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PREFACE

This report describes a particle tracking post-processing package for computing three-dimensional path
lines using output from steady-state simulations obtained with the U. S. Geological Survey modular three-
dimensional finite-difference ground-water flow model. The program is intended for general use and may
have to be modified by the user for specific applications. The methodology used in these computer
programs is based on specific assumptions and has limitations that must be thoroughly understood to
obtain meaningful results. Readers are strongly encouraged to carefully study the sections METHOD and
LIMITATIONS before undertaking analyses using these computer programs.

The user is requested to notify the originating office of any errors found in this report or in the
computer programs. Updates may occasionally be made to both the report and the computer program. Users
who wish to be added to the mailing list to receive updates, if any, may send a request to the following
address:

MODPATH
U. S. Geological Survey
411 National Center
Reston, VA 22092

The computer program is available at cost of processing from:

U. S. Geological Survey
WATSTORE Program Office
437 National Center
Reston, VA 22092
Telephone: (703) 648-5686
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CONVERSION FACTORS
The numerical examples in this report use units of feet and days. The following factors are

provided for conversion to some other commonly used units of measure:

Multiply By To obtain
foot (ft) 0.3048 meter (m)
day (d) 86,400 second (s)
day (d) 1,440 minute (min)
cubic foot (ft3) 7.48 gallon (g)
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ABSTRACT

A particle tracking post-processing package was developed to compute three-dimensional path lines
based on output from steady-state simulations obtained with the U. S. Geological Survey modular three-
dimensional finite-difference ground-water flow model. The package consists of two FORTRAN 77
computer programs: (1) MODPATH, which calculates pathlines, and (2) MODPATH-PLOT, which
presents results graphically.

MODPATH uses a semi-analytical particle tracking scheme. The method is based on the assumption
that each directional velocity component varies linearly within a grid cell in its own coordinate direction.
This assumption allows an analytical expression to be obtained describing the flow path within a grid cell.
Given the initial position of a particle anywhere in a cell, the coordinates of any other point along its path
line within the cell, and the time of travel between them, can be computed directly.

Data is input to MODPATH and MODPATH-PLOT through a combination of files and interactive
dialogue. Examples of how to use MODPATH and MODPATH-PLOT are provided for a sample problem.
Listings of the computer codes and detailed descriptions of input data format and program options are also
presented.



INTRODUCTION

The use of particle tracking techniques to generate path lines and time-of-travel information from the
results of numerical models can be extremely helpful in analyzing complex two- and three-dimensional
ground-water flow systems. Particle tracking schemes have been incorporated directly into solute transport
models to account for the advective component of transport (Konikow and Bredehoeft, 1978; Prickett and
others, 1981). Particle tracking also has been used in "advection " models to generate path lines and thereby
provide a simple means of evaluating the advective transport characteristics of ground-water systems
(Garabedian and Konikow, 1983; Mandle and Kontis, 1986; Shafer, 1987). Advection models cannot be
used to compute solute concentrations in ground water because they do not account for the effect of mixing
by dispersion. However, advection models represent a valuable intermediate step between ground-water flow
models and advection-dispersion solute transport models. The model described in this report is an advection
model that is designed to compute path lines in three-dimensional, steady state ground-water flow systems.

The computer program MODPATH is a three-dimensional particle tracking post-processing program
designed for use with output from steady-state flow simulations obtained using the USGS modular three-
dimensional finite-difference ground-water flow model (McDonald and Harbaugh, 1988). MODPATH can be
used to compute three-dimensional path lines and the position of particles at specified points in time.
MODPATH also computes discharge point coordinates and the total time of travel for each particle.
MODPATH-PLOT generates graphical output using results from MODPATH. Both programs are written
in FORTRAN 77. MODPATH references only standard FORTRAN 77 library routines and should require
little or no modification to run on any system with a FORTRAN 77 compiler. In contrast, MODPATH-
PLOT uses the DISSPLA! graphics library subroutines (Computer Associates, 1981) and can run only on
systems that have access to the DISSPLA subroutine library.

This report describes the organization, structure, and use of the computer programs MODPATH and
MODPATH-PLOT. It also describes the theory and implementation of the particle tracking algorithm.
Additional discussion of the particle tracking algorithm is presented in Pollock (1988). A sample problem
is included to help illustrate input, output, and the basic ways in which the model can be applied. As is the
case with any method of analysis, the particle tracking procedure implemented in MODPATH is based on a
specific set of assumptions that must be understood and obeyed in order to obtain meaningful results.
Readers are strongly encouraged to carefully study the sections METHOD and LIMITATIONS before
undertaking analyses using MODPATH and MODPATH-PLOT.

1 The use of trade and firm names in this report is for identification purposes only and does not constitute
endorsement by the U. S. Geological Survey.



METHOD

THEORY
The partial differential equation describing conservation of mass in a steady-state, three-dimensional
ground-water flow system can be expressed as,

d(n vx)/dx + d(n vy)/dy + d(n vz)0z =W 6))

where vy, vy, and vy are the principal components of the average linear ground-water velocity vector, n is
porosity, and W is the volume rate of water created or consumed by internal sources and sinks per unit
volume of aquifer. Equation 1 expresses conservation of mass for an infinitesimally small volume of
aquifer. The finite difference approximation of equation 1 can be thought of as a mass balance equation for
a finite-sized cell of aquifer that accounts for water flowing into and out of the cell, and for water generated
or consumed within the cell. Figure 1 shows a finite-sized cell of aquifer and the components of inflow and
outflow across its six faces.

In the discussion that follows, the six cell faces are referred to as xq, X3, y1, Y2, Z1, and z;. Face x; is
the face perpendicular to the x direction at x = x;. Similar definitions hold for the other five faces. The
average linear velocity component across each face in cell (i,j k) is obtained by dividing the volume flow

rate across the face by the cross sectional area of the face and the porosity of the material in the cell,

vy = Quy/(n Ay A2), vy = Qxyf(n Ay Az) (22,2
vy, = Qyy/tn Ax A2), vy, = Qyy/(n Ax A7) @e2d)
Vz; = Qz 1/ (n Ax Ay), Vzp = QZz/ (n Ax Ay) (2e,20)

where Q is a volume flow rate across a cell face, and Ax, Ay, and Az are the dimensions of the cell in the
respective coordinate directions. If flow to internal sources or sinks within the cell is specified as Qg, the

following mass balance equation can be written for the cell,

(n vxy - n vy )/AX + (n Vy, - n vy )/Ay + (0 Vz, - n vz )/Az = Qg/Ax Ay Az €))
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Figure 1. --- Finite-difference cell showing definitions of x-y-z and i-j-k
coordinate systems and face flow terms.



The left side of equation 3 represents the net volume rate of outflow per unit volume of the cell, and the
right side represents the net volume rate of production per unit volume due to internal sources and sinks.
Substitution of Darcy's law for each of the flow terms in equation 3 results in a set of algebraic equations
expressed in terms of heads at nodes located at the cell centers . The solution of that set of algebraic
equations yields the values of head at the node points. Once the head solution has been obtained, the
intercell flow rates can be computed from Darcy's law using the values of head at the node points. The U.
S. Geological Survey modular three-dimensional finite-difference ground-water flow model (McDonald and
Harbaugh, 1988) solves for head and calculates intercell flow rates.

