.16E+00 1.28E+01 5.67E-01 1.39E+00
1 2 2 1 2 2.264E+01 3.413E+00 1.923E+01 0.00E+00 0.00E+00 0.00E+00 1.09E+03 1.12E+00 1.22E+01 8.29E-01 1.37E+00
1 3 3 1 3 1.923E+01 2.662E+00 1.657E+01 O0.00E+00 O0.00E+00 O0.00E+00 1.08E+03 1.07E+00 1.13E+01 6.55E-01 1.36E+00
1 3 4 1 4 1.657E+01 2.273E+00 1.429E+01 O0.00E+00 O0.00E+00 O0.00E+00 1.08E+03 1.02E+00 1.06E+01 5.65E-01 1.34E+00
1 4 5 2 1 4_.294E+00 2.670E+00 1.624E+00 O0.0OE+00 O0.0OE+00 O0.0OE+00 1.07E+03 4.23E-01 1.20E+01 7.80E-01 1.14E+00
1 5 6 2 2 1.624E+00 1.624E+00 O0.000E+00 O0.00E+00 O0.00E+00 O0.00E+00 1.07E+03 2.39E-01 1.20E+01 6.00E-01 1.08E+00
1 6 6 2 3 0.000E+00 0.000E+00 0.000E+00 0.00E+00 0.00E+00 0.00E+00 1.06E+03 0.00E+00 1.20E+01 6.00E-01 1.00E+00
1 7 6 2 4 0.000E+00 0.000E+00 0.000E+00 0.00E+00 0.00E+00 O0.00E+00 1.06E+03 0.00E+00 1.20E+01 6.00E-01 1.00E+00
1 8 6 2 5 0.000E+00 0.000E+00 0.000E+00 O0.00E+00 0.00E+00 0.00E+00 1.05E+03 0.00E+00 1.20E+01 6.00E-01 1.00E+00
1 3 5 3 1 1.000E+01 2.825E+00 7.175E+00 O0.0OE+00 O0.00E+00 0.00E+00 1.08E+03 1.91E+00 9.64E+00 7.23E-01 1.95E+00
1 3 6 3 2 7.175E+00 2.491E+00 4.684E+00 0.00E+00 0.00E+00 0.00E+00 1.07E+03 1.73E+00 8.91E+00 6.68E-01 1.86E+00
1 3 7 3 3 4._.684E+00 1.972E+00 2.712E+00 O0.0OE+00 O0.0OE+00 O0.0OE+00 1.07E+03 1.55E+00 8.22E+00 5.55E-01 1.78E+00
1 4 8 3 4 2.712E+00 2.257E+00 4.558E-01 0.00E+00 O0.00OE+00 O0.00E+00 1.07E+03 1.36E+00 7.45E+00 6.71E-01 1.68E+00
1 5 8 3 5 4_558E-01 4.558E-01 0.000E+00 O0.00E+00 O0.00E+00 O0.0OE+00 1.06E+03 1.16E+00 6.65E+00 4.99E-01 1.58E+00
1 6 8 3 6 0.000E+00 0.000E+00 0.000E+00 0.00E+00 0.00E+00 0.00E+00 1.06E+03 0.00E+00 6.15E+00 1.84E-01 1.00E+00
1 5 10 4 1 1.000E+01 9.096E-01 9.090E+00 O0.00E+00 O0.00E+00 O0.00E+00 1.08E+03 6.39E-01 1.00E+01 2.50E-01 1.21E+00
1 5 9 4 2 9.090E+00 1.802E+00 7.289E+00 0.00E+00 0.00E+00 0.00E+00 1.07E+03 6.03E-01 1.00E+01 5.00E-01 1.20E+00
1 6 8 4 3 7.289E+00 1.235E+00 6.054E+00 O0.00E+00 O0.00OE+00 O0.00E+00 1.06E+03 5.28E-01 1.00E+01 3.50E-01 1.18E+00
1 6 8 5 1 6.054E+00 1.360E+00 4.694E+00 O0.00E+00 O0.00E+00 O0.00E+00 1.06E+03 5.40E-01 1.04E+01 3.84E-01 1.18E+00
1 7 7 5 2 4_.694E+00 1.364E+00 3.330E+00 O0.00E+00 O0.0OE+00 O0.0OE+00 1.05E+03 4.88E-01 8.71E+00 3.91E-01 1.16E+00
1 8 7 5 3 3.330E+00 8.012E-01 2.529E+00 0.00E+00 0.00E+00 0.00E+00 1.05E+03 4.38E-01 7.25E+00 2.33E-01 1.15E+00
1 8 6 5 4 2.529E+00 4.981E-01 2.031E+00 0.00E+00 0.00E+00 0.00E+00 1.05E+03 4.02E-01 6.26E+00 1.46E-01 1.13E+00
1 9 6 6 1 2.031E+00 1.964E+00 6.701E-02 0.00E+00 O0.00E+00 O0.00E+00 1.04E+03 2.73E-01 1.20E+01 6.00E-01 1.09E+00
1 10 7 6 2 6.701E-02 6.701E-02 0.000E+00 0.00OE+00 0.00E+00 0.00E+00 1.04E+03 4.34E-02 1.20E+01 6.00E-01 1.01E+00
1 11 7 6 3 0.000E+00 0.000E+00 0.000E+00 0.00E+00 0.00E+00 0.00E+00 1.03E+03 0.00E+00 1.20E+01 6.00E-01 1.00E+00
1 12 7 6 4 0.000E+00 0.000E+00 0.000E+00 0.00E+00 0.00E+00 0.00E+00 1.03E+03 0.00E+00 1.20E+01 6.00E-01 1.00E+00
1 13 7 6 5 0.000E+00 -2.320E-01 2.320E-01 O0.00OE+00 O0.00E+00 O0.00E+00 1.03E+03 0.00E+00 1.20E+01 2.40E-01 -3.22E-01
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VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP 50
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-450E+01
.389E+01
.842E+01
.729E+01
651E+01
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.00E+00 O.
-00E+00
-00E+00

-00E+00
-00E+00
-00E+00
-00E+00
-00E+00
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00E+00 O.
-00E+00 -00E+00
-00E+00 -00E+00
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i
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-00E+00
-00E+00
-00E+00
-00E+00
-00E+00
00E+00

-00E+00
-00E+00
-00E+00
-00E+00
-00E+00
00E+00
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00E+00

00E+00 1.
.03E+03
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04E+03

.02E+03
-02E+03
-01E+03
.01E+03
-99E+02

94E+02

NN

-28E+00
-25E+00
-19E+00

.57E+00
-44E+00
-33E+00
-25E+00
.21E+00

NNNNNN

.72E+01
-54E+01

3
3
3
3.26E+01
3.22E+01
3.20E+01

20E+00

IN STRESS PERIOD 1

IN:
STORAGE
CONSTANT HEAD
WELLS
ET
HEAD DEP BOUNDS
RECHARGE
STREAM LEAKAGE

TOTAL IN

OUT:
STORAGE
CONSTANT HEAD
WELLS
ET
HEAD DEP BOUNDS
RECHARGE
STREAM LEAKAGE

TOTAL OUT
IN - OUT

PERCENT DISCREPANCY

TIME SUMMARY AT END OF TIME STEP 50
SECONDS

TIME STEP LENGTH 1.44676E+08 2.41127E+06 40188.
STRESS PERIOD TIME 1.57788E+09 2.62980E+07 4.38300E+05
TOTAL TIME 1.57788E+09 2.62980E+07 4.38300E+05

SOLVING FOR HEAD
4

MAXIMUM HEAD CHANGE FOR EACH

HEAD CHANGE

ITERATIONS FOR TIME STEP 50

HEAD CHANGE

30313164800.0000
0.0000

0.0000

0.0000

343805344 .0000
2830322432.0000
=149463793664 .0000

=182951084032.0000

1361236.7500
0.0000
157788012544 .0000
23964459008 .0000
352023520.0000
0.0000
849752960.0000

=182955622400.0000
= -4538368.0000
= 0.00

MINUTES

ITERATION:

HEAD CHANGE

IN:
STORAGE
CONSTANT HEAD
WELLS
ET
HEAD DEP BOUNDS
RECHARGE
STREAM LEAKAGE

TOTAL
OuUT:

STORAGE
CONSTANT HEAD
WELLS

ET

HEAD DEP BOUNDS
RECHARGE

STREAM LEAKAGE

IN =

TOTAL OUT =

IN - OUT
PERCENT DISCREPANCY

HOURS DAYS

IN STRESS PERIOD 2

HEAD CHANGE

IN STRESS PERIOD

L**3/T

3.8921
0.0000
0.0000
0.0000
0.2188
1.7937
108.7268

114.6314

0.0000
0.0000
100.0000
14.1843
0.2158
0.0000
0.2320

114.6322
-7.8583E-04
0.00

HEAD CHANGE

LAYER,ROW,COL LAYER,ROW,COL LAYER,ROW,COL LAYER,ROW,COL LAYER,ROW,COL

0.2656E-01

( 1,10, 10) ¢ 1,

0.7392E-02

6, 1) (C 1,

0.2794E-02
6,

0.9139E-03
HC 1, 6, 1D

5.53E+01 5.
5.51E+01 6.
5.49E+01 5.