In order to compute path lines, a method must be established to compute values of the principal
components of the velocity vector at every point in the flow field based on the intercell flow rates from the
finite difference model. The algorithm described in this report uses simple linear interpolation to compute
the principal velocity components at points within a cell. Using simple linear interpolation, the principal

velocity components can be expressed in the form,

vx = Ax (x- X)) + vx; (4a)

vy =Ay (¥ -y,) + vy, (4b)

vz=Az(2-2))+ vz (4c)

where Ay, Ay, and Az are constants that correspond to the components of the velocity gradient within the
cell,

Ax = (vx,-vx, )/AX (5a)

Ay = (vyzvy /By (5b)

Az =(vzy - vz))/Az (5¢)

Linear interpolation produces a continuous velocity vector field within each individual cell that identically
satisfies the differential conservation of mass equation (equation 1) everywhere within the cell. That point
can be illustrated by noting that when the linear velocity component functions (equations 4a-4c) are
substituted into equation 1, the three derivatives on the left side of equation 1 become constants that are
identically equal to the three terms on the left side of equation 3 (provided that porosity is considered
constant within a cell). Consequently, linear interpolation of the six cell face velocity components results
in a velocity vector field within the cell that automatically satisfies equation 1 at every point inside the cell,
if it is assumed that internal sources or sinks are considered to be uniformly distributed within the cell. The

fact that the velocity vector field within each cell satisfies the differential mass balance equation assures that



path lines will distribute water throughout the flow field in a way that is consistent with the overall
movement of water in the system as indicated by the solution of the finite-difference flow equations.
Consider the movement of a particle, p, through a three-dimensional finite-difference cell. The rate of

change in the particle's x-component of velocity as it moves through the cell is given by,

(dvx/di)p = (dvx/dx) (dx/dt)p ©)
To simplify notation, the subscript, p, is used to indicate that a term is evaluated at the location of the
particle [denoted by the x-y-z coordinates (xp, yp, zp)]. For example, the term, (dvx/dt)p , is the time rate of

change in the x-component of velocity evaluated at the location of the particle.
In equation (6), the term (dx/dt)p is the time rate of change of the x-location of the particle. By

definition,

Vxp= (@x/dop Y]
where Vxp is the x-component of velocity for the particle. Differentiating equation (4a) with respect to x

yields the additional relation,

(dvx/dx) = Ax ®

Substituting equations (7) and (8) into equation (6) gives,
(dvx/dt)p = Ax Vxp (9a)
Analogous equations are obtained for the y and z directions,

(dvy/ddp = Ay ¥p 9b)

(dvz/dp= Az Vzp ©¢)
Equations (9a) through (9¢) can be rearranged to the form,
(Ivxp) d(vxp) = Ax dt (10)
Equation (10) can be integrated and evaluated between times t; and ty, (t3 >t;) to give,

In [pr(lz)/vxp(tl)] =Ax At an

where At =t; -t;. By taking the exponential of each side of equation (11), substituting equation (4a) for
vxp(tz), and rearranging, we obtain,



xp(t2) = X; + (1/AD[vxp(tr) explAx AL - V] (122)

Analogous equations can be developed for the y and z directions,

p(t2) = y1 + (VAylvy, (1) explAy AY - vy, ] (12b)

zp(t2) = 21 + (VAZ)[vzp(t1) exp(Az At) - vz,] (1)

The velocity components vxp(tl), vyp(tl), and vzp(tl) are known functions of the particle's coordinates at
time t;, consequently the coordinates of the particle at any future time (t) can be computed directly from
equations (12a) through (12c).

For steady-state flow, the direct integration method described above can be imbedded in a simple
algorithm that allows a particle's exit point from a cell to be determined directly given any known starting
location within the cell. To illustrate the method, consider the two-dimensional example shown in figure
2. Cell (ij) is in the x-y plane and contains a particle, P, located at (xp,yp) at time tp- For this example,
itis assumed that vx, and vy, are greater than zero. That is, water flows into the cell through face x; and
out of the cell through face x;. Similarly, it is assumed that vy, and vy, are also greater than zero, so that
water flows into the cell through face y; and out of the cell through face y,.

The first step is to determine the face across which particle P passes as it leaves cell (i,j). For the
present example, this is accomplished by noting that the velocity components at the four faces require that

particle P leave the cell through either face x, or face y;. Consider the x-direction first. From equation (4a)

Vxp can be calculated at the point (xp,yp). Since we also know vx equals vy, at face x3, equation 11 can be

used to determine the time that would be required for particle P to reach face x;,

Aty = (1/Ax) ln(sz/pr) (13a)
An analogous calculation can be made to determine the time required for particle P to reach face y,,

Aty = (1/Ay) ln(vy2/vyp) (13b)

where Vxp and Vyp are the x and y components of velocity of particle P at (xp,yp). If Aty is less than Aty,
particle P will leave the cell across face x; and enter cell (i,j+1). Conversely, if Aty is less than Aty,
particle P will leave the cell across face y, and enter cell (i-1,j). A third possibility is that Aty and Aty are

equal, in which case particle P would leave through the corner of cell (i,j) and enter cell (i-1,j+1). The
particle trajectory shown in figure 2 corresponds to a situation where Aty is less than Aty. The length of
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Figure 2. --- Schematic illustration of the computation of exit point and

time of travel for a particle in a two-dimensional cell.




time required for particle P to travel from point (xp,yp) to a boundary face of cell (i,j) is taken to be the
smaller of Aty and Aty, and is denoted as Ate. The value Ate is then used in equations (12a) through (12c)
to determine the exit coordinates (xe,ye) for particle P as it leaves cell (i),

Xe = X1 + (VAQVxptp) explAx Ate) - vx,] (14a)
Ye = y1 + (VAy)[vy,(tp) exp(Ay Ate) - vy,] (14b)

The time at which particle P leaves the cell is given by: te = tp + Ate. This sequence of calculations is
repeated, cell by cell, until the particle reaches a discharge point. The approach can be generalized to three
dimensions in a straight forward way by performing all of the calculations for the z-direction in addition to
the x- and y-directions A flow chart outlining the algorithm for a steady-state flow system is presented in
figure 3.

It is often desirable to calculate the location of a particle at specific points in time that will not
generally correspond to those points in time at which the particle passes from one cell to another. For
these cases, the coordinates of a particle at any intermediate time can be computed directly from equations
(12a) through (12c) using an appropriate value for At within the range 0 to Ate. It should be emphasized,

however, that the use of specific time steps is solely for convenience. The method described in this report

does not require discrete time steps. In addition, the accuracy of pathline computations for steady state flow

For the purposes of illustration, the preceding example considered a specific case where all of the
velocity components at the cell faces were non-zero and in the positive x or positive y directions. Of
course, those conditions will not always exist. Figure 4 illustrates the other possible situations that can
occur in any of the three coordinate directions. Figure 4a shows the case where vx, and vx, are in opposite
directions and flow is into the cell through both faces x; and x,. For this case, it is obvious that once a
particle enters the cell, it cannot leave the cell in the x-direction. When implementing this algorithm, a
check is made to determine if this condition exists for a given coordinate direction. If so, a flag is set to
indicate that the particle cannot leave the cell across either of the faces in that direction. When this situation

prevails in all three coordinate directions, it indicates that a strong sink is present within the cell and no
outflow can occur. Figure 4b shows a second alternative in which vx, and vx, are in opposite directions

and flow is out of the cell through faces x; and x3. This condition implies that a local flow divide exists

for the x-direction somewhere within the cell. For this situation, the potential exit face in the x-direction is



READ STARTING LOCATIONS

v

ASSIGN PARTICLE TO CELL

v

—>

COMPUTE CELL FACE VELOCITY
COMPONENTS

v

DETERMINE POTENTIAL EXIT FACES

v

COMPUTE CELL TRANSIT TIME AND
DETERMINE ACTUAL EXIT FACE

v

COMPUTE PARTICLE COORDINATES AT
EXIT POINT

v

LOCATIONS AT INTERMEDIATE TIMES ?

NYES

|
NO

A 4

COMPUTE COORDINATES AT
INTERMEDIATE TIMES

WRITE COORDINATES TO FILE

v

DETERMINE NEW CELL LOCATION

v

DISCHARGE POINT ?

]
YES

v

STOP

Figure 3. --- Flow chart for the particle tracking algorithm.
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determined by checking the sign of Vxp: If Vxp is less than zero, the particle has the potential to leave the
cell across face x;. On the other hand, if Vxp is greater than zero, the particle has the potential to leave the
cell in the x-direction only through face x;. Once the appropriate potential exit face has been determined for
a coordinate direction, the transit time for that direction can be computed as outlined in the preceding
discussion. Finally, the case where vy, is non-zero and equal to vy, (figure 4c) also must be considered a
special case because the quotient In(1)/0 that results from the formulation of equation (13a) is indeterminate
and cannot be computed. When that is the case, equation (13a) is bypassed and the transit time in the x-

direction is computed from the simple relations,
Aty = (x2 - Xp)/vx; »  (vx; > 0) (152)

Atx = (Xl - XP)/VXI N (Vxl < 0) (15b)

MODIFICATIONS FOR SPECIAL CASES

The basic algorithm described in the preceding section has been adapted in the computer program
MODPATH to deal with three special cases:

1. grids with non-rectangular vertical discretization

2. water table layers

3. quasi 3-D representation of confining layers

Non-Rectangular Vertical Discretization

The development presented in the previous section was based on the assumption that the flow domain
was discretized into a three-dimensional rectangular grid of horizontal rectangular cells. However, in
practice, many three-dimensional finite difference simulations use a rectangular grid in the horizontal plane
and a deformed grid in the vertical direction to allow grid cells to conform to stratigraphic units that vary in
thickness and are not perfectly horizontal. The particle tracking algorithm described above can be used to
compute approximate path lines for deformed, or "stratigraphic”, three-dimensional grids. Figure 5a shows a
hydrogeologic system that has been discretized using deformed cells that conform to the stratigraphy.
Figures 5b and 5¢ show how deformed finite-difference cells are represented in the particle tracking
algorithm,

Cells are assumed to be horizontal and rectangular with top and bottom elevations equal to the top and
bottom elevations of the cell at the node. A local coordinate, z;, can be defined for each cell as,

zp = (- 21)/(z2 - 21) (16)
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Figure 5. --- Schematic illustration of a finite-difference representation
of an inclined aquifer with variable thickness.
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where z; and 2, are the elevations of the bottom and top of the cell, respectively. According to equation
(16), the local z-coordinate equals O at the bottom of the cell and 1 at the top of the cell. When a particle is
transferred laterally from one cell to another, its local z-coordinate remains the same. That is, if a particle
leaves a cell at a position half way between the top and bottom of the cell, it is assumed to enter the
neighboring cell half way between the top and bottom of that cell, regardless of how the thickness or
absolute elevation of the layer changes from one cell to the next. This procedure is illustrated schematically
in figure 5 for the case of lateral flow in a confined aquifer of variable thickness and dip. When all layers are
constant in thickness and horizontal, this approach reduces exactly to the algorithm developed above for true
rectangular grids.

The advantage of a stratigraphic three-dimensional grid is that complex hydrogeologic systems can be
simulated with fewer layers than would be necessary to adequately represent them with a three-dimensional
rectangular grid. The principal disadvantage is that spatial discretization errors are introduced that are
difficult to quantify, especially with respect to path line computations. Nevertheless, the method described
above produces results that are at least semi-quantitative for flow models based on stratigraphic vertical
discretization.

Water Table Layers

For water table layers the saturated thickness of cells changes areally in relation to the slope of the
water table and the bottom elevation of cells within the layer. The top elevation of a cell in a water table
layer is set equal to the head in the cell. Consequently, water table layers vary in thickness even for true
three-dimensional rectangular grids. The particle tracking algorithm treats water table layers in the same way
as the variable thickness stratigraphic layers described in the preceding section.

Quasi 3-D Representation of Confining Layers

Ground water systems typically are characterized by the presence of highly transmissive, subhorizontal
aquifers separated from one another in the vertical by confining layers of much lower transmissivity.
Because of the large contrast in hydraulic conductivity between aquifers and confining layers, ground water
flow in these systems is predominantly lateral in aquifers and vertical through confining layers. In these
systems, confining layers function primarily as low-conductivity vertical connections between aquifer
layers. Confining layers often are not simulated as active layers in finite-difference models. Instead, their
effect on vertical flow between aquifers is accounted for implicitly by computing the effective vertical
hydraulic conductance between aquifers based on the vertical conductivity and thickness of the confining
layers. This approach is referred to as a quasi three-dimensional representation. In MODPATH, each
unsimulated confining layer is assumed to be part of the active model layer directly above it. For cells with

underlying confining layers, the local z-coordinate within the confining layer varies linearly from -1 at the
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base of the confining layer to 0 at the top of the confining layer (Figure 6). It is assumed that one-
dimensional, steady state, vertical flow exists throughout the confining layer. That assumption implies that
the average vertical linear velocity is constant throughout the confining layer and that its magnitude equals
the volumetric flow rate between adjacent model layers divided by the area of the cell and the porosity of the
confining layer. When a particle reaches a top or bottom face of a cell that is recognized to be a boundary of
a confining layer, the particle is moved vertically across the confining layer into the next active model
layer. Time of travel across the confining layer is computed by dividing the thickness of the confining layer
by the average vertical linear velocity within the confining layer. A value for the porosity of the confining
layer must be specified to compute travel time across the layer.