60E+00
12E+00
53E+00

3.70E+00
3.51E+00
.37E+01 3.
3
3
1

36E+00

.28E+00
-29E+00
-97E+00
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-07E-01
-03E-01
-12E-01

-38E+00
-37E+00
-05E+00
.57E-01
-14E-01

33E-01
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STREAM LEAKAGE PERIOD 2 STEP 50

LAYER ROW COL STREAM RCH. FLOW INTO FLOW TO FLOW OUT OF OVRLND. DIRECT STREAM STREAM STREAM  STREAM STREAMBED STREAMBE

SEG.NO. NO. STRM. RCH. AQUIFER  STRM. RCH. RUNOFF PRECIP ET HEAD DEPTH  WIDTH  CONDCTNC. GRADIEN
1 1 1 1 1 2.500E+01 8.032E-01 2.420E+01 0.00E+00 0.00E+00 0.00E+00 1.09E+03 1.17E+00 1.31E+01 5.94E-01 4.51E-01
1 2 2 1 2 2.420E+01 2.170E+00 2.203E+01 0.00E+00 0.00E+00 0.00E+00 1.09E+03 1.15E+00 1.27E+01 8.72E-01 8.30E-01
1 3 3 1 3 2.203E+01 2.911E+00 1.911E+01 0.00E+00 0.00E+00 0.00E+00 1.08E+03 1.11E+00 1.21E+01 7.08E-01 1.37E+00
1 3 4 1 4 1.911E+01 2.470E+00 1.665E+01 0.00E+00 O0.00E+00 0.00E+00 1.08E+03 1.07E+00 1.13E+01 6.07E-01 1.36E+00
1 4 5 2 1 6.645E+00 2.767E+00 3.879E+00 0.00E+00 0.00E+00 0.00E+00 1.07E+03 5.47E-01 1.20E+01 7.80E-01 1.18E+00
1 5 6 2 2 3.879E+00 2.038E+00 1.840E+00 0.00E+00 0.00E+00 0.00E+00 1.07E+03 3.97E-01 1.20E+01 6.00E-01 1.13E+00
1 6 6 2 3 1.840E+00 1.840E+00 0.000E+00 0.00E+00 0.00E+00 0.00E+00 1.06E+03 2.55E-01 1.20E+01 6.00E-01 1.09E+00
1 7 6 2 4  0.000E+00 0.000E+00 0.000E+00 0.00E+00 0.00E+00 0.00E+00 1.06E+03 0.00E+00 1.20E+01 6.00E-01 1.00E+00
1 8 6 2 5 0.000E+00 0.000E+00 0.000E+00 0.00E+00 0.00E+00 0.00E+00 1.05E+03 0.00E+00 1.20E+01 6.00E-01 1.00E+00
1 3 5 3 1 1.000E+01 2.208E+00 7.792E+00 0.00E+00 0.00E+00 0.00E+00 1.08E+03 1.91E+00 9.64E+00 7.23E-01 1.53E+00
1 3 6 3 2  7.792E+00 1.376E+00 6.416E+00 0.00E+00 0.00E+00 0.00E+00 1.07E+03 1.73E+00 8.91E+00 6.68E-01 1.03E+00
1 3 7 3 3 6.416E+00 4.206E-01 5.995E+00 0.00E+00 0.00E+00 0.00E+00 1.07E+03 1.55E+00 8.22E+00 5.55E-01 3.79E-01
1 4 8 3 4 5.995E+00 6.067E-01 5.389E+00 0.00E+00 O0.00E+00 0.00E+00 1.07E+03 1.36E+00 7.45E+00 6.71E-01 4.52E-01
1 5 8 3 5 5.389E+00 7.935E-01 4.595E+00 0.00E+00 0.00E+00 0.00E+00 1.06E+03 1.16E+00 6.65E+00 4.99E-01 7.95E-01
1 6 8 3 6  4.595E+00 4.561E-01 4.139E+00 0.00E+00 0.00E+00 0.00E+00 1.06E+03 1.04E+00 6.15E+00 1.84E-01 1.24E+00
1 5 10 4 1 1.000E+01 9.096E-01 9.090E+00 0.00E+00 0.00E+00 0.00E+00 1.08E+03 6.39E-01 1.00E+01 2.50E-01 1.21E+00
1 5 ) 4 2  9.090E+00 1.802E+00 7.289E+00 0.00E+00 0.00E+00 0.00E+00 1.07E+03 6.03E-01 1.00E+01 5.00E-01 1.20E+00
1 6 8 4 3  7.289E+00 1.235E+00 6.054E+00 0.00E+00 0.00E+00 0.00E+00 1.06E+03 5.28E-01 1.00E+01 3.50E-01 1.18E+00
1 6 8 5 1 1.019E+01 -2.691E-01 1.046E+01 0.00E+00 0.00E+00 0.00E+00 1.06E+03 6.79E-01 1.53E+01 6.28E-01 -1.43E-01
1 7 7 5 2 1.046E+01 7.635E-01 9.699E+00 0.00E+00 0.00E+00 0.00E+00 1.05E+03 6.74E-01 1.55E+01 7.96E-01 3.20E-01
1 8 7 5 3 9.699E+00 1.010E+00 8.689E+00 0.00E+00 0.00E+00 0.00E+00 1.05E+03 6.52E-01 1.44E+01 4.86E-01 6.93E-01
1 8 6 5 4 8.689E+00 1.536E-01 8.535E+00 0.00E+00 O0.00E+00 0.00E+00 1.05E+03 6.37E-01 1.39E+01 3.57E-01 1.44E-01
1 9 6 6 1 8.535E+00 1.373E+00 7.162E+00 0.00E+00 0.00E+00 0.00E+00 1.04E+03 6.09E-01 1.20E+01 6.00E-01 7.63E-01
1 10 7 6 2 7.162E+00 1.330E+00 5.832E+00 0.00E+00 0.00E+00 0.00E+00 1.04E+03 5.45E-01 1.20E+01 6.00E-01 7.39E-01
1 11 7 6 3 5.832E+00 1.216E+00 4.615E+00 0.00E+00 0.00E+00 0.00E+00 1.03E+03 4.79E-01 1.20E+01 6.00E-01 6.76E-01
1 12 7 6 4  4.615E+00 5.695E-01 4.046E+00 0.00E+00 0.00E+00 0.00E+00 1.03E+03 4.29E-01 1.20E+01 6.00E-01 3.16E-01
1 13 7 6 5 4.046E+00 -6.607E-01 4.707E+00 0.00E+00 0.00E+00 0.00E+00 1.03E+03 4.32E-01 1.20E+01 2.40E-01 -9.18E-01
1 14 9 7 1 1.500E+02 2.957E+00 1.470E+02 0.00E+00 0.00E+00 0.00E+00 1.04E+03 2.28E+00 5.53E+01 5.60E+00 1.76E-01
1 13 8 7 2 1.470E+02 4.053E+00 1.430E+02 0.00E+00 0.00E+00 0.00E+00 1.03E+03 2.26E+00 5.52E+01 6.13E+00 2.20E-01
1 13 7 7 3 1.430E+02 3.182E+00 1.398E+02 0.00E+00 0.00E+00 0.00E+00 1.03E+03 2.24E+00 5.51E+01 5.58E+00 1.90E-01
1 13 6 8 1 1.445E+02 1.571E+00 1.429E+02 O0.00E+00 0.00E+00 0.00E+00 1.02E+03 2.77E+00 4.03E+01 4.12E+00 1.27E-01
1 13 5 8 2  1.429E+02 -1.255E+00 1.442E+02 0.00E+00 0.00E+00 0.00E+00 1.02E+03 2.77E+00 4.01E+01 4.10E+00 -1.02E-01
1 13 4 8 3  1.442E+02 -2.969E+00 1.472E+02 0.00E+00 0.00E+00 0.00E+00 1.01E+03 2.78E+00 4.04E+01 4.13E+00 -2.40E-01
1 13 3 8 4  1.472E+02 -3.053E+00 1.502E+02 0.00E+00 O0.00E+00 0.00E+00 1.01E+03 2.81E+00 4.07E+01 4.16E+00 -2.44E-01
1 13 2 8 5 1.502E+02 -1.112E+00 1.513E+02 0.00E+00 0.00E+00 0.00E+00 1.00E+03 2.82E+00 4.08E+01 4.18E+00 -8.88E-02
1 13 1 8 6 1.513E+02 4.133E-01 1.509E+02 0.00E+00 0.00E+00 0.00E+00 9.95E+02 2.82E+00 4.09E+01 2.51E+00 5.48E-02

VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP 50 IN STRESS PERIOD 2

CUMULATIVE VOLUMES L**3 RATES FOR THIS TIME STEP L**3/T
IN: IN:

STORAGE = 30333497344 .0000 STORAGE = 4_.2187E-06
CONSTANT HEAD = 0.0000 CONSTANT HEAD = 0.0000
WELLS = 0.0000 WELLS = 0.0000
ET = 0.0000 ET = 0.0000
HEAD DEP BOUNDS = 684446208 .0000 HEAD DEP BOUNDS = 0.2152
RECHARGE = 5660645888.0000 RECHARGE = 1.7937
STREAM LEAKAGE =231710588928.0000 STREAM LEAKAGE = 43.3992
TOTAL IN =268389187584.0000 TOTAL IN = 45.4081

OuUT: ouUT:
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STORAGE = 30327783424.0000 STORAGE = 8.6505E-03
CONSTANT HEAD = 0.0000 CONSTANT HEAD = 0.0000
WELLS =157788012544_0000 WELLS = 0.0000
ET = 68290981888.0000 ET = 35.8371
HEAD DEP BOUNDS = 736502400.0000 HEAD DEP BOUNDS = 0.2483
RECHARGE = 0.0000 RECHARGE = 0.0000
STREAM LEAKAGE = 11258482688 .0000 STREAM LEAKAGE = 9.3187
TOTAL OUT =268401770496.0000 TOTAL OUT = 45.4127
IN - OUT = -12582912.0000 IN - OUT = -4 _5547E-03
ERCENT DISCREPANCY = 0.00 PERCENT DISCREPANCY = -0.01
TIME SUMMARY AT END OF TIME STEP 50 IN STRESS PERIOD 2
SECONDS MINUTES HOURS DAYS YEARS
TIME STEP LENGTH 1.44676E+08 2.41127E+06 40188. 1674.5 4.5845
TRESS PERIOD TIME 1.57788E+09 2.62980E+07 4.38300E+05 18263. 50.000
TOTAL TIME 3.15576E+09 5.25960E+07 8.76600E+05 36525. 100.00

Following (enclosed in a border) are the abridged contents of Gaging Station 5 output file
for the transient part of test simulation 1:

File name: testltr.sg5

"GAGE No. 5: K,I,J Coord. = 1, 8, 6; STREAM SEGMENT = 5; REACH = 4 "
"DATA: Time Stage Flow Depth Width M-P Flow Cond. HeadDiff Hyd.Grad."
1.356E+06  1.047E+03 8.346E+00 6.337E-01 1.382E+01 8.602E+00 3.548E-01 7.583E-01 2.528E-01

4.487E+06 1.047E+03  7.490E+00 6.181E-01 1.346E+01  8.227E+00 3.456E-01  2.099E+00 6.997E-01
1.046E+07 1.047E+03  5.678E+00 5.674E-01 1.132E+01 6.658E+00 2.697E-01  3.567E+00 1.189E+00
2_512E+07 1.047E+03  3.565E+00 4.852E-01 8.652E+00 4.307E+00 2.046E-01  3.485E+00 1.162E+00

5.497E+07 1.047E+03  2.031E+00 4.019E-01 6.261E+00  2.556E+00 1.464E-01  3.402E+00 1.134E+00

2_239E+09 1.047E+03  2.031E+00 4.019E-01 6.261E+00 2.556E+00 1.464E-01  3.402E+00 1.134E+00
2_307E+09 1.047E+03  4.056E+00 4.997E-01  9.363E+00 4.495E+00 2.420E-01 1.774E+00 5.912E-01
2.381E+09 1.047E+03  6.639E+00 5.868E-01 1.215E+01 6.936E+00 3.125E-01 9.211E-01  3.070E-01
2.463E+09 1.047E+03  7.810E+00 6.191E-01 1.326E+01  8.029E+00 3.407E-01  6.208E-01  2.069E-01

2_760E+09 1.047E+03  8.491E+00 6.360E-01 1.385E+01 8.635E+00 3.556E-01  4.422E-01 1.474E-01

3.156E+09 1.047E+03 8.535E+00 6.371E-01 1.389E+01 8.676E+00 3.566E-01 4.306E-01  1.435E-01




APPENDIX 3: SELECTED INPUT DATA AND PRINTED
RESULTS FOR TEST SIMULATION 2

This simulation is designed to demonstrate the capability of the Streamflow-Routing
(SFR1) Package when used in conjunction with the Lake (LAK3) Package and the Ground-Water
Transport (GWT) Process of MODFLOW (MODFLOW-GWT). This test case assumes steady-
state flow and transient transport. Variables used in test simulation 2 are presented in table 3. The
extent of the model grid for layer 1, boundary conditions, and locations of lakes and streams are
illustrated in figure 13. Selected results are shown in figures 14-17.

Selected sections of several key input and output data files are shown below—sometimes
with annotations; gaps in the listings are indicated by an ellipsis. A complete set of these files is
available for distribution over the Internet as discussed in the Preface. Contents of some files are
enclosed in a border and explanations are noted outside of the border; for other files, explanations
are sometimes included as comments following a semi-colon on the line being explained. Some
brief annotations were added to the selected output listings to help the reader understand the
purpose of various sections of output. These annotations are written in bold italics. Font sizes in
the following listings are sometimes reduced so that lines will fit within page margins. Information
pertaining specifically to the SFR1 Package is highlighted by shading.
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Listing of Selected Input Data Sets for Test Simulation 2

Following (enclosed in a border) are the contents of the MODFLOW name file for test
simulation 2; explanations are noted outside of border:

File name: teststrm.nam

LIST 10 teststrm.lIst <— Output file for MODFLOW-2000
DIS 87 teststrm.dis <— Input file for Discretization Package
BAS6 11 teststrm.ba6 < Input file for Basic Package
ocC 12 teststrm.oc <— Input file for Output Control option
BCF6 13 teststrm.bc6 <— Input file for Block-Centered Flow Package
RCH 14 teststrm.rch < Input file for Recharge Package
GWT 70 teststrm.mcn <— Name file for Ground-Water Transport Process
LAK 19 teststrm.moc. lak <— Input file for Lake (LAK3) Package
SFR 18 teststrm.moc.sfr < Input file for Streamflow-Routing (SFR1) Package
GAGE 22 teststrm.gge < Input file for Gage Package
SIP 34 teststrm.sip <— Input file for Strongly Implicit Procedure Package
DATA 23 teststrm.fhd <— Output file for calculated heads
DATA 26 teststrm.gsl <— Output file for Lake 1 gaging station records
DATA 27 teststrm.gs2 <— Output file for Lake 2 gaging station records
DATA 28 teststrm.sgl <— Output file for Stream 1 gaging station records
DATA 29 teststrm.sg2 <— Output file for Stream 2 gaging station records
DATA 30 teststrm.sg3 < Output file for Stream 3 gaging station records
DATA 31 teststrm.sg4 <— Output file for Stream 4 gaging station records
DATA(BINARY) 33 teststrm.bud <— Output file for cell-by-cell budget data

T T T

1 2 3

1 Ftype (that is, the type of file)
2 Unit number
3 File name (name chosen to reflect contents of file)
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Following (enclosed in a border) are the contents of the Basic Package input file for test
simulation 2; explanations are noted outside of border:

File name: teststrm.bab

#Test of combined stream, lake, and solute-transport packages. «1
#.__..loosely based on simplified model of Cape Cod sewage plume. «1
FREE CHTOCH «—2
OPEN/CLOSE teststrm.i2 1 "(FREE) " 5 IBOUND layer 1 «~3
OPEN/CLOSE teststrm.i0 1 " (FREE) - 5 I1BOUND layer 2 «3
OPEN/CLOSE teststrm.i3 1 " (FREE) - 5 I1BOUND layer 3 «3
OPEN/CLOSE teststrm.il 1 " (FREE) - 5 IBOUND layer 4 <3
OPEN/CLOSE teststrm.il 1 " (FREE) - 5 IBOUND layer 5 <3
OPEN/CLOSE teststrm.il 1 "(FREE) - 5 I1BOUND layer 6 «3
OPEN/CLOSE teststrm.il 1 "(FREE) - 5 IBOUND layer 7 «3
OPEN/CLOSE teststrm.il 1 *"(FREE) " 5 |IBOUND layer 8 «3