BOUNDARY CONDITIONS AND DISCHARGE POINTS

The intercell flow rates for all active cells are computed and stored as output from the Block Centered
Flow (BCF) package of the modular flow model. Those values are then input to the MODPATH where
they are used to compute cell face velocity components. Special consideration often is necessary for cells
that incorporate boundary conditions. The modular flow model accounts for three types of boundary
conditions:

1) Specified head at a node
2) Specified flow rate to or from a cell
3) head-dependent flow rate to or from a cell

Specified head cells act as net sources or sinks of water to the flow system. For the purposes of path
line computations, specified head cells are treated as active cells that contain a net source or sink. Path lines
computed through an isolated specified head cell surrounded entirely by variable head cells are consistent
with the existence of a uniformly distributed source or sink of water within the cell. When a number of
specified head cells are adjacent to one another, path lines computed through those cells usually will be
misleading and inappropriate due to the fact that the modular flow model does not compute rates of flow
between adjacent specified head cells. Consequently, path lines in the vicinity of specified head cells should
always be examined critically to make sure that the specified head cells are not exerting an unrealistic
artificial constraint on direction or time of travel.

Finite-difference flow equations represent volumetric water balances for individual grid cells. At the
scale of an individual grid cell, the finite-difference representation of the ground-water flow equation contains
no information about the spatial distribution of specific components of flow into or out of the cell. For
example, the finite-difference flow equations cannot distinguish between the case where water flows into a
cell across a boundary face and the case where water is injected into the cell at the same rate by a well with
no water flowing across the boundary face. For this reason, specified flux boundaries are accounted for in the
modular flow mode! by placing wells in cells that contain flux boundaries. In the preceding example the
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head distributions resulting from the solution of the finite-difference equations would be identical. In
contrast, path lines computed for these two cases depend strongly on the distribution of flow within the
cell.

Previously, during the development of the velocity interpolation algorithm, it was shown that the
simple linear velocity interpolation scheme used in MODPATH implicitly accounts for any internal source
or sink (such as a well) as if it was uniformly distributed throughout the volume of the cell. However,
when a well is used to represent flow across a specific boundary, a more accurate representation of path lines
sometimes can be obtained by explicitly assigning that rate of flow to one or more boundary faces of the
cell. These two approaches can be thought of as extrapolations of the results of the finite-difference flow
model in the sense that both are equally consistent with the head distribution and the volumetric water
balance produced by the flow model. The decision about whether one of these interpretations is more
realistic than the other for a particular system is entirely a matter of professional judgement. Often, neither
approach is able to accurately represent flow paths at the scale of an individual cell because the actual
distribution of wells or boundary flows is much more complex than can be represented at the given level of
finite-difference discretization.

In MODPATH, the cell face across which flow occurs may be specified for wells that represent
boundary fluxes; the appropriate velocity component is then computed and assigned to that face. For those
wells that represent true internal sources or sinks, rather than boundary flows, no cell face is specified and
the well is treated as a distributed source or sink. In addition to wells, the recharge package in the modular
flow model provides another way to specify flux at a boundary. In MODPATH, recharge may be assigned to
the top face of a cell, or treated as a distributed source. The distributed source approximation is usually only
appropriate for two-dimensional areal flow models. Because specified fluxes are part of the input to the
modular flow model, they are entered directly into MODPATH using the same data sets developed for the
well and recharge packages of the modular flow model.

The modular flow model includes options to simulate rivers, drains, general boundary fluxes, and
evapotranspiration as head-dependent fluxes. Unlike specified fluxes, head-dependent fluxes are part of the
solution to the flow problem, and, therefore, must be stored as budget output from the modular flow model.
Those values then are entered as data to MODPATH and either assigned to a specific cell face or treated as
distributed sources or sinks. In the case of evapotranspiration, fluxes can be assigned to the top face of a
cell, or treated as a distributed sink.

Cells that contain internal sinks are flagged as potential discharge points. When a particle enters the
flow system, it moves through the system until it reaches a boundary where flow is out of the system, or
until it enters a cell containing an internal sink. If the sink is sufficiently strong, flow will be into the cell
from all directions. In that case, every particle that enters the cell discharges to the sink. If the sink is weak,
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it is possible that only part of the water flowing into the cell discharges to the sink. When a particle enters
a cell containing a weak sink, there is no way of determining whether that particular particle should
discharge to the sink or pass through the cell. In MODPATH, the user has the option of (1) stopping
particles when they enter cells with any amount of discharge to internal sinks, (2) letting particles pass
through cells with weak sinks, so that they will discharge only at discharge boundaries or strong sink cells,
or (3) stopping particles when they enter cells in which discharge to sinks is larger than a specified fraction
of the total inflow to the cells.
BACKWARD TRACKING

If all velocity terms are multiplied by -1, the tracking algorithm can be operated "in reverse” to track
particles backwards along their path lines. This option can be useful for determining recharge source areas
for localized zones of discharge, such as well fields. When operated in reverse, particles are terminated when

they reach inflow boundaries or when they enter cells containing strong internal sources.
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LIMITATIONS

MODPATH has a number of limitations that must be understood if it is to be used effectively. These
limitations are related to (1) underlying assumptions in the particle tracking scheme, (2) discretization
effects, and (3) uncertainty in parameters and boundary conditions.

LIMITATIONS DUE TO UNDERLYING ASSUMPTIONS OF THE METHOD

Perhaps the most important limitation of MODPATH is its inability to deal with transient flow
systems. This restriction is not due to any inherent limitation of the method for transient systems, but
results instead from the desire to design a path line analysis model that will execute efficiently as a post-
processor for the modular flow model with a manageable amount of numerical output from the finite
difference flow model.

The semi-analytical particle tracking method used in MODPATH is valid only for the simple linear
velocity interpolation scheme described in the section THEORY. The method is a consistent approach for
computing and interpolating velocities from intercell flow rates for the standard 7-point, three-dimensional
block-centered finite difference approximation of the ground-water flow equation (such as the USGS modular
three-dimensional ground-water flow model with the standard "block-centered flow" package). The method
cannot be used to compute path lines for other types of numerical approximations of the flow equation,

such as lattice-centered finite difference grids and finite element models.

LIMITATIONS DUE TO DISCRETIZATION EFFECTS

The accuracy of numerically-generated path lines, and a proper interpretation of what they represent,
depends on the extent to which ground-water systems can be realistically represented by discrete networks of
finite-difference cells. The degree of spatial discretization in a finite-difference model influences (1) the level
of detail at which hydrogeologic and system boundaries can be represented, (2) the accuracy of velocity
calculations, and (3) the ability to accurately and unambiguously represent internal sinks. Often, a level of
spatial discretization that is adequate for a flow simulation analysis oriented toward water supply may not be
adequate for a path line analysis.

The effect of spatial discretization on the representation of internal sinks is especially important for
particle tracking analyses because of the ambiguity associated with the movement of particles through weak
sink cells. These cells contain sinks that do not discharge at a large enough rate to consume all of the water
entering the cell. The net result is a flow-through cell in which water enters the cell across some faces and
leaves it across others. Path lines computed for these cells are consistent with the assumption of a
uniformly distributed sink within the cell; however, it is difficult to interpret the results of particle tracking
analyses in systems with weak sink cells because:
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1. There is no way to know whether a specific particle should discharge to the sink or pass through the
cell. That means individual particles will not correspond to a fixed volume of water, nor will flow tubes
defined by adjacent pathlines represent a fixed quantity of flow.
2. Path lines through weak sink cells may not accurately represent the path of any water in the system if
they contain point sinks that cannot be represented accurately as being uniformly distributed throughout
the cells.
These problems are a direct result of spatial discretization that is too coarse. Using a finer grid may
eliminate the problem by turning weak sink cells into strong sink cells that clearly correspond to discharge
points for all particles entering those cells. From a practical point of view, however, it usually is
impossible to entirely avoid weak sinks when simulating real systems.