999999.00 HNOFLO «—4
OPEN/CLOSE teststrm.hO 1.000000E+00 " (FREE) " 2 Initial Head layer 1 |« 5
OPEN/CLOSE teststrm._hO 1.000000E+00 " (FREE) " 2 Initial Head layer 2 |«5
OPEN/CLOSE teststrm._h2 1.000000E+00 " (FREE) " 2 Initial Head layer 3 |« 5
OPEN/CLOSE teststrm_h2 1.000000E+00 " (FREE) " 2 Initial Head layer 4 |«5
OPEN/CLOSE teststrm._h2 1.000000E+00 *(FREE) " 2 Initial Head layer 5 |« 5
OPEN/CLOSE teststrm._h2 1.000000E+00 *(FREE) " 2 Initial Head layer 6 |«5
OPEN/CLOSE teststrm.h2 1.000000E+00 " (FREE) " 2 Initial Head layer 7 |«5
OPEN/CLOSE teststrm.h2 1.000000E+00 " (FREE) " 2 Initial Head layer 8 |« 5

1 Two header lines of comments.

2 Options line; “CHTOCH” recommended for GWT Process.
3 IBOUND arrays for each layer read from separate files.

4 Head value assigned to inactive cells.

5 Initial head information.
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Following (enclosed in a border) are the contents of the Discretization Package input file
for test simulation 2; explanations are noted outside of border:

File name: teststrm.dis

8 36 23 1 4 0 NLAY,NROW,NCOL,NPER, ITMUNI,LENUNI «1
oOooOoOOOOOO «2
CONSTANT  4_.056650E+02 DELR «3
CONSTANT  4.037170E+02 DELC «—4
CONSTANT  1.000000E+02 top <5
INTERNAL 1.0 (FREE) 12 <6
33.3470681164657 ... 13.7600260206888 «—7
INTERNAL 1.0 (FREE) 12 <8
18.3470681164657 ... -1.23997397931123 7
OPEN/CLOSE teststrm._bt3 1.000000E+00 " (FREE) " 2 Layer BOTM layer 3 |<«9
OPEN/CLOSE teststrm.bt4 1.000000E+00 " (FREE) " 2 Layer BOTM layer 4 |« 9
OPEN/CLOSE teststrm.btb 1.000000E+00 " (FREE) " 2 Layer BOTM layer 5 |«9
OPEN/CLOSE teststrm.bt6 1.000000E+00 " (FREE) " 2 Layer BOTM layer 6 |<«9
OPEN/CLOSE teststrm._bt7 1.000000E+00 " (FREE) " 2 Layer BOTM layer 7 |<«9
OPEN/CLOSE teststrm._bt8 1.000000E+00 " (FREE) " 2 Layer BOTM layer 8 |<«9
9131. 1 1. SS PERLEN,NSTP,TSMULT,Ss/tr <10

1 Grid characterization data.

2 Flags for quasi-3D simulation.

3 Row discretization data.

4 Column discretization data.

S Top elevation for layer 1.

6 Bottom elevations for layer 1 read from following data.

736 rows of data.

8 Bottom elevations for layer 2 read from following data.

9 Bottom elevations for indicated layers are read from separate files.
10 Time step and stress period information.
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Following (enclosed in a border) are the contents of the Block-Centered Flow Package
input file for test simulation 2; explanations are noted outside of border:

File name: teststrm.bc6

33 -9.99999e+05 0 5.00000e-01 1 1 «—1

01 2
03 2
00 2
00 2
00 2
00 2
00 2
00 2
INTERNAL 1.0 (FREE) 1 «3
1.00000e+00 «3
1.00000e+00 «3
1.00000e+00 «3
1.00000e+00 «3
1.00000e+00 «3
1.00000e+00 «3
1.00000e+00 «3
1.00000e+00 «3
OPEN/CLOSE teststrm.kO 1.0 (FREE) 12 «—4
OPEN/CLOSE teststrm.z0 1.0 (FREE) 12 <5
OPEN/CLOSE teststrm.kO 1.0 (FREE) 12 «—4
OPEN/CLOSE teststrm.z0 1.0 (FREE) 12 <5
OPEN/CLOSE teststrm.kl 1.0 (FREE) 12 «—4
OPEN/CLOSE teststrm.zl 1.0 (FREE) 12 <5
OPEN/CLOSE teststrm.kl 1.0 (FREE) 12 «—4
OPEN/CLOSE teststrm.zl 1.0 (FREE) 12 <5
OPEN/CLOSE teststrm.kl 1.0 (FREE) 12 «—4
OPEN/CLOSE teststrm.zl 1.0 (FREE) 12 <5
OPEN/CLOSE teststrm.kl 1.0 (FREE) 12 «—4
OPEN/CLOSE teststrm.zl 1.0 (FREE) 12 <5
OPEN/CLOSE teststrm.kl 1.0 (FREE) 12 «—4
OPEN/CLOSE teststrm.zl 1.0 (FREE) 12 <5
OPEN/CLOSE teststrm.kl 1.0 (FREE) 12 «—4

1 Flag for cell-by-cell flow terms, five flags or values related to wetting.
2 Layer type.

3 Anisotropy factor.

4 Hydraulic conductivity data read from separate file.

S Vertical conductance data read from separate file.
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Following are the contents of the Lake Package (LAKS3) input file for test simulation 2;
explanations are noted as comments at the end of each record:

File name: teststrm.moc.lak
2 -1
0.0 200 0.00001
44 .0 40.0 48.0 0.0

NLAKES, ILKCB
THETA, NSSITR, SSCNCR
Lake 1: STAGES, SSMN, SSMX, CLAKE

!
!
!
35.2 31.2 39.2 0.0 ! Lake 2: STAGES, SSMN, SSMX, CLAKE
1 1 0 ' ITMP, ITMP1, LWRT
OPEN/CLOSE teststrm.lkl 1 (FREE) 5 1 Lake position array, Layer 1
OPEN/CLOSE teststrm.lkO 1 (FREE) 5 1 Lake position array, Layer 2
OPEN/CLOSE teststrm.lkO 1 (FREE) 5 ! Lake position array, Layer 3
OPEN/CLOSE teststrm.lkO 1 (FREE) 5 ! Lake position array, Layer 4
OPEN/CLOSE teststrm.lkO 1 (FREE) 5 ! Lake position array, Layer 5
OPEN/CLOSE teststrm.lkO 1 (FREE) 5 1 Lake position array, Layer 6
OPEN/CLOSE teststrm.lkO 1 (FREE) 5 ! Lake position array, Layer 7
OPEN/CLOSE teststrm.lkO 1 (FREE) 5 ! Lake position array, Layer 8
CONSTANT 1.0 1 Lakebed leakance array, Layer 1
CONSTANT 1.0 1 Lakebed leakance array, Layer 2
CONSTANT 1.0 1 Lakebed leakance array, Layer 3
CONSTANT 1.0 1 Lakebed leakance array, Layer 4
CONSTANT 1.0 1 Lakebed leakance array, Layer 5
CONSTANT 1.0 1 Lakebed leakance array, Layer 6
CONSTANT 1.0 1 Lakebed leakance array, Layer 7
CONSTANT 1.0 1 Lakebed leakance array, Layer 8
0 I NSLMS
0.0 0.0 0.0 0.0 ! Lake 1: PRCPLK, EVAPLK, RNF, WTHDRW
0.0 0.0 0.0 ! Lake 1: CPPT, CRNF, CAUG
0.0 0.0 0.0 0.0 ! Lake 2: PRCPLK, EVAPLK, RNF, WTHDRW

Following (enclosed in a border) are the contents of the Streamflow-Routing Package
(SFR1) input file for test simulation 2; explanations are noted outside of border:

File name: teststrm.moc.sfr

# Streamflow Routing test case for MODFLOW-2000 «1
38 4 0 0 128390. .005 -1 0 2
1 123 1 1 400. <3
1 223 1 2 200. <3
1 222 1 3 400. <3
1 321 1 4 400. <3
1 420 1 5 400. <3
1 520 1 6 400. <3
117 18 2 1 400. <3
118 18 2 2 400. <3
119 18 2 3 400. <3
12017 2 4 400. <3
12117 2 5 400. <3
12217 2 6 400. <3
12316 2 7 400. <3
12416 2 8 400. <3




12516 2 9 400.
126 16 2 10 400.
127 16 2 11 400.
128 15 2 12 400.
118 11 3 1 400.
11911 3 2 200.
11912 3 3 200.
12012 3 4 400.
12112 3 5 400.
12213 3 6 400.
12313 3 7 400.
12413 3 8 200.
12414 3 9 200.
12514 3 10 400.
126 14 3 11 400.
127 14 3 12 400.
128 15 3 13 400.
12915 4 1 400.
13015 4 2 400.
13115 4 3 400.
13215 4 4 400.
13315 4 5 400.
13415 4 6 400.
13515 4 7 400.
4 0 0
1 1 -1 0 86400. 0.0 0.0 0.0
100. 1.0 49.0 5.0
100. 1.0 45.0 5.0
0.0 0.0 0.0
2 1 4 -1 0.0 0.0 0.0 0.0
100. 1.0 44.5 5.0
100. 1.0 34.0 5.0
0.0 0.0
3 1 4 0 8640. 0.0 0.0 0.0
100. 1.0 41.5 5.0
100. 1.0 34.0 5.0
0.0 0.0 0.0
4 1 0O O 0.0 0.0 0.0 0.0
100. 1.0 34.0 5.0
100. 1.0 27.2 5.0
0.0 0.0 0.0