A common example of the weak sink dilemma occurs in two-dimensional areal simulations that
account for the effect of rivers. In areal simulations, rivers often are represented as distributed sinks or
sources of water within cells. In many systems, shallow ground water discharges to the river while deeper
ground water flows underneath the river and discharges elsewhere. The shallow and deep flow systems
cannot be distinguished from one another because of the averaging effect of the areal model; the averaging
results in a flow through cell in which the river acts as a weak sink. This type of model cannot be used to
quantitatively delineate the zone of contribution for recharge water to a well near a river with an underflow
component because it is impossible to determine which particles discharge to the river and which pass under
the river and enter the well. In spite of that important limitation, particle tracking still may be able to
provide useful, but more qualitative, information about the zone of contribution to the well. Although this
example illustrated the problem posed by rivers in areal models, it is only one example of how
discretization can affect path line computations. The important point is that discretization characteristics of
the flow model place major, unavoidable constraints on particle tracking analyses and the conclusions that
can be drawn from them.

Even when a cell contains a strong sink, the finite difference discretization in the immediate vicinity of
the sink will not be adequate to accurately describe the pattern of flow near the sink. The only way to
improve the accuracy of path line computations near internal sources and sinks is to refine the grid of the

finite-difference flow model.

LIMITATIONS DUE TO UNCERTAINTY IN PARAMETERS AND BOUNDARY
CONDITIONS

So far, all of the limitations that have been discussed relate to discretization effects and to underlying
assumptions of the methodology. In fact, the most important limitation in any ground water analysis is the
uncertainty in boundary conditions and hydrogeologic parameters used to define the system, and particle
tracking is no exception. Models are always idealized approximations of reality. At best, a particle tracking
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analysis only provides information about how water moves in the idealized system described by the model.
The degree to which the model accurately represents the real system places additional constraints on
interpreting the results of a particle tracking analysis beyond those relating to discretization effects and
limitations of the method.
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MODPATH

ORGANIZATION AND STRUCTURE

The primary purpose of the main program in MODPATH is to perform start-up operations such as
opening data files and allocating space for arrays. As in the modular flow model, array data in MODPATH
is stored in a single master array dimensioned as an unlabeled common block in the main program. Once
files have been opened and array space allocated, the execution of the program is turned over to a subroutine
named DRIVER that controls the overall sequence of computations. Flow charts for the main program and
for DRIVER are shown in Figure 7. Descriptions of procedures and decision points are enclosed in
rectangular boxes. Subroutines are designated by ovals. Only the major subroutines referenced by the main
program and DRIVER are shown. Many of those subroutines call additional subroutines that do not appear
on the flow chart. |

Data is input to MODPATH through a combination of files and interactive input. Files contain the
basic information about geometry, boundary conditions, and cell-by-cell budget terms required to compute
the velocity vector field. These files are referred to as "flow system” files, and predominantly consist of
input and output files of the modular flow model. The interactive input is devoted primarily to selecting
options for the particle tracking analysis to indicate where particles will be located and what type of output
is required.
FLOW SYSTEM FILES

The flow system files provide the information necessary to compute the velocity vector field for the
flow system and locate internal sinks that represent potential discharge points for particles. The flow

system files consist of:

1) Main data file.

2) Stress package data files from the modular flow model,including any auxiliary files referenced
by the primary stress package data files.

3) Cell-by-cell budget files.

4) Heads stored as unformatted output from the modular flow model.

Main Data File
The main data file is the only flow system file that is not derived predominantly from an existing
modular flow model data file. It contains information about grid size and geometry, FORTRAN unit
numbers for data files, and porosity data. Input instructions and definitions of variables for the main data
file are presented in Appendix I. Array data is input using utility subroutines patterned after those in the
modular flow model. Data formats for the array input utility subroutines are summarized in Appendix II.
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Stress Package Data Files
MODPATH requires data files for all of the stress package options used in a simulation analysis.

MODPATH reads the modular flow model stress package data files. Input instructions and variable
definitions for the stress package data sets are presented in Appendix IIL Stress package data sets must be
modified to indicate whether individual flow terms are to be treated as internal sources and sinks, or assigned
to specific faces of the cell. In the case of list-oriented stress packages (well, river, drain, and general head
boundary), flow terms can be designated as internal sources and sinks, or they can be assigned to any of the
six cell faces by entering an additional integer variable, IFACE, at the end of each data record. IFACE is
defined as:

IFACE=0
or
IFACE> 6 flow term is treated as internal source or sink.

IFACE=1t06 flow term is assigned to cell face corresponding to a number 1 through 6.

IFACE <0 flow term is apportioned uniformly among faces perpendicular to the horizontal
plane that form boundaries with inactive cells IBOUND=0). This is
accomplished by assigning a single average velocity to the "boundary” faces. The
average velocity is computed by dividing the total flow rate by porosity and the
total cross sectional area of the boundary faces. If none of the faces are
boundaries with inactive cells, the flow term is treated as an internal source or
sink.

The cell faces that correspond to numbers 1 through 6 are shown in Figure 8.

To illustrate the use of IFACE, consider Figure 9 which shows a portion of a model layer along an
irregular boundary with variable, specified flux across the boundary. In this case, wells would be used to
account for the boundary fluxes. Well flow rates are computed by multiplying the flux by the area of the
cell face. If the layer is 100 feet thick and DELR is 50 feet and DELC is 100 feet, the boundary fluxes could

be accounted for with the following entries in the well data set:

layer _ row 1 IFA
1 3 1 0.005 4
1 2 2 0.010 1
1 2 2 0.005 4
1 1 3 0.010 1
1 1 3 0.010 4

By convention, flow into a cell is positive, flow out of a cell is negative. MODPATH converts these flow

rates to corresponding values of velocity at the specified cell faces.
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The same result could be obtained with the following data set:

(1) 4 1 A
1 3 1 0.005 4
1 2 2 0.015 -1
1 1 3 0.010 1
1 1 3 0.010 4

In this case, MODPATH would determine how to distribute flow terms among the faces. For the cell in
row 2, column 2, the program would determine that faces 1 and 4 form boundaries with inactive cells. The
total length of those cell faces would be computed (100 + 50 = 150 feet), and the flow term would be
uniformly apportioned between faces 1 and 4 as:

Face 1: Q = 0.015 x (100/150) = 0.01 cfs
and

Face 4: Q = 0.015 x (50/150) = 0.005 cfs.

Often it is convenient for grids with highly irregular boundaries to set IFACE equal to a negative
number and let the computer program determine the appropriate cell face for each flow term. However, for
extremely complex boundary configurations with variable flux distributions, it may be necessary to specify
some of the cell faces explicitly to assure that velocities are distributed correctly. For example, the cell in
row 1, column 3, requires two entries to achieve the desired velocity distribution.