0.03

0.03

0.03

0.03

1 Optional text line for comments.

2 Input Item 1 (basic stream network description).
3 Input Item 2 (stream reach descriptions).

4 Input Item 5 (flags for reading and printing data).
5 Input item 6a (general stream segment data).

6 Input item 6b (stream segment data for upstream end).
7 Input item 6¢ (stream segment data for downstream end).

8 Input item 6f (source concentrations associated with inflows to stream segment).

«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
«3
4
«5
6
«7
«8
«5
6
«7
«8
«5
6
«7
«8
«5
6
«7
«8
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Following (enclosed in a border) are the contents of the Output-Control option input file for
test simulation 2. Input was constructed in the optional style using words:

File name: teststrm.oc

HEAD PRINT FORMAT -12

HEAD SAVE FORMAT (8E15.7) LABEL
HEAD SAVE UNIT 23
PERI10OD 1
PRINT HEAD

PRINT BUDGET

SAVE HEAD

SAVE BUDGET

STEP 1

Following (enclosed in a border) are the contents of the Gage Package input file for test
simulation 2; explanations are noted as comments at the end of each record (unit numbers are
linked to a file name through the Ftype “DATA” in the MODFLOW name file):

File name: teststrm.gge

6 ;NUMGAGE (number of gaging stations)

1 6 28 0 ;STREAM SEGMENT & REACH #; Output file for Gage 1; OUTTYPE
2 12 29 1 ;STREAM SEGMENT & REACH #; Output file for Gage 2; OUTTYPE
3 13 30 2 ;STREAM SEGMENT & REACH #; Output file for Gage 3; OUTTYPE
4 7 31 3 ;STREAM SEGMENT & REACH #; Output file for Gage 4; OUTTYPE
-1 26 ;Lake number; Unit no. for output file for Gage 5

-2 27 ;Lake number; Unit no. for output file for Gage 6

Following (enclosed in a border) are the contents of the Ground-Water Transport Process

File name: teststrm.mcn
CLST 71

teststrm.out < Output file for Ground-Water Transport Process

MOC 72 teststrm.expl.moc < Input file for GWT using explicit MOC transport solver
OBS 79 teststrm.obs <— Input file for observation well package

CRCH 73 teststrm.crc < Input file for concentration of recharge

CNCA 74 teststrm.cna <— Output file for calculated concentrations

VELA 76 teststrm.vla < Output file for calculated velocities
DATA 78 teststrm.oba < Output file for observation well records
T 7 T

1 2 3

1 Ftype (that is, the type of file)
2 Unit number
3 File name (name chosen to reflect contents of file)
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Following (enclosed in a border) are the contents of the Ground-Water Transport Process input file
for test simulation 2; selected explanations are noted outside of border:

File name: teststrm.expl.moc

Otis sewage plume--lake & stream packages

1 8 1 36 1 23
0 0.00000e+00 0.00000e+00
0 27
0.5000e-00 5.00000e-02 2
300 0 -1 0 0 0 0
-9.99900e+02

D O O A Y Y A
0000 OO ~NDUTAWN R

CONSTANT 0.0 C-int, layer 1

CONSTANT 0.0 C-int, layer 2

CONSTANT 0.0 C-int, layer 3

CONSTANT 0.0 C-int, layer 4

CONSTANT 0.0 C-int, layer 5

CONSTANT 0.0 C-int, layer 6

CONSTANT 0.0 C-int, layer 7

CONSTANT 0.0 C-int, layer 8
2 «~ 9
-1 0.00000e+00 <10
-2 5.00000e+02 «10

INTERNAL 1 (FREE) 7 <11
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 1

INTERNAL 1.0 (FREE) 1 <12

2.00000e+01 2.00000e+01 2.00000e+01 2.00000e+01 2.00000e+01 2.00000e+01 2.00000e+01
2.00000e+01

INTERNAL 1.0 (FREE) 1 «13
2.00000e+00 2.00000e+00 2.00000e+00 2.00000e+00 2.00000e+00 2.00000e+00 2.00000e+00

2.00000e+00

INTERNAL 1.0 (FREE) 1 «14
2.00000e-01 2.00000e-01 2.00000e-01 2.00000e-01 2.00000e-01 2.00000e-01 2.00000e-01

2.00000e-01

INTERNAL 1.0 (FREE) 1 «15
1.00000e+00 1.00000e+00 1.00000e+00 1.00000e+00 1.00000e+00 1.00000e+00 1.00000e+00

1.00000e+00

INTERNAL 1 (FREE) 5 <16

3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01
3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01
3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01 3.00000e-01
3.00000e-01 3.00000e-01

1 Two header lines for comments. 9 NZONES.

2 Indices for transport subgrid. 10 Concentrations associated with fixed-head nodes.

3 Flag for no dispersion; decay rate; diffusion 11 |GENPT data; includes 36 rows of data for each of
coefficient. 8 layers of grid (only first row of first layer is

shown).
5 Numerical solution parameters ié Longitudinal dispersivi?y for anph layer.
6o : Horizontal transverse dispersivity for each layer.
Print flags and formats. 14 vertical transverse dispersivity for each layer.
7 Value of concentration associated with 15 Retardation factor for each layer.

- Inactive cells_. _ 16 porosity data; includes 36 rows of data for each of
Initial concentration in each layer. 8 layers of grid.

4 particle information for MOC3D.
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Listing of Selected Output Files for Test Simulation 2

Following are the contents of the main MODFLOW output file for test simulation 2:

File name: teststrm.lIst

MODFLOW-2000
U.S. GEOLOGICAL SURVEY MODULAR FINITE-DIFFERENCE GROUND-WATER FLOW MODEL
VERSION 1.11.3 06/18/2003
This model run combines GLOBAL and LIST output into this single file.

GLOBAL LISTING FILE: teststrm.lIst

UNIT 10
OPENING teststrm.dis
FILE TYPE:DIS UNIT 87 STATUS:OLD
FORMAT : FORMATTED ACCESS:SEQUENTIAL
OPENING teststrm.bab
FILE TYPE:BAS6 UNIT 11 STATUS:OLD
FORMAT : FORMATTED ACCESS:SEQUENTIAL
OPENING teststrm.oc
FILE TYPE:OC UNIT 12 STATUS:OLD
FORMAT : FORMATTED ACCESS:SEQUENTIAL
OPENING teststrm.bc6
FILE TYPE:BCF6 UNIT 13 STATUS:OLD
FORMAT : FORMATTED ACCESS:SEQUENTIAL
OPENING teststrm.rch
FILE TYPE:RCH UNIT 14 STATUS:OLD
FORMAT : FORMATTED ACCESS:SEQUENTIAL
OPENING teststrm.mcn
FILE TYPE:GWT UNIT 70 STATUS:OLD

FORMAT : FORMATTED

OPENING teststrm.moc. lak
FILE TYPE:LAK UNIT 19
FORMAT : FORMATTED

OPENING teststrm.moc.sfr
FILE TYPE:SFR UNIT 18
FORMAT : FORMATTED

OPENING teststrm.gge
FILE TYPE:GAGE  UNIT
FORMAT - FORMATTED

22

OPENING teststrm.sip
FILE TYPE:SIP  UNIT
FORMAT : FORMATTED

34

ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS : SEQUENT IAL

STATUS:OLD
ACCESS:SEQUENTIAL

STATUS:OLD
ACCESS:SEQUENTIAL



OPENING teststrm.fhd
FILE TYPE:DATA UNIT 23 STATUS : UNKNOWN
FORMAT : FORMATTED ACCESS:SEQUENTIAL

OPENING teststrm.gsl
FILE TYPE:DATA UNIT 26  STATUS:UNKNOWN
FORMAT : FORMATTED ACCESS:SEQUENTIAL

OPENING teststrm.gs2
FILE TYPE:DATA UNIT 27 STATUS : UNKNOWN
FORMAT : FORMATTED ACCESS :SEQUENTIAL

OPENING teststrm.sgl
FILE TYPE:DATA UNIT 28  STATUS:UNKNOWN
FORMAT - FORMATTED ACCESS : SEQUENT IAL

OPENING teststrm.sg2
FILE TYPE:DATA UNIT 29  STATUS:UNKNOWN
FORMAT : FORMATTED ACCESS: SEQUENTIAL

OPENING teststrm.sg3
FILE TYPE:DATA UNIT 30  STATUS:UNKNOWN
FORMAT : FORMATTED ACCESS: SEQUENTIAL

OPENING teststrm.sg4
FILE TYPE:DATA UNIT 31  STATUS:UNKNOWN
FORMAT : FORMATTED ACCESS : SEQUENT IAL

OPENING teststrm.bud
FILE TYPE:DATA(BINARY) UNIT 33 STATUS : UNKNOWN
FORMAT :BINARY ACCESS:SEQUENTIAL

THE FREE FORMAT OPTION HAS BEEN SELECTED

DISCRETIZATION INPUT DATA READ FROM UNIT 87
8 LAYERS 36 ROWS 23 COLUMNS
1 STRESS PERIOD(S) IN SIMULATION

MODEL TIME UNIT 1S DAYS

MODEL LENGTH UNIT 1S UNDEFINED

U.S. GEOLOGICAL SURVEY
Ground-Water Transport Process (GWT)
GWT (Version 1.6) August 2003