The use of IFACE to designate how river, drain, and general head boundary package flow terms are
assigned within cells is identical to that of the well package. However, in contrast to the well package, the
flow terms for these three stress packages are not specified explicitly in the data set, but instead are
computed as part of the solution to the flow problem and stored as output from the modular flow model. A
single flow term is stored for each cell. When more than one river reach, drain, or general head boundary is
specified for a single cell, the flow term computed and stored by the finite-difference flow model for that
stress package represents a composite flow. MODPATH does not redistribute the composite flow among
the multiple entries within the cell. Instead, MODPATH takes the value of IFACE for the first data entry
for the cell and distributes the composite flow for that cell accordingly. For example, if two drains are
placed in the same cell, and the first drain is given an IFACE value of 0 and the second is assigned a value
of 1, the total composite flow to drains in that cell will be treated as discharge to an internal sink because
the first entry encountered in the drain package data file had an IFACE value equal to O.

Only two options for distributing flow terms are provided for the array-oriented stress packages,
recharge and evapotranspiration. For these packages, a variable ITOP is defined as:

ITOP = 0; flow terms are treated as internal sources and sinks for all cells.
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ITOP = 1; flow terms are assigned to the top face of all cells.
Input instructions are provided for these data sets in Appendix III.
It is important to remember that the recharge and evapotranspiration data sets may reference auxiliary
data files containing array data. When that is the case, those data sets also must be supplied to
MODPATH.

Cell-By-Cell Budget File
The cell-by-cell budget file for the Block Centered Flow (BCF) package is required for all cases. Budget
files for the river, drain, general head boundary, and evapotranspiration packages also are required whenever
those packages are used in a flow simulation. Budget files are not required for the well and recharge packages
because those flow terms are specified explicitly in the stress package data sets. Cell-by-cell budget terms
are stored as unformatted output by the modular flow model when the appropriate output flags are specified
for the modular flow model. The cell-by-cell flow terms for the BCF package and the individual stress

packages may be stored in a single file or in separate files.

Head File
In order to compute the saturated thickness and vertical coordinates within water table layers,

MODPATH requires that the heads for all unconfined and unconfined/confined model layers LAYCON = 1,
2, or 3) be stored as unformatted output from the modular flow model. Heads may be stored by setting the
appropriate flags in the output control data file of the modular flow model. MODPATH sets up an array
containing heads at every cell, but only uses those heads in unconfined or confined/unconfined layers. Heads
are set equal to zero in layers for which no head data was stored. If desired, heads may be stored and input to
MODPATH for confined layers even though those values are not used by the program,

Opening Flow System Files

All of the files used by MODPATH are opened internally within the program. Names and FORTRAN
unit numbers are supplied to MODPATH by the user in the form of an additional data file that contains a
one line data record for each flow system file. The data record is free-format and consists of a unit number,
followed by a space or comma, followed by the file name in single quotes. Any valid unit number for a
given operating system may be specified, with the exception of numbers 101 through 109, which are
reserved for internal use by the computer program. The first entry in this file must correspond to the main
data file; the remaining flow system files can be entered in any order. Consider a simple example of a
system with recharge, wells, and rivers. The file containing the list of names and unit numbers might look
like:
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'MAIN.DATA'
‘RECHARGE.DATA’
'WELL.DATA'
RIVER.DATA'
'RIVER.BUDGET'
-10 'BCF.BUDGET
-11  'HEADS’

MODPATH prompts the user for the name of this file and opens it internally within the program. The unit
numbers specified for the stress package data files, the BCF budget file, and the head file must match those
specified in the TUNIT array for data group 2 of the main data file. The fortran unit numbers for the stress
package budget files must correspond to the unit numbers specified on the first line of each stress package
dataﬁle. ﬂf gLicd 0-,_I RUAECT ang nead ﬁ] Qi gZEC0 DY SPEX 'f. g 'f'_' - i { DET,

00 ~J O\ Lh
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Output Summary of Flow Field Data

A summary of the flow field data is printed in a file named SUMMARY .PTH as the flow system files
are read. Each time a data set is about to be read, a message to that effect is written in the summary file. If
the values of an array are set equal to a single constant, its value is printed in SUMMARY .PTH.
Otherwise, the option exists to print or suppress the array values according to the flag set in the control
record for the array input subroutine (see Appendix II). If the output of array values is suppressed, a
message is printed in SUMMARY.PTH after the array has been read indicating that the data was
successfully obtained. This approach is helpful in the early stages of an analysis when it often is necessary
to locate errors in the input data.

INTERACTIVE INPUT

In most cases, several different kinds of particle tracking analyses will be performed during the course
of a study. Therefore, for convenience and speed, particle tracking program options are specified
interactively. In this section, the interactive input for MODPATH is described in approximately the same

order as it is entered in the program.

Name of File Containing Flow System Files

MODPATH prompts the user to enter the name of the file containing the list of flow system files and
unit numbers. The data is read and space is allocated for arrays based on grid discretization data in the main
data file. The remainder of the space in the master array is used for a number of arrays that are dimensioned
equal to the maximum number of particles. The value of the maximum number of particles for a given run
is then printed at the terminal. The maximum number of particles that can be accommodated depends on the
size and type of finite-difference grid and the length to which the master array is dimensioned in
MODPATH.
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Output Mode
In order to optimize the output for various types of graphical options provided by MODPATH-PLOT,
one of three types of output can be specified in response to the prompt:

SELECT THE MODE FOR STORING OUTPUT DATA:
0= ENDPOINTS AND STARTING POINTS ONLY
1=PATH LINE COORDINATES
2 = TIME SERIES DATA

MODE 0: When mode 0 is selected, only the endpoint and starting point data for each particle is recorded
in a file named ENDPOINT. The ENDPOINT file is generated for modes 0, 1, and 2. Mode 0 produces the
minimum amount of output from MODPATH. It is most useful when the main objective of an analysis is
to map recharge areas to specified discharge zones. (Discharge zones are defined in the plotting program
MODPATH-PLOT using the IBOUND array, which can be modified interactively in MODPATH-PLOT to
define zones). A detailed description of the structure and format of the ENDPOINT file is presented in
Appendix IV.
MODE 1. Coordinates along the path of each particle are recorded in a file named PATHLINE. The
PATHLINE file contains the starting coordinates of a particle and the coordinates at every point where a
particle enters a new cell or a confining layer. In addition, coordinates of intermediate points are recorded
whenever the cumulative travel time corresponds to a point in time for which a data point was requested. A
detailed description of the structure and format of the PATHLINE file is presented in Appendix IV.

The user is asked whether particle locations should be computed and recorded at specific points in time
along the path line. If the response is yes, MODPATH prompts the user to indicate how the time data will
be specified. Two options are provided:

1) Times can be computed based on a constant time step size.

If this option is selected, the time step and a units conversion factor are entered interactively.
The specified time step size is multiplied by the units conversion factor to obtain the time step
size in the same time unit used in the modular flow model.

2) Time data can be read from a file.

When this option is selected, the user is prompted to enter a file name. The file has the
following format:

Line 1: Number of time periods for which distinct time step data will be entered.

variable: NPER
format: 110
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NPER lines: Time step data for the specified time period

variables: PERLEN  NSTP TSMULT TFAC
format: F10.0 110 F10.0 F10.0

PERLEN = length of the time period
NSTP = number of time steps within the time period

TSMULT = geometric multiplication factor for increasing time step length within the time

period

TFAC = units conversion factor for converting the value input for PERLEN to the time units
used by the finite difference flow model.

For the semi-analytical integration scheme used in MODPATH, time step size has no affect on the
line com ion for w fiel

MODE 2: The locations of particles at specified points in time are computed and recorded in a file named
TIMESERS. In this mode, the locations of all particles are computed for a specified point in time and
recorded in sequence in file TIMESERS. The procedure is repeated at each point in time for which output is
specified. Mode 2 produces a series of particle locations that are stacked in time in file TIMESERS. When
points in TIMESERS are plotted, the effect is to follow the progress of a group of particles as a series of
snapshots in time. A detailed description of the structure and format of the timeseries file is presented in
Appendix IV. For mode 2, MODPATH prompts the user to indicate how the time data will be specified.
The same options apply as described above for mode 1.

Starting Location Data
One of two options for entering starting locations for particles can be selected in response to the

prompt:

HOW ARE STARTING LOCATIONS TO BE ENTERED?
1=FROM A FILE
2 = ARRAYS OF PARTICLES WILL BE GENERATED INTERNALLY

QPTION I; Particle coordinates are read from a file. MODPATH prompts the user to enter a file name.
The file consists of one line of data for each particle. Data is entered in free-format with a space or comma
separating entries. For each particle, enter:

J I K x(local) y(local) z(local)
Starting locations within the cell are specified using local coordinates. Local coordinates vary within a finite
difference cell from zero to one in each of the coordinate directions. Local coordinates are defined so that
point (0, 0, 0) corresponds to point (x1, y1, z1) and point (1, 1, 1) corresponds to point (x5, y2, 23), as
shown in figure 1. If the model layer has an underlying quasi-three-dimensional confining layer, the local z
coordinate within the confining layer varies from -1 at the bottom of the confining layer to O at its top

(figure 7).
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QPTION 2: This option provides a method for specifying large, regularly spaced arrays of particles over
three-dimensional subregions of the grid. When this option is in effect, the user is prompted to define a
subregion of the grid by entering the minimum and maximum J, 1, and K cell indices for the region. Once
the subregion has been defined, the user is asked to select a pattern for distributing particles within a cell.
Identical distributions of particles are generated for all cells in the subregion. MODPATH prompts the user
to select one of two methods for distributing the particles:

a) regularly distribute a three-dimensional array of points within a cell

b) regularly distribute a two-dimensional array of points on one or more of the six cell faces
If the choice is made to distribute particles in 3-D arrays within cells, the user receives the following

prompt:

ENTER: NJ NI NK
NJ = NUMBER OF PARTICLES PER CELL IN THE J DIRECTION
NI = NUMBER OF PARTICLES PER CELL IN THE I DIRECTION
NK = NUMBER OF PARTICLES PER CELL IN THE K DIRECTION

The cell is evenly subdivided in each of the coordinate directions according to the values of NJ, NI, and NK
to produce (NJ x NI x NK) subvolumes. Particles are then placed at the center of each subvolume.

If particles are to be distributed in 2-D arrays on individual cell faces, MODPATH asks the user if
particles are to be placed on a specific face. Using face 1 as an example, the program would issue the

prompt:

DO YOU WANT TO PLACE PARTICLES ON FACE 1?
[Y=YES; N OR <CR>=NO]

If the response is no (N), face 1 is skipped and the same prompt is issued for face 2. If the answer is yes
(Y), the following prompt is issued asking the user to define the array of particles to be placed on face 1:

ENTER: NI NK
NI = NUMBER OF PARTICLES IN THE I DIRECTION FOR FACE 1
NK = NUMBER OF PARTICLES IN THE K DIRECTION FOR FACE 1

Face 1 then is divided in the I and K directions into NI and NK subdivisions, respectively, to form (NI
x NK) subareas. Particles then are placed on face 1 at the center of each subarea. Once the values of NI and
NK have been entered for face 1, the user is asked for the same type of information for face 2. This process
is repeated for all 6 faces. Examples of particle placement are shown in Figure 10.

When particle locations are generated intemally, the user is asked if the locations should be stored in a
file. If so, the user is prompted to enter a file name. The data are written in the same order as described
under option 1:

J I K x(local) y(local) z(local)
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Direction of Tracking Computation

MODPATH provides the option of tracking particles forward in the direction of ground water flow, or
backwards in the up-flow direction toward points of recharge. MODPATH prompts the user to select either
the forward or backward option. Backward tracking is accomplished by multiplying all velocity
components by -1. Once the sign of the velocity components has been changed, computations are carried
out in exactly the same way as for forward tracking. For backward tracking, particles terminate at points of
recharge, rather than points of discharge. The backward tracking option often provides an efficient means of
delineating the source of recharge to localized points of discharge, such as well fields or drains.

Criteria for Terminating Path Lines
Particle path lines are automatically terminated when (1) they reach a cell face that is a boundary of the
active grid, or (2) they enter a cell with a strong sink from which there is no outflow to other cells (or, for
backward tracking, a strong source cell with no inflow from other cells). For through-flow cells that have
internal sinks, an arbitrary decision must be made about whether to stop particles. As described previously,
MODPATH provides three options:

1) particles pass through cells with weak sinks.
2) particles are stopped when they enter cells with internal sinks.

3) particles are stopped when they enter cells where discharge to sinks is larger than a specified fraction
of the total inflow to the cell.

MODPATH prompts the user to select one of these three options. If the last option is selected, the user is
requested to enter a fraction between 0 and 1. These options apply for backward tracking as well as forward
tracking.

MODPATH also provides the option of stopping particles whenever they enter a cell with an IBOUND
value equal to a specially designated zone code (regardless of whether the cell is a potential discharge point).
MODPATH issues the prompt:

DO YOU WANT TO SPECIFY A ZONE IN WHICH TO STOP PARTICLES WHENEVER
THEY ENTER ?
[Y=YES; NOR<CR>=NO]

If the response is yes, the user is asked to enter the number of the zone. Only one zone number can be
specified. In addition, if the response is yes, the user is given the chance to define the zone by changing
values in the IBOUND array interactively.
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Mass Balance Check
An option is provided to check mass balances on a cell-by-cell basis for all active cells in the grid

(except constant head cells). If the user chooses to compute mass balances, a prompt is issued requesting
that an error tolerance be specified. The value should be entered as a percent. Mass balances for all cells are
then computed, and those cells with errors exceeding the tolerance are recorded in SUMMARY.PTH. Only
the first 100 exceedences are recorded. A message is printed to the screen indicating the number of
exceedences. When exceedences are encountered, the user is asked whether execution should continue or
stop. Cell by cell mass balance checking is very useful as a means of assuring that all of the appropriate
stress packages have been included and that the stress package flow rates have been assigned to the
appropriate faces. For example, if a well flow rate was mistakenly assigned to a face that is not actually a
boundary face, the mass balance calculation will show an error for that cell. Although the cell by cell mass
balance calculation can be skipped, it is strongly recommended that it be included at least during the initial
stages of an analysis to provide an additional check for data errors.