GWT BASIC INPUT READ FROM UNIT 72

GWT OUTPUT ON FILE UNIT 71

THE GROUND-WATER TRANSPORT PROCESS 1S ACTIVE
THE OBSERVATION PROCESS IS INACTIVE

THE SENSITIVITY PROCESS 1S INACTIVE
THE PARAMETER-ESTIMATION PROCESS 1S INACTIVE
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STRESS PERIOD LENGTH TIME STEPS MULTIPLIER FOR DELT SS FLAG

1 9131.000 1
STEADY-STATE SIMULATION
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SIP5 -- STRONGLY IMPLICIT PROCEDURE SOLUTION PACKAGE
VERSION 5, 9/1/93 INPUT READ FROM UNIT 34

#Test of combined stream, lake, and solute-transport packages.
#..._.loosely based on simplified model of Cape Cod sewage plume.

SFR1 -- STREAMFLOW ROUTING PACKAGE, VERSION 1, 6/30/2000
INPUT READ FROM UNIT 18
# StreamFlow Routing test case for MODFLOW-2000

NUMBER OF STREAM NODES 1S 38
NUMBER OF STREAM SEGMENTS 1S 4
NUMBER OF STREAM PARAMETERS 1S 0
NUMBER OF STREAM SEGMENTS DEFINED USING PARAMETERS 1S 0
MAXIMUM ERROR FOR STREAM LEAKAGE RATES 1S  5.00E-03
CONSTANT FOR MANNINGS EQUATION 1S 1.2839E+05
1496 ELEMENTS IN RX ARRAY ARE USED BY SFR
218 ELEMENTS IN IR ARRAY ARE USED BY SFR
LAK3 -- LAKE PACKAGE, VERSION 3, 6/28/99 INPUT READ FROM UNIT 19

SPACE ALLOCATION FOR 6624 GRID CELL FACES ADJACENT TOLAKES
MAXIMUM NUMBER OF LAKES 1S 2 FOR THIS SIMULATION

STREAM NETWORK DESCRIPTION:

LAYER ROW COL  SEGMENT  REACH LENGTH

NUMBER NUMBER IN CELL
1 1 23 1 1 4 _000E+02
1 2 23 1 2 2 .000E+02
1 2 22 1 3 4 _000E+02
1 3 21 1 4 4 _000E+02
1 4 20 1 5 4 _000E+02
1 5 20 1 6 4 _000E+02
1 17 18 2 1 4 _000E+02
1 18 18 2 2 4 _000E+02
1 27 14 3 12 4 _000E+02
1 28 15 3 13 4 _000E+02
1 29 15 4 1 4 _000E+02
1 30 15 4 2 4 _000E+02
1 31 15 4 3 4 _000E+02
1 32 15 4 4 4 _000E+02
1 33 15 4 5 4 _000E+02
1 34 15 4 6 4 _000E+02
1 35 15 4 7 4 _000E+02

6 GAGING STATIONS WERE SPECIFIED.
(Lakes are identified by a negative value of the Lake Number)
RECORDS WILL BE WRITTEN TO SEPARATE OUTPUT FILES REPRESENTED BY FOLLOWING UNIT NUMBERS:
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Stream Gages:
GAGE #  SEGMENT REACH UNIT  OUTTYPE

1 1 6 28 0
2 2 12 29 1
3 3 13 30 2
4 4 7 31 3
Lake Gages:
GAGE # LAKE UNIT  OUTTYPE
5 -1 26
6 -2 27

CLASSIFICATION & COUNT OF STREAM SEGMENTS BASED ON SOURCE OF INFLOW:
HEADWATER DIVERSION RECEIVES TRIBUTARY FLOW

SEGMENT SEG. INFLOW  OVERLAND  STREAM STREAM  ICALC OUTFLOW DIVERSION PRIORITY
NO. LENGTH RATE RUNOFF ET PPT. METH. TO SEG. FROM SEG. NO.
1 2.200E+03 8.640E+04 0.000E+00 0.000E+00 0.000E+00 1 -1 0 0
2  4_800E+03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1 4 -1 0
3  4.400E+03 8.640E+03 0.000E+00 0.000E+00 0.000E+00 1 4 0 0
4 2.800E+03 0.00OE+00 0.000E+00 0.0OOE+00 0.000E+00 1 0 0 0
STREAMBED PROPERTIES AND STREAM DIMENSIONS
SEGMENT BED HYD. COND. BED THICKNESS ~ ELEV.-TOP OF BED  WIDTH OF STREAM DEPTH OF STREAM STREAM ROUGHNESS
No. UPPER LOWER UPPER LOWER  UPPER LOWER  UPPER LOWER  UPPER LOWER CHANNEL BANK
1 1.000E+02 1.000E+02 1.000E+00 1.000E+00 4.900E+O1 4.500E+01 5.000E+00 5.000E+00 3.000E-02
2 1.000E+02 1.000E+02 1.000E+00 1.000E+00 4.450E+O01 3.400E+01 5.000E+00 5.000E+00 3.000E-02
3 1.000E+02 1.000E+02 1.000E+00 1.000E+00 4.150E+O01 3.400E+01 5.000E+00 5.000E+00 3.000E-02
4 1.000E+02 1.000E+02 1.000E+00 1.000E+00 3.400E+01 2.720E+01 5.000E+00 5.000E+00 3.000E-02
LAKE INFLOWING STREAM SEGMENT
1 1
MAXIMUM NUMBER OF STREAMS INFLOWING TO A LAKE IS 1
LAKE OUTFLOWING STREAM SEGMENT
1 2

MAXIMUM NUMBER OF STREAMS OUTFLOWING FROM A LAKE 1S 1

SOLVING FOR HEAD

394 ITERATIONS FOR TIME STEP 1 IN STRESS PERIOD 1
MAXIMUM HEAD CHANGE FOR EACH ITERATION:

OUTPUT CONTROL FOR STRESS PERIOD 1  TIME STEP 1

PRINT HEAD FOR ALL LAYERS

PRINT BUDGET

SAVE HEAD FOR ALL LAYERS

SAVE BUDGET
UBUDSV SAVING ** CONSTANT HEAD'™ ON UNIT 33 AT TIME STEP
UBUDSV SAVING "FLOW RIGHT FACE "™ ON UNIT 33 AT TIME STEP
UBUDSV SAVING "FLOW FRONT FACE ™ ON UNIT 33 AT TIME STEP
UBUDSV SAVING "FLOW LOWER FACE '™ ON UNIT 33 AT TIME STEP
UBUDSV SAVING RECHARGE'™ ON UNIT 33 AT TIME STEP

STREAM LEAKAGE PERIOD 1 STEP 1

LAYER ROW COL. STREAM RCH. FLOW INTO FLOW TO FLOW OUT OF OVRLND. DIRECT STREAM STREAM STREAM STREAM STREAMBED STREAMBED
SEG.NO. NO. STRM. RCH. AQUIFER  STRM. RCH. RUNOFF PRECIP ET HEAD DEPTH WIDTH CONDCTNC. GRADIENT

STRESS PERIOD
STRESS PERIOD
STRESS PERIOD
STRESS PERIOD
STRESS PERIOD

RRRR e
RRRRR
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1 1 23 il il 8.640E+04  1.194E+04 7.446E+04 0.00E+00 0.00E+00 0.00E+00 4.89E+01 2.35E-01 5.00E+00

i 2 23 il 2 7.446E+04  8.013E+03 6.644E+04 0.00E+00 0.00E+00 0.00E+00 4.83E+01 2.20E-01 5.00E+00

i 2 22 il 3 6.644E+04 -3.429E+04 1.007E+05 0.00E+00 0.00E+00 0.00E+00 4.78E+01 2.39E-01 5.00E+00

i 3 21 il 4 1.007E+05 -3.478E+04 1.355E+05 0.00E+00 0.00E+00 0.00E+00 4.71E+01 2.84E-01 5.00E+00