Cell-By-Cell Data Summary

MODPATH uses and produces a huge volume of data that is difficult to digest when printed as large
arrays. Consequently, a provision exists to write to the screen a summary of relevant data for individual
grid cells. The user is prompted to enter the cell indices. Output includes head, flow rate and velocity
components at the six cell faces, coordinates of the cell faces, and a summary of the mass balance
components for the cell. Cells are specified one at a time and any number of cells may be checked. When
the user is through checking cells, a prompt is issued asking if the data is correct. If the response is no,
execution is stopped. Cell-by-cell data summaries are useful in the early stage of a study to help find errors
in data.
OoUTPUT

MODPATH produces the following output files as a function of the output mode specified by the user:

Mode Files
0 SUMMARY.PTH
ENDPOINT

1 SUMMARY.PTH
ENDPOINT
PATHLINE

2 SUMMARY.PTH

ENDPOINT
TIMESERS
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The files ENDPOINT, PATHLINE, and TIMESERS contain the basic numerical data on particle
coordinates and other attributes required by MODPATH-PLOT to produce graphical output. These files also
can serve as input data for other user-defined graphics programs. Detailed descriptions of the structure,
contents, and format of the ENDPOINT, PATHLINE, and TIMESERS files are presented in Appendix IV
to facilitate the development of user-defined graphics programs.

EXECUTION WITHOUT INTERACTIVE INPUT

Data that is normally input to MODPATH interactively at the terminal can be read from a file instead.
When data is read entirely from files the prompts to the terminal screen are suppressed so that no input or
output occurs at the terminal. MODPATH requires that the file containing the "interactive” input data be
named "TERMIN.PTH". MODPATH looks for a file by that name. If one does not exist, it is created by
MODPATH and the word "SCREEN" is written in the first line of the file. A flag is then set for that run
forcing data to be entered interactively at the terminal. Each response to a prompt is then written to the file
TERMIN.PTH. After execution, the file TERMIN.PTH contains a record of the responses to prompts at the
terminal.

The next time MODPATH is executed, it looks again for a file named TERMIN.PTH. If one exists
from a previous run, it reads the first line of the file and searches for the words "SCREEN" and "BATCH".
If the first line contains the word "SCREEN", data is forced to be input at the terminal and is once again
recorded in the file TERMIN.PTH. However, if the first line contains the word "BATCH", MODPATH
suppresses the prompts to the screen and reads the "interactive” input from the file TERMIN.PTH. This
approach allows the user to make one interactive run to generate the file TERMIN.PTH, and then, if
desired, change the first line of the file from "SCREEN" to "BATCH" so that future runs of the same type

can be made without interactive input at the terminal.
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MODPATH-PLOT

ORGANIZATION AND STRUCTURE

The organization and structure of MODPATH-PLOT is similar to that of MODPATH. The main
program controls the opening of files and the allocation of space for arrays. Control then is transferred to a
main subroutine named DRIVER. Flow charts for the main program and subroutine DRIVER are shown in
Figure 11. Only major subroutines are shown in Figure 11. MODPATH-PLOT uses the DISSPLA
graphics subroutine library (Computer Associates, 1981). DISSPLA subroutines are not shown explicitly
in Figure 11.

MODPATH-PLOT produces graphical output based on data generated by MODPATH. Input to
MODPATH-PLOT consists of (1) flow system files, (2) particle data stored in ENDPOINT, PATHLINE,
and TIMESERS files, and (3) interactive input to select plot options.

FLOW SYSTEM FILES
MODPATH-PLOT uses only some of the flow system files needed to execute MODPATH. They are:

1) main data file

2) head file (unformatted from modular flow model)
3) well package data file

4) river package data file

5) drain package data file

8 general head boundary package data file

The main data file and the head file are required to draw the grid. The four stress package data files are used
only to identify and plot (if desired) the location of cells that contain wells, rivers, drains, or general head
boundary stresses. None of the budget files are needed because no fiow calculations are made by
MODPATH-PLOT. The stress package data files used to run MODPATH may be changed for the purposes
of MODPATH-PLOT in order to customize a plot. For example, values of IFACE in the well package data

set may be changed to control which wells are shown on the plot.
INTERACTIVE INPUT AND PROGRAM OPTIONS

Name of File Containing Flow System Files
MODPATH-PLOT prompts the user to enter the name of the file containing the list of flow system
files and unit numbers. In most cases, it is convenient to specify the same list of flow system files as
supplied to MODPATH, even though that list will contain some files that are not required by MODPATH-
PLOT.

Title
The user is prompted to enter a short title of up to 80 characters.
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Figure 11. — Flow chart for MODPATH-PLOT mwain program and DRIVER subroutine.
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Device Code

Options are provided for specifying the following graphics devices:

1) TEKTRONIX 4010 mode.

2) TEKTRONIX 4105/4205 mode.

3) TEKTRONIX 4115/4125 mode.

4) TEKTRONIX 4107/4109/4207 mode.

5) META file mode. This mode stores DISSPLA graphics output in a file in device-independent format.
Graphic output stored in META files can be plotted to a variety of hardware devices using the DISSPLA
POSt-processor.

Grid
MODPATH-PLOT always displays the boundary of the active grid. The user is given the option to
specify whether interior grid lines will be drawn.

Plot Type

One of five types of plots may be specified in response to the prompt:
ENTER THE TYPE OF PLOT:

1 =PATH LINE PLOT

2 = MAP VIEW OF STARTING LOCATIONS (FORWARD TRACKING)

3 = MAP VIEW OF FINAL LOCATIONS (FORWARD TRACKING)

4 = MAP VIEW OF FINAL LOCATIONS (BACKWARD TRACKING)
5 = TIME SERIES PLOT

PLOT TYPES 1 and 5: Plottype 1 draws path lines using data from a PATHLINE file generated by
MODPATH. Plot type 5 plots data points from a TIMESERS file to show the locations of a group of
particles as a series of snapshots in time.

If a path line plot or a time series plot is specified, the user is asked to select one of three orientations

for the plot:

1) map view
2) cross section along a column
3) cross section along a row

layers. In cases where layers undergo extreme changes thickness from one cell to the next, this approach can
Iead to distorted plots. In most cases, however, that is not a problem.
The user also is asked to choose one of two ways of plotting the data:
1) plot all data by projecting the data onto the 2-D slice (map or cross section)

2) plot only data within the layer, column, or row corresponding to the 2-D slice
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For complex three-dimensional flow fields, the projection method can lead to strange and confusing pictures
with path lines that cross or data points that plot on top of one another. In those situations, it may be
possible to obtain a clearer picture by plotting only those points and portions of path lines that fall within
the slice. However, very often neither of these approaches produces clear r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>