1 4 20 1 5 1.355E+05 -2.907E+04 1.646E+05 0.00E+00 0.00E+00 0.00E+00 4.64E+01 3.23E-01 5.00E+00

1 5 20 1 6 1.646E+05 -2.124E+04 1.858E+05 0.00E+00 0.00E+00 0.00E+00 4.57E+01 3.52E-01 5.00E+00

1 17 18 2 1 2.679E+05  3.471E+04 2.332E+05 O0.00E+00 0.00E+00 O0.00E+00 4.45E+01 4.37E-01 5.00E+00

1 28 15 3 13 9.428E+04 -1.380E+04 1.081E+05 O0.00E+00 0.00E+00 O0.00E+00 3.46E+01 2.45E-01 5.00E+00

1 29 15 4 1 2.260E+05 9.667E+03 2.163E+05 0.00E+00 0.00E+00 0.00E+00 3.39E+01 3.85E-01 5.00E+00

1 30 15 4 2 2.163E+05 4.872E+03 2.114E+05 0.00E+00 0.00E+00 0.00E+00 3.29E+01 3.78E-01 5.00E+00

1 31 15 4 3 2.114E+05 3.776E+03 2.076E+05 0.00E+00 0.00E+00 0.00E+00 3.19E+01 3.71E-01 5.00E+00

1 32 15 4 4 2.076E+05 4.135E+03 2.035E+05 0.00E+00 0.00E+00 0.00E+00 3.10E+01 3.65E-01 5.00E+00

1 33 15 4 5 2.035E+05 5.242E+03 1.983E+05 0.00E+00 0.00E+00 0.00E+00 3.00E+01 3.58E-01 5.00E+00

1 34 15 4 6 1.983E+05 5.854E+03 1.924E+05 O0.00E+00 0.00E+00 0.00E+00 2.90E+01 3.50E-01 5.00E+00

1 35 15 4 7 1.924E+05 3.020E+03 1.894E+05 0.00E+00 0.00E+00 0.00E+00 2.80E+01 3.43E-01 5.00E+00
LAKE SEEPAGE PERIOD 1 STEP 1 NODE 6 LAYER 2 ROW 23 CcoL 1 RATE 113.9958
LAKE SEEPAGE PERIOD 1 STEP 1 NODE 7 LAYER 2 ROW 24 coL 1 RATE 1031.036

HYDROLOGIC BUDGET SUMMARIES FOR SIMULATED LAKES
(ALL FLUID FLUXES ARE VOLUMES ADDED TO THE LAKE DURING PRESENT TIME STEP)
LAKE  STAGE PRECIP EVAP RUNOFF
1 45.00 0.0000E+00 0.000OE+00 0.000OE+00
2 37.11 0.0000E+00 0.0000E+00 0.0000E+00

GROUND WATER SURFACE WATER
LAKE INFLOW OUTFLOW INFLOW OUTFLOW
1 2.0588E+09 1.1578E+09 1.6967E+09 2.4463E+09
2 1.3280E+09 1.3276E+09 0.0000E+00 0.000OE+00

WATER CONNECTED LAKE UPDATED TIME-STEP STAGE CHANGE
LAKE USE INFLUX VOLUME SURFACE AREA  TIME STEP CUMULATIVE
1 0.0000E+00 0.0000E+00 1.0968E+08 7.2061E+06  4.7741E-02 1.0012E+00
2 0.0000E+00 0.0000E+00  4.7150E+07 2_.7842E+06 -2.7390E-02 1.9078E+00

2.00E+05
2.00E+05
2.00E+05
2.00E+05
2.00E+05
2.00E+05

VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP 1

IN STRESS PERIOD 1

CUMULATIVE VOLUMES L**3 RATES FOR THIS TIME STEP L**3/T
IN: IN:
STORAGE 0.0000 STORAGE 0.0000
CONSTANT HEAD 3801457920.0000 CONSTANT HEAD 416324.3750
RECHARGE 4677476352 .0000 RECHARGE 512263.3438

STREAM LEAKAGE
LAKE SEEPAGE

2007121152 .0000
2485410560.0000

STREAM LEAKAGE
LAKE SEEPAGE

219813.9531
272194.7812

TOTAL IN = 12971465728.0000 TOTAL IN = 1420596 .5000

OuUT: OuUT:
STORAGE 0.0000 STORAGE 0.0000
CONSTANT HEAD 7465374208.0000 CONSTANT HEAD 817585.6250
RECHARGE 0.0000 RECHARGE 0.0000

STREAM LEAKAGE
LAKE SEEPAGE

2119052544 .0000
3386769664 .0000

STREAM LEAKAGE
LAKE SEEPAGE

232072.3438
370908.9688

TOTAL OUT = 12971196416.0000 TOTAL OUT = 1420567 .0000
IN - OUT = 269312.0000 IN - OUT = 29.5000
PERCENT DISCREPANCY = 0.00 PERCENT DISCREPANCY = 0.00

2.00E+05 5.97E-02
1.00E+05 8.01E-02
2.00E+05 -1.71E-01
2.00E+05 -1.74E-01
2_00E+05 -1.45E-01
2_.00E+05 -1.06E-01
2_.00E+05 1.74E-01

2.00E+05 -6.90E-02
2.00E+05

4_.83E-02
2.44E-02
1.89E-02
2.07E-02
2.62E-02
2.93E-02
1.51E-02
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Following are the contents of the main Ground-Water Transport Process output file for
test simulation 2:

File name: teststrm.out

U.S. GEOLOGICAL SURVEY
Ground-Water Transport Process (GWT)
GWT (Version 1.6 BETA SFR) Aug. 2003

LISTING FILE: teststrm.out UNIT 71

OPENING teststrm.expl.moc
FILE TYPE:MOC UNIT 72  STATUS:OLD
FORMAT : FORMATTED ACCESS: SEQUENTIAL

OPENING teststrm.obs
FILE TYPE:OBS UNIT 79 STATUS:OLD
FORMAT : FORMATTED ACCESS:SEQUENTIAL

OPENING teststrm.crc
FILE TYPE:CRCH UNIT 73 STATUS:OLD
FORMAT : FORMATTED ACCESS:SEQUENT'AL FILE INFORMATION

OPENING teststrm.cna
FILE TYPE:CNCA UNIT 74 STATUS : UNKNOWN
FORMAT : FORMATTED ACCESS:SEQUENTIAL

OPENING teststrm.vla
FILE TYPE:VELA UNIT 76 STATUS : UNKNOWN
FORMAT : FORMATTED ACCESS:SEQUENTIAL

OPENING teststrm.oba
FILE TYPE:DATA UNIT 78 STATUS : UNKNOWN
FORMAT : FORMATTED ACCESS:SEQUENTIAL

MOC BASIC INPUT READ FROM UNIT 72

Otis sewage plume--lake & stream packages

PROBLEM DESCRIPTORS, INCLUDING GRID CHARACTERISTICS:
MAPPING OF SOLUTE-TRANSPORT SUBGRID IN FLOW GRID:

FIRST LAYER FOR SOLUTE TRANSPORT = 1 LAST LAYER FOR SOLUTE TRANSPORT = 8
FIRST ROW FOR SOLUTE TRANSPORT = 1 LAST ROW FOR SOLUTE TRANSPORT = 36
FIRST COLUMN FOR SOLUTE TRANSPORT= 1 LAST COLUMN FOR SOLUTE TRANSPORT = 23

UNIFORM DELCOL AND DELROW IN SUBGRID FOR SOLUTE TRANSPORT

NO. OF LAYERS = 8 NO. OF ROWS = 36 NO. OF COLUMNS = 23
NO SOLUTE DECAY

NO MOLECULAR DIFFUSION

MAXIMUM NUMBER OF PARTICLES (NPMAX) = 357696
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IGENPT ARRAY RELATED TO PARTICLE REGENERATION IN NUMERICAL METHOD

1

SINK-SOURCE FLAG FOR LAYER

READING ON UNIT 72 WITH FORMAT: (FREE)

1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23

rEHANMNMTOONO0ODOANMNMTNDONOOO
' T A A A A A A AN

"110001010101010101010001000010000000
m010001000000000001000001000000000000
m001000000000000001000001000010000000
m000110000000000001000001000010000000
m000000000000000000000011000000000000
m000000000000000001l00010000010000000
m000100000000000010011110000010000000
m000000000000000000001011111010000000
m000000000000000010000010000111111110
mOOOOOl001001000000000011111010000000
m000000000001000000000111000010000000
mOOOOOOOOOOOOIOOOl0011010000000000000
m000000001000001000100110000010000000
mOOOOOOOOOOOOIOOOOOOOO100000000000000
m000100000000001000000100000010000000
m000000001000000010000000000000000000
m000000000000000100000100000010000000
mooo100001000000000000000000000000000
m000001000000000100000000000010000000
mOOOOOl000000000000000000000000000000
moooo10001000000100000000000010000000
moooo00000000000000000000000000000000

OO0 0000000000000 O0O0O0O0O00O0OO0OO0OO0O0OO0OHOOOOOOO

1 OBSERVATION WELLS:

COORDINATES FOR

UNIT
78

14

ROW  COLUMN
8

LAYER
3

1

WELL #

IN MATRIX FORMAT

OBSERVATION WELL DATA WILL BE WRITTEN ON UNIT NUMBERS LISTED ABOVE

CONCENTRATION DATA WILL BE SAVED ON UNIT 74

1

DATA FOR EACH STREAM SEGMENT: SOLUTE No.

PRECIPITATION

IN:

OVERLAND FLOW

SOLUTE CONCENTRATION
INFLOW

SEGMENT

SEGMENT
NUMBER

0.000E+00 0.000E+00

0.000E+00

0.000E+00 0.000E+00

NZA

0.000E+00 0.000E+00

0.000E+00

0.000E+00 0.000E+00

0.000E+00
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INITIAL LAKE CONCENTRATIONS: LAKE  CONCENTRATION (NSOL = 1)

1 0.000E+00
2 0.000E+00
LAKE SOLUTE CPPT CRNF CAUG
1 1 0.00E+00 0.00E+00
2 1 0.00E+00 0.00E+00

STABILITY AND ACCURACY CRITERIA AND TIME INCREMENT SIZE FOR TRANSPORT:
STABILITY CRITERIA --- M.O.C.

MAXIMUM FLUID VELOCITIES: C-VEL = 2.27E+00 R-VEL = 3.30E+00 L-VEL
MINIMUM TIME TO TRAVEL THCK = 1.49E+01

TIMV = 7.46E+00 NTIMV = 1225
MAX. L-VEL. IS CONSTRAINT AND OCCURS BETWEEN NODES ( 2, 19, 3) AND (

TIMD = 1.24E+01 NTIMD = 736

MAXIMUM INJECTION OCCURS IN J,1,K= 2 26 2

TMV = 1.60E+01 NTIMIJ 570

NUMBER OF MOVES FOR ALL STABILITY CRITERIA:
CELDIS DISPERSION INJECTION
1225 736 570
CELDIS IS LIMITING
TIME STEP 1 IN STRESS PERIOD 1

NO. OF PARTICLE MOVES REQUIRED TO COMPLETE THIS TIME STEP = 1225
MOVE TIME STEP (TIMV)= 7.453877449036E+00

LIMITED INFORMATION PRINTED FOR EACH TRANSPORT TIME INCREMENT:

NP = 161217 AT START OF MOVE IMOV = 1

NP = 161217 AT START OF MOVE IMOV = 2

NP = 161217 AT START OF MOVE IMOV = 3

NP = 271721 AT START OF MOVE IMOV = 1223
NUMBER OF CELLS WITH ZERO PARTICLES = 139

NP = 272101 AT START OF MOVE IMOV = 1224
NUMBER OF CELLS WITH ZERO PARTICLES = 143

NP = 272360 AT START OF MOVE IMOV = 1225
NUMBER OF CELLS WITH ZERO PARTICLES = 143

TRANSPORT CALCULATIONS COMPLETED; FINAL CALCULATIONS FOLLOW:
STREAM PACKAGE INFORMATION:

LAYER ROW COLUMN  STREAM  REACH FLOW INTO FLOW OUT OF

NUMBER  NUMBER  STREAM REACH STREAM REACH

1 1 23 1 1 8.640E+04 7.446E+04

1 2 23 1 2 7 .446E+04 6.644E+04

1 2 22 1 3 6.644E+04 1.007E+05

= 1.01E+00

2, 19, 2)

CONC. OUT OF
STREAM REACH

0.000E+00
0.000E+00
7.479E-10
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RPRRPPEPE
0 ~NUTA W

2

28
29
30
31
32
33
34
35

RRRPRPRRRRRER

SOLUTE BUDGETS FOR LAKES FOR THIS TIME INCREMENT:

Lake Lake Solute Concen-
No. Volume No. tration

1 1.10E+08 1 3.73E+01
2 4.72E+07 1 9.35E-05

Mass In Mass In Mass Out Net Mass

21 1 4 1.007E+05 1.355E+05 1
20 1 5 1.355E+05 1.646E+05 9
20 1 6 1.646E+05 1.858E+05 5
18 2 1 2.679E+05 2 .332E+05 3
18 2 2 2.332E+05 2.139E+05 3
14 3 12 9 .508E+04 9.428E+04 2
15 3 13 9.428E+04 1.081E+05 2
15 4 1 2 .260E+05 2.163E+05 3
15 4 2 2 .163E+05 2.114E+05 3
15 4 3 2.114E+05 2.076E+05 3
15 4 4 2.076E+05 2 .035E+05 3
15 4 5 2.035E+05 1.983E+05 3
15 4 6 1.983E+05 1.924E+05 3
15 4 7 1.924E+05 1.894E+05 3
Ppt. Stream Stream Withdrawal Runoff GW GW

Mass

In Mass In Mass Out

-326E-07
-749E-06
-631E-03
- 735E+01
- 735E+01

-305E+01
-434E+01
-113E+01
-113E+01
-113E+01
-113E+01
-113E+01
-113E+01
-113E+01

Solute Mass
in Lake

0.00E+00 0.00E+00 7.46E+07 O0.00E+00 0.00E+00 1.08E+08 3.53E+07 4.10E+09
0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 1.34E+02 1.01E+02 4.38E+03

SOLUTE BUDGET AND MASS BALANCE FOR TRANSPORT SUBGRID

VALUES CALCULATED AT END OF:

STRESS PERIO
FLOW TIME STE
TRANSPORT TIME INCREMEN

D
p
T

1 OuUT OF
1 OuUT OF
1225 OUT OF 122

ELAPSED TIME = 9.1310E+03

CHEMICAL MASS IN STORAGE:

INITIAL: MASS DISSOLVED
PRESENT: MASS DISSOLVED

0.0000E+00
1.0673E+11

CHANGE IN MASS STORED = -1.0673E+11

CUMULATIVE SOLUTE MASS  (L**3)(M/VOL)

DECAY

CONSTANT HEAD

SUBGRID BOUNDARY
RECHARGE

WELLS

RIVERS

DRAINS

GENL. HEAD-DEP. BDYS.
EVAPOTRANSP IRATION
SPECIFIED FLOW (FHB)
LOSING STREAM REACHES
LOSING LAKE CELLS

TOTAL IN =

OUT:
DECAY
CONSTANT HEAD
SUBGRID BOUNDARY
RECHARGE
WELLS
RIVERS
DRAINS
GENL. HEAD-DEP. BDYS.
EVAPOTRANSP IRATION
SPECIFIED FLOW (FHB)

OQO0OO0OO0O0OO0OO0OONO

w NRAOOOOOOOONO

-0000E+00
.3727E+11
.0OO00E+00
.000O0E+00
.0O000E+00
-OO0O0E+00
-0OO0O0E+00
-0OO000E+00
-0000E+00
-0000E+00
-0545E+10
-9021E+10

.0684E+11

.0OO00O0E+00
.5152E+10
-0OO00O0E+00
-0O000E+00
-OO00O0E+00
-0000E+00
-0000E+00
-0000E+00
-0000E+00
-0000E+00

5

MASS SORBED
MASS SORBED

0.0000E+00
0.0000E+00

ITEMIZED

BUDGETS

FOR

SOLUTE

FLUXES
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GAINING STREAM RCHS. = -9.6162E+09
GAINING LAKE CELLS = -9.4432E+10
TOTAL OUT = -1.7920E+11
SOURCE-TERM DECAY = 0.0000OE+00
RESIDUAL = 2.0905E+10

PERCENT DISCREPANCY = 6.8129E+00 RELATIVE TO MASS FLUX IN

Following (enclosed in a border) are the abridged contents of the Gaging Station 4 output
file for test simulation 2. The concentration data included in this output file are also plotted in fig.
16.

File name: teststrm.sg2

“GAGE No. 2: K,I1,J Coord. = 1, 28, 15; STREAM SEGMENT = 2; REACH = 12 **

"DATA: Time Stage Flow Depth Width M-P Flow Concentration®
7.454E+00 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 0.000E+00
1.491E+01 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 0.000E+00
2.236E+01 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 0.000E+00
2.982E+01 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 0.000E+00
3.727E+01 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 0.000E+00
4_472E+01 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 0.000E+00
5.218E+01 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.775E-17
5.963E+01 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.978E-16
9.079E+03  3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.740E+01
9.086E+03  3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.739E+01
9.094E+03  3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.739E+01
9.101E+03 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.738E+01
9.109E+03 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.736E+01
9.116E+03 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.737E+01
9.124E+03 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.737E+01
9.131E+03 3.474E+01 1.179E+05 3.016E-01 5.000E+00 1.430E+05 3.735E+01
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